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Optical Effects

Abstract

This thesis explores the intersection of materials science and optics that is col-
ored materials. Traditionally, this field has been limited to structurally colored ma-
terials; however, with the advent of plasmonic nanoparticles with designed absorp-
tivities and metamaterials, there has been an increase in the number of fabrication
methodologies for colored materials which has also led to the discovery of new types
of colored materials that would not typically be considered to be structurally colored.
With this expansion, researchers in the field of structural color are creating hybrid
materials that rely on both the nanoscale morphology of structurally colored materi-
als and the addition of absorption to these materials which causes a host of different
effects.

This thesis will first give an overview of a type of classical structural color
research that is still very active—self assembled structurally colored materials. Chapter
1 presents a brief review of the field, focusing on colloidal structures and the optical
properties obtainable by utilizing different materials, geometries, and additives with
colloidal self-assembly. Chapters 2 and 3 present specific examples of these types
of structurally colored materials. Chapter two focuses on photonic balls made of
spherically assembled colloidal particles. Chapter 3 presents a lithographic method
for adding hierarchy to a surface-assembled colloidal photonic crystal. This hierarchy
hints at the ability to create novel, combination optical effects by superposing two
structural color geometries.

Chapter 4 expands on this idea of combining optical effects with a review on
the recent trend in the field of colored materials with the combination of hierarchical
structures, the addition of absorption into structurally colored materials, and the

addition of plasmonic materials into these structures to create many new types of

il



materials and color effects. Chapter 5 gives an example of the former type of material,
wherein two structural color geometries (in this case, a diffraction grating and an
orthogonally oriented diffraction grating) are superposed to give a composite optical
effect. Chapter 6 gives an example of the addition of absorption into a structurally
colored material to generate something more complicated than just the combination
of different geometries, wherein the complex refractive index of the material changes

the boundary conditions for the accumulated phase in the structure.
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Chapter 1

Optical Applications of Colloidal
Photonic Crystals

This chapter covers a brief overview of self-assembled, structurally colored materi-
als created using monodisperse colloids. The focus here is on how changes in the
constituent materials and assembly parameters can affect the properties of the fi-
nal structurally colored materials. Applications of these types of three-dimensional

photonic crystals are highlighted throughout.

1.1 Overview

In nature, colloidal particles have been used to change the visual appearance
of various organisms in several ways, including by providing additional scattering, [1]
allowing for angle-independent structural color, 2] or providing bright, ordered struc-
tural color. [3] Colloids are useful in natural and biomimetic structural color appli-
cations because they have sizes on the same length scale as the wavelength of visible
light, such that one can tune the optical properties of materials created from col-
loids by varying the size of the colloidal buildings blocks or the dielectric constant of
the material. Multi-step, hierarchical fabrication methods further enable additional
optical properties occurring at larger dimensions such as grating effects and angu-

lar reflection properties. Structurally colored materials are increasingly sought for



Chapter 1: Optical Applications of Colloidal Photonic Crystals

a wide range of applications, including high reflectivity mirrors, anti-reflective coat-
ings, and optical fibers, as well as color elements for paint, cosmetics, decoration, or
display technologies, and colloids are often used to template the photonic materials
that enable these technologies due to their ease of fabrication and versatility. In par-
ticular, colloids can be assembled into structures with periodicity in all three spatial
dimensions on the same order as the wavelength of visible light, forming 3D photonic
crystals. By changing the material composition of these 3D photonic crystals-whether
by using absorbing additives, responsive materials, or flexible materials-a variety of
optical effects can be created. Fig. 1.1 schematically illustrates examples of different
material parameters that can be tuned to modify the photonic properties of CBPM,
with the resulting reflection spectra shown as insets. It should be noted that, al-
though direct opals are shown in the schematics, the optical effects apply in the same
way to inverse (templated) structures.

In addition to tailoring the properties of the individual colloids to tune the op-
tical properties of CBPM, the assembly of colloidal particles can also be varied in
several ways to alter the angle-dependence of the structural color (Fig. 1.2). Pattern-
ing the CBPM can enable more complicated security printing or display applications
by allowing for more complex optical materials to be created, such as diffraction
gratings (Fig. 1.2B). Changing the degree of order of the structure can drastically
reduce the angle dependence of a structurally colored material, allowing for a much
more angle-independent structural color (Fig. 1.2C). Assembling the opal structures
further into dispersible particles either by top-down (i.e. grinding) or bottom-up
(i.e. microfluidics) methods is an alternate method of changing the angle-dependent
properties (Fig. 1.2D and E).

There are several parameters that can be used to tune the optical properties
of colloidal crystals and derivatives thereof. The location of the Bragg peak in a
photonic structure can be tuned in several ways as can be seen in the well-known

Bragg-Snell equation (assuming a close-packed 111 lattice):

A= \/gD\/(¢1n1 + ¢2n2)2 - 3in29 (11)
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Figure 1.1: Schematic of the influence of materials properties on the photonic
peak of an opal. (A) A direct opal. (B and C) Direct opals formed from
different types of colloids: (B) core-shell colloids, which can change size (and
color) in response to a stimulus, and (C) colloids made of a material with a
lower refractive index than in (A), resulting in a blue shifted spectrum. (D
and E) Direct opals with (D) selective and (E) broadband absorbers. Insets
show schematics of the reflected Bragg peak of the structure (black line, A-
E), the reflected Bragg peak of the reference structure shown in part A (gray
line, B-E), and the absorption spectra of the absorbers added to the material
(blue line, D and E).
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Figure 1.2: Schematic of various methods for changing the angular disper-
sion of structural color in CBPM. (A) A direct opal. (B-E) Direct opals in
various geometries: (B) patterned, (C) disordered, and (D and E) assem-
bled in confinementaATboth (D) spherical and (E) rectangular. Insets show
schematics of the reflected spectra for various detection angles, assuming
normal incidence illumination.



Chapter 1: Optical Applications of Colloidal Photonic Crystals

where A is the location of the Bragg peak of the structure, D is the diameter of
the colloids used in the HCP structure, ¢, 5 and n, 5 are the volume filling fractions
and refractive indices of the constituent materials (colloids and air for direct opals or
voids and matrix for indirect opals), and 6 is the incidence angle measured from the
surface normal. Note that while the parameters in eqn (1.1) can be used to modify
the photonic stopband, the location of the photonic peak of the structure is not the
only parameter that affects the appearance of the material. The bandwidth of the
peak, the presence of additional orders, and the amount of scattering in the structure
can also strongly influence the macroscopic appearance of the material. It should also
be noted that this equation ignores the effects of color saturation that can be modified
by changing the number of layers in the structure or adding in absorptive elements.
Additionally, this equation assumes a close-packed, ordered lattice; changing either
of these properties also affects the optical properties of the material. Overall, several
parameters of the CBPM can be varied combinatorially to tune the optical appearance
of hierarchical porous colloidal materials. The position of the Bragg peak can be
controlled by the periodicity of the structure, the refractive index of the constituent
materials, the presence or absence of absorption in the material, and the number
of periods of the structure. Other properties of the material can affect the angular
dispersion of the structural color, such as the degree of order of the structure or the
inclusion of hierarchical geometries in the structure (Fig. 1.2). Below, we discuss in
detail how these multifaceted approaches can lead to a diversity of advanced optical

behaviors across a broad range of applications.

1.2 Factors affecting optical applications

1.2.1 Composition and additives

Structural colors are not susceptible to photobleaching, so there is a large drive
in the field to generate rich and varied colors for use as photonic pigments for paints
and cosmetics. Historically, many different types of thin films of opals, inverse opals,

and other colloid-derived materials have been used for their photonic properties. [4,
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5| Since scattering can greatly reduce the saturation of a photonic color, adding
absorbing elements to the matrix can enhance the color of the structure. Fig. 1.3A
shows examples of different structural colors that can be created from powderized
inverse opal films.

More recently, core-shell colloids (typically silica core with polymeric shell) have
been used to generate films of opal or inverse opal photonic crystals on different sub-
strates [9, 10| using organic shell components that can be annealed to enhance ad-
hesion to the substrate or increase the mechanical durability of the film. Currently,
the production of imperfect structures leads to non-negligible scattering that desat-
urates any structural color produced. Through the incorporation of broad spectrum
absorbers [6,11,12] or plasmonic absorbers, [13-16| this scattering can be reduced,
although in the case of the broad spectrum absorbers the photonic peak intensity is
also reduced. For example, Steller’s jays have blue feathers due to melanin coupled
with disordered colloidal particles. [17] These additives purify the color and enable
pigment and coating applications to access a broader color space than would otherwise
be possible.

By using responsive materials as the matrix, reversibly tunable colors can be
achieved. The color shift of such materials is caused by a change in either the period-
icity of the structure or the refractive index of its constituent materials. For security
materials, optical switches, or dynamic display applications, it is important to be able
to reversibly switch the structural color of CBPM either in an on/off configuration
or by a measurable shift in the photonic stopband location. These responsive CBPM
can also be used as sensors, as discussed in more detail below. There are several
mechanisms that can be used to enable this switching, including the incorporation
of magnetic particles to switch between ordered and disordered structures, [18-21|
the use of elastomeric materials to allow change in the periodicity of the structure
upon application of strain, [7,22-24| the inclusion of light-responsive moieties to
change the average refractive index in the material, [25,26] and the implementation
of redox-sensitive materials [27] and thermo-responsive materials |24, 25, 28, 29| to
change the lattice parameter typically by swelling and deswelling. An example of an

elastomeric stretch-tunable structural color can be seen in Fig. 1.3B, where the peri-

7
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Figure 1.3: Structural color created from colloidal photonic crystals. (A)
Silica inverse opal powders with various pore sizes (red, 360 nm; green, 336
nm; blue 288 nm; other colors are 1:1 mixes of these) with mixed RGB
reference images. [6] Reproduced with permission from John Wiley and Sons,
copyright 2014. (B) Images of a stretched colloidal crystal elastomer and
absorbance spectra showing the position of the Bragg peak for different strain
values. [7] Reproduced with permission from the American Chemical Society,
copyright 2013. (C) Disordered opal structure generated by spray coating,
showing: left, color change by adding different amounts of carbon black to
mixtures of two different colloid sizes; right, different colors for different
sizes of colloids. [8] Reproduced with permission from John Wiley and Sons,
copyright 2013.
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odicity changes upon stretching due to the Poisson ratio of the elastomeric material,
causing a reversible blue-shift in the photonic peak of the opal structure. Photonic
crystals like these can also be used as the gain media for colloidal crystal lasers as

discussed in detail in a recent review. [30]

1.2.2 Disorder

While typically order is necessary for photonic structures, disordered colloidal
structures-which still exhibit structural coloration-have also been studied. 2,4, 8,31,
32] For many color applications, the iridescent structural color of photonic crystal
materials is undesirable. Nature has solved this problem by incorporating disorder
into its photonic structures in order to increase their angular visibility, for example in
the feather shown in Fig. 1A(i and ii) [17,33, 34| Similarly, disorder introduced into
CBPM can lead to angle-independent structural colors. [8,31,32,35-37] An example
of such angle independence can be seen in Fig. 1.3C. It should be noted that there is
a blue tinge to the colors that can be produced using this method. This additional
blue coloration is caused by the wavelength-dependent scattering from the photonic
materials and may be undesirable for the creation of longer wavelength colors. In
order to create high-saturation structural colors, this scattering must be reduced
either by incorporating selective absorbers as mentioned above or by creating defect-

free materials. [31]

1.2.3 Monolayers

In addition to 3D photonic crystals, 2D colloidal monolayers can also be tuned
to create many different optical materials and properties. For example, the monolayer
can be used for shadow deposition to generate different shapes of deposited materials,
[38—41] used as an etch mask to generate high aspect ratio structures with high order,
[16,42,43] inverted /textured to create antireflective coatings for reducing the amount
of reflected light from a substrate surface, [44] or deformed to generate structurally
colored patterns on a substrate. [45] Interesting coupling effects can be observed

between the photonic modes of an opal and the plasmonic modes of thin metals
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deposited on top of the crystal. [41,46-49] Colloids can also be used for antireflective
coating applications. [50| In particular, colloidal monolayers have been used to create
porous, graded-index materials with low reflectivity by, for example, plasma etching
of colloidal monolayers, [51] inverting the monolayer, [44] or using the monolayer as
an etching mask to generate pillars. [16,42, 52| To reduce the reflection from the
top surface of solar cells, many methods are used to generate porous materials with
the proper optical thickness and effective index for optimal transmission. A recent
perspective discusses many of these methods. [53] Specifically, colloidal materials can
generate high porosity, creating the ability to reach the y/n effective refractive index
required for perfect transmission at the desired wavelength. [54] There are several ways
to generate the graded effective refractive index profile that causes the antireflective
effect of these coatings. Very small colloids (<30 nm), such as organically modified
silica (ORMOSIL) particles, can be used to generate uniform antireflective coatings,
but typically require the addition of stabilizing elements to make robust films. [55-57]
Larger colloids can be used, with or without other materials, to generate hierarchically
structured materials with very high transmission values. [43,58,59|Fig. 1.4 shows an
example of such a structure created by using a monolayer of colloids as an etch mask
to make a grating structure on which a disordered array of gold nanoparticles is
created. This array of nanoparticles is then etched to create a hierarchical structure
with better antireflective properties than the original structure. The transmittance
was found to increase after the surface treatment (Fig. 1.4C).

Colloidal monolayers can even generate structural color if surface diffraction
modes are used as the source of the structural color. [45] This type of material has a
much more angle-dependent structural color as compared to fully three-dimensional

photonic crystals due to the nature of the surface diffraction.

1.2.4 Superparticles

Another way to create angle-independent structural color is via modification
of the local geometry. By using spherical or hemispherical assemblies of colloids, all

viewing directions are normal to some portion of the superparticles. Such assemblies
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Figure 1.4: Antireflective coating based on hierarchical colloidal lithography.
(A) Schematic representation of the fabrication of compound submicrometer
structures (c-SMSs) and ordered submicrometer gratings (o-SMGs) for use
as antireflective coatings. A layer of colloids is first etched to create o-SMG,
which is coated with gold and thermally treated to generate nanoparticles on
the surface, which is then etched again to generate a ¢-SMS. (B) Tilted-angle
and side-view (inset) SEM images of hierarchical nanostructure antireflective
coatings using Au film thicknesses of 3, 5, and 7 nm. (C) Transmittance
spectra for the structures shown in A along with the transmittance spectrum
for the bare structure (without the additional gold etching step, black line,
0-SMGs). Insets show the diffuse transmittance spectra and haze ratio values
for two different wavelengths for all samples. [43] Reproduced with permission
from OSA publishing, copyright 2013.
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are typically created via evaporation of a solvent from a droplet containing colloids.
These droplets can be created via microfluidics [15, 60| or ink-jet printing. [61, 62]
For more information, a recent review covers many of the aspects of these types
of photonic crystals. [63|Fig. 1.5 shows inkjet-printed photonic hemispheres (Fig.
1.5A-C) and arrays of buckled-sphere photonic superparticles embedded in a flexible
material (Fig. 1.5D), both of which show angle-independent color. It should be
noted that the structural color of these photonic superparticles is only independent
of viewing angle in a diffusely lit environment due to the near-normal incidence peaks
being brighter than the blue-shifted, higher incidence angle peaks. When viewing
the structures in transmission or at an oblique angle to a strong lighting source,
different photonic or scattering colors can be seen. [15] The creation of disordered
superparticles can also strongly reduce angular-dependence of the reflection color,
similar to thin films of disordered colloids. [8,37] Also, when larger colloids are used,
diffractive colors become dominant over the Bragg reflectance peak, leading to a much
larger variation in color with viewing angle. [15, 64|

Another geometry of dispersible photonic particles is created using fragments
of inverse opal films, which can be grown directly into sacrificial channels [14] or
ground from larger inverse opal samples [6,12] to create structural color "pigments"
which can be dispersed in paint bases. Structures created in this way have a different
visual appearance compared to dense layers of spherical photonic superparticles due to
the obvious angle-dependence of the structural color. Since the particles are typically
larger, individual domains can be seen by eye, creating a sparkle effect when changing

the viewing and illumination conditions. [14]

1.2.5 Hierarchy/patterning

For display applications, the patterning of photonic materials of different stop-
bands into pixelated arrays is of great interest. Such patterning has historically been
achieved via top-down processes such as photolithography [65-67| or microimprint-
ing, |68] leading to static "pixels" of photonic crystals such as those shown in Fig.

1.6A. Such pixelation can be used to create near arbitrary patterns (images) from

12



Chapter 1: Optical Applications of Colloidal Photonic Crystals

Figure 1.5: Colloidal crystal superparticles with little angle-dependence of
color. (A-C) Ink-jet printed hemispherical colloidal superparticles. (A) SEM
image of a dome (scale bar: 5 m). (B) Normalized fluorescent intensity of
domes (red) and dots (black) for different detection angles. (C) Top and side
view images of a pattern of domes showing a wide angular visibility of the
color.205 Reproduced with permission from John Wiley and Sons, copyright
2014. (D) 2.8 ecm x 1.5 c¢m flexible buckled-sphere colloidal superparticle
films showing lack of angle dependence of the structural color upon compres-
sion and stretching. Colloid sizes: 170 nm (blue), 200 nm (green), 250 nm
(red). |61] Reproduced with permission from the Royal Society of Chemistry,
copyright 2015.
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structural color materials, provided the desired colors can be generated. An example
of an RGB pixelated array can be seen in Fig. 1.6B and C. If magnetic materials
are used, architectures closer to an actual display are created [21] in which the color
of each pixel can be reversibly changed in an on/off state. The pixels, in this case,
consist of magnetic Janus superparticles with colloids comprising half of the sphere
to generate a photonic peak that is visible only when the superparticles are in the
correct orientation. Since the particles are magnetic, the orientation of each "pixel"

can be reversibly switched allowing for images to be created.
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Figure 1.6: Lithographic patterning of colloidal photonic crystals. (A) Left,
schematic illustration of patterning method used to make multi-colored col-
loidal crystals. Right, optical images of films with two and three colors under
different viewing angles.144 Reproduced with permission from the American
Chemical Society, copyright 2013. (B and C) Hierarchical "pixelated” inverse
opal arrays made from SU-8: (B) optical microscopic image of the hierar-
chical inverse opal, and (C) SEM of the structure. [67] Reproduced with
permission from John Wiley and Sons, copyright 2014.
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1.3 Perspective

CBPM provide a platform for the development of photonic crystal materials
due to their relative ease of fabrication, controlled order, and the wide variety of
materials from which they can be made. For macroscopic (i.e. wafer-scale or larger)
3D photonic crystals, competing methods such as electron beam lithography and
two-photon lithography methods are limited to small sizes, and they require long
processing times to create the desired photonic structures due to their serial nature.
1D Bragg stacks and 2D nanowire forest photonic crystals have applications that com-
pete with opal and inverse opal photonic crystals, but they typically lack the benefits
of self-assembled systems such as low cost and facile fabrication. Still, crystal lattice
defects lead to scattering that greatly weakens the signal-to-noise ratio of the optical
response in self-assembled CBPM; it remains a great challenge to increase the order
of such materials or to allow for controlled disorder to generate high-chromaticity
angle-dependent or angle-independent structural colors.

Additionally, the ability of hierarchical CBPM to be made via top-down litho-
graphic methods or assembly in confinement allows a greater variety of optical prop-
erties to be achieved. Research is still needed into creating CBPM with better
long-range order and using colloids with higher refractive index materials in order to
achieve a full photonic bandgap. [69] Longer-range order and higher refractive indices
will generate stronger photonic peaks with less scattering noise, reducing the need
to integrate absorption into the material. Increases in the sophistication of CBPM
with regard to the dynamic coloration via shifting the photonic stopband or moving
the photonic crystal out of view could lead to electronic ink displays with full color

displays in the future and advanced security features in anti-counterfeit applications.
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Chapter 2

Color from hierarchy: Diverse optical
properties of micron-sized spherical

colloidal assemblies

This chapter covers a specific example of the types of structurally colored materials
introduced in Chapter 1. Here, we discuss powder-sized photonic crystals created
by droplet-based self-assembly. Both the structural and the optical properties of
these "photonic balls” are discussed in detail. Additionally, modeling and simulations
for these types of photonic crystals are introduced and corrections to misunderstood

optical properties of photonic balls are made.

2.1 Overview

2.1.1 Significance

Controlling the internal structure over multiple length scales can produce mate-
rials with superior properties. This hierarchical design is ubiquitous in nature where
materials have evolved to show maximum functionality from a limited choice of avail-
able building blocks. Mimicking the emergence of functionality from simple building

blocks is a key challenge for man-made materials. Here, we show how a simple con-
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fined self-assembly of colloidal particles leads to a complex geometry that displays a
surprising variety of optical effects. These effects are a result of the intricate interac-
tion of light with the structural features at different length scales, and the geometry
of the self-assembled structure. The results underline the importance of controlling
assembly processes over multiple length scales to tailor properties and maximize per-

formance.

2.1.2 Abstract

Materials in nature are characterized by structural order over multiple length
scales have evolved for maximum performance and multifunctionality, and are often
produced by self-assembly processes. A striking example of this design principle is
structural coloration, where interference, diffraction, and absorption effects result in
vivid colors. Mimicking this emergence of complex effects from simple building blocks
is a key challenge for man-made materials. Here, we show that a simple confined self-
assembly process leads to a complex hierarchical geometry that displays a variety
of optical effects. Colloidal crystallization in an emulsion droplet creates micron-
sized superstructures, termed photonic balls. The curvature imposed by the emulsion
droplet leads to frustrated crystallization. We observe spherical colloidal crystals with
ordered, crystalline layers and a disordered core. This geometry produces multiple
optical effects. The ordered layers give rise to structural color from Bragg diffraction
with limited angular dependence and unusual transmission due to the curved nature of
the individual crystals. The disordered core contributes nonresonant scattering that
induces a macroscopically whitish appearance, which we mitigate by incorporating
absorbing gold nanoparticles that suppress scattering and macroscopically purify the
color. With increasing size of the constituent colloidal particles, grating diffraction
effects dominate, which result from order along the crystal’s curved surface and induce
a vivid polychromatic appearance. The control of multiple optical effects induced by
the hierarchical morphology in photonic balls paves the way to use them as building
blocks for complex optical assemblies-potentially as more efficient mimics of structural

color as it occurs in nature.
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2.2 Introduction

Hierarchical design principles, i.e., the structuration of material over multiple
length scales, are ubiquitously used in nature to maximize functionality from a limited
choice of available components. Hierarchically structured materials often provide
better performance than their unstructured counterparts and novel properties can
arise solely from the multiscale structural arrangement. Examples can be found in the
extreme water repellency of the lotus leaf [70]; the outstanding mechanical stability
and toughness of sea creatures such as sea sponges |71] and abalone shells [72]; and
the bright coloration found in beetles, birds, and butterflies [73,74].

To achieve the strongest visual effects, many organisms combine optical effects
arising from light interacting with structured matter at different length scales [75].
Structural periodicity on the scale of visible light wavelengths can result in regular
optical density variations that give rise to bright, iridescent colors due to pronounced
interference effects [73]. At the micron scale, regular structural features act as diffrac-
tion gratings that produce vivid, rainbow coloration [76] and are used to control
scattering |77] and to direct the emission of light by mirror-like reflections |78]. At
the molecular level, broadband absorption, for example by melanin, can be used to
reduce unwanted scattering due to structural imperfections, which, if not eliminated,
can lead to a whitish appearance [17].

Several advantages of structural coloration compared with pigmentation hues
have led to a strong interest in mimicking nature’s photonic design principles in tech-
nology [79,80]. These advantages include increased color longevity by the absence of
photobleaching; the ability to use benign and nontoxic materials; broad variation in
colors arising from simple changes in geometry of the same material; and the pres-
ence of vivid optical effects such as sparkle, luster, and iridescence, not achievable
by conventional pigments. However, structural color requires a high degree of con-
trol over the nano- and microscale geometry of the colored material. Self-assembly
processes involving colloidal particles have been identified as an attractive route to
create ordered structures at the nanoscale without the need for expensive and serial

nanofabrication methods [4,5,81|. Colloidal particles are attractive building blocks for
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mimicking nature’s structural coloration strategies because they can be conveniently
synthesized in a range of sizes comparable to those of visible light wavelengths. Col-
loids self-assemble into highly ordered, close-packed crystals on flat surfaces, giving
rise to structural color by constructive interference of light reflected at the individual
lattice planes [4,5].

Structural hierarchy, i.e., the organization of colloidal crystals into ordered su-
perstructures, can be achieved by imposing a confining element on the crystallization
process. A simple yet interesting confinement for the crystallization process is an
emulsion droplet that creates colloidal assemblies known as photonic balls [63,82-84].
Curvature imposed by the spherical confinement is a unique structural element of
photonic balls. It is known that curvature induces different types of defect structures
in 2D [85,86] and 3D assemblies [87], which can affect the resulting optical properties.
Photonic balls have recently gained attention in various optical applications, includ-
ing pigments [21,88-90], sensors [91]|, magnetically switchable colorants [21,92], and
color-coded substrates for biomaterials evaluation [93,94].

Here, we provide a detailed physical understanding of the different optical phe-
nomena occurring in photonic balls and trace the origin of these properties to struc-
tural details, especially curvature. We use focused ion beam-assisted cross-sectioning
to visualize the effect of confinement on the internal morphology and find ordered,
layered crystal planes near the interface and a more disordered region toward the cen-
ter. Tailoring the degree of confinement allows us to control the crystallinity and thus,
the resulting color arising from Bragg diffraction. Disorder and defects, caused by
frustrated crystallization in the curved confinement, contributes to unwanted broad-
band scattering of light, which compromises the macroscopic color. We introduce gold
nanoparticles as subwavelength, spectrally selective absorbers into the photonic balls
to suppress light scattering in spectrally unwanted regions. This synergistic com-
bination of plasmonic absorption with Bragg diffraction leads to a macroscopically
purer coloration, if the photonic crystal stop band and gold nanoparticle absorption
are appropriately adjusted. Finally, we observe more complex optical signatures in
the reflection of light from photonic balls assembled from larger colloidal particles (d

> 400 nm) that result from grating diffraction caused by a regular arrangement of
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colloids at the surface of the photonic balls.
Our theoretical experimental examination of the influence of curvature and con-
finement on the different optical phenomena enables us to create a complete picture

of the rich optical properties of these simple, hierarchical self-assembled structures.

2.3 Results and Discussion

2.3.1 Synthesis and Internal Morphology of Photonic Balls

Figure 2.1: Photonic balls are prepared by self-assembly of colloids in the
spherical confinement of emulsion droplets. (A) Optical micrograph of the
cross-junction microfluidic device used to emulsify a colloidal dispersion into
monodisperse droplets. (B and C) SEM micrographs of photonic balls formed
by assembly of 250-nm colloids in the confinement of an emulsion droplet
(dball = 8 ym in B and 30 pm in C). Moiré patterns visible in C indicate
high order. (D) Exemplary cross section of a photonic ball obtained by
FIB cutting indicates a layered internal morphology with ordered structure
around the interface (Top Inset) and increasing disorder toward the center
(Bottom Inset). See Fig. 2.3 for further examples. (E) Schematic illustration
of multiple optical effects originating from the hierarchical self-assembly (1):
Crystalline order results in Bragg reflection of light with a wavelength defined
by the colloid size (2); disorder in the assembly gives rise to unselective
scattering of incident light (3); periodic assemblies at the ball’s surface lead to
grating diffraction effects, separating white light into its spectral components
(for colloid sizes >400 nm).

We use droplet-based microfluidics to emulsify an aqueous dispersion of polystyrene

colloids in a continuous fluorocarbon oil phase [95]. The cross-junction devices are
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conveniently prepared from poly(dimethylsiloxane) (PDMS) by soft lithography and
enable us to create stable emulsions with narrow size distributions in a continuous-
flow process as illustrated in Fig. 2.1A [96]. After emulsification, the water is removed
from the generated droplets at 45 °C, resulting in shrinkage of the emulsion droplets
and self-assembly of the colloids in their spherical confinement. We control the diam-
eter of the produced photonic balls from below 10 pm to above 100 pm by tuning the
concentration of colloids in the aqueous dispersion and the size of the emulsion droplet
generated in the microfluidic device (Fig. 2.2). The surface of the balls, visible in
Fig. 2.1 B and C, shows colloids ordered in a polycrystalline, close-packed lattice,
previously assigned as the (111) lattice plane of the 3D crystal formed in the spherical
confinement [88,89]. However, the curvature in the confinement impedes the forma-
tion of a perfectly ordered crystal, resulting in characteristic defects and assembly
structures [85,86]. A focused ion beam (FIB) was used to cross-section photonic balls
and uncover their internal crystal structure, which we show in Fig. 2.1D and Fig.
2.3. The cross-sections reproducibly indicate the presence of a layered morphology
of the colloidal crystal toward the interface, consisting of several close-packed [i.e.,
(111)] planes stacked into a curved 3D crystal. Towards the center of the ball, the
assembly appears increasingly disordered, presumably as a consequence of increasing
frustration. The higher the level of confinement is (i.e., the smaller the ratio of the
diameters of ball and colloid, dyy;/d..;), the fewer ordered layers exist (Fig. 2.3). It
is worth noting that the structures we observe seem less faceted and appear to follow
the curvature of the confinement more than would be expected from thermodynamic
considerations [87], indicating that kinetic effects may play a significant role in our
system.

This curved crystal structure relates to multiple optical properties observed in
photonic balls, as schematically illustrated and labeled in Fig. 2.1E. We estimate
the amount of order present in photonic balls of a given size based on the intensity
of structural coloration that we observe from Bragg diffraction at the ordered lattice
planes "(1)". We show that broadband scattering of light, caused by the photonic ball
dimensions and the internal disorder, induces a whitish macroscopic appearance "(2)",

which can be mitigated by incorporating gold nanoparticles. Finally, we identify the

21



Chapter 2: Color from hierarchy: Diverse optical properties of micron-sized spherical
colloidal assemblies

a) 100+
&
§ 9o
—~ 80
| .
b ]
T W ¥
£ 604
] ]
T 501
E 40 — o &
o 30 a
2 ] 8
[t 20 'i o B
2 104 a O Dropmaker with 50 um crossjunction
_g 0 |8 < Dropmaker with 200 pm crossjunction
o 0 5 10 15 20 25
b) Colloid concentration / wt.-%

Figure 2.2: (A) Control of the diameter of photonic balls by changing con-
centration of the aqueous dispersion and the dimension of the cross-junction
in the microfluidic synthesis. (B) Representative images of photonic balls
with diameters between 8 pm and 93 pm.
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Figure 2.3: (A-C) Additional focused ion beam-assisted cross sections of
photonic balls with different diameters: (A and B) 8 pm and (C) 15 pm. A
layered crystal structure seems to be present in all cuts. (Scale bars, 5 pm.)
(D) Sequence of a FIB cut through a ball, showing the internal structure at
various positions within the ball.

ordered arrangement of colloids at the surface of the photonic ball as the origin of

color from grating diffraction "(3)".

2.3.2 Coloration Arising from Bragg Diffraction

We investigate the color of individual photonic balls, using a fiber-optic cable
to collect and spectrally analyze reflected light of individual photonic balls through
a microscope objective lens. Fig. 2.4A shows optical images and corresponding
measured reflection spectra (solid lines) of individual balls (dy,; = 30 pm) consisting
of colloids with sizes of 180 nm, 225 nm, and 250 nm that display blue, green, and
red structural color, respectively. This color has been previously assigned to Bragg
diffraction, i.e., constructive interference of light reflected at individual lattice planes
in the curved colloidal crystal [88]. The FIB cross sections (Fig. 2.1D and Fig. 2.3)
confirm the presence of such layers in our system. A consequence of the spherical

nature of the photonic balls is the lack of angular dependence under illumination
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Figure 2.4: Optical properties arising from Bragg diffraction of light at or-
dered crystal layers. (A) Structural color can be tuned throughout the visible
spectrum (solid lines: blue, d.,; = 180 nm; green, d,,; = 225 nm; red, d,; =
250 nm; photonic ball diameter is 30 pm in all cases) and correlates with 1D
simulations (dotted lines) of light reflection at stacked (111) planes within the
ball. (B) Reflected light intensity and wavelengths are spectrally indepen-
dent of the angle of incidence with respect to the substrate surface. (C and
D) The transmission spectra of a photonic ball (250-nm colloids) resembles a
long-pass filter, which can be explained by the curved nature of the ball and
directly visualized by illumination from the side (D). (E and F) The reflected
light intensity depends on the size of the photonic balls and reaches satura-
tion for balls with a diameter of 50 pm and larger. The intensity correlates
with an increase in the number of ordered layers obtained from simulations
(solid line) (F). (All scale bars, 10 pm.) F, Insets show photonic balls with
a diameter of 8 pm (Left) and 100 pm (Right).
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conditions in a microscope as shown in Fig. 2.4B.
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Figure 2.5: Explanation of one-dimensional (1D) transfer matrix calculation
of reflectance spectra for photonic balls. The multilayer structure of the ball
is simulated as a noncurved thin film; the disorder in the ball’s interior is ap-
proximated by a random refractive index material underneath the multilayer
structure. (A) Schematic showing the division of the film into discretized
layers for averaging to generate an analog 1D multilayer structure. (B) Color
plot with line plot overlay showing the refractive index variation along the
normal direction of a three-layer polystyrene opal film (darker colors indicate
higher refractive indexes). The refractive index was calculated by laterally
averaging the permittivity of the opal for each slice. Additional numbers of
layers are easily included by repeating the refractive index profile as desired.
(C) Calculated reflectance spectra, exemplarily shown for opal films with a
colloid size of 250 nm and different numbers of layers. The additional peaks
around the main Bragg reflection peak are caused by thin-film interference
effects.

We model the photonic balls as a multilayer structure in a 1D transfer matrix
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simulation with a refractive index profile corresponding to a stacked, close-packed
colloidal crystal (details in Fig. 2.5). The simulated spectra, shown as dotted lines
in Fig. 2.4A, match the experiments, corroborating that multilayer interference at
stacked (111) planes can cause the observed color. To match the peak intensity,
simulations were performed assuming seven (180-nm colloids) and nine (225-nm and

250-nm colloids) perfectly ordered layers of colloidal crystal.

Objective lens bx 10x 20x 50x
N.A. 0.13 0.25 0.40 0.50
Collection angle 77 14° 24° 30°
Photonic balls
Aspot | Asphere 0.1 0.2 024 03

Calculated collection angle 10° 15 27°  33°

Table 2.1: Comparison of the range of angles picked up by microscope lenses
with different numerical apertures (N.A.) and the colored area observed in
a photonic ball. The angular range calculated from the colored area coin-
cides with the angular range calculated from the N.A. [a = sin”'(N.A.) for
objectives used in air].

The most prominent feature of the optical microscope images throughout Fig.
2.4 is an area with intense, uniform color in the center of the ball surrounded by a
pale, almost colorless rim. We attribute this color pattern to the spherical nature
of the hierarchical assembly: Only the center of the photonic ball reflects light that
can be detected in the microscope objective (Fig. 2.6A). Larger angles of incident
and reflected light—causing a blue shift of color-are not picked up by the microscope
objective (Fig. 2.6A), creating the observed uniform coloration. The colorful area
of the ball corresponds to the angular range of back-reflected light the objective can
collect, which we confirmed by imaging an individual photonic ball with objectives of
different numerical aperture and found quantitative agreement between the accessible
angles calculated from the numerical aperture of the lens and from the ratio of the
colored area to the ball diameter (Figs. 2.6B and 2.7 and Table 2.1). However, this

model does not account for colored patches visible at the outer rims of some photonic
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Figure 2.6: Optical details of photonic balls imaged in a microscope. (A)
The uniform appearance of color in a central area of the ball with dark outer
regions is caused by the curved nature of the photonic ball and the limited
range of angles the microscope lens can collect: Only light back reflected nor-
mal to the surface is collected by the lens (red arrows); light reflected under
higher angles, leading to a blue shift in constructively interfering wavelengths
(green arrows), is not reflected within the collection angles. (B) The numer-
ical aperture of the objective defines the colored area of the ball. Higher-
magnification lenses, corresponding to larger numerical aperture, enable the
collection of light that is back-reflected from a wider range of angles; this
larger collection angle leads to an increased diameter of the colored area (see
Table S1 for quantification). (C) The colorful patches visible on the edges
of some particles (white arrow) may arise from ordered areas normal to the
stacked (111) layers. Such periodicities (exemplarily shown in the FIB cross
section) allow light to be back reflected into the objective lens even at the
edge of the photonic ball.
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balls, e.g., in the red-colored ball in Fig. 2.4A. These spots may be caused by light
reflected back into the objective at ordered planes perpendicular to the stacked (111)

planes, visible in cross-sectional images (Fig. 2.6C).

Figure 2.7: Schematic showing how the expected numerical aperture was
calculated from the ratio of the diameter of the spot size to the diameter of
the ball. a can be calculated by tan(dgp./dp) = a/2. This formula applies
because the maximum incidence angle of light in the setup that should be
seen as a bright spot on the photonic ball should be the angle for which
the specular reflection is along the microscope axis; the half angle of the
numerical aperture («) satisfies this condition.

Unlike typical thin film photonic crystals, photonic balls exhibit transmission
spectra that are not the inverse of the reflection; instead, only light above a criti-
cal threshold wavelength is transmitted, whereas light with energies higher than the
observed reflection peak seems unable to pass the structure (Fig. 2.4C). Again, we
attribute this unexpected behavior to the curved nature of the crystal, as schemat-
ically illustrated in Fig. 2.4D. Even though only light reflected normal to the ball’s
surface is picked up in the reflection spectrum (resulting in a green reflection peak
in the illustration), reflections also occur at different angles (although they are not
picked up by the microscope as described above). Such reflections will have a larger
angle between incident and reflected light, which translates to constructive interfer-
ence occurring at lower wavelengths (i.e., cyan and blue light in the illustration) [97].
Therefore, only light with wavelengths higher than the threshold defined by the con-

structive interference at normal incidence is transmitted, leading to the transmission
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characteristics shown in Fig. 2.4C. This phenomenon can be observed directly, if a
photonic ball is illuminated from the (Fig. 2.4D).

The size of the photonic balls, and thus the confinement of the colloids, can
easily be controlled synthetically. Fig. 2.4E exemplarily shows reflection spectra of
photonic balls prepared from 250-nm colloids with a size of 15 pm, 30 pm, and 100
pum (to-scale microscope images are shown in Fig. 2.4F, Insets). With increasing size
of the photonic ball, the intensity of the Bragg reflection peak increases and reaches
values close to saturation for balls with a size of 50 pm (Fig. 2.4F). This indicates
an increase in crystallinity as a result of a less severe confinement with increasing
ball size. We then compare the measured reflected light intensity for different ball
diameters with simulated values of multilayer reflection with increasing numbers of
crystalline layers (Fig. 2.4F). The measured reflectivities closely follow the simulated
values, indicating that the amount of order is directly correlated to the degree of
confinement. Consequently, we can use optical information to indirectly assess the
degree of internal order of individual photonic balls by comparing the measured and

simulated intensity of reflected light.

2.3.3 Mitigating Scattering by Incorporation of Spectrally Se-

lective Absorbers

The spherical confinement of the photonic balls inherently induces disorder in
the colloidal arrangement, leading to a whitish appearance due to scattering. To cre-
ate structural color with high chromatic values, the nonresonant scattering needs to
be controlled. The addition of broadband absorbers (for example, carbon black) can
suppress scattering, increasing the contrast between spectral background and Bragg
diffraction peak [11,98]. However, the Bragg peak itself can decreased as well due
to the unselective nature of absorption. In contrast, light absorption of noble metal
nanoparticles at their plasmon resonance frequency occurs over a rather narrow part
of the visible spectrum and can be tuned by changing size and shape of the metal
nanoparticle [99]. Such nanoparticles can serve as spectrally selective absorbers that

absorb scattered light at undesired wavelengths [14]. Most importantly, their absorp-
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tion frequency can be tailored to minimize interference with the Bragg diffraction
peak of the photonic crystal. This leads to a purification of the optical spectrum by
suppression of the intensity of scattered light from undesired parts of the spectrum

with minor effects on the intensity of the Bragg peak.
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Figure 2.8: Color purification by incorporation of spectrally selective ab-
sorbers. (A) Reflection spectra of a disordered photonic ball (binary mixture
of colloids with d = 200 nm and 250 nm) with 12-nm Au nanoparticles (NPs).
The absorption of the Au NPs lowers the reflection of light in the blue/green
part of the spectrum (arrow), giving the ball a dull, red appearance (A,
Inset). (B) An ordered photonic ball (dyyeigs = 250 nm) shows a Bragg
reflection peak at 620 nm, leading to a bright, red color (Inset). (C) An
ordered photonic ball with gold nanoparticles shows lowered reflection at the
blue/green part of the spectrum without affecting the Bragg reflection peak.
(D-F) Control of scattering properties by addition of Au NPs in ensembles of
photonic balls. Microscopic images (D and E, taken with identical exposure
times) and macroscopic images (F) reveal an increased contrast.

Here, we use 12-nm gold nanoparticles (details in SI Materials and Methods) to

mitigate the whitish appearance caused by the presence of disorder, producing a more
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crisp red coloration as demonstrated in Fig. 2.8. Due to their small size, the gold
nanoparticles do not interfere with the assembly of the colloidal particles, enabling the
creation of hybrid photonic-plasmonic balls [64]. Fig. 2.8 A-C shows single-particle
spectra of three different types of such hybrid balls. A disordered ball containing
gold nanoparticles, prepared by mixing two populations of colloidal particles with
diameters of 200 nm and 250 nm chosen to induce disorder by lattice mismatch, does
not show a Bragg reflection peak (Fig. 2.8A). The plasmon resonance of the gold
nanoparticles leads to a dip in the reflection spectrum at 520 nm, indicated by an
arrow in Fig. 2.8A, resulting in a dull, reddish appearance. An ordered photonic ball,
consisting of 250-nm colloids without gold nanoparticles, is shown in Fig. 2.8B, with
a red color stemming from the Bragg diffraction peak at 600 nm. Figure 2.8B shows
a photonic ball without gold nanoparticles that shows a Bragg diffraction peak at 620
nm. The addition of gold nanoparticles to an ordered photonic ball (Fig. 2.8C) com-
bines the two spectral features: A dip in reflection, caused by the plasmon resonance,
lowers the reflected light intensity in the lower-wavelength (blue/green) part of the
spectrum but does not affect the higher-wavelength (red) region with the Bragg peak.
Theoretical investigations reveal that the position of the gold nanoparticles within the
ball strongly influences the purification effect: Positioning the particles within the or-
dered parts of the photonic structures increases color saturation whereas absorbers
placed selectively in the disordered part decrease color saturation (Fig. 2.9). Simula-
tions reveal an optimal absorber concentration of approximately 15% gold by volume
(Fig. 2.9), when gold nanoparticles are placed exclusively in an idealized, ordered
colloidal crystal.

The effect of nanoparticle addition becomes much more apparent in ensembles
of photonic balls. Microscope images taken with identical exposure times, shown in
Fig. 2.8 D and E, as well as a macroscopic photograph (Fig. 2.8F) reveal a whitish
appearance of plain photonic balls due to unselective light scattering. The selective
suppression of scattered light at lower wavelengths by absorption of light by the gold
nanoparticles increases the contrast with little effect on the color intensity, resulting

in a macroscopically more crisp color.
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Figure 2.9: Effect of nanoparticle addition, concentration, and position
within the photonic ball on the structural color, examined by one-dimensional
(1D) transfer matrix simulations. (A and B) Effect of position and concentra-
tion of gold nanoparticles within the photonic structure. (A) Gold nanopar-
ticles placed within the periodic structure; (B) gold nanoparticles placed in
the disordered region underneath the periodic structure. (C) Dependence of
the extracted red color saturation on the amount of gold nanoparticles added
to the photonic structure.

2.3.4 Coloration Arising from Grating Diffraction

Photonic balls assembled from colloids with a diameter above 400 nm show
color patterns that differ substantially from their analogs with smaller colloid sizes.
Bright, multichromatic color patches appear at the outer regions of the photonic
ball, showing color travel from blue to red with increasing distance from the center.
This contrasts with the uniform coloration with colorless rims observed for photonic
balls from colloids with sizes smaller than 400 nm. Previously, such color patterns
in larger colloid assemblies were attributed to Bragg diffraction from different crystal
planes [89] and grating diffraction effects [64]. Here, we present further evidence that
Bragg diffraction from different crystal planes is an unlikely origin of color patterns
and that diffraction-grating effects, arising from periodic arrangements of colloids at
the surface of our micron-scale photonic balls, are responsible for the optical effect.
A representative SEM image (ball diameter 15 yum), highlighting the ordered, close-

packed arrangement of 400-nm colloids at the surface of the spherical superstructure,
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Figure 2.10: Observation of grating diffraction from the periodic surface
structures of photonic balls. (A and B) SEM and optical micrographs of
photonic balls prepared from 400-nm colloids. Diffraction-grating colors,
arising from the periodic arrangements of the colloids at the ball’s surface,
are visible toward the rims of the ball. (Scale bars, 10 pm.) (C) Model of the
photonic ball’s surface as a one-dimensional, curved diffraction grating and
angular distribution of colors at different parts of the curved surface. Only
light that is reflected back with a small range of angles (defined by the N.A.
of the objective, indicated as a dotted cone in the image) close to normal to
the surface from the grating is picked up by the objective lens and appears as
color on the ball’s surface. Because the incident angle increases from point 1
to point 4, light with increasing wavelengths is back-reflected into the lens.
(D) Spatial distribution of the color predicted by the model, plotted on a
circular surface mimicking the top-view image of the ball. The positions of
color in the model and micrograph coincide.
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is shown in Fig. 2.10A. A microscope image of a larger photonic ball (d = 100
pm) from similar-sized colloids, shown in Fig. 2.10B, shows strong rainbow colors
extending toward the rim. The lateral distribution of colors is not affected by the
ball size (38) and can be seen in all samples with photonic ball diameters between
15 pm and 100 pm (Fig. 2.11). Clearly, the coloration is characterized by a gradual
change from blue to red. Such a color travel is characteristic of grating diffraction, as
described by the grating equation, mA = d(sinf; + sind,,) (39). For each diffraction
order m, the wavelength of constructive interference (\) changes with increasing angles
of incident light (6;) and reflected light (6,,) and with the distance (d) between the
individual scatterers. In contrast, were the colors to arise from Bragg diffraction at

different crystal planes, few distinctive colors would be observed.

Figure 2.11: (A-D) Grating colors on differently sized photonic balls (A,
15pm; B, 30pm; C, 60pm; D, 90pm), all prepared from 400-nm colloids. The
position of the colors does not change with the size of the balls.

To resolve the origin of the coloration, we model the surface of a photonic ball
as a regularly spaced arrangement of spheres on a hemispherical substrate, as shown
in Fig. 2.10C. We assume that the colloids serve as a curved diffraction grating and

calculate the angular distributions of constructively interfering waves for different
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colors from the grating equation for different positions along the surface. Although
the illumination is fixed from the top (normal to the substrate plane), the angle that
the incoming light beam forms with the ball’s surface differs at different positions as
a result of the curved nature of the photonic ball. Tt is necessary to keep in mind
that only light reflected in a small range of angles given by the numerical aperture
around the surface normal (with respect to the substrate plane, not the ball surface) is
collected by the microscope objective lens (indicated by dotted cones in Fig. 2.10C).
Colors that are visible in the microscope image must therefore be reflected at angles
within this cone. Because the angle of incident light with the curved surface changes
with increasing distance from the center, so does the wavelength of light constructively
interfering at angles that can be picked up by the objective lens. As we move the
beam away from the center (Fig. 2.10 C, 1), grating diffraction predicts the shortest
wavelength (blue light, modeled at 400 nm) to be picked up by the microscope first
(Fig. 2.10 C, 2). With increasing distance from the center, the light arriving in the
microscope changes gradually along the visible spectrum via green (550 nm, Fig. 2.10
C, 3) toward red (750 nm), which the model predicts to reach the objective lens only
by reflection close to the rim (Fig. 2.10 C, 4).

To facilitate comparison between model and experimentally observed coloration,
we present the results of the model in a top-view representation in Fig. 2.10D. Light of
a given wavelength that is collected by the microscope objective at a given distance
from the center is represented by a colored dot. We choose to illustrate the data
obtained by the 1D model on the surface of a disk, representing the photonic ball as
seen in a microscope, and assign a sixfold symmetry for the color map to depict the
symmetry of a colloidal crystal. Image analysis, performed by measuring the distance
of different color patches from the center of the photonic ball, reveals quantitative
agreement on the color position between model and experiment (Table 2.2).

From the grating diffraction model, we expect a shift of the diffracted colors
toward lower angles with larger periodicities. For the photonic balls, this translates
into a shift of the rainbow-colored patches toward the center of the ball if the size of
the constituent colloids is increased [64]. The theory also predicts the appearance of

higher-diffraction orders at larger angles [100]|, which should be observed at locations
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Aeoltoids B D.O. A, Tewe/Toan Tmeas/Thatt - 5 %

400 1 400 0.50 0.44 £ 0.06 11.8

550 0.69 0.62 £ 0.05 10.0

750 0.94 0.91 £0.04 34

610 1 400 0.33 0.30 £ 0.03 9.7

550 0.451 0.46 + 0.04 3.0

750 0.61 0.69 £ 0.05 13.7

2 400 0.66 0.62 £ 0.04 5.0

550 0.901 0.81 £0.05 10.5

1,060 1 400 0.19 0.19 £0.02 0.6

550 0.26 0.30 £ 0.03 14.7

750 0.35 0.40 £ 0.04 14.6

2 400 0.38 0.41 £ 0.04 9.0

550 0.52 0.52 £0.03 0.5

750 0.71 0.63 £ 0.03 11.5

3 400 0.57 0.64 £0.03 13.3

550 0.78 0.77 £ 0.03 14

750 1.00 091 £0.02 95

610* 1 400 0.33 0.27 £0.01 16.3

550 0.45 045 +£0.04 0.7

750 0.61 0.73 £0.03 19.3

2 400 0.66 0.60 £0.02 14

550 0.90 0.81 £0.05 10.8

* Monolayer-on-microsphere architecture.
Table 2.2: Distance of selected colors represented as wavelengths A (blue,
400 nm; green, 550 nm; red, 750 nm) from the ball center calculated from
the diffraction-grating equation (7.,.) and measured from microscopy images

(Tmeas) as fractions of the ball radius 7, for all visible diffraction orders
(D.O.)
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Figure 2.12: Multiple diffraction orders are observed in photonic balls from
larger colloids. (A-D) SEM micrograph (A) and optical properties (B and C)
of photonic balls prepared from 610-nm colloids. Two diffraction orders are
visible as polychromatic spots in the optical micrographs in top (B) and side
(C) illumination. The positions of the colors on the ball coincide with theo-
retical expectations based on a 1D model of grating diffraction on a curved
surface (D). (E-H) SEM micrograph (E) and optical properties (F and G)
of photonic balls prepared from 1,060-nm colloids. The optical micrographs
in top (F) and side (G) illumination show three diffraction orders, the posi-
tion of which coincides with theoretical expectations (H). The color patches
assigned to the individual diffraction orders in the model are slightly offset
for better visibility. (All scale bars, 10 pm.) (I and J) SEM and optical
micrographs of a close-packed monolayer of 610-nm colloids deposited onto
a 50-uym bead, mimicking the periodic arrangement of the colloids at the
surface of a photonic ball. The monolayer-on-microbead architecture shows
similar coloration, implying that grating diffraction is the origin of the color.
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farther from the center of the ball. Indeed, both features are visible in the optical
micrographs shown in Fig. 2.12. Photonic balls assembled from 610-nm colloids
illuminated from the top and side are shown in Fig. 2.12 B and C, with a second
grating order visible toward the rim of the structure. The position of the individual
colors again coincides with the model quantitatively (Table 2.1 and Fig. 2.13). More
remarkably, in photonic balls from 1,060-nm colloids (Fig. 2.12 F and G), three
diffraction orders are visible and can be correlated with the model (Fig. 2.12, Table
2.2, and Fig. 2.13). The color patches assigned to the individual diffraction orders in
the model (Fig. 2.12 D and H) are offset for better visibility.

a) 610 nm colloids a) 1060 nm colloids

1 V4 2 il 1 2

5 y/ 6 5

7 7 w 8
9 - 10

Figure 2.13: (A and B) Simulated grating diffraction from periodic arrange-
ments of colloids at the balls’ surfaces for 610-nm colloids (A) and 1,060-nm
colloids (B). The plots in Fig. 2.12 show the colors collected by the objective
lens (i.e., the colors in the dashed-stripe cone) as they appear with increasing
distance from the ball center.

To unambiguously assign the observed color to grating diffraction and not Bragg
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diffraction [64,89], we coat large, 50-pm polystyrene microbeads with a monolayer of
610-nm colloids—the same particles used to assemble the photonic balls in Fig. 2.10
A-C—ollowing a protocol from the literature [101]. This monolayer-on-microbead
architecture, shown in Fig. 2.12I, mimics the surface of a photonic ball but not its
crystalline interior. Therefore, it cannot show Bragg diffraction. However, in the
optical microscope image shown in Fig. 2.12J, we observe similar color patterns to
those for the 3D photonic ball, with matching lateral position of the colors (Table
2.1). Therefore, we conclude that we indeed observe diffraction-grating effects on

individual microscale photonic balls.

2.4 Conclusion

We explore how hierarchical order influences the properties of a self-assembled
structure by studying individual microscale spherical colloidal crystals, known as
photonic balls. Curvature, imposed on the colloidal crystal through the spherical
confinement of an emulsion droplet, is the key element that alters the properties
of the assembly. We provide a complete physical understanding of all optical effects
observable in the prepared photonic balls and connect them to their structural origins.

FIB-assisted cross-sectioning indicates a layered morphology in the photonic
balls that consists of radially ordered layers stacked from the interface toward the in-
terior and a more disordered assembly towards the center. The layered structure gives
rise to structural coloration by Bragg diffraction. When observed in a microscope,
the presence of curvature creates uniform, angle-independent colors with a distinct
colored ball area that reflects the numerical aperture of the objective. In contrast
to flat opal films, the transmission spectra of a photonic ball are not the inversion
of the reflection spectra but resemble a long-pass filter-again caused by reflection of
light from the curved crystal. We control the degree of crystallinity via the size of the
photonic balls and correlate the internal structure with the observed color intensity.
Furthermore, we show that gold nanoparticles can be used as spectrally selective ab-
sorbers to suppress scattering, leading to a macroscopically brighter color. We present

evidence that photonic balls assembled from colloids with a diameter of 400 nm or
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larger show diffraction-grating coloration arising from the periodic arrangement of
colloids at the surface of the particles.

We anticipate these results will lead to several research directions. First, addi-
tional insight into crystallization in spherical confinements, especially with respect to
the crystallization mechanism and its kinetics, is needed to understand and control
the assembly of colloids into spherical superstructures. Second, if the quality of the
photonic balls can be reproducibly provided, they may serve as interesting materials
for potential use as miniaturized photonic elements, for example as long-pass filters,
diffraction gratings, or colorimetric sensors; in (optical) laboratory-on-a-chip applica-
tions; or as dispersible structural color pigments. Finally, the use of photonic balls as
building blocks to create higher levels of hierarchy by self-assembly into more complex
superstructures is a promising approach to further refine and exploit their rich optical

properties.

2.5 Materials and Methods

081  AuNP-citrate(A,.,, = 520 nm)
AuNP-PEG (A, = 524 nm)
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Figure 2.14: (A) UV-vis absorption spectra of citrate-capped AuNPs (black
trace) and PEG-modified AuNPs (red trace) in water. (B) Representative
TEM image of PEG-modified AuNPs.

Colloidal particles were synthesized by surfactant-free emulsion polymerization
with acrylic acid as comonomer [102]. PEG-modified gold nanoparticles with a size of

12 nm were synthesized by reduction of sodium tetrachloroaurate (Fig. 2.14) as de-
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scribed in the literature [103]. Microfluidic devices were prepared by soft lithography
from masters prepared by photolithography [95|. Simulation of the optical properties
was performed as a 1D transfer matrix method implemented in Matlab and effects of
gold nanoparticles were included by adjusting the refractive index profile [104]. Opti-
cal spectra of individual photonic balls were measured through a microscope objective
lens.

Styrene, acrylic acid, ammonium peroxodisulfate, sodium citrate, sodium tetra-
chloroaurate dihydrate, and methoxy-poly(ethylene glycol)-thiol (mPEG-SH) (Mr =
5,000) were purchased from Sigma Aldrich and used as received. Poly(dimethylsiloxane)
(PDMS) was purchased as a two-component system (Sylgard 184) from Dow Corning,.
The fluorinated oil HFE-7500 was purchased from 3M.

Electron microscopy was performed on a Zeiss Ultra Plus scanning electron
microscope. Cross sections of photonic balls were performed on a Zeiss NVision 40
focused ion beam.

Polystyrene colloidal particles were synthesized by surfactant-free emulsion poly-
merization, using acrylic acid as comonomer and ammonium peroxodisulfate as an
initiator following a recipe from the literature [102].

Polyethylene glycol (PEG) modified gold nanoparticles (AuNP-PEG) were syn-
thesized from a solution of citrate-stabilized gold NPs, which were prepared according
to a modified literature procedure [103]. Briefly, sodium citrate (50 mg, 0.17 mmol)
was added to a refluxing, vigorously stirred solution of sodium tetrachloroaurate dihy-
drate (25 mg, 0.065 mmol) in 120 mL ultrapure water (MilliQ) system). The mixture
was stirred under reflux for 15 min before it was allowed to cool to room tempera-
ture. The initially yellow solution changed to deep red and was stored in a glass bottle
protected from light. The AuNP formation was confirmed by UV-Vis spectroscopy
(Amax ~ 520 nm in water) and by TEM (D ~ 12 nm). The calculated amount of
AuNPs in the as-prepared solution was ~1.4 x 1015 NPs and the concentration was
~16 nM. Subsequently, mPEG-SH (Mr = 5,000) was covalently grafted to the surface
of the AuNP following a literature protocol (42). Briefly, 2 mL of mPEG-SH (25
mg/mL) solution was added dropwise to the vigorously stirred as-prepared AuNP

solution. The solution was stirred for 3 h, allowing citrate ligands to exchange with
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mPEG-SH (Fig. 2.14). PEG-modified particles were then centrifuged (20,800 x g, 1
h) twice to remove excess mPEG-SH and concentrated to 12 mL to give an ~160-nM

AuNP-PEG solution.

2.5.1 Microfluidic Fabrication of Photonic Balls
Device Fabrication

Microfluidic devices were fabricated by soft lithography. Negative photoresist
SU-8 (MicroChem, Newton, MA, USA) was spin coated onto a clean silicon wafer
to a thickness of 10 pm, 25 pm, or 50 pm and patterned by UV exposure through
a transparency photomask (CAD/Art Service). After developing the microstructure,
a mixture of Sylgard 184 PDMS (Dow Corning) and curing agent (ratio 10:1) was
poured onto the pattern, degassed, and cured overnight at 65 °C. The PDMS molds
were peeled off the master and the channel inlets and outlets were made by using a
0.75-mm diameter biopsy punch (Harris Uni-Core; Ted Pella). The PDMS replicas
were bonded to a glass slide after oxygen-plasma activation of both surfaces and
cured for 1 h at 65 °C to enhance bonding. To avoid wetting of the channels by the
inner phase, the devices were treated with Aquapel (PPG Industries) by flushing the

channels with the solution as received, air drying, and heating to 65 °C for 1 h.

Drop Generation

To fabricate droplets of an aqueous colloidal dispersion, the dispersion was
loaded into polycarbonate syringes (BD Luer-Lok Disposable Syringes). A mix-
ture of 0.1 wt% perfluoropolypropyleneglycol-block-polyethyleneglycol-block- perfluo-
ropolypropyleneglycol surfactant (purchased from RainDance Technologies; Dolomite
Pico Surf) in perfluorinated carbon oil (3M Novec 7500 Engineered Fluid) was used
as outer phase. PE/2 tubing with an outer diameter of 1.09 mm and an inner di-
ameter of 0.38 mm (Scientific Commodities) was used to connect the channel inlets
with the syringes. Flow rates were controlled by syringe pumps (PHD 2000; Harvard

Apparatus). The droplet generation was performed in a customized cross-junction
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device and monitored with an inverted microscope. The flow rates were 100 pL /h for
the inner (colloidal dispersion) phase and 200 pL/h for the outer (fluorocarbon oil)
phase.

Assembly of Photonic Balls

The emulsion droplets of the colloidal dispersion in oil were collected in glass
vials surface functionalized with 1H,1H 2H 2H -(tridecafluorooctyl)- trichlorosilane
(Gelest) via vapor phase deposition at reduced pressure. Before silanization, the vials
were activated by oxygen plasma (Diener Electronics; model femto) for 10 min. The
vials with the emulsion were placed in an oven at 45 °C to allow the water to evaporate
and the photonic balls to self-assemble. Depending on the amount of droplets within

the vial, the drying time varied between a few minutes and several hours.

2.5.2 Optical Characterization

Individual photonic balls were spectrally analyzed by illuminating them through
a microscope objective (Olympus, 50x objective lens, 0.5 N.A.). Reflected light
is channeled through the same objective and an additional tube lens before it is
collected with an optical fiber (Ocean Optics; 100-pm core) and analyzed with a
grating spectrometer (Ocean Optics; Maya Pro) controlled via the software IGOR.
This procedure allows us to collect reflected light from an area of a few micrometers,

small enough to probe the color of the individual photonic balls.

2.5.3 Computer Simulations and Theoretical Models

A 1D transfer matrix method was implemented in Matlab, using laterally av-
eraged permittivity values for an opal structure as shown in Fig. 2.5. Reflectance
values were calculated for each wavelength, using this method for the various colloid
sizes shown in the main text. For the diffraction-grating models, the angular location
of each color/diffraction order combination was calculated using the grating equation

with the assumption that at a given position along the photonic ball, the diffraction
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can be modeled as that from an infinite grating with periodicity equal to the diameter
of the colloids and orientation given by the tangent to the ball at that location.
Simulations were used to investigate how the concentration and position of
nanoparticle absorbers affects the color of photonic balls (Fig. 2.9). The simulations
are performed using 25 ordered layers with a refractive index profile matching that
of a colloidal crystal (compare with Fig. 2.5) and a random refractive index material
underneath the multilayer structure, approximating the more disordered interior re-
gions. Gold nanoparticles were simulated by calculating the effective refractive index
of the air/gold nanoparticle composite medium used in the transfer matrix calcula-
tions, using a method from the literature (43). The resulting macroscopic color is
indicated by the color underneath the simulated reflection curve. The color inten-
sity is calculated by using the CIE 1931 (Commission Internationale de I'Eclairage;
International Commission on Illumination) tristimulus color-matching functions to
convert the spectra into RGB (red, green, blue) values and then converting to the
HSV (hue, saturation, value) color space and plotting the saturation value.
Positioning the particles in the ordered layers results in color purification be-
cause the decrease in reflected light intensity primarily occurs in the high-energy part
of the spectrum (Fig. 2.9A). With increasing amount of gold nanoparticles, the to-
tal absorption increases and increasingly also suppresses the Bragg peak due to the
nonzero absorption of gold nanoparticles in the red part of the spectrum. Note that
absorption is nevertheless more pronounced in the blue/green part of the spectrum.
Adding nanoparticles to the disordered part does not increase saturation (Fig. 2.9B).
On the contrary, scattering is increased due to the increase in refractive index in
the randomized matrix. A maximum in color saturation exists (Fig. 2.9C) because
of the balance between increased absorption of wavelengths off the Bragg reflection
peak and increasing total absorption. The optimal scenario for color purification is
a concentration of around 15 vol% of gold nanoparticles placed in the ordered layers
of the photonic structures. Because the simulation assumes a uniform distribution
of gold nanoparticles within the photonic ball and perfect ordering of the reflective

layers, this number may differ from experimental results.
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Chapter 3

Combining Bottom-Up Self-Assembly
with Top-Down Microfabrication to

Create Hierarchical Inverse Opals

with High Structural Order

In this chapter we discuss another example of a colloidal photonic crystal as intro-
duced in Chapter 1. Here, the addition of a photolithographic step to the fabrication
of the structurally colored material allows for interesting geometries and patterns to
be created as well as an addition of hierarchical structuration to the material in the
form of a diffraction grating created out of inverse opal. This hierarchy allows for the
creation of an optical material having properties of both a surface diffraction grating
and an inverse opal simultaneously. More examples of this kind of combination effect

are discussed beginning with Chapter 4 as an introduction.
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3.1 Overview

3.1.1 Abstract

Colloidal particles can assemble into ordered crystals, creating periodically struc-
tured materials at the nanoscale without relying on expensive equipment. The combi-
nation of small size and high order leads to strong interaction with visible light, which
induces macroscopic, iridescent structural coloration. To increase the complexity and
functionality, it is important to control the organization of such materials in hierar-
chical structures with high degrees of order spanning multiple length scales. Here,
a bottom-up assembly of polystyrene particles in the presence of a silica sol-gel pre-
cursor material (tetraethylorthosilicate, TEOS), which creates crack-free inverse opal
films with high positional order and uniform crystal alignment along the (110) crystal
plane, is combined with top-down microfabrication techniques. Micrometer scale hier-
archical superstructures having a highly regular internal nanostructure with precisely
controlled crystal orientation and wall profiles are produced. The ability to combine
structural order at the nano- and microscale enables the fabrication of materials with
complex optical properties resulting from light-matter interactions at different length
scales. As an example, a hierarchical diffraction grating, which combines Bragg re-
flection arising from the nanoscale periodicity of the inverse opal crystal with grating

diffraction resulting from a micrometer scale periodicity, is demonstrated.

3.2 Introduction

Colloidal self-assembly is widely appreciated as an experimentally simple, low-
tech process to create well-defined nanostructures. [5,105,106] Owing to their high
order and periodicity at a length scale comparable to the wavelengths contained in
the optical spectrum, colloidal crystals can interact strongly with visible light. The
periodic modulation of the refractive index in opaline materials gives rise to a photonic
bandgap, which results in high intensities of reflected light in the wavelength range

corresponding to the range of frequencies within the bandgap. The position of the
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bandgap can be varied, for example, by changing the size of the colloidal particles used
in the crystal’s creation or by altering composition or shape. [97,107,108] Moreover,
colloidal crystals can be used as sacrificial templates to fabricate inverse opals. Like
their direct opal analogues, inverse opals possess interesting optical properties and
have been extensively used in photonic applications. [97,107-110] The well-defined,
interconnected porosity at the nanoscale further allows for applications in various
fields, including wetting, [44,111-113| (photo)catalysis, [114,115] cell culturing, [116]
photovoltaics, [117,118] energy storage, [119-121] and sensing. [108,111,122,123] Most
of these applications simplistically utilize inverse opals as thin films.

Precise spatial control of colloidal assemblies in hierarchical structures span-
ning multiple length scales can enable more advanced applications, for example, mul-
tiplexed and miniaturized sensing devices, [91] pixelated arrays of structural color
units, [67, 124, 125] miniaturized photonic elements, [126] or microstructured elec-
trodes with high surface area. [120] Furthermore, a hierarchical design may enable us
to alter or to enhance the optical properties of such self-assembled structures by com-
bination of the photonic bandgap properties with reflective, scattering or dispersive
elements, with a potential to mimic complex structural colors found in nature. [74,127]

The assembly of hierarchical colloidal crystal structures can be controlled from
the bottom up by prepatterning the substrate with a desired topography. [128-134]
If the topography is chosen to match the symmetry of the colloidal crystal, highly
ordered, hierarchical structures result. [131,134,135] If the imposed topography inter-
feres with the overall lattice orientation, the crystal growth is frustrated, leading to
disorder and cracks. [134] As a consequence, the quality of the crystal is significantly
reduced.

If the order in the colloidal assembly is to be maintained for any desired struc-
tural feature, the assembly process must be separated from the patterning. This can
be achieved by using top-down, microfabrication techniques such as photolithogra-
phy, [66,67,136,137] microcontact printing, imprinting and stamping, [68,125,138] or
inkjet printing. [139] In these approaches, defects in the crystal structures can be cre-
ated by curvature or patterning protocols, be inherited from the assembly process or

mechanical treatment and include polycrystallinity arising from different nucleation
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sites, cracks and over- or underfilled pores when replicated into inverse structures.
Here, we use a coassembly method to crystallize polymer colloids in the presence
of tetraethylorthosilicate (TEOS), which has been shown to result in well ordered
inverse opal thin films with open and interconnected pores and low density of cracks
at square centimeter dimensions and beyond. [140] Most remarkably, the assembled
structures show single crystal orientation throughout the substrate arising from a
preferred growth along the (110) crystal plane. [134,140] To preserve the order, we
apply photolithography and reactive ion beam etching in a post-assembly step to
fabricate arbitrarily shaped hierarchical superstructures and patterns that possess an

equally high degree of order and crystal orientation.

3.3 Results and Discussion

Figure 3.1A schematically shows the fabrication of the hierarchical inverse opal
superstructure. We crystallize polystyrene colloidal particles by evaporative assem-
bly in the presence of a silica solaASgel precursor (TEOS). After calcination at 500
°C, we obtain a highly ordered, iridescent inverse opal thin film with oriented crys-
tallinity throughout the substrate. [134,140] We then infuse the porous matrix with
a photoAnresist that has a refractive index closely matching that of the surrounding
silica. The resulting infiltration of the pores by the resist is indicated by the dis-
appearance of the iridescence. [111,141] The resist-filled inverse opal is UV-exposed
through a mask with the desired structural pattern. Since the pores are all filled with
the index-matched photoresist, scattering of UV-light is prevented, leading to high
quality photolithographic patterns without blurring of features. We thus create a pro-
tective photoresist layer covering selected parts of the substrate. Anisotropic reactive
ion beam etching is then used to mill into the substrate, removing the inverse opal
structures at all unprotected areas. In a final calcination step, photoresist residues
are removed, yielding a pattern of highly ordered, inverse opal superstructures.

The etching depth can be precisely controlled via the etching time, allowing us
to remove individual layers of the inverse opal (Figure 3.1B). The minimum obtainable

feature sizes are defined by the resolution of photolithography and the reactive ion
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Figure 3.1: Decoupling thecrystal formation from patterning creates hier-
archical structures with uncompromised order. A) Schematic illustration
of superstructure fabrication. A highly ordered inverse opal (i) is infiltrated
with photoresist and exposed to UV light to create a pattern (ii). The inverse
opal /photoresist hybrid structure is developed, removing the photoresist from
the porous structure at the exposed substrate areas (iii). Anisotropic reactive
ion beam etching is used to remove all unprotected parts of the opal (iv).
After calcination to remove photoresist, the inverse opal superstructure is
formed (v). B) Patterned inverse opal with a step size of one colloidal layer,
demonstrating high vertical resolution. C) Side-view image of an inverse opal
line pattern, showing vertical etching along the (111) plane of the crystal.
D-F) Comparison of the order in hierarchical structures obtained by assem-
bling a direct opal on a lithographically patterned substrate with topography
(D), co-assembling colloids in the presence of TEOS on a similarly patterned
substrate to create a hierarchical inverse opal (E), and by decoupling the
crystal formation from the lithographic patterning step, following the pro-
cedures described in the current paper (F). The crystal order is completely
preserved if the patterning step is applied after crystal formation.
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beam etching step: for straight line patterns, we find a selective vertical etching along
the (111) cleavage plane of the substrate to produce a characteristic trapezoidal wall
profile (Figure 3.1C), which we attribute to the minimal amount of mass that needs to
be removed along that plane. This etching characteristic leads to 60° vertical incline
at the edges, giving us a reproducible three-dimensional morphology of the patterned
inverse opal. Simple geometric considerations (Supporting Information) allow us to
determine the lateral resolution of the hierarchical inverse opal feature x as a function
of the inverse opal layer thickness h and the lateral size of the photoresist pattern

used as a mask x(lithography):

2
x(h) = x(lithography) + —h (3.1)

V3

Figure 3.1D-F compares the degree of order in hierarchical colloidal assemblies
prepared by self-assembling direct (Figure 3.1D) and inverse opals (Figure 3.1E) on
substrates with a topography, and by top-down patterning of prefabricated inverse
opals (Figure 3.1F). As we have observed previously, the co-assembly of colloids with
TEOS increases long-range order and eliminates crack formation (Figure 3.1E) as
compared to a direct assembly of colloids (Figure 3.1D). [134] However, since the
geometry of the topography does not match the crystal structure, the co-assembled
crystal shown in Figure 1E shows frustrated crystallization, creating disorder around
the obstacle. In contrast, the high order and orientation of the crystal is completely
retained when assembly and patterning are separated (Figure 3.1F).

The preferential growth of the co-assembled colloidal crystal film along the (110)
plane generates inverse opal films with high crystal alignment, [134,140] which can be
transferred into the hierarchical pattern by aligning the photolithography mask at a
controlled angle (e.g. parallel or perpendicular to the growth direction of the inverse
opal crystal) to create identical macroscopic patterns with various crystallographic
orientations of the constituent self-assembled photonic crystal. Figure 3.2 shows slabs
of inverse opals with crystal orientations along the (110) plane and (100) plane, re-
spectively. The insets show the orientation of the inverse opal film as grown on the

substrate and the resulting orientation of the crystal within the pattern. The Fourier
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transformations, showing undisturbed hexagonal patterns, indicate high order and

crystal alignments.

Figure 3.2: Control of crystal orientation within the superstructure. The in-
verse opal thin films preferentially grow along the (110) direction (see insets).
Any arbitrary orientation of the constituent photonic crystal within the final
hierarchical pattern can be achieved by simple rotation of the mask relative
to the orientation of the substrate. A) When a pattern (black box) is aligned
along the growth direction, hierarchical structures with a (110) orientation
of the inverse opal crystal within the superstructure form; B) Aligning the
pattern perpendicular to the growth direction yields hierarchical structures
with a (100) orientation. High order and uniform orientation are evident
from the FFT images shown as insets.

The process allows the creation of complex, arbitrarily shaped hierarchical struc-
tures with high accuracy and resolution while maintaining order and orientation of
the inverse opal crystal, which we demonstrate by a micrometer scale reproduction
of a world map (Figure 3.3A). The map, with its complex shape, demonstrates our
ability to pattern arbitrary features with multiple length scales-including adjacent
concave and convex features. Moiré patterns, indicative of high crystal order, [142]
are visible throughout the image. Order and crystal alignment throughout the com-
plete structure is further highlighted in high magnification images of selected regions
(Figure 3.3B-D), which all show uniform crystal alignment resulting from the single
crystal orientation of the underlying coassembled inverse opal. This uniform align-
ment of the crystal is evidenced by Fourier transform analyses shown as insets. The
specific crystallographic orientation of the inverse opal single crystal in the pattern
can be altered by rotation of the imposed photolithographic mask with respect to the

substrate (compare, for example, two perpendicular orientations of the line pattern in

22



Chapter 3: Combining Bottom-Up Self-Assembly with Top-Down Microfabrication to
Create Hierarchical Inverse Opals with High Structural Order

the [110] and [100] directions in Figure 3.2). The lateral resolution achieved in some

parts of the map is below 1 pm-only a few colloidal particles in width.

Figure 3.3: Fabrication of single crystalline, complex patterns with hierarchi-
cal features spanning multiple length scales. A) SEM image of a micrometer
scale inverse opal pattern in the shape of the world map. The Moiré patterns
visible throughout the image indicate high order. B-E) Close-up SEM images
and Fourier transformation analyses (insets) of different parts of the world
map. The images show (B) Ttaly, (C) Sulawesi, and (D) the Baja California
peninsula. Order and uniform crystal orientation in images are evident from
Fourier transformation (insets).

Since the order of the colloidal assembly is retained in the generated hierarchical
structures, they also maintain their distinctive structural coloration. The wavelength
of constructive interference changes with the incident angle, giving the inverse opals
their vivid iridescence. This color shift allows us to create complex, micrometer scale
structures with dynamic coloration (Figure 3.4). We design arbitrary, micrometer
scale "artworks” and illuminate the structure under a microscope. With an illumina-
tion normal to the surface, the structures show green (top, 250 nm colloids used as
template) and red colors (middle, bottom, 320 nm colloids) depending on the size of
the colloids (Figure 3.4B). The variation of color in the top image of Figure 3.4B arises

from changes in crystal thickness. [111] As expected, the observed color shifts into
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the blue part of the spectrum with increasing light incidence angles (Figure 3.4C).
Additional levels of complexity may be introduced to the system by tailoring liquid
infiltration by means locally changing the surface chemistry [141] or locally modifying

the color by changing the pore sizes, for example using atomic layer deposition.

Figure 3.4: Structural color imaging at micrometer scale. A) SEM images
of hierarchical inverse opal structures; microscopy images taken (B) with
illumination normal and (C) off-normal to the surface. The images show
real, dynamic structural color that blue-shifts with increasing illumination

angle.

The hierarchical microfabrication allows the combination of photonic effects
occurring on disparate length scales. For example, we can create a hierarchical
diffraction grating by patterning inverse opals into periodic stripes (Figure 3.5A B).

A diffraction grating creates an angular dispersion of light (with a wavelength \) de-

o4



Chapter 3: Combining Bottom-Up Self-Assembly with Top-Down Microfabrication to
Create Hierarchical Inverse Opals with High Structural Order

pendent on the illumination conditions (angle of incident light 6; and diffracted light
;) and the periodicity d of the grating as described by the grating equation: [100]

mA = d(sind; + sinb,) (3.2)

We investigate the optical properties of our hierarchical diffraction grating by
variable angle spectroscopy, measuring reflection spectra as a function of observation
angle over a wide range of angles. Figure 3.5C,D shows the reflected light intensity
for all measured wavelengths and diffraction angles (plotted as sin(f) for better com-
parison with the grating equation). The data are plotted as an image with vertical
columns corresponding to spectra measured at each detection angle and rows corre-
sponding to the wavelengths detected by the spectrometer. Intensity of the reflected
light is color-coded with black signifying low and yellow high intensities. The in-
cidence angles shown are 0° and 30° for Figure 3.5C,D. Multiple diffraction orders,
arising from the microscale periodicity of the superstructure are visible as straight
lines in the plots.

The distribution of light intensity in the individual diffraction orders shows the
fingerprint of the second optical element present in the hierarchical materialaATthe
inverse opal. The photonic bandgap, arising from the nanoscale periodicity of the
colloidal crystal, is encoded in all individual diffraction orders and, as expected, blue-
shifts with increasing angle of incident light. In Figure 3.5C, enhanced reflected
intensity is detected around 500 nm for all diffraction orders. This signature of the
Bragg diffraction peak shifts toward 420 nm when the angle of incident light is changed
(Figure 3.5D). Figure 3.5E,F presents the wavelength-dependent intensity, extracted
along the first five positive diffraction orders for both incident angles. Again, the
incident angle-sensitive signature of the Bragg diffraction peak is clearly visible at
500 nm (0° incident light, Figure 3.5E) and 420 nm (30° incident light, Figure 3.5F)

in all diffraction orders.
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Figure 3.5: Multiple optical properties arise from periodicities at different
length scales in hierarchical inverse opal structures. A) SEM and B) opti-
cal microscope image of periodically spaced inverse opal slabs serving as a
hierarchical diffraction gratings. C,D) Optical properties of the inverse opal
diffraction grating represented in two dimensions by plotting the sine of the
reflected light versus the wavelength. Each vertical line represents an indi-
vidual spectrum. The spectra were taken for (C) incident light normal to the
surface and (D) at an angle of 30° relative to the surface normal. The hier-
archical structure shows multiple diffraction orders, visible as straight lines
in the figure. EF) Wavelength-dependent intensity, taken along the first five
diffraction orders. As a result of the inverse opal structure, the light intensity
in these individual orders is modulated and shows enhanced intensity at the
Bragg diffraction peak, which shifts with increasing incident light angle.
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3.4 Conclusions

In conclusion, we have exploited the high order and single crystal orientation
found in inverse opals assembled from polymeric colloids in the presence of TEOS to
create superstructures by a combination of photolithography and reactive ion beam
etching of the pre-assembled, crystallographically oriented inverse opal films. The
uniform crystal orientation across the entire patterned area remains unaltered in the
produced, highly ordered hierarchical structures and can be controlled by orienting
the lithographic pattern at an arbitrary angle relative to the underlying single crys-
tal. This enables us to align different crystal planes within the individual hierarchical
elements. In addition to the resolution of the lithographic procedure, the minimal
structural feature width (coupled with the feature height) is limited by the anisotropic
trapezoidal etch mechanism that follows (111) cleavage planes of the crystal. These
hierarchical patterns show angular-dependent structural coloration which we exploit
to create iridescent real color images at a micrometer scale. Furthermore, the control
of order and periodicity at multiple length scales allows creating materials that com-
bine multiple optical properties. We demonstrate such complex optical materials by
encoding the photonic bandgap properties within the individual diffraction orders of a
diffraction grating. We believe that the controlled fabrication of high-quality inverse
opal superstructures with full control of feature sizes, controlled crystal orientation,
and minimum defect density will open pathways to harvest the intriguing proper-
ties of inverse opals in advanced applications and devices-from miniaturized sensing
architectures to a sophisticated tailoring of light-matter interactions in photonics or
phononics. Especially, we anticipate the technology to serve as an experimentally
simple platform to create multi-scale optical materials to help understand and mimic

the vivid coloration of hierarchical structures occurring in nature.
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3.5 Methods

3.5.1 Preparation of Inverse Opals

Polystyrene (PS) colloids were synthesized using a surfactant-free emulsion poly-
merization following a protocol from literature. [102] Inverse opals were synthesized
by a coassembly process with TEOS. [140| PS colloids were added to 20 mL of water
and adjusted to 0.1% solid content. 150 uL of prehydrolyzed TEOS solution (1:1:1.5
by volume of TEOS:0.1 m HCl:ethanol, stirred for 1 h at room temperature) was
added and the mixture was sonicated for 5 min. A cleaned silicon wafer (exposed to
acid piranha for 45 min and extensively rinsed with water) was vertically suspended
in the vial and placed inside the oven for several days for the solvent to evaporate
completely. A vibration-free oven set to 65 °C was used for the coassembly process.
After complete solvent evaporation, a single-domain opal film with silicon dioxide
filling the interstitials was left on the wafer substrate. Calcination for 5 h at 500 °C
with a defined heating ramp of 2 °C min-1 and a cooling time to room temperature
in 3 h resulted in high quality inverse opal film. Deionized water was used from a
Milli-Q system, ethanol was purchased from Koptec, and all other chemicals were

purchased from Sigma-Aldrich.

3.5.2 Photolithography on Inverse Opal Film

Photolithography was performed in an ISO class 5 clean room at CNS, Harvard.
Inverse opal films were cleaned with acetone and isopropyl alcohol (IPA) on a Headway
Research spin coater at 3000 rpm for 10 s each. Complete solvent evaporation was
performed on a Torrey Pines hot plate at 180 °C for 5 min. Samples were then
pre-coated with hexamethyl disilazane (HMDS) at 3000 rpm for 60 s and soft baked
at 110 °C for 60 s. Thereafter, Shipley S1818 positive photoresist was spin coated
on the sample at 2000 rpm for 45 s and hard baked at 110 °C for 60 s, giving a
protective layer thickness of 2 pm. Chrome masks were designed with AutoCAD
2014 and printed using a Heidelberg DWL 66 mask writer. Using a Suss MJB4

mask aligner, soft-contact (1.3 bar) was established between the chrome mask and
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the coated sample. Exposure time was calculated by dividing the exposure dose EO
(180 mJ em ™2 for S1818) by the h-line intensity (405 nm) of the MJB4 mask aligner.
Standard exposure time was 4.5 s. For feature sizes smaller than 6 nm, additional 0.1
s were added to the calculated exposure time for every 1 pm decrease in size. After
exposure, samples were hard baked at 110 °C for 60 s and developed with Microposit
MF CD-26 developer. Developing steps were first 50 s in CD-26, followed by 10 s in
fresh CD-26 and 15 s in DI water. Samples were blow dried with nitrogen.

3.5.3 Reactive Ion Etching

Anisotropic reactive ion etching was performed on a STS induced coupled plasma
reactor (STS ICP RIE) with a standard recipe for silicon dioxides etch. The plasma
reactor was first cleaned with oxygen plasma for 20 min, followed by a 10 min stabi-
lization cycle of the etch program. 10 sccm CyFg, 10 scem SF6 and 3 scem H2 were
used with 900 W coil power, 100 W platen power at 7 mTorr and 38 °C. Etch rates
were determined by a Veeco Dektak profilometer. We found etch rates of 0.43 pm
min-1 for inverse opal and 0.35 pm min-1 for photoresist, giving an etching ratio of
1:1.23 resist to inverse opal. Samples were rinsed with ethanol and IPA. To remove
the protective photoresist layer, the samples were calcined for 5 h at 500 °C with a

defined heating ramp of 2 °C min-1 and a 3 h cooling time back to room temperature.

3.5.4 Imaging and Characterization

Scanning electron microscopy (SEM) was performed on a Zeiss Ultra Plus field
emission microscope. ImagelJ was used for subsequent image analysis. An Ocean
Optics DH-2000 UV-vis-NIR light source was used for the variable angle spectrometry
measurements to illuminate a small spot (<1 mm) on the sample at a given incidence
angle. Individual spectra were collected at half degree increments for -75° to +75°
relative to the sample normal for each angle of illumination and spectrally analyzed

using an Ocean Optics Maya Pro 2000 spectrometer.
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Chapter 4

Emerging Optical Properties from the
Combination of Simple Optical
Effects

In this chapter we give a more robust overview of the field introduced in Chapter 3,
discussing many types of structurally colored materials created utilizing hierarchy to
allow for combination optical effects to be observed. Expanding on this, we further
discuss the addition of absorption into structurally colored materials—both in a struc-
tured and an unstructured way—to modify the optical properties of the material (as
discussed in Chapter 1) and create new types of photonic effects. Finally, we briefly
discuss the use of plasmonic materials (whether nanoparticles or lithographically de-

fined meta-materials) to create colored materials with novel effects.

4.1 Introduction

Structurally colored materials (SCMs) are prized for their absence of photo-
bleaching and wide range of optical properties not obtainable in bulk materials. [75,79]
They can also create special color effects that are not obtainable in standard pig-
ments such as iridescence or environmentally-induced color change. [45,143] Natural

organisms have optimized their color-producing features through millions of years
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of evolution, utilizing SCMs, pigments, or combinations of the two to achieve their
desired appearance. [74] Using such organisms as inspiration, scientists have learned
how to create and optimize SCMs for a variety of purposes; the use of bio-inspired,
rather than bio-mimetic [106], approaches to this field have yielded materials which
capture the essence of the color-producing elements in natural organisms by distilling
the structures down to their key components: order/disorder, hierarchy, and absorp-
tion /scattering.

The use of order and disorder in photonic crystals allows for control over the
amount of angular variation or color travel, with more disordered materials having less
angular dependence of their reflected color due to the lack of coherent crystal planes
within the photonic crystal. Scientists have gained a fundamental understanding
of the interrelationship of structural arrangements and the resulting coloration of
a material and have used this understanding to fabricate structured materials with
controlled order or disorder at nanoscale length scales. [4]

Hierarchy is a common theme in biological materials, whether as a necessity
for multifunctional materials or a consequence of self-assembly. [144] For SCMs, this
hierarchy is the simplest method by which to obtain multiple optical effects from the
same structure; for example, the angular dependence of an SCM can be reduced by
the including diffusive elements. Using combinations of self-assembly and top-down
fabrication methods, scientists have been able to create hierarchical nanostructures
for a variety of applications. [145]

Absorption and scattering can also be used to influence the color produced by
SCMs. Scattering within an imperfect SCM or reflections from surfaces outside of the
SCM can lead to a desaturation of a structural color. If saturated colors are desired,
absorbers can be used to mitigate the color desaturation caused by scattering. On the
other hand, strong scattering can itself lead to enhanced color purity. For example,
when there is a surface external to the SCM that is affecting its color, a strong
scattering layer can be used to reduce the coherence of the reflecting surface.

Nature has developed a panoply of SCMs using a very limited set of materials
within extremely constrained systems. Biological systems must, naturally, rely on

biological components and bottom-up self-assembly to create any material; for SCMs,
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the most limiting constraint is the lack of high refractive index materials in nature
which limits the obtainable index contrast for SCMs. Tools and materials developed
in the laboratory can be used to expand the diversity of SCMs leading to a variety
of possibilities that cannot be observed in nature. By using plasmonic materials
and high-index dielectrics, which are typically unavailable for biological organisms,
the physical size of SCMs can be greatly reduced. In addition, the large imaginary
portion of the complex refractive index of these materials causes the phase change
upon reflection from their surface to be anomalous (different from the 0 or TA phase
change from non-absorbing materials). This anomalous phase-shift can lead to many
types of SCMs which cannot be created in other ways as well as allow for a great
reduction in the thickness required for thin-film SCMs.

This review discusses three techniques to create or enhance SCMs: (1) hierar-
chical structuration to take advantage of the optical properties of multiple structural
elements, (2) absorption for color purification of SCMs or to cause asymmetric effects
due to the anomalous phase change upon reflection from an absorbing layer, and (3)
introduction of plasmonic moieties to reduce the physical size of SCMs in order to
create materials which do not exist in nature. All of these techniques use engineered
structures to combine relatively simple optical effects and achieve complex optical

properties.

4.2 Hierarchy

Biology has developed a host of SCMs including diffraction gratings, multilay-
ers, and 3D photonic crystals. [74] A particular strength of these biological SCMs is
their use of hierarchy to generate optical effects that would not be possible using ide-
alized models one might find in a standard optics textbook. For example, a common
method to reduce the angle-dependence of structural color is to introduce disorder
into a 3D photonic crystal such that the local order is strong enough to create a
structural color, but the long-range order is weak. [146] Thus, many different pho-
tonic crystal "grains" of slightly different orientations are observed simultaneously

and their individual angle-dependence is averaged such that only the primary peak
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is easily observed. [31,146-149| In addition, hierarchical structuration can be used
to diffuse (and therefore reduce the angular dependence) of a structural color. For
example, many species of butterfly, including those of the famous Morpho genus,
reduce color iridescence due to combinations of diffraction gratings and multilayer
structures. [150, 151]

A recurring motif of hierarchical SCMs in nature is the combination of a diffrac-
tion grating with another optical element; a wide range of possibilities for such a com-
bination is depicted in Figures 4.1 and 4.2. Often, the superposition of a diffraction
grating with another optical element, such as 3D photonic crystal or a multilayer, as
is the case for Morpho rhetenor, is used to give a wider angular distribution to the
visibility of a structural color (Fig. 4.1a) [65,152]. However, several other interesting
effects can be created by creating hierarchical structural color materials of different
types. A thin film in conjunction with a diffraction grating can produce predictable
structural colors which can be used as a structural color printing mechanism (Fig.
4.1b) [153]. Another option is to combine one diffraction grating with an orthogonally
oriented diffraction grating. This can lead to a reverse color-order diffraction pattern
wherein the color shifts from red to blue as the observation angle is increased, instead
of the typical blue-to-red color order, an effect that can also be found in nature on
the wings of the male butterfly Pierella luna (Fig. 4.2c¢) [154,155|. In these exam-
ples, the combination of a diffracting grating with another optical structure is used to
achieve novel optical properties. Rather than superposing a diffraction grating onto
another optical structure, other types of geometries can be combined hierarchically
to generate complex optical effects. Combining a multilayer with a retroreflector
in different configurations can give rise to spatially modulated reflection colors as
exemplified in the butterfly Papilio blumei [156] (Fig. 4.3a(i-iv)). By slightly mod-
ifying the organization of the structural elements-namely by placing the multilayer
above the retroreflecting concavities rather than depositing it conformally on top of
them-a different effect can be created wherein the reflected color of the multilayer
and its transmission color can both be observed in reflection mode, albeit with or-
thogonal polarizations [156] (Fig. 4.3a(v)). Meanwhile, diffraction gratings are also

frequently used to increase the light transfer efficiency into or out of light-generating
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Figure 4.1: Combination of diffraction gratings with other structural color
elements. a) [152] Diffraction Grating + Multilayer. Structural comparison
between butterflies and fabricated angle-insensitive structural color films. (i)
(left) Cross-sectional SEM image of the multilayered ridges on the dorsal
ground scale of a Morpho Didius butterfly. (right) A close-up view of the
ridges, showing a vertical offset of 63 nm between two neighboring ridges,
taken from the area outlined in red. (ii) (left) Cross-sectional SEM image of
the deposited multilayer thin film. The bright layers are SiO2 and the dark
layers are TiO2. A Cr-covered monolayer of silica microspheres is located
at the bottom of the multilayer structure, causing a column-like structure
of in the multilayer. (right) A close-up view of the multilayer, showing a
vertical offset of 44 nm between neighboring columns (similar to the ridge
offset in (i)), taken from the area outlined in red. (iii) Images of fabricated
films. Various colors ranging from deep blue through green to coppery red
realized by controlling the layer thicknesses. (left) Image of the deep blue
reflector wrapped around a rod with a diameter of 1 cm. Note that the color
appears the same throughout, even though the reflector is bent, and thus
presents a viewing angle that varies from 0 to 90°. (right) b) [153] Diffraction
Grating + Thin Film. Structural color painting using thin-film structured
gratings in Littrow configuration. (i) Centimeter-scale reproduction of a
Mondrian painting titled "Composition with Color Planes and Gray Lines".
(ii-v) SEM images of selected areas, which illustrate different diameters and
uniform alignment of the nanobowls. White scale bars are 200 nm. (vi)
Ray diagram depicting light reflection from TiO2 nanobowls of diameter d
and wall thickness w. #i and 6r are the angle of incidence and reflection,
respectively.
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0

MNormally orienled gratings

Figure 4.2: Combination of diffraction gratings with other structural color
elements. (continued). ¢) [154] Diffraction Grating + Diffraction Grating.
Reverse color-order diffraction grating based on the Pierella luna butterfly.
(i) SEM of an array of scalloped microplates. Scale bar, 5 pm. (left) SEM
of an individual plate with regular scallops. Scale bar, 2 pm. (right) (ii)
Diffraction pattern caused by the periodic ensemble of microplates for 45°
light incidence. A choice of propagation angles is visualized by the white
dashed lines. (iii) Diffraction pattern resulting from the scallops on individual
plates. (iv-vii) Same as i-iii, for tilted gratings.

or absorbing structures [157-165] as gratings promote coupling of light that would
otherwise be trapped by total internal reflection modes to free space. As seen in Fig.
4.3b, the addition of gratings can therefore be lead to brighter light emitting diodes
(LEDs) [166,167|. In all of the above cases, hierarchy is used to enrich the optical
properties of an SCM. The examples presented so far only rely on the combination of
different morphologies of purely dielectric materials to generate interesting and useful
structures. An even greater variety of effects can be achieved by introducing optically

active elements, such as absorbers, into SCMs.

4.3 Absorption

Typically, absorption is added to a SCM in order to reduce the desaturation of
color that results from nonspecific scattering. Since scattering is typically stronger
for shorter wavelengths, this effect is most noticeable when a structural blue color
is being created, as is the case for the brilliant blue Steller’s jay bird which appears
pure white (due to scattering) when the bird has no melanin in its plumage. [17]
In real-world structures (whether biological or man-made), there are many causes of

such nonspecific scattering such as inevitable deviations from perfect periodicity and
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Figure 4.3: Arrayed hierarchical optical structures. a) [156] Multilayer +
Retroreflector for polarization-dependent color. (i) The bright green wings
of the P. blumei butterfly result from the mixing of the different colors that
are reflected from different regions of the scales found on the wings of these
(ii, scale bar: 5 ym) and SEM images (iii, scale bar: 2 pm) showing that the
surface of a wing scale is covered with concavities (diameter ~ 5-10 pm)
that are arranged in ordered lines along the scale. These concavities are clad
with a multilayer that reflects yellow-green light at their centers and blue at
their edges (ii, left). By observing the scales in an optical microscope with
crossed polarizers, the yellow-green light is extinguished, but the blue light
can still be detected along four segments of each edge (ii, right). (iv) SEM of a
fabricated concavity covered by a conformal multilayer stack of 11 alternating
layers of titania and alumina (scale bar: 1 pm). (v) Samples viewed in
direct specular reflection (top) and in retro-reflection (bottom) (scale bars
5 mm), show a striking change in color from blue to red, for a different
sample with the multilayer above the concavity. b) [167] Combination of
hierarchical structures with an LED to enhance out-coupling of light based
on the microstructures found in firefly lantern scales. (i) An optical image of
a male firefly (Pyrocoelia rufa). (ii) SEM of the male firefly lantern cuticle.
(iii) Perspective SEM of the hierarchical structures designed based on the
structures in (ii). (inset: magnified view). (iv) Photographs of OLEDs in
operation (top) without and (bottom) with structured surfaces.
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the presence of unintended surface roughness. An absorbing moiety (whether a dye or
an absorbing plasmonic nanoparticle) dispersed homogeneously throughout the SCM
can greatly reduce the desaturation effects of this nonspecific scattering. Even for
broadband absorbers such as carbon black, the color purity of the material can be
improved, as the intensity of the structural color peak relative to the background
will be increased. [6,8,11,98,168-170] This approach is general and will improve the
color saturation for color produced by multilayers or 3D photonic crystals, provided
the doping level of the absorbing particles is correctly optimized. For situations in
which the desired color is known a priori, a specific absorber can be chosen such that
its absorption spectrum does not overlap with the structural color peak; however, it
can be challenging to find an absorber whose spectrum precisely corresponds to the
desired color of the SCM. [14, 15, 80]

When the absorbing moieties are localized at defined locations within the SCM
instead of distributed homogenously throughout it, more complicated optical effects
can arise beyond the reduction of nonspecific scattering. Specifically, drastically differ-
ent colors can be observed by using different illumination and observation conditions.
Asymmetric reflection (and absorption) can be observed by defining an absorbing
layer on a transparent substrate that is coated with at least one layer of a dielectric
thin film (one which would give rise to structural color even in the absence of an
absorber). The effect can be observed with a range of absorbing layers, for example
plasmonic nanoparticles [171] (see Chapter 6), structured plasmonic absorbers such
as metal hole arrays [172|, or simply thin metal films (see Chapter 6). A fully di-
electric Bragg stack without absorbers will appear identical regardless of which side
is being observed. As shown in Fig.4.4, the addition of an absorbing layer leads to a
different observed color when viewing from the top of the sample as compared to the
bottom. This geometry allows for the structure to be partially transparent; therefore,
the structure isn’t equivalent to a substrate coated on either side with a pigment
(which would also display different colors depending on which side is being viewed)
and a third color can be observed when viewing the sample in transmission mode.
Due to conservation of energy, the difference in reflected color must also manifest

itself in a difference in the absorption or scattering between the different sides of the
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Front Front Back Back

Figure 4.4: Asymmetric optical effects achieved by adding structured ab-
sorption to SCMs. a) [171] Optical behaviors of Ag nanocubes on thin TiO2-
coated glass plates. (i, ii, iv, v) Asymmetric color routing for the front (i,
iv) and back (ii, v) incidence. (iii) Dichromatic scattering. A bird image
drawn by Ag nanocubes is almost invisible under ambient light both from
the front and back side. The image is clearly visible both from the front
and back side when the sample is illuminated by a Xe lamp from the side
of the observer. b)(Chapter 6) Viewing direction dependent optical effects
from Janus coatings using a thin metal film as the absorbing element. (i-ii)
Partially invisible Janus color patterns (i) Photograph of the coating side
surface of a micro-patterned asymmetric structural color stack of SiN and
Si02 with a thin film of patterned chromium designed to match colors of
the features and the background from the coating side and thus hide the
pattern. (ii) Photograph of the substrate side surface of the sample in (i)
showing high contrast between the color in the regions containing chromium
and those containing only the Bragg stack. (iii) Photograph of a structure of
SiN/SiO2 with a gradient-thickness layer of SiN and a thin film of chromium
showing a near solid orange color when viewed from the coating side. (iv)
Sample in (iii) photographed from the substrate side, revealing a rainbow
pattern in the region of the thickness gradient.
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structure since the transmission must be the same due to time-reversal symmetry.
This effect has been used to create asymmetric absorption materials for potential
applications in photovoltaics [172,173], facile glass structural coloration [174], and
plasmonic color routing [171]. Another interesting feature is that multilayer Bragg
stacks can be used to further tune the reflected colors from either side of the SCM and
allow for viewing direction dependent camouflage of a photolithographically designed
pattern (Fig 4.4b(i)). Moreover, the introduction of a gradient-thickness layer into a
Bragg stack designed with its peak in the center of the visible spectrum, can allow
for a sample that appears nearly monochromatic from one side, while allowing for
a smooth color gamut to be viewed from the other side (see Chapter 6)(Fig 4.4b).
This type of coloration methodology can also be used on non-transparent substrates
for a variety of color applications as shown in Figure 4.5. Ultra-thin structural color
coatings [175-179] such as the one highlighted in Fig. 4.5a, ultra-thin absorbing
coatings [180-183] can be used to color a material with a much thinner coating that
would be possible with a standard Bragg stack. This method has even been applied
to solar cells to color the solar cells by varying the thickness of a dielectric within the
photovoltaic architecture (Fig. 4.5b) [184,185].

If metal films are used instead of absorbing particles, the absorption begins
to affect the resonance of the SCM more directly due to the typically high index of
refraction of metals as compared to the effective index of refraction of a dielectric film
containing metal nanoparticles. In this way, color filters can be made much thinner
than conventional dielectric Bragg stacks by using metal-insulator-metal structures
[186-191]. When there are a large number of metal layers separated by dielectrics, and
the layers are sufficiently thin, such a material constitutes one type of a hyperbolic
metamaterial [192] and can be used for applications in superlensing, negative index
of refraction, and sensing [193]. Until this point, we have shown that the addition
of absorbing layers can be applied to increase the color saturation of a SCM and
that by structuring the absorption within the SCM, ultra-thin colored materials and
asymmetric reflection/absorption materials can be created. All of these examples
of patterned absorption, rely on tight confinement of the absorber in one dimension

only (although large-scale patterning of this confinement is also possible). With the
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Figure 4.5: Ultra-thin SCMs. a) [176] Germanium thin film colored film. (i)
Five steps of photolithography with alignment are used to selectively deposit
an optically thick layer of Au on a glass slide, followed by Ge layers of either
7, 11, 15 or 25 nm. This yields light pink, purple, dark blue and light
blue colors, respectively (ii) Plot showing the sum of the partial reflections
from a lossy dielectric film on a reflecting substrate leading to a suppression
of reflection for a specific wavelength. (iii) Schematic showing the partial
reflections in (ii). b) [184] Colored ultra-thin photovoltaic. (i) Schematic
of the device structure. (ii) The cathode comprises a thick Ag layer and an
organic layer, and a dielectric-metal structure is used for the anode. Between
the two electrodes is an ultrathin a-Si layer. (iii) A university logo, consisting
of green and blue colors, is successfully realized with the generation of electric
power.
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addition of patterning the absorber in two and three dimensions on smaller length
scales, we enter the realm of plasmonics and allow for the creation of a host of colored

materials.

4.4 Plasmonics

In the previous section, the addition of plasmonic absorbers was discussed as a
method for either providing wavelength-selective absorption to improve the color sat-
uration of an SCM or a way to tailor the complex refractive index of an absorbing layer
to achieve asymmetric reflection/absorption properties in a multilayer architecture.
In addition to these applications, plasmonic absorbers can be designed or patterned
to allow for polarization- or angle-dependent color effects enabled by the difference in
efficiency with which light can couple into the absorbing plasmonic modes depending
on its polarization and incidence angle.

Several studies have probed using plasmonic absorbers for polarization and angle
dependent colors. Plasmonic absorbers featuring asymmetric geometries can be used
to tune the color for two orthogonal resonances nearly independently [194] (Fig. 4.6a).
Angular asymmetry in the color produced by a grating can be achieved by coating
the grating asymmetrically with a plasmonic metal [195] (Fig. 4.6b). Similarly, by
introducing an analyzing polarizer into the setup, color filters which produce several
different colors depending on the polarization of the incident illumination and the
relative angle of the analyzing polarizer can be created [196] (Fig. 4.7¢). In addition,
metal nanowire arrays with different periodicities [197-200] and pillar-based gratings
(sometimes referred to as vertical nanowires) [201-204] have also been used to create
polarization-dependent color filters. Such polarization and angle dependent structures
can be used as filters or color routers in optical experiments or as security materials for
anti-counterfeiting purposes. As discussed previously, by incorporating hierarchical
structures and absorbing materials, the photonic properties of SCMs can be improved,
while the number of repeating units, and thus their physical size, can remain constant
or even be reduced. The dimensions of these structures can be reduced even further

by creating metasurfaces, the two-dimensional analog of metamaterials [205]. These
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Figure 4.6: Polarization- and angle-dependent colors created using patterned
plasmonic absorbers. a) [194]| Polarization-dependent structural colors based
on t-shaped resonators (i) (left) Schematics showing aperture geometry and
arrangement and (right) SEM of a typical pixel array. Scale bar 500 nm.
(ii) SEM image with enlarged view shows the top right part of letter U.
The pixels in letter sections are rotated through 90° with respect to those
in the background region. Scale bars, 20pm and 2pm. (iii - iv) Microscope
images of a butterfly with switchable wing panel colors due to the electric-
field of the incident light being polarized along the x and y-axes, respectively
(the arrows display the oscillation direction of the electric-field). Scale bars
40pm. b) [195] Asymmetric color behavior of asymmetric aluminum coated
gratings. (i) Sketch defining viewing angles 6 and ¢. (ii) Measured colors of
the samples characterized for different evaporation angles (bold) and different
viewing angles 6 and ¢ defined in sketch. Colors mainly appear at negative
angles 6. (iii) Glass substrates with 4 different sample areas (2 cm x 2 cm)
created by the evaporation angles 20°, 30° and 40°. Photographs were taken
in front of a cloudy sky and with unpolarized light.
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Figure 4.7: Polarization- and angle-dependent colors created using patterned
plasmonic absorbers. (continued) c) [196] Four-fold color filter (i) Schematic
of the experimental setup showing (form left to right) the input linearly-
polarized light, the plasmonic phase-retarding sample, the analyzing polar-
izer, the CIE x-y color space with a closed loop representing the obtainable
colors for the sample. (ii) Simulated color map of s-pol and p-pol colors for
varying depth and silver thickness. The illustrations qualitatively indicate
the arrangements. The color palette displays the computed transmission
color. (iii) Images of Marilyn Monroe for four different analyzing polarizer
settings (angle € is indicated, scale bar: 1cm). (iv) Illustration of the mask
consisting of five regions of different silver thicknesses (bold) and the analyz-
ing polarizer designed to allow for contrast between her hair and the rest of
the image.
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can be designed to produce a variety of optical effects with extremely thin photonic
devices. Several review articles have already been written on this topic. [206-208]
Here, we will focus on the use of metasurfaces to achieve color effects similar to those
discussed above.

Metasurfaces can be used to create the highest resolution color images in ex-
istence, which has potential in high density data storage, anti-counterfeiting, and
color filtering for display technologies. Taking advantage of the high physical confine-
ment allowed by plasmonic structures and the utility of modern fabrication methods,
specific plasmonic absorbers can be fabricated with high precision to allow for full
color images to be achieved on unprecedented size scales. Nanoscale arrays of pil-
lars, holes, or pillar/hole combinations coated with films of plasmonic metals can
feature high quality factor resonances, generate different colors in pixels as small as
250250 nanometers, and allow for 100,000 dpi printing as shown in Fig. 4.8a. [209]
Many groups have developed and expanded this field by increasing the scalability
of the technique [210], or creating angle-independent structural color on a similar
length scale [211]. More recently, there has been a growing trend to move away
from expensive noble metals [212,213] as the plasmonic material and shift to us-
ing aluminum, which has favorable plasmonic properties at visible wavelengths and
gives a more neutral white color for the back-reflected light. Using aluminum, the
color palette available for metal-coated photoresist post arrays has been expanded
(Fig. 4.8b) [214-216]. Additional geometries of aluminum nano-disk or nano-hole
metal-insulator-metal structures (Fig. 4.9¢) [217,218] allow for the use of different
fabrication technologies to create the structures, with similar achievable colors and
resolutions. These techniques often employ soft lithography to replicate an electron-
beam lithographically generated master so that many samples can be created rapidly.
Others rely on colloidal lithography [39,81,219] to generate resonators of the desired
shape and periodicity, but this technique doesn’t allow for high-resolution pattern-
ing of the resultant structures [220-224|. Directed self-assembly of pre-synthesized
nanoparticles can be used to allow for high resolution and polarization-dependent
color [225], but this technique requires a different photolithographic step for every

type of nanoparticle (and therefore basis color) being deposited. A more realistic
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method for generating a large number of photonic/plasmonic nanostructures is to use
nanoimprint lithography as discussed in a recent review. [226] This type of structural
color printing has been further pushed towards display applications by integrating the
plasmonic pixels with a tunable liquid crystal to enable a method to actively change

the color of a plasmonic image. [227,228|
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Figure 4.8: Improvements in color palette available for plasmonic printing.
a) [209] Gold-coated pillar arrays with varying spacing and diameter. (i)
Optical micrographs of the Lena image after metal deposition. (i) Optical
micrograph of an enlarged region of the image (top) with SEM image of the
indicated region (bottom) For clarity, the individual regions of similarly sized
disks are separated by the dotted lines. Each pixel consists of a 2 x 2 array
of disks with a pitch of 250 nm. (iii) Full color palette obtainable with this
method showing similar colors from bottom left to top right, indicating that
areas with similar fill factors produce areas with similar colors. Squares are
12 pm x 12 pm. The highlighted column was used to produce the image
in a(i-ii). b) [214] Aluminum-coated pillar arrays with varying space and
diameter. (i) Realistic reproduction of Monet’s "Impression, Sunrise" using
an expanded palette of colors. (ii) Spacing color palette with both size vari-
ations (d = 80 to 220 nm) and spacing variations (s = d + 50 to 400 nm)
among four nanodisks within an 800 x 800 nm pixel, at a step size of 10 and
20 nm, respectively. Optical images were normalized to a white background.

Plasmonic absorbers can be used to enrich SCMs in a variety of ways. By

designing asymmetric plasmonic absorbers, polarization- and angle-dependent color
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filters can be created. By increasing the dimensionality of this patterning further,
metasurfaces with all kinds of optical properties can be fabricated. For the purposes
of this review, we focus on those metasurfaces with applications related to color; the
field of plasmonic printing allows for the highest resolution color images possible to
be created, although the complexity of the fabrication does not yet allow for large

numbers or unique samples or dynamic display technologies.
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Figure 4.9: Improvements in color palette available for plasmonic printing.
(continued) c) [217] Aluminum nano-disks on aluminum oxide coated alu-
minum with varying spacing and diameter. (i) Optical micrograph of the
subwavelength-pixel "Nano" letters in color. The patterns are composed of
dark color and colored pixels (violet, d = 100 nm; blue, d = 120 nm; green,
d = 140 nm). Each single pixel is a 300 nm x 300 nm square. The images
were obtained through an objective of 150x and 0.9 NA. Scale bar, 2 pm.
(ii) SEM images of enlarged regions of "N" and "a". Scale bar, 500 nm. (iii)
Optical image of nanodisk arrays with varying diameters d from 80 to 280
nm in 10 nm increments and periods P from 200 to 400 nm in 20 nm incre-
ments. The image was obtained with a 20x objective (NA = 0.45) under
unpolarized white light illumination.

4.5 Conclusions

In this review, we have discussed several different methods for creating novel
SCMs: (1) Hierarchical structuration can be used to generate optical effects that
are unobtainable with simple geometries, (2) absorption can be used either to purify
the spectrum of an SCM or to expand the SCM’s behavior due to the plasmonic
or optical phase-change properties of the defined absorbing layer, and (3) plasmonic
materials can be used to create much smaller photonic materials for generating color

by taking advantage of the extremely high confinement and purity of the available

76



Chapter 4: Emerging Optical Properties from the Combination of Simple Optical
Effects

photonic modes in the structures. The toolkit discussed in this review has been
built up from combinations of classical SCMs and includes the addition of absorbers
as well as patterned plasmonic materials. These tools have led to the discovery of
new types of SCMs and have allowed for the improvement and extension of their
optical performance. Decades or centuries after understanding the fundamentals of
the individual optical elements, the field of structural coloration is still very active
and the combination of simple and well understood optical elements continues to yield
materials with surprising optical effects. The discovery of the intricate nature of light
matter interactions at different length scales naturally precedes applications, but it is
clear that such effects will be useful in diverse fields of technologies, including imaging,
display technologies, photovoltaics, colorimetric sensing, high density optical storage,

and security printing will be improved by their development.
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Chapter 5

Bio-inspired micro-grating arrays:
Mimicking the reverse color
diffraction elements evolved by the

butterfly Pierella luna

In this chapter we present a specific example of the types of hierarchica structurally
colored materials presented in Chapter 4. Here, the combination of a diffraction
grating with an orthogonally oriented diffraction grating allows for the observation of
diffraction satisfying the grating equation for both diffraction gratings to be observed

simultaneously.

5.1 Overview

In the course of evolution, many organisms have developed unique light ma-
nipulation strategies that rely on intriguing combinations of a broad range of optical
effects generated by materials with sophisticated multiscale hierarchical structural ar-
rangements. By exploiting the optical principles underlying natural structural color,
we can generate new photonic materials. Researchers have only just begun to match

nature’s morphological and compositional complexity in man-made materials using
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nanofabrication. We present a bioinspired photonic material that mimics the reverse
color-order diffraction found in the butterfly Pierella luna. Exploiting and improving
the butterfly’s strategy, we create photonic materials that increase our basic under-
standing of the optical interplay of hierarchical structures and provide a platform for

the development of novel photonic devices.

5.1.1 Abstract

Recently, diffraction elements that reverse the color sequence normally observed
in planar diffraction gratings have been found in the wing scales of the butterfly
Pierella luna. Here, we describe the creation of an artificial photonic material mim-
icking this reverse color-order diffraction effect. The bioinspired system consists of
ordered arrays of vertically oriented microdiffraction gratings. We present a detailed
analysis and modeling of the coupling of diffraction resulting from individual struc-
tural components and demonstrate its strong dependence on the orientation of the
individual miniature gratings. This photonic material could provide a basis for novel
developments in biosensing, anticounterfeiting, and efficient light management in pho-

tovoltaic systems and light-emitting diodes.

5.2 Introduction

Three-dimensional photonic crystals [74,229-232], materials with two-dimensional
micro- or nanosized periodic morphologies [233-235], and one-dimensional multilayer
configurations [236] have been identified as the primary cause of structural coloration
in a wide variety of nonrelated biological organisms. In contrast, surface-confined
diffraction elements for the separation of incident light into specific colors are less
abundant in nature and have only been discovered in a handful of organisms [237],
including a fossil polychaete [234], sea mouse Aphrodita sp. [233], and some flowering
plants [238]. Recently, diffraction elements that reverse the color sequence normally
observed in planar diffraction gratings have been found in the scales of the butterfly

Pierella luna [155].
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Inspired by this biological light manipulation strategy, we devised an artificial
material morphology mimicking the butterfly’s diffraction effect by creating peri-
odic arrays of vertically oriented individual microdiffraction gratings. In addition
to the butterfly-inspired reverse color-order diffraction arising from each individual
micrograting, the periodicity between the individual gratings causes diffraction on
a different length scale, leading to complex intensity distributions in experimentally
measured angularly resolved reflection spectra. An in-depth analysis of the observed
diffraction phenomenon complemented by optical modeling revealed a strong depen-
dence of the optical signature on the orientation of the gratings. Such an effect can
only be seen because of the hierarchical nature of the superposed, orthogonal grating
features. To further elucidate the role of the different structural components for the
emerging reflection spectra, the initially vertically oriented individual microgratings
were subjected to a tilt, resulting in a predictable change of the surface’s optical
signature.

The dorsal side of the fore- and hind wings of P. luna males are dull brown in
diffuse ambient illumination (Fig. 5.1A, Left). When exposed to directional illumi-
nation at grazing incidence, a coin-sized spot on each fore wing displays an angle-
dependent color variation across the whole visible spectrum (Fig. 5.1A, Right). The
color changes from red to blue with increasing observation angle, unlike the variation
from blue to red normally observed in conventional diffraction gratings [100]. This
reverse color diffraction effect results from the local morphology of individual scales
within the colored spot on the fore wings [155]. The top parts of the scales are curled
upward, orienting lines of periodically arranged cross-ribs perpendicular to the wing
surface. (Fig. 5.1 C and D). Light incident at an angle onto the curled parts of the
scales is diffracted by the cross-rib structure acting as a diffraction grating, with a
periodicity of =400 nm. The alignment of the grating perpendicular to the surface
results in the reverse color sequence that can be observed in angularly resolved re-
flection spectra and in the diffraction pattern (Fig. 5.1 E and F). Figure 5.2 shows
a scanning electron micrograph (SEM) comparison of the butterfly scales responsi-
ble for the reverse color-order diffraction with those found in a region not showing

structural color.
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Figure 5.1: Optical properties of the curled scales in butterfly Pierella luna.
(A) Optical image of Pierella luna under diffuse lighting (Left) and direc-
tional lighting at grazing incidence (Right). Scale bar, 10 mm. (B) Optical
micrograph of Pierella luna scales under oblique illumination. Scale bar, 50
m. (C) SEM of scales in the colored wing region. Scale bar, 50 m. White
dashed boxes in B and C mark the curled tops of the scales from which the
color originates. (D) Close-up image of the curled region of the scale from
which the color originates. Scale bar, 20 m (E) Gray-scale encoded reflection
intensity as a function of wavelength and propagation direction showing the
inverse color-order diffraction pattern for 65° light incidence. The red dashed
line indicates the predicted location of the diffraction due to the cross-rib
structures for an orientation of the curled scale sections of ALS25° relative to
the surface normal and a cross-rib periodicity of 390 nm. The blue shaded
region signifies the angle range for which the diffraction microscopy image
of curled P. luna scales in F was obtained. The color bar under the graph
shows the human-eye-perceived color for the spectra observed at the corre-
sponding angles calculated by the CIE 1931 standards [239]. (F) Diffraction
microscopy image of the colored spot of a Pierella luna wing showing multi-
ple diffracted orders in similar angular locations due to the variation in the
position and angle of the diffracting gdales.
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5.3 Mimicking P. Luna

The identification of this unusual diffraction effect on the wings of P. luna [155]
provided inspiration for the development of a bioinspired photonic system that incor-
porates vertically oriented microdiffraction gratings with submicrometer periodicity
analogous to the key features observed in the natural structure. In addition, the
artificial system displays a periodic arrangement of the individual vertical gratings
in large arrays with 2D microscale periodicity. This structural feature, which is not
found in the natural organism, enriches the optical signature of the artificial system
via coupling of the diffractive modes of the two present hierarchical morphologies. In
the following, we discuss the optical properties of the artificial system and demon-
strate that the modification of either one of the grating morphologies changes the
diffraction signature in predictable ways.

The artificial system consists of an array of individual 10-m-long, 2-m-wide,
and 18-m-high plates arranged in rows with an interplate spacing of 10 m and a
separation of 5 m between individual rows of plates (Fig. 5.3A). These parameters
result in an overall periodicity of 12 m in the direction perpendicular to the plates and
15 m in the direction collinear with the plane of the plates and the sample surface.
A periodic wave pattern—termed "scallops’of ~500-nm pitch runs along the sides of
each individual plate (Fig. 5.3B).

The bioinspired diffraction elements are fabricated in a double-molding proce-
dure. Starting from a silicon master, a periodic array of scalloped microplates is first
cast into polydimethylsiloxane (PDMS) to form a negative mold [240], which is then
replicated with a UV-curable epoxy to produce a positive replica of the master sili-
con structure with the original scallops on the individual plates well preserved. The
silicon master is formed using the Bosch process [241], in which multiple etching and
passivation steps give rise to the periodic undulations on the microplate surface. The
pitch and height of these grating structures can be controlled by adjusting the etching
parameters [242,243|. Here, they are chosen to be comparable to the spacings and
dimensions of the diffraction-inducing microribs on the P. luna scales (Fig. 5.3B),

and hence are expected to cause a similar diffraction effect.
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Figure 5.2: (A) Photograph of the dorsal side of the forewing of a male P.
Luna butterfly. (B) SEM image of the region marked with a cyan square in
A. (C) Higher magnification SEM of the yellow region marked in B showing
the flat scales which don’t show diffraction. (D) Higher magnification SEM
of the green region marked in B showing the curled scales responsible for the
reverse color-order diffraction.
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Notice that in the biological system, the periodicity of the diffraction grating-
supporting scales is of the order of 80 + 10 m along their length and 60 £ 10 m
perpendicular to the scale axis (Fig. 5.1B). Due to these large distances between
diffraction elements and a nonnegligible amount of irregularity in the location of indi-
vidual scales, no coherence is observed for light diffracted from adjacent scales. The
overall color splitting only results from the diffraction caused by the cross-rib grat-
ings on the individual scales, which is confirmed by variable-angle spectroscopy and
by diffraction microscopy measurements (Fig. 5.1 D-F). Unlike in the biological sys-
tem, the individual microdiffraction gratings in the artificial system are intentionally
arranged in a highly periodic manner, which is expected to result in a richer diffrac-
tion signature and provide additional possibilities of tailoring the interaction of light

beyond the diffraction induced by the scallops on the plates.

5.4 Analysis

Variable observation-angle spectroscopy performed on the artificial system serves
to spectrally and angularly resolve parts of the complex diffraction pattern (Fig.
5.3C). For each measurement the plane of light incidence is chosen to be perpendic-
ular to the surface of the individual microplates. The light incidence angle 6; is fixed
and the observation angle 6, is varied in the plane of light incidence to capture light
reflected in an angular range of +75° around the sample surface normal. A clearer
description of the features in this measurement can be found in Fig. 5.4. Two main
features are observed in these measurements:

i) Straight lines of higher intensity resulting from diffraction caused by the
interplate periodicity represent the individual diffraction orders; the experimentally
observed locations of these diffraction orders (shown in Fig. 5.3 C and H) can be
directly calculated using the grating equation [100]. An example of such a calculation
can be seen in Fig. S1. Due to the large interplate pitch of 12 m, the angular
separation between adjacent diffraction orders and the free spectral range of each
individual order are small. For light incident at an angle §; = 45°, eight positive

propagating diffraction orders [left of the zeroth order at sin(f) = -0.71 in Fig. 5.3C]

84



Chapter 5: Bio-inspired micro-grating arrays: Mimicking the reverse color
diffraction elements evolved by the butterfly Pierella luna

and 53 negative propagating orders are captured with the highest intensity in the
direct reflection (zeroth order) and in the adjacent orders.

ii) There is an arc-shaped distribution of intensity maxima across different
diffraction orders (emphasized by the red shaded region in Fig. 5.3C).

This anomalous redistribution of light in the diffraction orders is caused by
the scallops on each individual plate. To properly describe the diffraction resulting
from the microdiffraction gratings oriented normally to the substrate, the grating
equation [100] has to be reformulated taking into account their vertical orientation

for diffraction in the plane of the scallops:

d
A= E<COS 61 + cosOp) (5.1)

where d is the grating periodicity, m is the diffraction order, 6; is the light
incidence angle, and 6 is the diffraction angle. This equation describes the arc-
shaped pattern observed in the experiment under the assumption that the plates are
vertical (Fig. 5.3C, red shaded region).

Imaging of the diffraction patterns by diffraction microscopy provides a direct
visualization of the effects observed in the variable-angle spectroscopy measurements.
The angle range that can be visualized in these measurements is determined by the
numerical aperture of the microscope objective. For a given light incidence angle
0 the diffraction caused by the periodic ensemble of plates is most clearly observed
when collecting light with the objective’s axis aligned with the specular reflection
direction 0y = -0y (Fig. 5.3D, with the signal in the blue box corresponding to the
blue shaded spectral range in Fig. 5.3C). Imaging of the sample’s diffraction in the
Littrow mounting [100], where light is incident on the sample through the microscope
objective, allows for the capturing of the diffraction component induced by the scallops
on the individual plates (Fig. 5.3E, with the signal in the yellow box corresponding
to the yellow shaded spectral range in Fig. 5.3C). This feature is easily distinguished
from the diffraction of the plate ensemble by the wider color spread.

Overall, the measurements provide clear evidence of coupling between the first-

order mode of the scallop diffraction and the interplate periodicity-based diffraction
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Figure 5.3: Geometry and optical properties of the artificial photonic struc-
ture mimicking P. luna with vertically oriented (Top) and tilted (Bottom)
diffraction gratings. (A) SEM of the array of scalloped microplates. Scale
bar, 5 m. (B) SEM of an individual plate with regular scallops. Scale bar,
2 m. (C) Variable-angle spectroscopic data for 45° light incidence showing
the arc-shaped diffraction pattern caused by the diffraction from the scallops
coupled with the diffraction due to the plates. (Inset, Top Right) Measure-
ment geometry. The red overlay displays where the first diffraction order of
the scallops based on the grating equation (Eq. 2) is expected for tilt angles
of -3° to 5°. The color bar under the graph shows the human-eye-perceived
color for the spectra observed at the corresponding angles calculated by the
CIE 1931 standards [239]. (D) Diffraction pattern caused by the periodic
ensemble of microplates for 45° light incidence. A choice of propagation an-
gles is visualized by the white dashed lines. The diffraction orders within
the blue frame correspond to the diffraction observed in the angular range
marked in blue in C. (E) Diffraction pattern resulting from the scallops on
individual plates. The diffraction orders within the yellow frame correspond
to the diffraction observed in the angular range marked in yellow in C. (F-K)
Same as A-E, for tilted gratings. Red overlay in H marks the range where

higher intensities are predicted by the grating equation for tilt angles between
19° and 27°.
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Figure 5.4: (Top) Excerpt from Fig. 5.3C showing the theoretically predicted
locations of the positive (green), zeroth (red), and negative (blue) diffraction
orders due to the periodicity of the plates as well as a shaded region showing
the theoretically predicted location for diffraction due to the scallops within
a -5° to 3° plate tilt range. (Bottom) Excerpt from Fig. 5.3C numbering the
diffraction orders and showing the equations and values used to predict their
locations.
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modes. The diffraction coupling can be controlled by adjusting the pitch of the scal-
lops on individual plates and the interplate geometry in the manufacturing procedure.
Likewise, a change in inclination of the microdiffraction gratings with respect to the
substrate is expected to be reflected in a variation of the diffraction patterns. This
change can indeed be observed by imposing a controlled tilt of ~20° on the microplates
by shearing the sample (Fig. 5.3 F and G).

The bending leaves the locations of the diffraction modes resulting from the
interplate periodicity largely unaffected. Only minor wavelength-dependent intensity
variations in each diffraction mode are apparent (Fig. 5.3 H and I). At large angles
fp, measured from the sample surface normal, a region of higher reflection intensity
appears, which is related to the inclination of the individual plates, i.e., the blaze of
the grating array. By contrast, the diffraction caused by the scallops on the individual
plates is strongly influenced by the variation in plate tilt angle shifting the observed
arc-shaped pattern in wavelength and angular position (Fig. 5.3 H and K). For
micrometer-sized diffraction gratings, which have a tilt angle g relative to the surface

normal, the diffraction grating equation can be reformulated as

3= Licos(ty ~ B) + cos(tp - ) (5.2)

By calculating a fit for the arc-shaped intensity distribution across the different
diffraction orders in the variable-angle spectroscopic data (Fig. 5.3H, red shaded
region), the tilt angle of the plates relative to the surface normal is found to be
B ~23°, in agreement with the SEM image analysis.

These findings are further supported by finite-difference time-domain simula-
tions (FDTD) [244]. By comparing the plates with and without scalloping, the
arc-shaped intensity distribution across diffraction orders is clearly identified as the
diffraction resulting from the scallops (Fig. 5.5). Simulations of 23° tilted plates with
45° incident illumination show that this arc-shaped diffraction pattern gets skewed
and spectrally shifted as predicted by Eq. 5.2 and observed in the experiments; the
influence of the blaze of the regular array of individual gratings, separate from the

effect of the scallops, can also be seen by closely examining Fig. 5.5 and noting that
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the two tilted plate simulations have regions of high-intensity reflection at sin(f) ~ 0
whereas the upright plates do not. Furthermore, the simulations serve to predict and
optimize the influence of variations in interplate geometry, scallop grating pitch and
shape, and plate tilt angle before the manufacturing of the system.

Further FDTD simulations (Fig. 5.6) show the effect of tilting the plate at
different angles, wherein it can clearly be seen that the diffraction pattern doesn’t
shift, but the increase in intensity of the features therein change as predicted by
Eq. 5.2. As the diffraction signature from the scallops is quite weak, a final FDTD
simulation was conducted to determine the effect of deeper scallops. Figure 5.7 shows

the results of these simulations for three different tilt angles of the plates.
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Figure 5.5: Modeling of the expected diffraction patterns originating from the
ordered array of gratings with 45° illumination. (A) Calculated diffraction
pattern for upright plates with scallops. (B) Calculated diffraction pattern
for upright plates without scallops. (C) Calculated diffraction pattern for 23°
tilted plates with scallops. (D) Calculated diffraction pattern for 23° tilted
plates without scallops.

Whereas the angular positions of the diffraction modes resulting from the inter-
plate periodicity only vary with the angle of light incidence 6y, for a given 6; the diffrac-

tion pattern caused by the regular scallops on individual plates is strongly affected by
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Figure 5.6: Table of simulations in Lumerical showing the diffraction pattern
from an array of scalloped plates similar to those in Fig. 5.3 for different
tilt angles. The reverse color-order diffraction pattern changes location as
predicted by Eq. 5.2.
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Figure 5.7: Simulations in Lumerical showing the larger number of reverse
color-order diffraction orders visible when the depth of the scallops is in-
cresed.
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a change in tilt of the plates relative to the sample normal. Consequently, a means of
reversibly varying the plate tilt angle can provide the possibility to dynamically tune
the diffraction pattern independent of light incidence. Possible means of achieving
such reversible actuation include embedding the plates in a stimuli-responsive hy-
drogel [245-248], using a soft material negative of the structure and applying shear
force to bend the microgratings, modifying the tips of the plates with ferromagnetic
particles to allow for dynamic reconfiguration of the plate geometry using magnetic
fields |249], or implementing tuning mechanisms shown for simple planar diffraction

gratings that rely on electric fields or mechanical deformation [250-253].

5.5 Conclusions and Discussion

Biological strategies for light manipulation have already been successfully imple-
mented in nanophotonic devices for applications in chemically selective vapor sensing,
pH determination, infrared imaging, surface-enhanced Raman spectroscopy-based
chemical analysis, and localized heating from infrared absorption [254-259]. The
rich and tunable optical signature of our hierarchical bioinspired diffraction-based
photonic material platform could provide a basis for novel developments in biosens-
ing [260-262], efficient light management in photovoltaic systems [263-265], enhanced
light extraction and radiation profile shaping in light-emitting diodes [266-268|, and
optically variable devices in consumer product design and anticounterfeiting [269-
271].

Our results demonstrate the versatility of a bioinspired approach toward the cre-
ation of novel photonic systems. The unique diffraction-inducing nano- and microscale
architecture previously discovered in the scales of the male butterfly P. luna served as
inspiration for artificial microdiffraction grating arrays. Our photonic system mimics
the reverse diffraction color sequence found in the butterfly’s scales and also provides
additional complexity in the diffraction patterns due to a periodic arrangement of
the diffraction elements not found in the natural structure. Such arrays provide a
platform for hierarchical photonic systems displaying unique diffraction coupling. A

detailed optical analysis and modeling of the diffraction patterns allowed us to ob-
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serve, understand, and decouple diffraction effects induced by the plate ensemble and
by the regular scalloping of individual plates. A variation of the light incidence angle
results in the expected shifting of the plate ensemble diffraction modes but does not
affect the diffraction resulting from individual plates. On the other hand, a variation
in plate inclination leaves the interplate geometry diffraction modes untouched but
has a strong influence on the scallop-induced diffraction.

The intensity distribution of the diffraction induced by the scallops is modulated
by the diffraction induced by the plate ensemble. Where the scallop diffraction arc
coincides with a plate ensemble diffraction order a peak in intensity is observed. A
decrease in the plate ensemble period would result in fewer propagating plate ensem-
ble diffraction orders with a larger free angular range in between. This would lead
to a discretization of the scallop diffraction pattern (seen in the FDTD simulation
in Fig. 5.8) inducing a discrete and easily perceivable color variation with poten-
tial applications in the development of novel optically variable devices in security
printing and consumer product labeling. Currently, efforts are underway to fabricate
the diffraction structures in different material combinations that provide a higher

refractive index contrast, thereby strengthening the diffractive signal.

5.6 Materials and Methods

5.6.1 Manufacture of artificial diffraction structures

When Bosch etching [241] is used in conjunction with photolithography, the
multiple etching and passivation steps give rise to a periodicity in the sidewall of
the structures due to the repeated underetching. Although typically the goal of this
etching method is to create vertical sidewalls, these undulations in the sidewall can
form a diffraction grating similar to that on the Pierella luna scales if the periodicities
are chosen to fall within the range of optical wavelengths.

Once structures with the correct geometry are created in silicon, they can be
replicated in other materials with better optical properties by using soft lithographic

methods [240]. By using soft, transparent materials instead of silicon, the structures
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Figure 5.8: Diffraction discretization. (A) One-m-wide unit cell for diffraction
grating simulated via FDTD. (B) Reflected spectra calculated from FDTD
simulation of A showing bright spots in each diffracted order with discrete
jumps in the diffracted wavelength.

can be bent much more easily and the optical properties can be changed by applying
metal coatings or doping the material with pigments or other materials with inter-
esting optical properties. The replication is achieved by using a PDMS mold of the

silicon master and curing an epoxy via UV light before removal from the mold.

5.6.2 Structural and optical analysis

Once scalloped plate structures are made, optical characterization is performed
for comparison of the structures observed on Pierella luna and the fabricated systems.
Several different types of characterization were used, including variable-angle spec-
troscopy, diffraction microscopy, and SEM. For the variable-angle spectrometry setup,
an Ocean Optics DH-2000 ultraviolet-visible-near infrared light source was used to
illuminate a small spot (=1 mm) of the sample at a given incidence angle 6;. For each
angle of illumination, light was collected at half-degree increments for -75° to +75°
relative to the sample normal and spectrally analyzed using an Ocean Optics Maya

Pro-2000 spectrometer. For the diffraction microscopy images, a Bertrand lens was
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used to focus on the back focal plane of the objective of an upright BXFM Olym-
pus optical microscope. The sample was illuminated either from an external source
oriented at a 90° angle to the microscope objective with a spot size larger than the
sample field of view, or with a small-diameter optical fiber coupled into the micro-
scope light path (Littrow mounting). SEM images were taken on a Zeiss Ultra55 or a
Zeiss SuprabbHVP SEM after coating the polymer structures with a thin layer of gold

to prevent charging.

5.6.3 Optical modeling

FDTD [272] methods were used to numerically simulate the results obtained
from the variable-angle spectroscopy measurements. A commercial-grade simulator
based on the FDTD method was used to perform the calculations [273]. Perfectly
matched layers [274] were used to prevent reflections from the top and bottom of
the simulation cell, whereas Bloch boundary conditions were used for the sides of
the simulation cell to model light scattering from a periodic array at nonnormal
incidence. To simulate broadband angled scattering, each simulation was repeated
for a range of Bloch wavevectors, which were combined to produce scattered field
profiles corresponding to an incidence angle of 45° 4 1° for wavelengths of 320-800 nm.
Far-field projections of the calculated local fields resulted in diffraction patterns (Fig.
5.5) analogous to the variable-angle spectroscopic data. The diffraction discretization
FDTD simulation was similarly performed in MEEP, a free FDTD software [244|. The
use of normal incidence illumination for this simulation allowed all frequencies and

angles to be calculated without using a sweep of incidence angles.
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Chapter 6

The Optical Janus Effect:
Asymmetric Structural Color

Reflection Materials

This chapter discusses an example, as introduced in Chapter 4, of absorption lo-
calized within a structurally colored material. The concentration of the absorption
within a Bragg stack or thin film architecture changes the boundary conditions of the
structure such that the classical multilayer- and thin film interference equations no
longer predict the correct color for the structure. Additionally, the anomalous phase
change upon reflection from the highly absorbing layer within the structurally colored
material allows for an asymmetric reflection color to be observed in these types of

materials.

6.1 Overview

For thousands of years, humans have been fascinated with the panoply of col-
ors found in nature, and have sought to create materials that exhibit these colors in
a variety of ways. Throughout this time, there has been continual improvement in
the ability to fabricate and understand the underlying physics of these structures,

from the 4th century Roman Lycurgus cup [275], showing different color in reflection
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and transmission, to the inspiring coloration of ancient church windows [276], and
modern effect pigments [277| that use sparkle, luster and color travel to create vivid
coloration. Aesthetics and function are often intimately linked in modern materi-
als [278]. Examples can be found in materials that change color to indicate structural
fatigue in bridges, buildings, or airplane wings [279] or modify transparency to allow
for energy savings [280], as well as in the fields of anti-counterfeiting [154, 196], solar
energy harvesting, modulation of absorption and thermal emission [175,176,281,282],
and colorimetric sensing. [111, 146] Generally, the coloration of a material results
from a combination of absorption, reflection, and scattering. Absorption of light in
a given wavelength range leads to a macroscopic color; for example, by electronic
excitations in dyes or plasmonic resonances in noble metal nanoparticles. [99, 283]
Alternatively, micro-to-nano-scale structured materials can enable optical interfer-
ence phenomena, resulting in structural coloration. Examples of structural coloration
abound in natural species [74,284,285], and can also be found in synthetic photonic
structures such as diffraction gratings [154,286], colloidal crystals [5,287], and multi-
layer stacks [288,289|. The combination of structural coloration and absorption can
improve color saturation and create entirely novel color effects. In the simplest case,
absorbers-whether dyes or plasmonic absorbers-are used to purify the spectrum of
structurally colored materials, especially by distributing an absorber homogeneously
throughout the material. [12, 14, 15, 98] More importantly, the controlled localiza-
tion of the absorbing moieties within a composite architecture can provide avenues
for completely new optical effects. The potential of achieving surprising optical ef-
fects from rationally designed combinations of absorbing and dielectric material has
been demonstrated in several systems, including ultra-thin perfect absorbers [180],
ultra-thin-film semi-conductor/metal structural color materials [176], anti-reflective
coatings [290], structural color saturation adjustment [189], and asymmetric reflection
materials [171,172,174,195|. Strikingly, asymmetric absorption properties can arise
from the combination of an absorbing layer with a thin film. In particular, Butun and
Aydin have demonstrated asymmetric absorption properties at specific wavelengths
in a metamaterial with precisely controlled plasmonic properties by combining two

structural color elements (a thin film and a plasmonic metamaterial) with an ab-
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sorbing layer (a film of silver). [172] A material with such an asymmetric absorption
spectrum, by conservation of energy, must have an asymmetric reflection spectrum;
by generalizing the system of a structural color material and an absorbing layer which
can impart an anomalous phase shift (one different from 0 or 7) on the reflected light,
we can rationally design the reflected color from one side of the material to be arbitrar-
ily different from the reflected color from the opposite side. Here, we take advantage
of the anomalous phase shift upon reflection from an absorbing material interface
to create semitransparent coatings that exhibit different reflected colors depending
on the viewing direction. In analogy to Janus particles [291] that feature different
chemical compositions on either side, we will refer to these materials as optical Janus
materials to highlight the asymmetric nature of their reflection. We investigate the
underlying physical origin of the observed effect, provide general design guidelines
to create coatings with arbitrary reflection colors from each side, and use patterning
techniques to create optical Janus patterns with viewing direction-dependent optical

properties.

6.2 Janus Thin Films

We fabricate optical Janus thin films using gold nanoparticles (d~12nm) as an
absorbing element in combination with a titania thin film used as the photonic el-
ement causing thin film interference. We adsorb gold nanoparticles electrostatically
via a silane linker onto a transparent glass slide onto which we deposit a titania thin
film (d=228nm) via sputter coating (supplementary information). The small size of
the nanoparticles and the non-directional deposition via sputter coating enables us
to embed the nanoparticles without compromising the properties of the titania thin
film used as the photonic element. In Figure 7?7, we compare the viewing direction-
dependent optical properties of the thin film to a reference sample without any ab-
sorbing gold nanoparticles and a sample with gold nanoparticles deposited at the
air/titania interface. As expected, the color observed from either side of the thin

film without an absorbing material is identical (Fig. 6.1a), whereas that observed on
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the sample with the absorbing layer between the substrate and the dielectric shows
a strong difference in the color observed from either side (Fig. 6.1b). The sample
appears a bright cyan color when viewed from the film side and a violet color when
viewed from the substrate side. The drastic difference between the color observed in
these two configurations is further emphasized by the measured reflectance spectra
for the two reflectance measurements (dashed lines, Fig. 6.1 b). If the gold nanopar-
ticles are deposited at the air/titania interface, the main difference observed in the
color of each side is in the reflected intensity of the spectrum, but not the location
of the peak and trough wavelengths (Fig. 6.1¢). As we outline in detail below, the
complex refractive index (RI) of the absorbing layer is the main origin of the optical
Janus effect, which can therefore be observed for different absorbing materials. When
noble metal nanoparticles are used, this complex RI is very sensitive to their dielectric
environment. [283] Thus, the optical properties can be controlled via the position of
the absorbing layer within the composite photonic structure. The three fundamental
configurations shown in Fig. 6.2 demonstrate the key parameters in designing coat-
ings with asymmetric structural coloration: the presence of an absorbing element, its

position relative to the other optical elements, and its complex refractive index.

6.3 Theory

We attribute the observed asymmetric reflection properties to the anomalous
phase shifts occurring upon the reflection from an absorbing layer as predicted by the

Fresnel reflection coefficient for normal incidence shown below. [292]

7"172 = — — (61)

Where n;, n, are the complex Rls of the incident and reflecting media, respec-
tively, with the imaginary part of the RI representing the loss or gain of the material.
For non-normal incidence, these coefficients are different for the transverse electric
and transverse magnetic polarizations; for simplicity, we assume normal incidence for

all calculations. It can easily be seen that when there is no absorption, the Fresnel
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Figure 6.1: The optical Janus effect observed in a thin film architecture.
a. (film side) Photographic image (left) of a titania (~218nm) thin film on
a glass substrate, with simulated (dashed) and measured (solid) reflectance
spectra (right), measured from the film side of the sample. The illustration

between the two images shows the sample configuration and observation di-

rection. (substrate side) Same as above, but for the sample measured from
the substrate side of the sample. b. Same as (a) but for a thin film containing
gold nanoparticles located at the substrate/thin film interface (shown as red
circles in the illustration). c¢. Same as (b) but with the nanoparticles located
at the air/thin film interface. All scale bars are lem .
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Figure 6.2: Structural origin of the optical Janus effect. a-b. Schematic
showing the anomalous phase shift upon reflection from a thin absorbing layer
(red) in a thin film material (blue) on a transparent substrate (hatched). The
refractive index (RI) of the thin film material is assumed to be higher than
that of the substrate. a. Illustration showing the phase changes of 0 and 27
upon external and internal reflections of a dielectric layer. b. Same as (a)
but for a dielectric film deposited on an absorbing layer showing anomalous
reflection phase changes from the absorbing interfaces. c. Results of an array
of transfer matrix simulations for a 200 nm thin film of Titania (RI=2.45)
with a 7 nm absorbing layer at the bottom on a glass substrate for various
real and imaginary parts of the RI of the absorbing layer. The triangle
pointing up is displayed with the simulated human-eye perceived color as
observed from the film side of the sample, while the triangle pointing down
is the same for the sample observed from the substrate side. d. Same as (c)
but for a thin film of SiN (RI=1.95). The average real and imaginary RIs
over the visible spectrum of different absorbing materials are inserted into

the diagram.
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coefficient will be purely real, and therefore will cause either a 0 or m phase change
in the reflected light (Fig. 6.2a). However, when one or both of the media have com-
plex RlIs, the Fresnel reflection coefficient becomes complex, and therefore imparts
an anomalous phase shift (deviating from 0 or 7) on the reflected light, as shown in
Figure 6.2b. In a conventional thin film (Fig 6.2a) without any absorbing elements, a
7 phase shift (half a wavelength) occurs at the first interface regardless of which direc-
tion is being illuminated; provided that the RI of the thin film is higher than that of
the substrate. Within the film, there will be no phase shift for the internal reflections.
Thus, while the light can reflect off the internal surface any number of times, the total
phase accumulated for a given path is the same regardless of the incident direction:
the reflected structural color observed from either side of the material is identical. In
the presence of absorbing elements, the phase shift will not follow the simple trend
as described before. Depending on its complex refractive index and the Rls of the
surrounding materials, a phase change in between 0 and 7 will be observed upon
reflection from the absorbing layer(Figure ??e). Since the Rls of the materials on
either side of the absorbing layer are different, the accumulated phase is no longer the
same for light incident from either side of the structure and we can expect to see the
optical Janus effect (see Supplementary Information for a derivation of the analytical
calculations of the effect). From these simple arguments, we calculate the strength of
the optical Janus effect based on the anomalous phase changes upon reflection from
thin film (a) and substrate side (8). We use the transfer matrix method and vary
the real and imaginary part of the RI of the absorbing layer, which we model as a
thin absorbing layer placed underneath the photonic thin film structure. [292] Figure
6.2c-d shows exemplified analytical solutions for thin-film structures made of titania
(Fig. 6.2c) and silicon nitride (Fig. 6.2d) each of which has a thin absorbing layer
(7 nm) at the substrate/thin-film interface with varying complex RIs. The trian-
gle pointing up is colored with the simulated human-eye perceived color as observed
from the film side of the sample, while the triangle pointing down is the same for the
sample observed from the substrate side. The strongest structural color asymmetry,
i.e. the biggest color change for different viewing directions, can be observed for high

real and imaginary parts of the RI of the absorbing element. These analytical cal-
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culations explain the dependence of the observed optical Janus effect on the position
of the absorbing element shown in Figure 6.1a-c. If the absorbing gold nanoparticle
layer is positioned at the air/thin-film interface, the surrounding material occupying
most of the physical volume of the layer is air, so the real part of the effective RI of
the absorbing layer is low. Moreover, the localized surface plasmon resonance of gold
nanoparticles experiences spectral shifts when they are surrounded by a lower index
material-causing a blue-shift and a decrease in intensity of the absorbance peak-which
lowers the imaginary part of the RI of the absorbing layer. [292| Both effects weaken
the optical Janus effect and cause similar reflection colors to be observed from either
side of the sample, as observed in Fig. 6.1c. In contrast, placing the gold nanoparticle
layer in between the substrate and the dielectric film will increase both the real and
imaginary part of the effective RI of the absorbing layer, leading to a pronounced

structural color asymmetry (Fig. 6.1b).

6.4 Multilayer Janus Stacks

Coatings with asymmetric color reflection are not limited to thin films but can
also be prepared from multilayer architectures, allowing for an increase in overall re-
flectivity and more control of the optical spectra. Incorporation of a gold nanoparticle
layer into the high RI part of the multilayer structure provides a strong optical Janus
effect with a pronounced dissimilarity of observed color depending on the viewing
direction (Fig. 6.3 a-b). Similar to the thin film architecture, a multilayer without
an absorbing layer always shows the same color when observed from both sides (Fig.
6.3c). When changing the location of the nanoparticles within the multilayer, the
effect can be enforced or diminished, depending on the RI of the layer embedding the

absorbing nanoparticles (Supplementary Information).

6.5 Patterning of Janus Films

In Figure 6.4, we show micron-scale structures with controllable, viewing direction-

dependent optical properties by controlling the spatial patterning of the absorbing
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Figure 6.3: The optical Janus effect observed in a multilayer stack a. (left)
Photographic image of a titania/silica/titania (n=2.45/1.45/2.45) 3-layer
multilayer with absorbing gold nanoparticles between the 2nd and 3rd lay-
ers measured from the film surface. Thicknesses of the layers are all 100nm.
(right) Simulated (dashed) and measured (solid) spectra of the sample viewed
from the coating side. b. Same as (a), but viewed from the substrate side. c.
Photographic images (top) of a sample containing no gold nanoparticles with
the same layers as (a-b) on a glass substrate, with simulated (dashed) and
measured (solid) reflectance spectra, measured from both sides of the sample
(bottom). The optical properties are identical from both viewing directions.

All scale bars are lem.
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elements using photolithographic techniques. We deposit a thin gold film on a pho-
tolithographic pattern and apply a lift-off technique to remove the gold film from
pre-patterned structures. A dewetting process at 500°C subsequently transforms the
gold film into separated nanoislands [293| at predefined areas (Fig. 6.4a-b). After
deposition of a multilayer structure as the photonic element, the nanoparticle-coated
areas exhibit the optical Janus effect, while all other areas do not show asymmetric
color properties due to the absence of the absorbing element (Fig. 6.4c-d): the color
of the predefined pattern in Fig. 6.4c-d changes from orange to green color when
viewed from the film side and substrate side, respectively, while the background re-
mains uniformly yellow. A slight modification of the deposition process yields even
more complex optical microstructures: when omitting the lift-off step, the photoresist
layer is combusted during the dewetting process of the thin gold film. This leaves gold
nanoparticles on both areas with and without photoresist. Importantly, a small gap
without gold nanoislands remains at the edge between the two areas (Fig. 6.4e-f),
providing a clear contrast in the structures shown in Fig. 6.4g-h.

The optical Janus effect can be created using absorbing elements with a large
range of complex Rls, as indicated in Figure 6.2c,d. By overlaying the complex
refractive index of commonly used metal films into the diagrams, we predict that plain
metal films used as absorbing element, e.g. chromium or germanium, can produce
strongly asymmetric coloration, enabling simple, scalable and cost efficient fabrication
processes. Exemplarily, in Figure 6.5a-b we show a patterned optical Janus stack
comprised of two bilayers of SiO,/SiN on top of a patterned chromium film on a
glass slide. Similar to the gold nanoparticles used above, the large complex refractive
index of a chromium thin film induces anomalous phase shifts upon reflection, giving
rise to the observed structural color asymmetry. In the example, the structure was
designed such that when viewed from the coating side, the pattern would be similar in
color to the surrounding Bragg stack color without the absorbing layer, while when
viewed from the substrate side, there would be a strong contrast in color between
the pattern and background. This creates a viewing-direction selective invisibility of
the pattern. An even more complex optical Janus effect is achieved by varying the

thickness of the first layer deposited on top of the absorbing layer. Designing the
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Figure 6.4: Spatially patterned optical Janus properties by local control of
absorber deposition. a. SEM image of a single pattern showing the locations

of the nanoparticles (bright areas). b. Higher resolution SEM image of the
boxed region in (a) showing the nanoparticle size distribution. c¢. Optical

micrograph of the coating side of a patterned layer of gold nanoislands created
using the method described in the text. d. Optical micrograph of the same

sample viewed from the substrate side e-h. Same as (a-d) but for a sample

made without the lift-off step, such that the gold nanoislands are located
everywhere except for the edge of the micropattern. The entire sample shows

asymmetric structural color (view from coating side shown in (g); view from
substrate side shown in (h)), with the contrast giving by the small regions
along the lines of the pattern that do not feature any nanoparticles (f). Scale
bars: a,c-d, 400 m; b, 1 m; e,g-h, 10 m; f, 1 m.
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Bragg stack in such a way that its peak wavelength is near the middle of the visible
spectrum, we create a sample with nearly uniform coloration when viewed from the
front side, while displaying a range of colors when viewed from the substrate side.

(Fig. 6.5¢-d)

-

AN

i

Figure 6.5: Viewing direction dependent optical effects from Janus coatings
using a thin metal film as the absorbing element. a,b. Partially invisible
Janus color patterns a. Photograph of the coating side surface of a micro-
patterned asymmetric structural color stack with 3 bilayers of SiN/Si0,, a
defect layer of SiN, and a 7 nm thin film of patterned chromium designed
to match colors of the features and the background from the coating side
and thus hide the pattern. b. Photograph of the substrate side surface of
the sample in (a) showing a high contrast between the color in the regions
containing chromium and the color of the simple Bragg stack. c,d. Viewing
direction dependent polychromaticity from gradient thickness optical Janus
films. c¢. Photograph of the structure with 5 bilayers of SiN/Si0,, a gradient-
thickness layer of SiN, and a 7 nm thin film of chromium showing a near
solid orange color when viewed from the coating side. d. Same sample, but
photographed from the substrate side, revealing a rainbow pattern in the
region of the thickness gradient.

6.6 Methods

6.6.1 Nanoparticle Synthesis

A stock solution of citrate-stabilized gold nanoparticles was prepared according

to a modified literature procedure. Sodium citrate (50 mg, 0.17 mmol) was added to
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a refluxing, vigorously stirred solution of sodium tetrachloroaurate dihydrate (25 mg,
0.065 mmol) in DI water (125 mL). The mixture was stirred under reflux for 15 min
and then allowed to cool to room temperature. The initially yellow solution changed

to deep red and was stored in a glass bottle protected from light.
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Figure 6.6: A. SEM image of gold nanoparticles. B. Optical image of a ~1in
square glass slide functionalized with plasmonic gold nanoparticles. C. Ab-
sorbance spectra of gold nanoparticles in solution (blue) and functionalized
on glass (red)

6.6.2 Nanoparticle Binding

Snow-jet cleaned and piranha or plasma activated glass and silicon samples were
submerged in an acetone solution of aminopropyl tri-chlorosilane (5% v/v) for 30 min,
then rinsed with acetone, ethanol, and water, and subsequently dried at 130 °C for 10
min. Then, the samples were placed in the aqueous solution of gold nanoparticles for
three hours and finally rinsed with water, leaving a monolayer of gold nanoparticles

attached to the substrate.
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6.6.3 Bragg Stack Formation
Sputter-Coating

Clean glass slides (with or without nanoparticles) were placed in a 3-target
sputter coater (AJA International) and pumped down to le-6 torr before sputtering
either 70O, or Si0,. For each layer in the designed Bragg/Janus stack, the process

was repeated.

CVD-Coating

An STS- plasma-enhanced chemical vapour deposition (PECVD) from Surface
Technology Systems (STS) was used to create Bragg/Janus stacks more quickly. Sil-
icon dioxide (n=1.45) was deposited by flowing SiH, + N,O gas; silicon nitride
(n=1.9) was deposited by flowing SiH, and N, gas.

6.6.4 Nanoparticle Functionalization / Patterning
Photolithographic Patterning

Photolithography was performed in an ISO class 5 clean room at CNS, Harvard.
Glass slides were cleaned with acid piranha (3:1 30% H202:H2504 @200°C) for 30
minutes, and then rinsed with ethanol. Shipley S1805 positive photoresist was spin
coated on the sample at 2000 rpm for 45 s and hard baked at 110 °C for 60 s, giving
a protective layer thickness of 2 m. Chrome masks were designed with AutoCAD
2014 and printed using a Heidelberg DWL 66 mask writer. Using a Suss MJB4 mask
aligner, softcontact (1.3 bar) was established between the chrome mask and the coated
sample. Exposure time was calculated by dividing the exposure dose EO (180 mJ ¢m
-2 for S1805) by the h-line intensity (405 nm) of the MJB4 mask aligner. Standard

exposure time was 1.5 s.

Nanoparticle Creation by Dewetting Gold Thin Films

For the method of creating nanoparticles from a gold film, a thin film of gold

(4-12nm) was evaporated using a Denton electron beam evaporator. If the photoresist
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Figure 6.7: Method of creating patterned gold nanoparticles in situ on the
sample surface

was desired to be removed, RPG solution was used to remove the crosslinked resist
and leave behind a patterned gold film. Next, the sample was placed in a calcining
furnace which increased the temperature slowly to 500 °C over 5 hours and held it
at that temperature for 2 hours in order to dewet the gold film from the substrate
and create gold nano-islands with the desired plasmonic properties. Finally, a Bragg
stack was deposited on the substrate using the method described above in order to

create a Janus stack.

6.6.5 Optical Characterization
Reflection Spectra Measurement

A Leica microscope with a 50/50 coupler port was used to collect normal inci-
dence reflection spectra for all samples. An optical fiber was coupled into the output
port and connected to an Ocean Optics Maya 2000 spectrometer to collect signal
from each sample. The raw intensity data was corrected for the dark current of the
spectrometer and the intensity distribution of the halogen light source to calculate

the reflectance spectra.

Simulation

A transfer matrix simulation was used to determine the theoretical reflectance
spectrum for each side of the Janus stacks for comparison between theory and exper-

iment as well as to design different color combinations before fabricating the Janus
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Figure 6.8: Gold nanoparticle size distribution for 6nm gold film. A. SEM
image showing a patterned area of gold nanoparticles (scale bar 10m). B.
Higher-magnification SEM image of one of the corners of the "H" in (A) (scale
bar 1m) C. Higher magnification SEM image (scale bar 200nm) (left) and
nanoparticle size distribution calculated from the image showing the sizes of
the nanoparticles (right) (125 +/- 63nm)
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stacks. For this calculation, the complex refractive index and thickness of each layer
as well as that of the substrate is required. All materials other than the absorbing
layer are assumed to have purely real and nondispersive refractive indices. For the
samples containing synthesized gold nanoparticles, the absorbing layer is simulated
as a 20 nm thick layer having a complex refractive index with the real part equal to
the refractive index of the material surrounding the nanoparticles and the imaginary
part a Gaussian function centered at 560 nm with a standard deviation of 70 nm
and a magnitude determined by fitting to the experimental data. For the samples
containing gold nanoislands, the standard deviation is much higher, and sometimes
two Gaussians are used to account for the spread in the absorption resonance of the
differently sized and shaped nanoparticles. For the samples using only a thin film of
metal, the complex wavelength-dependent refractive index of the metal as reported
in literature is used. Similar results are obtained when a commercial software is used
to calculate the reflection spectra of the simulated and experimental samples.

For calculation of the reflectance spectra from both sides of the Janus stacks,

the following procedure was followed.

1 (1 ry

T, = — < TJ) (6.2)
i
17 Tij 1

oik=d; 0
P={" 0 (6.3)
e z7

n; — N

Where, for normal incidence,

e J 6.4
tij =141 (6.5)

From these, if we have a stack with N layers with each layer, i, having refractive

index n,; and thickness d;, and assuming that n is the refractive index of air:
N—1
RTOP = (Hi:O ,I%,i+1Pi+1>TN,substrate (66)

RBOTTOM = Tsubstrate,N(H?:NT‘i,ifl Pifl)Tl,O (67)
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It should be noted that these values must be calculated for each wavelength
(k, = 2w/ for normal incidence) and in general the refractive index of each layer is
a complex function of the wavelength. Once the reflectance spectra for a sample was
calculated, the CIE 1932 color matching functions were used to generate RGB values
corresponding to the color of that spectrum for macroscopic visual comparison of the
samples. Typical values for the absorption properties of the gold nanoparticles were:

=560nm,c=70nm,A=0.2.

6.7 Derivation of First Order Approximations

6.7.1 Thin Film

From the top side

Taking the reflections which have taken some number of round trips within the
dielectric, we have a phase change accumulation of: 7, 2D, 4D, ... (where D = 2wnd/A,
n is the refractive index of the material, A\ is the wavelength, and d is the thickness
of the film). To calculate the wavelengths for which constructive interference occurs,

we set the first two of these terms to be equal (allowing for a multiple of 27 shift in

between):
2mnd
4 2mm = 2(2) (6.8)
Solving for A, we have:
2nd
A= 2 (6.9)

From the bottom side

We again have a pi phase shift at the first interface. Again, taking the phase
change accumulation from this first reflection, and for the rays which have taken an
integral number of round trips within the dielectric, we have phase change accumu-
lations of: m, 2D, 4D, ... So, we arrive at the same expression as above, and we
should observe the same structural color regardless of which side of the film is being

observed.
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For a thin film with a lower refractive index than the substrate

Here the accumulated phases from the two sides are 7, 2D+m, 4D+2 7, ... and
0, 2D, 4D + =, .... So, we can see that there is a difference of ™ between the two sides

for all light paths, which will have no effect on the interference conditions.

(™
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Figure 6.9: Schematic showing the anomalous phase shift upon reflection
from a thin absorbing layer (red) in a thin film material (blue) on a trans-
parent substrate (hatched). The refractive index of the thin film material is
assumed to be higher than that of the substrate. A. Cartoon showing the
phase changes upon external and internal reflections of a dielectric layer. B.
Same as (A) but for a thin film with a lower refractive index than the sub-
strate. C. Same as (A) but for a dielectric film deposited on an absorbing
layer showing anomalous reflection phase changes from the absorbing inter-
faces. D. Same as (B), but with the absorbing layer on top of the dielectric.

6.7.2 Absorbing layer between the dielectric and the substrate

From the top side

Using section 6.7.1 above as a model, we take the reflections which have taken
some number of round trips within the dielectric. For this case, we have a phase
change accumulation of: m, 2D + x, 4D + 2x, ... (where x is the phase change

upon reflection from the absorbing material as shown in Fig 6.9B). To calculate the
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wavelengths for which constructive interference occurs, we set the first two of these

terms to be equal (allowing for a multiple of 27 shift in between):

2mnd
T+ 2mm = 2( 7;” )+ (6.10)
Solving for A, we have:
2nd
A= (6.11)
Mt 3~ o

From the bottom side

Here, the initial reflection is from an absorbing layer, so we have an unknown
phase change (labeled as "y") for our initial reflection. If we again assume the absorb-
ing layer thickness to be negligible, and take the reflections which have taken some
number of round trips within the dielectric, we have a phase change accumulation of:
y, 2D, 4D + x, .... To calculate the wavelengths for which constructive interference
occurs, we set the first two of these terms to be equal (allowing for a multiple of 27

shift in between):

2mnd
y+2mm = 2( W; )+ (6.12)
Solving for A\, we have:
2nd
A= —C (6.13)

Comparing this with equation 6.11, we can see that the locations of the peaks
for these two different situations can be very different. However, it should be noted

that if x=0 and y=m, we recover the expression from section 6.7.1.

6.7.3 Choosing a different ”cavity”

For these approximations, we used the reflections within the "cavity" of the
dielectric. Another choice we could have made was to select this "cavity" as the
dielectric and the absorbing layer as a single entity. For this approximation, we need
to use the Fresnel equations to determine that the value of the phase changes x, vy,
x’, and y’ from the other side of the same interface are off by a +7 phase shift. Also

the thickness of the absorbing layer, d,, and the real part of the refractive index of
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the absorbing layer, n,, should be taken into account. With this selection we come to
slightly different equations for the locations of the peaks from the top and bottom side,
that can be seen in Table 6.1 below. The new approximations for this larger "cavity"
are very similar when you compare the top and bottom reflection peak locations. If
we consider that a non-absorbing material has x=0 and y=m, we can see that the

case for the absorbing layer on top of the dielectric will have very little difference.

6.7.4 Summary of Approximations

Solving the expressions for the peak wavelengths using the dielectric as the
cavity such that they are in the same positions for measuring the reflectance from the
top and from the bottom surface gives the simple expressions x-+y—=mn and x+y’=.
From this, we can conclude that there will be a weaker Janus effect when these

conditions are met or almost met.

. Abs. Layer between
Absorbing No Abs. . . Abs. Layer on top of
dielectric and ) )
Layer Layer dielectric
substrate
. . . . . Dielectric + . . Dielectric +
Cavity Dielectric Dielectric Dielectric
Abs. Layer Abs. Layer

From Top: 2nd 2nd 2(nd+n,d,) 2nd 2(nd+n,d,)
A= mts | mbs-g =g mt g mt o
From Bot-
fom: )\ — 2nd 2nd 2(nd+n,d,) 2nd 2(nd+n,d,)

Table 6.1: Summary of formulas derived to determine the peak locations for
different viewing directions, geometries, and approximations.

Doing the full calculation for the infinite series of reflections from all of the
surfaces gives a much more complicated expression:
8mdnyi

€
2+ log (=)

} (6.14)

)‘min{Rtop} =R
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6.7.5 Discussion of Approximations

Ignoring the propagation through the absorbing layer (that is, calculating the
peak location via equating the phase accumulation for the reflection at either end
of the dielectric material with the phase accumulated by propagating within the
dielectric and reflecting from the other side) gives first order approximations that can
have as much as 80% error for low-order peaks. This means that, as expected, the
multiple reflections within the thin absorbing film are important to the final reflected
color of the material, especially for long wavelengths. A better approximation can
be calculated by summing up the full infinite series of the accumulated reflections,
taking into account the phase accumulated on each round trip in the cavity. However,
this calculation results in a complicated complex formula that doesn’t provide any
intuition into the resulting peak locations and is therefore less useful than a simple

transfer matrix model which captures all of the complexities of the reflection spectra.

6.8 Additional Experiments

Several additional experiments were performed to analyze the properties of
Janus stacks depending on the location of the absorbing layer within the stack ar-
chitecture as can be seen in figure 6.10. Here, there is an odd-even effect that is
noticeable when comparing the location of the nanoparticle layer within the stack
architecture to how noticeable the difference between the first and second side reflec-
tion colors are. The gold samples 1 and 3 (where the nanoparticle layer is embedded
within the higher index material) show a stronger difference in color between the two
sides than the other two samples. As explained above, this effect is due to the increase
in the strengh of the Janus effect with increases in both the real and imaginary index
of the absorbing layer as well as the shift in the absorption profile of the nanoparticles
when they are embedded within a higher index material.

Since it is simpler to fabricate samples with the absorbing layer directly on the
substrate with a Bragg stack deposited on top of it, we simulate the reflected color

of either side of 5-bilayer Bragg stacks on top of a 7 nm absorbing film of varying
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Figure 6.10: A. Optical images of the two different sides of 4-layer Janus
stacks with nanoparticles located in between different layers ("Gold") and
blank samples ("Blank") with no nanoparticles. Insets are the RGB values
for the average color of the image. B. Refractive index values and thicknesses
measured by ellipsometry for each layer in the Janus stack (left) and diagram
showing the geometry of the film with the substrate (hatched), nanoparticles
(red circles), titania (black) and silica (grey). C. Reflection spectra from
the front side (black) and back side (grey) of the blank samples showing no
discernible difference between the two. D. Reflection spectra (black, dashed)
and simulated spectra (grey solid) for the front side of the samples with gold
nanoparticles. E. The same as (D) but for the back side.
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complex refractive index. The thicknesses of each layer in the Bragg stack were taken
to be a quarter of a wavelength in the material for a 500nm peak stack (Fig. 6.11a)
and a 650 nm peak stack (Fig. 6.11b).
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Figure 6.11: a. Results of an array of transfer matrix simulations for a 5-
bilayer quarter wave Bragg stack with a 7 nm absorbing layer at the bottom
on a glass substrate with a designed peak wavelength of 500 nm for various
real and imaginary parts of the refractive index (RI) of the absorbing layer.
The triangle pointing up is displayed with the simulated human-eye perceived
color as observed from the film side of the sample, while the triangle pointing
down is the same for the sample observed from the substrate side. b. Same
as (a) but with a designed peak wavelength of 650 nm. The average real and
imaginary refractive indices over the visible spectrum of different absorbing
materials are inserted into the diagram.

6.9 Conclusions

We have designed and demonstrated semi-transparent materials having a dif-
ferent color depending on the viewing direction, by rationally combining absorbing
and structural photonic elements. The physical origin of this optical Janus effect lies
in the anomalous phase shift of reflected light caused by the complex RI of the ab-
sorbing material. In the stack, the dielectric environment of the absorbing material is

anisotropic, leading to a different color from constructive interference on both sides of
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the sample, which can be predicted by transfer matrix calculations. The optical Janus
effect is observed in a wide range of constituent photonic and absorbing elements.
These include thin films and multilayer structures as the photonic elements and gold
nanoparticles and plain metal films as the absorbing elements. Spatial control of the
deposition of the absorbing elements enables the creation of arbitrary asymmetric
structural color patterns with controllable, viewing direction dependent coloration as
well as more complex anisotropic effects such as viewing direction dependent invisi-
bility of patterns or color travel. This rational design of asymmetric colored materials
enables applications in art, architecture and design, and it may also allow for more
functional properties, for example in integrated photonic circuits, semitransparent
solar cells with independent tunability of absorption profile and transmission color,

or security features in anti-counterfeiting materials.
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