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Abstract

Light can strongly interact with metallic nanostructures, leading to resonant excitation of the
confined electrons. This results in a strong near-field enhancement with subwavelength confine-
ment. The resonance condition can be controlled by the material, shape and surrounding of the
metal nanostructures. Thus, this so-called field of plasmonics holds great potential for appli-
cations in photonics. Besides biosensing, novel applications are scarce though, not only due to
challenges in the up-scaling process, but also because of expense of material, design complexity
and sensitivity of the structures in ambient conditions. Furthermore, intrinsic losses impede the

implementation compared to competing alternatives.

This thesis describes the development and realization of color filters based on plasmonic
structures. The structures are tailored for intriguing applications and their large-scale manu-
facturing. Specifically the variability of plasmonic color filters is exploited and applied. This
precisely controllable change of color appearance can be essential for applications such as optical

security or imaging systems, for which first realizations are presented here.

In particular, color filters are investigated, which strongly change their optical appearance
with the angle of incidence. Additionally, a given color is only visible from one tilt direction.
This unique feature makes these color filters highly attractive for optical security applications.
Further, the high sensitivity to the surrounding material can be utilized; a position dependent
modification of the color filters can be achieved by inkjet printing of transparent inks with dif-
ferent refractive indices. Additionally, a different set of plasmonic color filters are studied, which
can be precisely controlled with the incident polarization while having almost angle-independent
optical properties. This renders them ideal for camera filters, where a large-field-of-view is de-
sired. By controlling the optical properties of the filters, a plasmonic multispectral imaging
device is demonstrated. Overall, the used fabrication methods and materials are compatible
with large-scale and cost-efficient manufacturing methods. Thus this thesis may help paving the

way for everyday products based on plasmonics.
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Zusammenfassung

Starke Interaktion von Licht mit metallischen Nanostrukturen fithrt zu resonanter Oszillation
bestimmter Elektronen. Dies resultiert in einem verstéarkten Nahfeld im Subwellenlédngenbereich.
Die Resonanzbedingung kann durch das Material, die Form, oder die Umgebung der Metall-
nanostrukturen verandert werden. Deshalb birgt das Gebiet der Plasmonik grosses Potenzial
fiir Anwendungen im Bereich der Photonik. Abgesehen von Biosensoren, ist die Realisierung
von neuartigen Anwendungen jedoch selten. Dies liegt einerseits an Problemen bei der Fabrika-
tion im industriellen Massstab, anderseits an Materialkosten, der Komplexitét sowie der hohen
Anfalligkeit der Struktur im Alltagsgebrauch. Zudem erschweren intrinsische Streuverluste die

Anwendung im Vergleich zu konkurrierenden Alternativen.

Diese Dissertation beschreibt die Entwicklung und Realisierung von Farbfiltern mit Hilfe
von plasmonischen Strukturen. Diese sind fiir anspruchsvolle Anwendungen und deren Herstel-
lung geeignet. Insbesondere wird die Verdnderlichkeit von plasmonischen Farbfiltern genutzt.
Diese genau kontrollierbare Verdnderung der Farberscheinung kann fiir Anwendungen wie op-
tische Sicherheits- oder Abbildungssysteme, fiir welche erste Realisierungen gezeigt werden, von

wesentlicher Bedeutung sein.

Die erste Entwicklung, die in dieser Arbeit untersucht wurde, sind Farbfilter, welche
ihre optischen Eigenschaften stark unter dem Einfallswinkel verdndern. Dabei ist die jeweilige
Farbe nur aus einer Richtung sichtbar. Diese einzigartige Eigenschaft macht die Farbfilter fiir
optische Sicherheitsanwendungen sehr interessant. Ferner kann die starke Abhéngigkeit des
optischen Effekts von der Umgebung ausgenutzt werden; mit Hilfe eines kommerziellen Tin-
tenstrahldruckers und transparenten Materialien mit unterschiedlichen Brechungsindizes wird
eine ortaufgeldste Anpassung der Farberscheinung ermdglicht. Des Weiteren wurden winkelun-
abhéngige plasmonische Farbfilter entwickelt, welche mit der Polarisation des Lichtes préazise
gesteuert werden kénnen. Solche Farbfilter sind ideale Kandidaten fiir Kamerafilter, bei de-

nen ein grosses Gesichtsfeld erwtinscht ist. Schlussendlich wurde die Kontrolle der optischen
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Eigenschaften verwendet um eine plasmonische Multispektrale-Kamera zu realisieren. Insge-
samt sind die eingesetzten Fertigungsprozesse und -materialien kompatibel mit grosstechnischen
und kostengiinstigen Verfahren. Diese Dissertation kénnte dabei helfen, den Weg in Richtung

plasmonische Alltagsprodukte weiter zu ebnen.

v



Acknowledgments

First, I would sincerely like to thank Benjamin Gallinet for his great supervision and guidance
throughout the entire thesis. In weekly meetings I learned a lot from him about plasmonics,
simulation tools and how to write papers. Further, I strongly want to thank Daniele Casari
and Judith Miller for their great work in the lab. Great thanks to Fabian Liitolf, a former
PhD student, who inspired me in many things I was finally doing; Angelique Luu-Dinh who
was a great support and teacher in the lab; Guillaume Basset for numerous discussions on
industrial applications and his work with patenting; and Igor Zhurminsky for introducing me
with the laser interference lithography setup. Furthermore, I would like to thank the entire
CSEM team for their support and patience, in particular Nicolas Glaser, Jan Mayer, Christian
Seitz, Fabienne Herzog and Florian Schleiss. Finally, I would like to thank Marc Schnieper and
Christian Bosshard for this great opportunity to carry out my thesis at CSEM. As well as for

the possibility they gave me to present my work at several events and conferences.

To no lesser extent I would strongly like to thank Lukas Novotny for the very inspiring and
fruitful collaboration, the time and patience he took for this project and the provoking questions
he confronted me with. Although I have not been to Zurich on a weekly basis, Lukas and the
group members always were a great source of inspiration and discussions; in particular thanks
to Zachary Jordan Lapin, Shawn Divitt, Achint Jain. Also thanks to the nano-optic group for
the great time outside the lab, in particular to Nikolaus Flory, Xavier Palou, Cynthia Gruber,
Markus Parzefall and Vijay Jain. Finally, special thanks also to Barbara Schirmer for taking

care of me. And Sarah Kurmulis for the great idea of using art in science.

Additionally, special thanks to David Hasler and Amina Chebira from CSEM Neuchatel for
inspiring discussions and technical advices concerning the camera application; And the PhD club
of CSEM, which was a great network for exchange. I would also like to thank Michael Gerspach
for the inspiring coffee break. Further, I would strongly like to thank Benjamin Bircher, Nicholas
Arnold, Ralf Dimpelmann, Nicolas Glaser, Fabian Liitolf, Julia Ebner and of course Benjamin

Gallinet for reading and correcting parts of this thesis.



A great thanks to my friends how supported and encouraged me. In particular to the ones
not active in the field of science, who brought me back down to the ground of reality and showed
me that the world outside the ”PhD bubble” is not that complex. Also to my badminton and

surf mates who helped me to refresh my mind.

Special thanks to my family who gave me the love and support to reach my goals. Specifically
I would like to acknowledge my father Ralf who was a great source of inspiration throughout
my scientific career and still is; My mother Ursula who always doubtless supported me in what
I was doing; And my sister Lea; it is great how we push ourselves further. Special thanks to
my partner Julia who supported me restless and unconditionally throughout the thesis; and I

assume will be the only “non-scientist” who has read my papers.

vi



Foreword

I have performed all of the work presented in this dissertation, with the following exceptions.

e Chapter 3: The final samples as well as further improvement of the immersed laser inter-
ference setup was done by Daniele Casari, see Figure 3.5]and [3.7} Further the SEM image
of Figure [3.1] was done by him.

e Chapter 4: The laboratory work of Chapter 4 was done by Judith Miiller. This includes
fabrication of samples, testing of inks and measurements of the samples. Further the final

sample, see Figure was done by her.

e Chapter 5: The SEM image in Figure [5.5] was done by Zachary Jordan Lapin.

The work presented in this thesis was performed mainly at the Swiss research institute CSEM
SA, in fruitful conjunction with the group of Lukas Novotny at ETH Zurich. The work was
financed by CSEM.

vii



Table of Contents

[Abstractl ii
|Zusammenfassung| iii
[Acknowledgments| v
[Foreword] vii
[Iable of Contents| viii
(1__Introduction| 1
-of-the- 6

2.1 Dielectric Structural Color Generationl . . . . . . . ... ... ... ... ... .. 7
[2.1.1  Difiractive Gratings| . . . . . . .. ... . o o 7

IBlazed Gratings| . . . . . .. ... .. ... .. 8

Dielectric Subwavelength Gratings| . . . . . ... ... ... ... ..... 9

|Grating Anomalies| . . . . .. ... Lo o 10

2.1.2  Thin Films and Multilayers| . . . . . . ... .. ... ... .. ... .... 11

[2.1.3  Photonic Crystals| . . . ... ... ... .. ... ... .. .. .. .. ... 12

[2.1.4  Nanowires and Nanoparticles| . . . . . . .. ... ... ... ... ... 12

2.2 Plasmonic Color Substratesl . . . . . ... ... ... 12
2.2.1  Subwavelength Gratings| . . . . . ... ... .. ... ... ... ..., 13

2.2.2 Nanoantenna Arrays| . . . . . . . . . .. . L 16




TABLE OF CONTENTS

12.2.3  Aperture Arrays| . . . . ... Lo 17
2.2.4  MIM Gratings| . . . . . . . . . . e 17
22,5 Antenna Backreflectors] . . . ... ... ... 000000000 17
2.2.6  Aperture Backreflectors| . . . . . . ... o000 18
[2.2.7  Other Lithographically Defined Structures|. . . . . . ... ... ... ... 18
2.2.8  Colloidal Nanocrystals| . . . . . .. ... ... .0 oL 19
2.3 Design & Fabrication of Plasmonic Structures| . . . . . . . .. ... ... ... .. 19
> -of-the-art Fabrication Methodsl . . . . . . . .. .. .. ... ... .. 19

2.3.2  Fabrication Process at CSEM| . . . . .. .. ... .. ... .. ... ... 20
2.3.3 Numerical Simulations| . . . . . .. ... ... oo oo 22
2.3.4 Plasmonic Materialsl . . . . .. ... ... ... oo o 23

|3 Color Rendering Plasmonic Aluminum Substrates with Angular Symmetry |

B g 24
B.1 Introduction|. . . . . . . . ... 25
B2 Resultd. . . .. .. ... 26

3.2.1 Fabrication Methodl . . . . .. ... ... ... o o000 26
13.2.2  Geometrical Influence on the Optical Eftect| . . . . . ... ... ... ... 28
3.2.3  Angle-Dependent Transmission indicating Strong-Coupling| . . . . . . .. 28
13.2.4  Polarization and Rotation Dependent Angular Transmission|. . . . . . . . 30
3.2.5  Near-field Intensity Distribution| . . . . .. .. ... ... ... ... ... 32
[3.2.6  Geometrical Influence on the Resonancel . . . . . ... ... ... .. ... 32
13.2.7  Strong Coupling of Modes| . . . . . . . .. ... ... ... ... 33
13.2.8  Large-Scale Realization| . . . ... ... .. ... ... .. ... .. ... 34
B3 DISCUSSION! . - .« - . oot 37
B4 Conclusionl . .. ... .. 38
3.5 Experimental Details| . . . . . . .. ... o oo 39

ix



TABLE OF CONTENTS

[4 Color Control of Plasmonic Substrates with Inkjet Printing|

4.2.1  General Principle]. . . . . . . .o oo
4.2.2 Geometrical Influence onto the Resonancel . . . . . . ... ... ... ...
4.2.3  Angle- and Refractive Index-Dependent Transmission| . . . .. ... ...
4.2.4  Color Generation and Mixing Capabilities| . . . . . .. .. ... ... ...
4.2.5  Large-Scale Realization| . . . . .. ... .. ... ... ... ...
4.3  Conclusionl . . . . . . . . . e e e e

[6

621

40
41
41
41
42
44
44
45
47

48

50
51
52
52
53
54
55
57
58
59
61
61
63

64

66



TABLE OF CONTENTS

16.2.2  Spectral Reconstruction| . . . . . . . ... ... oL 70

16.2.3  Number of required eigenvectors for reconstruction| . . . . . . . . ... .. 71

6.2.4  Angle Dependent Measurements of Color Patchesf. . . . . . ... ... .. 72

6.2.5 Laser [ine Measurements . . . . . . . . . ... ... . 73

6.2.6  Color Recording and Spectral Estimation of Object| . . . . ... ... .. 75

6.2.7  Comparison to RGB imaging systems| . . . . .. .. ... .. ... .... 76

6.3 Conclusionl . . . . . . . . 7
6.4 Experimental Details| . . . . . . . . ... oo 78
[7_Conclusion and Outlookl 80
[(.1__Conclusionl . . . . . . . . . e e 80
2 0utlookl . . . . o o oo 81
Bibliography 82
ALl Tations 104
[Curriculum Vitael 106

xi



1 Introduction

Structural Colors

For million of years, nature has displayed its beauty in the whole diversity of colors. This
elaborate coloration is sometimes just a by-product of molecular absorption. But often, a col-
orful appearance is specifically designed to attract conspecific or to deter predators, ensuring
the survival of a species. Likewise, for mankind color generating structures are of key impor-
tance for various applications in daily life such as for decoration, identification and perception.
Obviously, there is a great demand for further development of current technologies. Absorb-
ing dyes or pigments form the major part of color substances, in nature but also nowadays in
consumer products,! with about 15’000 being synthesized on an industrial scale.? Recently it
was discovered, that several species, e.g. Morpho butterfly, not only use dyes and pigments for
coloration but incorporate additional complex color generating structures showing thin film and
multilayer interference and diffractive effects.® The structural coloration arises from interac-
tion of light with nano- or micro-structured surfaces. Often these structural colors are strongly
angle-dependent and iridescent. To produce diffuse reflected light, a combination of regular and
irregular structures is used.” Another example is the chameleon; its variable skin coloration is
based on active tuning of photonic crystals.” This great variety of optical effects, present for over
500 million years, has inspired biomimetic research.®? Interestingly some of the first structural
colors made by mankind date back to the glass makers and alchemists of the Bronze Age 104
“Nanometric-sized” gold or silver particles were dispensed in glass allowing a colorful appear-
ance.!2 The most prominent example is the Lycurgus cup made in the 4th century AD.13 While
transmission through the cup appears to be red, reflection is green. It was only in the 1850s
that this non-obvious effect could be explained by the interaction of light with metal particles.#

Later, this effect was related to the field of plasmonics.2"8



Plasmonics

The scientific discovery of plasmonic effects dates back to 1902 and the observation of an anoma-
lous intensity change in the reflection spectra of metallic gratings by Richard W. Wood.1"
Whereas one part of the effect was related to diffractive effects, described by Lord Rayleigh,*8
the other part can now be clearly related to the generation of surface plasmons.t?20 Later, a
unifying theory described a novel type of resonances, the so-called Fano resonances, featuring
an asymmetric line shape.?!) Such resonances are not limited to optical phenomena but are also
present in many other physical areas, thus being one of the most important discoveries of the
20th century.?? The field of plasmonics itself experienced a rediscovery after the observation
of “extraordinary transmission” through subwavelength holes in 1998.23 Surface plasmons fa-
cilitate transmission of a greater amount of light through these apertures than geometrically
expected. Since then the field of plasmonics has rapidly expanded into many scientific areas
demonstrating its great potential. 1622425 The ability of plasmonic structures to generate ex-
tremely strong and confined fields in the subwavelength scalel® facilitated the first and most
prominent application: the surface plasmon resonance sensor.28 By further exploiting these
features, novel biosensors were developed.2®28 The working principle is based on the strong
sensitivity of the plasmon resonance to its surroundings. The underlying strong near-field en-

hancement and possibly arising hot carrier generation®? show great potential for enhancing the

30H32 33H35) [§)

efficiency of photovoltaics and photodetectors or for enabling chemical reactions®% and

vapor generation.5” The strong and highly localized interaction of light with electrons is utilized
in hybrid circuits merging the fields of plasmonics and electronics.234Y Such devices could ulti-
mately replace classical semiconductor circuits, due to potentially very small device dimensions
and high operating speed.#43 Besides, a nanoscale surface plasmon laser, so-called spaser, was
described?# and demonstrated.?2 The small device dimensions arise from the resonant property
of plasmonic structures, leading to a possibly “high printing resolution” of plasmonic struc-
tures.“% Plasmonic color substrates include and utilize such plasmonic structures for controlled
color generation. More details are discussed in Section Closely linked to the strong resonant
interaction with light is the capability of modifying the light in such a way, as to have optical

properties, which are not found in nature: the so-called field of metamaterials.*7% The most

51152

prominent examples of metamaterials are negative refractive index materials, which can be

9 [51 H5OHO8

utilized for “perfect lenses or cloaking.?324 Other examples include metalenses, perfect

59160

absorbers or phase shaping structures.®! Overall the field of plasmonic color structures and



1. INTRODUCTION

metamaterials have a high congruence as shown in the example of optical holography by plas-
monic metasurface.%#¢3 More recently the confinement of plasmonics within 2D materials (e.g.
graphene) and the interaction with quantum emitters® " has gained strong interest. After a
peak of excitement about potential applications in the fields of plasmonics, it turned out that
one of the limiting factors are challenges in up-scaling the fabrication processes and the losses
induced by the plasmonic material itself™*! (see discussion in Section [2.3.4). Nevertheless,
plasmonic structures are present in many diverse scientific areas and eventually will find their
way into applications.2? After first applications in biosensing, it is very likely that the next ones

will be in the field of plasmonic structural colors. 23

Applications

Plasmonic color substrates can be applied for long-lasting and stable surface decorations, optical
security, display and camera filters, sensors, and optical data storage. ™72 Besides potential ease
of fabrication and wide spectral tunability, plasmonic structures outperform their chemical coun-
terparts thanks to their high resolution beyond the diffraction limit, higher compactness and
non-bleaching.40: 276l Thege properties make plasmonic structures valuable for tunable, compact
and flexible decorative elements and suitable for illumination, art or advertising purposes. In
addition, the field of optical security is constantly seeking for novel optical effects less prone to
counterfeiting. A majority of holograms used today are still based on diffractive effects, ™ but

A0 and are now commer-

recently, security elements based on plasmonics were demonstrate
cially available.®!' Besides, displays and cameras are present in many fields of daily life. They
utilize color filters to narrow a broadband source for emitting colors or measure the color compo-
sition of reflected light. There is great demand for improving such devices in terms of tunability,
compactness and flexibility.“7 Finally, the field of optical sensing, for biological or physical
purposes, has been of great interest. A minute change in refractive index of the surrounding

can cause a strong modification of the plasmon resonance.®%%3 One could imagine a disposable

plasmonic sensor, of which a color shift could be read out by a commercial camera.

Fabrication

For appropriate control of the light — metal interaction, the metals have to be structured with
subwavelength dimensions. In the visible range this corresponds to ~50-300 nm. Compared
to the chemical synthesis of dyes or pigments, the fabrication of plasmonic structures requires

sophisticated machines for fabrication and alignment of such structures. Due to recent advances

iThroughout the thesis I will relate the generation of colors based on periodically arranged and subwavelength
spaced metallic nanostructures to the field of plasmonics and limit metamaterials to above mentioned examples.



in nanofabrication tools, lithographically-defined nanostructures can be manufactured with high
resolution and reliability.®* Generally such methods (e.g. electron-beam lithography) are very
versatile for fabrication of small-scale samples for proof-of-concept purposes. But nanomanu-
facturing, i.e. “the commercially scalable and economically sustainable mass production” of
nanostructures, requires low cost, high throughput and fast time to market.® These require-
ments strongly restrict the methods and material of choice accompanied by a limited variety of
plasmonic structures. But ultimately, appropriate choice assures large-scale and cost-efficient
manufacturing paving the way towards consumer products. These ambiguous factors can have
major consequences on the final product and application, highlighting the importance of appro-

priate material and fabrication methods for the design of novel plasmonic devices.

Objective

The objective of this thesis is to develop plasmonic color substrates, which can be utilized
for novel kinds of applications. The work includes the design and evaluation of outstanding
properties compared to other color substrates, a fabrication method compatible with large-scale
manufacturing using abundant materials and optical characteristics satisfying the requirements

of potential applications.

Motivation

Color efficiency and contrast of plasmonic color substrates are often significantly lower than
those of alternative color generating substances or structures (e.g. dyes or multilayers), leading
to pastel-like colors.” Consequently, when considering only the color contrast and brightness
there is no direct financial or color-related benefit of plasmonic colors compared to chemically
synthesized colors. However, one of the most outstanding and distinguishing features of plas-
monic color substrates is the controlled and dynamic variability of the color generation in situ.
Plasmonic color substrates can work in transmission or reflection, but a greater potential is
most likely in applications of transmission, e.g. camera filters. Due to the resonant nature of
plasmonic substrates, a strong optical response can be obtained, while keeping a high overall
transmission. Additionally, the resonant absorption allows working in zero order transmis-
sion. Compared to diffractive or multilayer structures, no higher orders or iridescent colors are
observed, respectively. This property enables the use of plasmonic color substrates in diffuse en-
vironment. Moreover, they can be lithographically defined with a very high spatial resolution,9
which can be essential for camera or anti-counterfeiting applications. Finally, such structures

can be embedded with a protective coating, assuring stability in ambient conditions.



1. INTRODUCTION

Structure of the Thesis

This thesis is organized as follows: Chapter [2| provides an overview of dielectric color substrates
as well as different types of plasmonic color substrates. The state-of-the-art design and fabrica-
tion of plasmonic substrates will also briefly be discussed. Chapter [3|is dedicated to plasmonic
substrates rendering optical symmetry breaking color effects. Such asymmetric transmission is
enabled by the tilt geometry of the structure, facilitated by angular evaporation of aluminum.
Distinct color appearance is achieved by variation of evaporation angles. Similar structures are
used in Chapter [4] Here a novel printing technique is presented to modify the color appearance
of geometrically identical structures by printing inks with different refractive indices. Chapter
describes polarization-dependent plasmonic color filters. The plasmonic structure enables a
wavelength-dependent phase shift of the incident light, leading to four completely distinct trans-
mission states. Besides being sensitive to the polarization in an active manner, the structure is
designed to have nearly completely angle-independent transmission properties. Active tunability
and angle-stability form essential parameters for active tunable filters suitable for spectral anal-
ysis. Chapter [6] describes the concept and realization of such a plasmonic multispectral imaging
system. Each chapter will be completed by a short conclusion and includes the experimental

details. A general conclusion and outlook is given in Chapter [7]



2 State-of-the-art of Structural Colors

Diffraction Plasmonics

Figure 2.1 — Left: interaction of light with a diffractive dielectric grating. The diffracted light
waves interfere and form orders of diffraction, leading to the typical rainbow color generation.
Right: Scheme of light interacting with metallic gratings, so-called plasmonics, leading to collective
oscillations of the electrons in the metal (yellow) and electromagnetic near-field enhancements
(orange). This can lead to a distinct color appearance of reflected (green) and transmitted light
(red and blue).

In Section dielectric structural color substrates will be discussed. Section gives
an overview of some of the most popular plasmonic color substrates. It categorizes them by
their geometrical structure and discusses their optical properties. In Section the process of
designing and fabricating plasmonic substrates will briefly be discussed. This includes state-of-
the-art fabrication techniques, followed by a process scheme for large-scale fabrication, which
was employed throughout this thesis. Further, a brief overview of simulation techniques and

plasmonic materials is given.



2. STATE-OF-THE-ART OF STRUCTURAL COLORS

2.1 Dielectric Structural Color Generation

This section highlights concepts of color generation, which are based on dielectric structures. It
includes diffractive gratings, thin films and multilayers, photonic crystals, and nanowires and

-particles.

2.1.1 Diffractive Gratings

Diffraction occurs when light (with wavelength A) is incident on a periodic structure with period
p (e.g. a grating) and the resulting scattered waves form diffractive orders by interference, see
Figure . In the Bragg regime, 0.5 A < p < 2.5 A, one or two diffractive orders are present.®
This is the regime where diffractive colors typically are produced. The intensity maximum at
the angles 6,,, are given as

p(sin b, + sinb;) = mA (2.1)

with the incident angle 8; and the number of the diffraction order expressed by the integer m.
Through equation [2.1]it is evident that the diffraction angle strongly depends on the wavelength
A, while p and 6; are kept constant. Hence, under white illumination, the emerging coloration
is strongly iridescent, leading to a “rainbow” effect, see Figure 2.3h. While this dispersion can
be essential for spectrometers,80 the lack of color stability and control is often undesired for
structural colors.®8 Example given, in diffuse light conditions, diffractive color effects fade out
or are challenging to observe, due to a narrow range of appropriate viewing angles,®¥ compare
with Chapter 3] Modification of the periodic structure or coating with high refractive materials,
allows a certain control of diffractive orders.®? Nevertheless, it is challenging to completely
suppress iridescent color generation of a periodic structure (within the Bragg regime).®” A
method to reduce diffractive orders is to use smaller periods, which generate colors in the zeroth
diffraction order up to certain tilt angles (see below).”™ In summary, diffraction leads to a
wavelength-dependent distribution of light into different angles,®? but not to an absorption as
e.g. by dyes? or plasmonic structures.™ Therefore, light is not “lost” but will appear either at
diffraction angles or will be trapped in the plane of the structure. Overall, diffractive effects, i.e.
implemented as diffractive optical variable image device (DOVID), are widely used for optical

security. 201



2.1. DIELECTRIC STRUCTURAL COLOR GENERATION

incident + 0" order

-—

——

—

Figure 2.2 — Scheme of a (a) diffractive structure, (b) blazed grating and (c¢) multilevel (top)
and binary (bottom) blazed grating. The different colored parts of the dielectric structure indicate
different refractive indices. 6;: angle of incidence, 0,,,: angle of diffraction, Bp;: facet angle. Naming
convention following Palmer .57

Blazed Gratings

The diffraction efficiency of gratings can strongly be enhanced in a given order under certain
conditions by using blazed gratings.B%%2 This property is in particular important for applications
such as spectrometer, 37 wave-guiding, 23 laser cavities,?® lighting or photovoltaics. 8298 Blazed
gratings generally show a triangular profile with an inclination angle to the surface normal, see
Figure . The highest efficiency is often achieved if the blaze condition (0; — By = O — Buis
see Figure ) is satisfied.®Z The diffraction efficiency of periodic structures can be calculated
using Fourier transforms,®? which in return can be used to evaluate the design of blazed gratings.
Compared to other simulation tools (see Section [2.3.3)) certain assumptions and restrictions have
to be made, but a rather simple solution can be provided.?? In general, the field of Fourier optics
includes the study of classical optics using Fourier transforms.®® Hereby Fourier analysis can be
utilized to model the optical performance of optical elements, which in particular is well-suited
for cascades of optical systems including e.g. lenses and phase masks.?? The continuous profile
of the permittivity function of the blazed grating imparts a phase variation across the wavefront.
The transmitted wavefront of an incident one onto the grating can be expressed as convolution

between a “Dirac comb” and a “rectangle function” multiplied by a phase factor:27

U(z) = comb (I—f) ® rect (g) exp(i - [2n(n — 1)d/A] - z/p) (2.2)

with the period p and depth d of the grating, the wavelength A\ of the incident light and the
refractive index of the grating n. Due to the periodicity of the grating, light will propagate
away into distinct diffraction orders, which are mathematically the Fourier transform of this

convolution.? As a result all light can be diffracted into a specific diffraction order as long as



2. STATE-OF-THE-ART OF STRUCTURAL COLORS

the depth of the grating is small compared to its period.”® Often the fabrication and replication
of such sawtooth or slanted”? gratings remains challenging.®? A method to circumvent this is

to fabricate multilevel (“stair-case”) gratings’” or to use “pulse width modulated”101102

or
“binary blazed”193104 gratings with similar optical properties, see Figure . Therefore the
continuous permittivity profile of a blazed grating can be decomposed into a Fourier series ap-
proximated as a staircase function. These can be used to design a grating divided in subgratings

with different parameters, e.g. varying duty cycles, overall having a similar permittivity profile

and therefore optical property as a geometrically blazed grating.01

Most common blazed gratings, used for color generation, enhance diffraction in a preferred
order. Generally, this requires a period within the Bragg regime,®% see Section In contrast,
the periodic nanostructures used in Chapter [3]and [4 have a blazed profile with a subwavelength
period. Due to the low periodicity, there is no visible diffraction orders leaking out of these
substrates, only zero order transmission is visible. Further, a metallic layer leads to resonant
absorption of light, which strongly depends on the incident angle of light due to the underlying

blazed profile. A more detailed discussion is given in Chapter [3.3

Dielectric Subwavelength Gratings

Subwavelength gratings describe structures with periods smaller than the operating wavelength. 1024106

For periods much smaller than the wavelength, the grating behaves like a homogenous material,
c.f. effective medium theory,?? with often no observable diffraction. Such structures can be

107 parrow-band filters, %9 polar-

tuned for different purposes such as antireflecting structures,
izing components and phase plates. 108109 Antireflective surfaces can be designed as surface-
relief gratings (e.g. triangular)™¥ to accommodate step-wise to the refractive index of the two

LZIZ gimilar to the naturally existing “moth eye” .13 Further, the

surrounding materials,
birefringence of the structures can be utilized for phase plates and polarization components and
filters. 108109 Cyrrent research in this field involve the development of thin lenses,”® spectropo-

4 or wave controllers.®® Due to this “artifical” control of light and the specific design

larimeter:t
of the nanostructures, such research is often related to the field of metamaterials.4” Finally,
subwavelength gratings can be used for guided-mode resonant filters. 916l The fabrication of
subwavelength gratings in the visible range requires sophisticated fabrication techniques, which
became readily available in the past few decades.19% Besides, the research on geometrically more

complex structures was accompanied by the development of appropriate modeling tools,2% ¢.g.

rigorous coupled-wave analysis (see Chapter [2.3.3]).140



2.1. DIELECTRIC STRUCTURAL COLOR GENERATION

The dielectric subwavelength structures used throughout the thesis (Chapter [3|- @ have
similarities to above mentioned ones. Similar to guided-mode resonant filters, light shows an
in-plane propagation (Chapter . Besides, the birefrigent property of gratings is exploited for
high contrast filters (Chapter @ But compared to before mentioned examples, the usage of
metal and the corresponding plasmon resonances, strongly supports or even enables the proposed

optical effect. Examples based on plasmonics are given in Chapter [2.2.1

Grating Anomalies

The reflection or transmission spectra of gratings can show rapid variations in intensity at certain
wavelengths.1? Such so-called Wood anomalies can be classified into two distinct types. Type
(1) is related to the disappearance of a diffracted order, while type (2) is related to a resonance

phenomena. Both will be discussed in the following.

(1) The first type of anomaly refers to the disappearance of a higher order diffraction
order. There, a diffracted order changes from evanescent to propagating. 1118 This leads to an
abrupt redistribution of energy.®? This type of anomaly, we refer to as Wood Rayleigh anomaly

9 or metallic scatters.’” The WR can be generally

(WR) can occur for periodic dielectrict
described at the spectral position where a diffracted mode propagates tangentially to the grating
surface (into the plane of the grating). This occurs when sin6,,, = £1 (see grating equation [2.1)).

Hence, for a grating with period p, light at an incidence angle of 6" with wavelength A

mNp = p(1 £ sin(0')) (2.3)

h

passes off in the m*® order.!8 In this case the grating is surrounded by air towards the

incident beam .17

If the grating is “embedded” (surrounded) with another material than air, i.e. the refrac-
tive index ngyr # 1, the formula from above still is valid, but \ and 6’ are within the surround-
ing material. To formulate the position of the WR for light incident from air onto the embedded
structure, we have to do following substitutions Ay = Ag/Nsyrr and sin (6”) = sin 6 /ngy,. This
leads to following equation:

mAR = p(Ngurr £ sin (0)) (2.4)

where light with wavelength A (in air) passes off in the m!” order.™ With an incident angle 6
(in air) and a period p. The order m indicates the diffraction order, while the sign indicates the

direction of the mode passing off.

10



2. STATE-OF-THE-ART OF STRUCTURAL COLORS

(2) The other type of anomaly is caused by a resonance phenomena.™ 7 One of the most
well-known example is related to surface excitation effects. 120 E.g. a charge density oscillation
(c.f. plasmons) can be supported at the dielectric metal interface, leading to a decrease of
diffraction efficiency of the grating.®7 This can be seen as a propagating “waveguide mode” or
“excitation of a surface wave along the grating”, for which resonance conditions must be fulfilled
(e.g. appropriate angle, wavelength or polarization of incident light).m Apart from metallic
gratings, they can also occur in dielectric periodic structures, e.g. such as in waveguide couplers

or photonic crystals. TF¥122HI25

The two types of resonances may occur separated or almost overlapping, depending on
the type of structure. 7 Interaction of these two types of anomalies can be observed as Fano-
like line shapes,?2 including a sharp change in intensity (e.g. see Chapter and . While later
can be well described by the formalism developed by Rayleigh (first type of anomaly)}m the
embracing Fano-like line shape indicates the co-existence of both anomalies. More information

is given in Chapter [3.2.3]

a) b) c)

Figure 2.3 — Scheme of a (a) multilayer structure, (b) photonic crystal and (c) dielectric nanopar-
ticle.

2.1.2 Thin Films and Multilayers

One of the simplest structural color effects is caused by thin film interference. It occurs when
light is reflected by the upper and lower boundary of a thin film. Depending on the thickness
and effective refractive index of the thin film, the reflected light can interfere constructively or
destructively, leading to either high reflection or transmission, respectively. 288 The interference
condition also depends on the refractive indices of the enclosing layers, the incident wavelength
and the angle of incidence.™ A high reflectivity of the layers can form standing waves, so-called
Fabry-Pérot resonances.” Some of the most prominent examples are the iridescent colors of soap-

bubbles or oil films.128 A stack of alternating dielectric thin films with distinct refractive indices,

11



2.2. PLASMONIC COLOR SUBSTRATES

see Figure 2.3h, can narrow the resonance condition. Such multilayers enable high quality filters
or mirrors,12” which are commercially available, or can be used for anti-reflective coatings.128
Since the interference effect depends on the optical path length, the spectral response strongly
changes with the incident angle. Recently, a higher angle-stability was achieved by structures
similar to the Morpho butterfly? or by using highly absorbing dielectric coatings on metal

substrates. 1264129

2.1.3 Photonic Crystals

The concept of photonic crystals can be seen as the generalization of dielectric multilayers, by
basically treating an infinite number of periodically arranged elements.1 3% Here the propagation
of photons through the photonic crystal can be treated similar to the propagation of electrons
in a semiconductor crystal.l® Hence, by solving the Maxwell’s equations the optical modes
can be determined. Consequently, it is possible to obtain a frequency range for which the
propagation of light is forbidden inside the photonic crystal. This frequency range is called
“photonic bandgap” 131132 Photonic crystals can be 1 to 3 dimensional, in increasing order of
the fabrication complexity.33 A representative scheme of a 3D photonic crystal is depicted in
Figure 2.3p. Naturally occurring photonic crystals, such as e.g. opals, have been an inspiration

for research, 130134

2.1.4 Nanowires and Nanoparticles

Appropriate tuning of shape and dimensions of dielectric nanostructures, e.g. nanowires, al-
lows resonant interaction with light. Light is trapped within the “cylindrical cavity-antenna”
leading to radius-dependent mode excitations and subsequent scattering of light at the resonant
wavelengths by the individual nanowires, 232130 see Figure . This can be related to Mie
resonances or whispering-gallery modes. ™37 Resonating dielectric nanoparticles can offer an

interplay between electric and magnetic resonances, increasing the order of tunability.138

2.2 Plasmonic Color Substrates

Here I will give an overview of the most prominent plasmonic color substrates, briefly describing
the main physical effects and optical properties. This includes mainly lithographically patterned
periodic structures; plasmonic nanoparticles will be mentioned in Section The following

discussion will be limited to the visible range. For other spectral ranges, similar concepts could

12



2. STATE-OF-THE-ART OF STRUCTURAL COLORS

be applied, whereas the plasmonic materials or structures need to be changed accordingly. More
details about the occurring resonant effects can be found in the given references, the subsequent

chapters or other review papers on plasmonic color generation. 4ot 39H141

The plasmonic structures can be categorized in different ways; depending on the optical
effect, the underlying resonances or the geometry of the structure. Other important parame-
ters include the possible color range and contrast, the up-scalability (large-scale fabrication),
the spatial resolution (dimensional confinement), the viewing angle stability, the polarization
dependency and mode of operation (transmission/ reflection). In the following I will categorize
the plasmonic colors by the structural geometry, see Figure Often the structure itself de-
fines the present resonances and possible color generation. The structures consist of one (Figure
2.4h-c) or two (d-f) functional metallic layers, which are often used in transmission (a-e) or
reflection (a, d-f) mode, respectively. A higher structural symmetry (in dimensions) decreases
the polarization sensitivity (top to bottom). By trend, the fabrication complexity increases
from 1D periodic structures with one metal layer to 2D periodic structures with two metal
layers (from top left to bottom right). Ultimately, these properties strongly affect the suitable
field of use; geometrically related structures are often used for similar applications. Examples
include anti-counterfeiting (Figure , b, d-f), polarization sensitive display technologies (a,
b, d, and e) or polarization-independent filters for complementary metal-oxide-semiconductor
(CMOS) applications (c). A more detailed overview of such properties is given in Table
Most of the presented structures utilize aluminum or silver due to the abundance and low cost of
these materials, whereas first realizations were made with gold.“8 More details about plasmonic

materials are given in Section

Alternatively, the evolution of plasmonic color substrates can be put into its historical
context. Grating structures (1D periodic) are used since decades for optical effects, forming an
important backbone of the photonic industry.™ 8 Novel fabrication techniques enable manufac-

84142 preventing diffractive

turing of such structures with feature sizes far below the wavelength
effects in the visible. In contrast, metallic layers at this length scale can show localized surface

plasmon resonances (LSPR) leading to color generation. A representative comparison is given

in Figure 2.1]

2.2.1 Subwavelength Gratings

Metallic subwavelength gratings are periodic structures with alternating dielectric and metallic

TEIT2BITA3HIBT

layers, see Figure . Here I only refer to 1D periodic structures, which are in-

13



2.2. PLASMONIC COLOR SUBSTRATES

a) d)

Figure 2.4 — This image depicts schematically the most typical types of periodic plasmonic nanos-
tructures used for color generation. This includes (a) subwavelength gratings, (b) nanoantenna
arrays, (c) aperture arrays, (d) MIM gratings, (e) antenna backreflectors and (f) aperture back-
reflectors. White: metal, dark blue: carrier, e.g. glass, light blue: dielectric substrate, pale blue
(d-f): other dielectric material. The dimensions (width, length) of the features are ~ 50-300 nm,
the thickness of metal can be between ~ 5 nm and several mm’s (reflector).

14



Table 2.1 — Overview of properties of different structural colors, see Figuren
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2.2. PLASMONIC COLOR SUBSTRATES

trinsically polarization-sensitive for direct use as wire grid polarizers.14? 2D periodic structures
are addressed in Section m (antenna backreflectors). Furthermore, metallic subwavelength
gratings are often strongly related to diffractive gratings (see chapter [2.1.1). Depending on

the period, metallic subwavelength gratings are dominated by diffractive (e.g. period of 440

TI8IT52 7HIT48

nm) or combinations thereof.?4120

Arising from the experiments performed by Wood (see Chapter [2.1.1)), considerable work was

or plasmonic effects (e.g. period of 180 nm)

done within this field to use metallic gratings to control the optical properties of reflected or

transmitted light. In particular, such gratings have been designed to study and exploit the Wood

1250143144 8 1251146

anomaly, surface polaritons®Z or to couple electronic to photonic modes, more

information see Chapter An overview of surface plasmons on gratings and diffractive grat-
ings with the corresponding fabrication techniques is given by H. Raether'®® and E. G. Loewen
and E. Popov,™ 18 respectively. Research based mainly on pure dielectric subwavelength gratings
is given in Chapter[2.1.1] Appropriate tuning of the period can lead to angle-independent optical
properties.148 Deposition of a metallic layer on top of the grating under a certain angle leads to

a geometrical asymmetry, rendering distinct optical appearances depending on the direction of

TOIT52

observation. Such easily recognizable features can be highly attractive for optical security

applications.”? One of the main strengths of subwavelength gratings is their ease of fabrication.

Replication of a master structure and subsequent metal evaporation can be sufficient, 150152

This makes them very attractive for a wide range of industrial applications.5!

2.2.2 Nanoantenna Arrays

A nanoantenna array is often a periodic arrangement of metallic patches or disks exhibiting local-

153H158

ized surface plasmon resonances (LSPR), which can be used in transmission or sometimes

59

in reflection, ¥ see Figure . Nanoantennas can be designed to be polarization-sensitive, by

distinct dimension (e.g. length and width), rendering high chromaticity.22#125 In particular

154l Symmetric structures

this is interesting for e.g. polarimeter®? and display applications.
lead to polarization-insensitive filtering.22%129 A random distribution of nanodisks can lead to
angle-insensitive filtering properties,’>¥ which generally is not assured in the other cases. Such
structures are often fabricated with electron-beam lithography (EBL) and subsequent lift-off,

limited to small scale and high cost.

16



2. STATE-OF-THE-ART OF STRUCTURAL COLORS

2.2.3 Aperture Arrays

An aperture array is a metal film pierced with apertures (holes) where light can pass through, see
Figure . The optical effect will be referred to extraordinary optical transmission (EOT).”
In contrast to the previous structures, aperture arrays do not “subtract” light at the reso-
nance, but rather allow light to propagate through the aperture at the resonance. 8l This makes
them highly attractive for CMOS applications, 2030GLERTD gimilar to RGB (red green blue) fil-
ters. Therefore, most of the recent research on aperture arrays is focused on the use of CMOS
compatible materials, such as aluminum, and the optimization of the filters towards camera

163H1650167H1681171

applications. Besides these mostly polarization-insensitive hole arrays, angle-

2 [0]

independent and symmetricl%? or asymmetrict? cross-apertures have been designed. The role
of Wood anomalies has also been studied in cylindric holes in a chromium layer.18? Fabrication

often includes EBL or focused ion beam (FIB), which generally limit the up-scalability.

2.2.4 MIM Gratings

MIM gratings are structures consisting of metal-insulator-metal (MIM) stacks, see Figure .
They support resonant modes at the metallic-insulator interface or between the interfaces,2
which will be referred to MIM resonances. The structural confinement and interaction of such
modes enable well-defined, polarization-dependent resonances. The spectral position of the

resonances can be tuned by various geometrical parameters such as the period,™ duty cycle or

172 172

thickness of insulator,"-* but also the refractive index of the dielectric."-“ The filtering structures
can act as a polarizers, potentially to be used for displays.1% Reflective substrates are often used
for anti-counterfeiting applications.® Depending on the period, MIM gratings are sensitive to

the viewing angle. Up-scalability of the fabrication depends on the complexity of the structures.

2.2.5 Antenna Backreflectors

Antenna backreflector structures are composed of dielectric posts holding a resonant antenna
structure above a backreflector, see Figure 2.4p. The backreflector can either be a continuous
metal film (MIM like structure)t8UHSLISSEEL o 5 Jayer with apertures (located below antenna
structure). 404U Antenna backreflector structures belong to the most prominent types for
color generation. 4% Besides their high spatial resolution, beyond 100’000 dots per inch (dpi),46:182

they can have a wide range of resonances covering the entire visible range. Often these struc-

tures are fabricated with EBL,%Y limiting the up-scalability, but also replication of a master

17



2.2. PLASMONIC COLOR SUBSTRATES

structure™ and laser printing of plasmonic aluminum nanodisks®®2 have been demonstrated.
Besides the more common symmetric and polarization-insensitive nanodisks,%% polarization sen-

2 or nanorodst™U84 have been developed. Controlling the polarization allows

sitive ellipses't
“plasmonic hologram” generation.72184 Dye to the metallic backreflector most substrates are
working in reflection. A wide range of materials including gold, silver and aluminum are used.
The plasmonic material often defines the dimensions and periods required for visible color fil-

tering. In reverse, these parameters define the dependency of the optical effect on the viewing

angle.

2.2.6 Aperture Backreflectors

Instead of placing antennas over a uniform backreflector (as in Figure )7 an aperture structure
can be used instead, see Figure 2.4f. This can lead to nearly “perfect light absorption” enabled
by a high broadband reflectivity with nearly “unity absorption” at the resonance 182186l Gych
structures are supposed to show high spatial resolution and angle-insensitive light absorption.182

This could make them a valuable tool for optical security or data storage applications. To date,

fabrication is done by FIB.

2.2.7 Other Lithographically Defined Structures

Besides the described structures of Figure [2.4] alternative structures exist; Plasmonic colors
can be formed by patterning pure metallic surfaces via EBL or FIB.120U9 They can have
similar color generating properties as the structures mentioned before (Figure —f), but due

194

to the pure metallic structure they are more suited for coloration of coins*#* and other metal

finishes. 195

Because of the generally high broadband reflection of metals, it remains challenging
to fabricate high contrast colors though.'?? “Resistless nanoimprint” in metal could be used for
up-scaling.12% Furthermore, protection of the metal against, e.g. oxidation has to be considered.
Annular apertures made out of gold show tunable transmission depending on the gap width.197
Patterned amorphous silicon on aluminum allows angle-insensitive reflection of light, tunable
via the period and width of the silicon."®® The use of “conjugate twin-phase modulation” and

a plasmonic absorber allows generation of vivid and reversible colors.192

18
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2.2.8 Colloidal Nanocrystals

Colloidal nanocrystals can be described as inorganic, solution-grown, nanometer-sized particles,
which are stabilized by surfactants attached to their surface.?%Y In contrast to most other present
plasmonic structures, colloidal nanocrystals are fabricated by bottom-up approach through wet-
chemical synthesis, enabling high-throughput production of complex, three-dimensional color

generating nanostructures.™ A wide range of gold, silver and aluminum nanoparticles in vari-

2014203 206

ous shapes and more recently core-shell,“%4 branched?% or bimetallic nanostructures
have been investigated. Generally, they enable a very sensitive resonance tunability (via size,
geometry, material or synthesis) over the complete visible range. “Dewetting” of metal films
into nanoparticles at high temperature can sensitively define their shape and resonance condi-
tion.207 Moreover, it was demonstrated that gold-silica nanocups with a geometrical asymmetry
show angle- and spectral-dependent scattering properties.’® Recently, silver nanocubes were de-
veloped, which form perfect absorbers in the visible and near-infrared, when placed on a metal
surface with a dielectric spacer.%Y Although colloidal nanoparticles offer a wide range of possibil-
ities, incorporation in solid-state devices as well as a precise placement at the nanoscale remains
challenging.?%? Recent approaches guide the nanoparticles to certain locations for further self-

2092100 o1 attach them to macrostructures, e.g. DNA strands.?H" 212 The colored glass

assembly
windows of churches are representations of such nanoparticles,2 which also nicely illustrate the

durability of plasmonic color substrates.™

2.3 Design & Fabrication of Plasmonic Structures

This section gives a brief overview of the state-of-the-art of fabrication methods as well as the
fabrication process used at CSEM. It also briefly compares some simulation tools to model

plasmonic substrates and different plasmonic materials.

2.3.1 State-of-the-art Fabrication Methods

In the past years the fabrication of nanostructures has greatly evolved in terms of resolution,
availability and cost.®® The quality of the nanostructures strongly defines the “purity” and
strength of the plasmon resonance, therefore best practice fabrication conditions are essen-
tial.213 There are several review articles about nanofabrication.®#1422214 Here I will focus on
some advancements with respect to large-area and low cost.

Besides serial writing of master structures with electron-beam lithography (EBL) or focused
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ion beam lithography (FIB), laser interference lithography (LIL) has been demonstrated as ver-
satile and adaptive method for parallel fabrication of high quality nanostructures on a large
area. 1032157219 Nanoimprint lithography (NIL) turned out to be a powerful method for high
throughput patterning.?2%22U Furthermore, template stripping of metals can be used to obtain

“ultrasmooth” metal surfaces,22 224

which was recently also integrated into roll-to-roll pro-
cesses.?2% Finally, the roll-to-roll techniques for nanofabrication were improved in replication
area and throughput.226%227 Qther recent developments include transfer printing onto flexible

2301231

polymers, 228229 direct laser writing lithography, colloidal nanolithography,?32 direct im-

TR2P36I237

print of metal structures, 12622331235 1a5er printing of metallic nanostructures or inkjet

printing. 4387241

2.3.2 Fabrication Process at CSEM

To realize applications based on plasmonic substrates, it is essential to rely on fabrication tools
which are large-scale, cost-efficient and viable in an industrial environment. To be cost-efficient,
it should be assured that a high number of replications can be achieved by utilizing the same
complex master structure, e.g. more than 500’000 replications demonstrated by CSE To that
end, simple structures can be combined into a complex one. This procedure clearly differs from
the commonly used EBL technique; a complex combination of structures can be created directly
during a single writing process. But creating a new or a copy of the pattern generally requires

the re-use of EBL.

Figure[2.5]shows a general process flow for the fabrication of plasmonic substrates used in
this thesis, which is in-line with industrial large-scale manufacturing. First, the properties of the
structure and optical effect have to be modeled (see Section . Then, a periodic structure
has to be created by a large-scale process. Therefore, laser interference lithography is an ideal
candidate, more details see Chapter [3] Homogeneous subwavelength structures with a seamless
surface of 1 m? or more can be fabricated (e.g. Temico. Nowadays some photonic companies
offer a selection of cost-efficient pre-patterned e-beam substrates (e.g. Philip. Either way the
periodic photoresist pattern has to be transferred into the underlying substrate. Depending on
the geometry, appropriate tuning of a protective layer (e.g. chromium) or the etching parameters
can be utilized to tune the shape and depth of the transferred pattern. A negative copy of the

structure in nickel can be grown by a galvanic process. A nickel master is flexible, ensuring a

thttp://www.csem. ch, accessed 17.11.2016
lisee http://www.temicon.com/en/, accessed 17.11.2016

iii

see http://www.innovationservices.philips.com, accessed 17.11.2016
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Figure 2.5 — This scheme gives an overview of the required steps for the fabrication of plasmonic
structures, as used throughout the thesis.2#2 Tt consists of the modeling of the structure (top left),
the origination of a master structure with holography (bottom left), the fabrication of a nickel shim
master (optionally with masking) and replication of the nickel shim (middle), an optional high-
throughput replication (for large-scale production) followed by the modification of the structure
with metal and dielectric (right).

simplified and secure demolding process, while being relatively hard and durable. Replication
itself can be done by hot embossing or UV molding, which are both standard in industry. A more
complex master structure can be created by combining distinct periodic master structures with
the use of photomasks (see Figuremiddle). The area of the master structure can be increased
by repetitive replications of a small structure in a step-and-repeat process. A subsequently grown
nickel shim can be wrapped around a roll for roll-to-roll manufacturing. Alternatively, it can
be used as an insert tool for injection molding. Roll-to-roll and injection molding allow the
fabrication of a large quantity at high speed.243 Physical vapour deposition of metal can lead to
individual and well-defined plasmonic nanostructures. Alternatively, sputtering can be utilized
for homogeneous plasmonic films. Stencil lithography or patterned photoresist can be used
to deposit metal only on certain parts of the structure. Such processes can be valuable, but
due to the additional fabrication step, they are more expensive and increase the complexity of
manufacturing. Finally, the plasmonic substrate can be embedded with a polymer or sol-gel to
protect it against abrasion or oxidation and prevent reverse engineering.

The presented process is the basis for the fabrication of the plasmonic substrates (samples
including plasmonic structures) throughout the thesis. Details about the individual fabrication

parameters are given in the corresponding chapters.
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Figure 2.6 — (a) Transmission spectra calculated with SIE and RCWA and compared to the
measurement. (b) Mesh of a single structure consisting out of triangles used for the calculation
with SIE. (c¢) Corresponding periodic structure sliced in layers for RCWA.

2.3.3 Numerical Simulations

Appropriate numerical simulation tools are essential for the research and development in the
field of nanophotonics. They are used to predict optical behavior of certain structures or to eval-
uate optimal geometric parameters for desired optical properties. Most problems in the field of
plasmonic structural colors can be solved numerically by discretizing the Maxwell’s equation.?4%
The solution can give information about the optical far-field and near-field; e.g. the transmis-
sion, reflection, absorption, diffractive orders, phase or near-field enhancement. The differential
method utilizes a differential form of the Maxwell’s equation. The most popular representative of
this method is the finite differences in time domain (FDTD).245246 It discretized the Maxwell’s
equation in time and space using finite differences.244 As a result, the electromagnetic field can
be computed at all time in space. Besides the large variety of problems, which can be solved by
FDTD, it has limitations for solving periodic systems.2#¥ Another popular differential method
is finite elements (FEM).247 Surface integral equation method (SIE) solves the Maxwell’s equa-
tion in integral form via transformation with the Green’s function.248249 Discretization can be
be done on the nanostructure itself, more specifically on the surface boundaries of a piecewise
homogeneous material. 244 SIE is a very versatile method since it can solve the far- and near-field
of individual or periodic structures. Unfortunately, both FDTD and SIE require significant com-
putation time and memory. Rigorous coupled wave analysis (RCWA) is an alternative method,
which is highly efficient to calculate the optical properties of the far-field. The Fourier-space
method obtains the solution by “analyzing the diffraction of an electromagnetic wave” incident
on a periodic structure. %250 The structure itself has to be built up as staircase approximation.

More details about the simulation methods can be found in Gallinet et al.2%%

Figure shows a far-field transmission spectra of the plasmonic structure given in

Chapter [3] see Figure[3.2] The measurement is compared to the simulation performed with SIE
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and RCWA. The corresponding mesh and layered structure, respectively, which were used for the
simulations are given in Figure [2.6p,c. Whereas the simulations show a similar spectral shape
as the measurement, it can be observed that there is a certain mismatch between the simulation
methods. This could be caused by the different solving algorithm of the approximative simulation
tools. Finally, it is important to note that structures are never fabricated as perfect as assumed
in the model (e.g. non-perfect edges, roughness). In the following chapters, I will use RCWA
and SIE to model the optical properties (RCWA: far-field, SIE: near-field, far-field, phase) of

the plasmonic nanostructures.

2.3.4 Plasmonic Materials

Plasmons are described as the collective oscillations of free electron gas. This requires a negative
real dielectric constant of the material. According to the Drude model, this is satisfied if the
plasma frequency of the material is higher than the operation frequency.“*!! This reduces the
suitable materials mostly to metals; typically the noble metals gold, silver and copper but also
aluminum and magnesium can be used. The strength of polarization induced by an external
electric field is described by the real part of the dielectric constant, while the optical losses
present in the material are related to the imaginary part.2%2 Losses are associated with interband
transitions (occurring at high frequencies), lattice vibrations or the scattering of conduction
electrons by defects.221¥253 The scattering induced losses can be reduced by improving the quality
(e.g. smoothness) of the plasmonic structure.t¥ The other losses are intrinsic properties of the
plasmonic material, which can not be avoided.”>¥ To improve the optical properties, currently
there is great interest in alternative plasmonic materials such as metallic alloys (e.g. Au-Cd),
semiconductors (e.g. ITO), transition metal nitrides (e.g. TiN ) and graphene. 22125452550 Ty
contrast, such loss mechanism and the associated heating of the structures could be exploited for
appropriate applications, e.g. heat assisted magnetic recording.2%% Until now, the most utilized
plasmonic materials are gold and silver due to their low losses. Especially its chemical stability
made gold the material of choice for biological applications. Silver as well as aluminum oxidize
rapidly in ambient conditions. While aluminum forms a self-protecting oxide layer,257 silver

255

has to be embedded in a material to avoid further oxidation.*>? From a practical point-of-view,

gold is too expensive for many applications. Aluminum is one of the most abundant materials,

making it suitable for cost-efficient applications.2%® Currently there is great interest in CMOS

259 2604261 263

compatible,“*? refractory, phase change262 or hydride materials.
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3 Color Rendering Plasmonic
Aluminum Substrates with Angular

Symmetry Breaking

L6 5% 6y At ot AuaY v RN NN

I fabricated and characterized large-area plasmonic substrates that feature asymmetric
periodic nanostructures made of aluminum. Strong coupling between localized and propagat-
ing surface plasmon resonances leads to characteristic Fano line shapes with tunable spectral
positions and widths. Distinctive colors spanning the entire visible spectrum are generated by
tuning the system parameters, such as the period and the length of the aluminum structures.
Moreover, the asymmetry of the aluminum structures gives rise to a color rendering effect with
strong symmetry breaking; colors are observed only from one side of the surface normal. Using a
combination of immersed laser interference lithography and nanoimprint lithography, the color
rendering structures can be fabricated on areas many inches in size. I foresee applications in

anticounterfeiting, photovoltaics, sensing, displays, and optical security.
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This chapter is “adapted with permission from L. Duempelmann, D. Casari, A. Luu-Dinh,
B. Gallinet, & L. Novotny; Color Rendering Plasmonic Aluminum Substrates with Angular Sym-
metry Breaking. ACS Nano 9 (12), 12383-12391 (2015). Copyright 2016 American Chemical
Society.”

3.1 Introduction

Research in the field of plasmonic color substrates has often emphasized angle stable color gener-
ation, often differing from diffractive effects;2GIBMITITHITIR6H A pole-dependent and iridescent
color effects are often undesired, thus avoided with appropriate design.!48265 While some ap-

1541266 other's

plications, e.g. display or cameras, require such angle-independent optical effects,
utilize strong color rendering only for predefined observation directions.®1#267268 Here, T demon-
strate a strong symmetry broken color rendering effect, for which a plasmonic sample generates
colors only when viewed from one side of the surface normal. Such kind of optical effects can be
easily checked by a non-trained user without special equipment, therefore is strongly desired in

TOIRTIZ68

optical security applications. Furthermore such structures can be incorporated in bulk

material, preventing easy replication of the structure, 2269

To date, most of the color rendering substrates have been fabricated using gold or silver,
mostly because of their high plasma frequency and low losses, 2076802700 1yt the high cost
of these noble metals hinders the broad integration into practical applications. Aluminum is
a versatile alternative (see Section . Although structural colors based on aluminum have
been shown recently, L2OTHITHITIE0 qomonstrations have been made with expensive techniques

and are limited to small patterned areas.24

Here I develop a color rendering substrate composed of an array of tilted aluminum
nanowires that possess a broken symmetry with respect to the surface normal of the substrate.
Due to the broken symmetry, the substrate exhibits strong color rendering only in one tilt
direction, that is, the substrate looks colorful from one angle of observation whereas it appears
colorless from the opposite angle of observation. This distinctive asymmetry originates from
the angle-dependence of surface plasmon excitation coupled with the tilted geometry of the
nanowires. The interaction of surface plasmons with propagating modes gives rise to distinct
spectral resonances. A wide range of the RGB color spectrum is obtained by fine-tuning the
fabrication steps. The symmetry breaking, color rendering substrates can be fabricated on a

large-scale, with high-throughput and at low cost.
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3.2 Results

Fabrication of aluminum plasmonic nanostructures in an up-scalable and cost-effective manner is
a key element for sophisticated realization of applications based on plasmonics. In the following
a detailed description of the proposed large-scale fabrication method is provided. Further the
concept of structural colors permitting angular symmetry breaking effect based on this kind of
structures is shown. After in-sights of the physical effects, a concrete realization of the optical

effect is provided.

3.2.1 Fabrication Method

The proposed fabrication method is compatible with standard industrial roll-to-roll process<2

and is illustrated in Figure It involves immersed laser interference lithography for the
fabrication of periodic nanoscale pattern (see Section . These patterns are subsequently
used as a template for nanoimprint lithography. Evaporation with aluminum from an oblique
angle generates asymmetric plasmonic structures and subsequent embedding with a polymer
provides protection and enables the use at ambient conditions. Most of the nanofabrication
techniques used in today's research laboratories are either slow or very expensive (e.g. serial
fabrication methods such as ion beam or e-beam lithography“*72 for master fabrication or

immersed lithography for reproduction in chip technology . Moreover these techniques are

273)
often limited to a small area (~ 100 x 100 pm?)#0LE2204 o1 require stitching techniques of the
master structure to obtain large-area coverage. Laser interference lithography, on the other hand,
is a parallel technique that can cover several square cm's.?!% Additionally the depth and duty
cycle of the periodic nanostructures can be tuned during the fabrication process. Unfortunately
the fabrication of nanostructures with periods below ~ 250 nm?™ often requires the use of
ultraviolet (UV) lasers (< 400 nm) and optics, which are more expensive and difficult to handle.
To be in-line with parallel and potentially up-scalable fabrication methods, I use immersed laser
interference lithography“™ (Figure ) in which a prism with high refractive index is placed
onto the photoresist covered by an index matching immersion liquid. This technique not only
reduces the wavelength by the index of refraction nprism, but it also increases the angle of

incidence due to refraction at the prism surfaces (see Figure ) The formula is given by2

A
P 2Nprism Sin{ B — sin =L (sin(B — 8) /nprism)} ) (3.1)

where ¢ is the incident angle in air (to the normal), 3 is the prism angle (at the side close
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to the sample) and nppism the refractive index of the prism. The period of the pattern caused
by the interference of the two beams can be reduced by a factor ~ 2 compared to conventional
laser interference lithography, 182275 ¢ ¢ a period ~ 160 nm can be obtained with a 441.6 nm
laser. In particular negative photoresist was exposed with a 441.6 nm laser at an incident angle
d = 30.1° onto an equilateral prism (8 = 60°, nprism = 1.64). A subsequent development gives
rise to a sinusoidal pattern with period p ~ 197 nm. Transfer of the periodic pattern into glass
is achieved via angle evaporation of chromium (as etching stop layer) onto the photoresist and
subsequent etching into photoresist and borosilicate glass (Figure —d, see also Section.
By tuning the process parameters, the period, depth, shape (rectangular or trapezoidal) and
duty cycle (ratio of width of the ridge to period) of the resulting nanostructures can be tailored.
To further enhance the sustainability of the template a replication in Nickel can be fabricated

through a galvanic process.

a)

beam splitter

mirror

pinhole

/ﬁ immersion

photoresist liquid

Figure 3.1 — Fabrication scheme including: (a) immersed laser interference lithography, (b) an-
gular evaporation of chromium, etching into (c) the photoresist and the underlying glass substrate
to (d) generate the master. (e) Nanoimprint lithography with the master, (f) angular evapora-
tion (at an angle o) of aluminum and (g) subsequent embedding. (h) Measurement conditions
with p-polarized light under the angle 6 (in air) and (i) SEM image of a fabricated sample prior
embedding.

Following the fabrication of a master by immersed laser interference lithography, nanoim-
print lithography 84180221226/ i ysed to replicate the periodic nanostructures into a UV curable
polymer, see Figure [3.Ip. After replication, aluminum is evaporated from a well-defined angle «
onto the replicated nanostructures (Figure ) via an electron beam physical vapor deposition
process. Hereby the outer layer of aluminum forms a self-protective oxide layer of around 2-3

nm.257 Simulations show that this oxide layer has a diminishing effect on the optical properties
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but can lead to a slight red-shift. Figure shows a scanning electron microscope (SEM) image
of a fabricated sample. Finally, the samples are embedded in UV curable polymer (Figure )
to protect the aluminum nanowires against abrasion caused by ambient use. The transmission
spectra of the samples were measured on a rotation stage with a photospectrometer. Figure
shows the transmission of p-polarized light incident at an angle of —60 < 6 < 60° (in air)
with respect to the surface normal. Negative angles are those that are in the same direction as

the metal evaporation.

3.2.2 Geometrical Influence on the Optical Effect

The evaporation of aluminum from an inclined angle leads to deposition at the slope and the
top of the underlying nanostructures, which results in a symmetry broken geometry and gives
rise to an optical anisotropy and asymmetry. This subwavelength lamella-like structure has
the unique property of being indiscernible among certain angles, directions, respectively. This
can not be achieved with in-plane, flat or even bulky structures, showing e.g. directional emis-

2760 coupler®™ or light scattering.?"8 A discussion about different types of structures can

sion,
be found in Section Moreover, its asymmetric tilt geometry shows not only angle- but also
direction-dependent excitation efficiencies. The theoretical effect of structural asymmetry has
been reported in the literature,“”8 whereas mainly variation of the structure and not change of
measurement conditions, such as the incident angle, led to a shift of the resonance. Moreover
fabrication of such structures would be very challenging. The asymmetrical geometry can also
be exploited for enhancing nonlinear effects, such as sum-frequency or second-harmonic gener-
ation.2728U0 To optimize the transmission asymmetry I have performed a detailed study of the
system parameters. The aluminum layer has been varied in the range of 5-30 nm to ensure high
transmission values, while the period has been fixed at 197 nm to minimize diffraction effects in
the visible range. I have also varied the evaporation angle, defining the ratio and area of alu-
minum deposited on the side and the top of the underlying nanostructures. Other parameters

are the depth, duty cycle and slope angle of the nanostructures, which can be defined during

the fabrication process.

3.2.3 Angle-Dependent Transmission indicating Strong-Coupling

Figure shows the transmission spectra of a plasmonic substrate with a certain geometry (will
be discussed later) excited by p-polarized light under different incident angles 6. Experimental

measurements are compared with simulations done with the rigorous coupled-wave analysis
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Figure 3.2 — Transmission spectra for different angles of incidence for p-polarized light. Measure-
ments are shown on the left and simulations on the right. The sketches in the middle illustrate the
configuration in terms of the electric field F, the wavevector k£ and the angle §. The Wood-Rayleigh
anomaly (bold line, position adapted to transmission value) and plasmon resonance (dashed, posi-
tion at minimum) appear at around —10° and shift to the red when increasing the angle to —60°
(in air). Observed colors at the corresponding angles are given at the side of the graphs.

(RCWA), see Section m For negative angles a pronounced spectral feature is observed,
whereas for positive angles the transmission remains relatively flat. The pronounced spectral
features observed at negative angles are the result of two optical effects, the Wood-Rayleigh
anomaly (WR) and a localized surface plasmon resonance (LSPR). The Wood-Rayleigh anomaly
(bold line Figure more details see Chapter is a spectral signature of a propagating
resonance (PR) in a periodic nanostructure and refers to the disappearance of higher-order

propagating modes (see Formula Chapter [2.1.1)). For the +1st order this gives

Ar = p(sin(0) + nsyrr) , (3.2)

where p is the period of the structures, ng,. the refractive index of the homogeneous sur-
rounding medium and 6 the angle of incidence in air. 7219 While the angle-dependent excitation
of a PR gives rise to enhanced transmission, the excitation of a LSPR leads to a transmission
dip. The LSPR depends sensitively on the geometry; the efficiency of excitation is strongly
angle-dependent but not the spectral position. At high negative tilt angles strong coupling

between the PR and the broad resonant LSPR results in a narrow and dispersive feature char-
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acterized by an asymmetric Fano-like line shape. T2H281282 The individual resonances can not be
distinguished anymore. I will refer the resonance induced by the coupled mode as propagating
surface plasmon resonance (PSPR). Further information about the coupling are given in Chap-
ter [3.2.7] The coupled resonant system has similarities to selective suppression of transmission
or perfectly absorbing structures.26#283 Ag an intrinsic property of the plasmon resonance, the
PSPR is excited by p-polarized light arising only for angles 6§ < —30°.
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Figure 3.3 — Angular transmission spectra with p-polarized (a,d), s-polarized (b,c) and unpo-
larized light (e,f) upon the tilt angle 6 (perpendicular) and the tilt angle v (along the periodic
nanostructures) respectively are shown. The spectra are normalized to a glass substrate. The
schemes next to graphs illustrate the plane of incidence, the tilt angle and polarization

3.2.4 Polarization and Rotation Dependent Angular Transmission

For further characterization the influence of the polarization and the tilt angle on the optical
properties are studied. Figure [3:3] shows the angular transmission spectra of the sample from

Figure upon p-polarized (Figures ,d), s-polarized (Figures 7c) and unpolarized light

IThe illustration of the polarization and angle of Figureis similar to the one of Figure@ Here the focus
is more on the tilt angle, therefore Figure@ is divided in the angles 6 and .
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(Figures ,f) among the tilt angle 8 and v of the sample. p-polarized light is within the
plane of incidence, s-polarized light is perpendicular to it. Tilting the sample perpendicular to
the lines of the nanostructures is indicated by the angle 8, whereas the angle v describes a tilt
along the periodic nanostructures. As before described the plasmons are excited for p-polarized
light for a tilted incidence 6 perpendicular to the periodic nanostructures (Figure [3.3h). In
Figure [3.3k, upon s-polarized light the aluminum nanolamellas show transmission spectra with
a maximum following the Wood anomaly, which confirms that no surface plasmons are excited in
the nanolamellas. On the other hand tilting the sample along the nanostructures, angle 7, does
not show strong optical features. p-polarized (Figure ) light shows a broadband response of
the aluminum nanowires with a slight angle-dependency. Similar for s-polarized light where a
high transmission is observed (Figure ) More importantly, for usage in ambient conditions
the proposed optical effect also has to be visible in unpolarized light. Figure [3.3p,f show clearly
that the main optical feature, the distinct signature of the plasmons with its asymmetric angle-
dependent feature, is so dominant in p-polarized light that it clearly appears also for unpolarized
light. This strong angle-induced asymmetry leads to the appearance of a color effect only in one
of the four directions even in unpolarized light. An equivalent angle-dependent behavior for the

excitation of plasmonic structures has been studied in symmetric system. 81284285
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Figure 3.4 — Calculated electric field distributions for an angle of incidence of § = —60° (in air).

(a) Far-field transmission spectrum calculated (line) and measured (dots). (c¢) Near-field evaluated
at the transmission peak (Ac = 483 nm) showing no regions of high intensity. (d) On the other
hand, strongly enhanced fields at the tips (up to 72x) and between the nanowires (up to 4x) are
observed near the plasmon resonance (A¢ = 562 nm). (b) For wavelengths beyond the plasmon
resonance (A, = 675 nm) strongly enhanced fields are only observed at the extremities of the metal
structures.
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3.2.5 Near-field Intensity Distribution

To further investigate the physical nature of the PSPR electromagnetic field simulations using the
surface integral equation method (SIE)?* were performed, see Section m Figure shows
the calculated electric fields for an angle of incidence of § = —60°. The transmission spectrum
shown in Figure[3.4h features a peak of high transmission that is caused by the interference of the
incident light with the zeroth and first order diffracted fields. These fields are of nearly equal
intensity and mainly show near-field enhancement between nanowires, see Figure . The
transmission drops for longer wavelengths and reaches a minimum at Ay = 562 nm. The strong
decrease in transmission is caused by the excitation of LSPRs of individual nanowires, which is
associated with strong near-field enhancement at the tips and between the nanowires (Figure
) leading to an increased in-plane absorption. For even higher wavelengths LSPRs are no
longer efficiently excited and the transmission increases again. The field enhancement decreases

between the nanowires and at the tips from ~4x to ~1.3x and ~72x to ~61x respectively (Figure

13.4p).

3.2.6 Geometrical Influence on the Resonance

The spectral position of the PSPR (at a given angle) is determined by the geometry of the
plasmonic nanostructure (length, tilt and shape) and the duty cycle and period of the underlying
nanostructures. The calculated transmission and absorption spectrum for varying period and
varying length is shown in Figures [3.5h,b and [3.5c,d respectively. In Figure [3.5h,b the length of
the nanowires (126 nm) is fixed, whereas in Figure 7d I keep the period (197 nm) constant
(see also Figure, each at an angle of incidence of § = —60°. Regions of low transmission (blue
areas) are associated with high absorption or in-plane propagation due to LSPR excitation (up
to ~95%), see Figure ,d. Hence, the incident field is not transmitted nor reflected. With this
spectral tunability of the PSPR the complete visible color range can be represented. In particular
change of the period shifts the color effect, whereas modification of the length influences the
spectral shape and contrast of the color. For increasing period diffractive effects attribute to the
total transmission. In that case, an optical color effect could be similar but is no longer a pure
zero order effect. This relates to optical effects achieved with diffractive gratings (see Section
2.1.1). The length of the nanowires can be easily tuned via the evaporation angle of the metal.
The additional evaporation on top of the nanostructures leads to a slight color appearance
mainly at normal incident, but can be controlled with the duty cycle of the nanostructures.

Figure —g show comparisons of theory and experiment for different geometries (length of 74,
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126 and 137 nm, width about 15 nm). The agreement between theory and experiment is very

good.
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Figure 3.5 — Simulated transmission, absorption spectra as a function of (a,b) period and (c,d)
length of the plasmonic structures, respectively. The angle of incidence is § = —60°. The trans-
mission is lowest where the absorption due to excitation of LSPRs is highest. (e-g) Comparison
of theory and experiment for three different structures generated by different evaporation angles
(bold). The sketches represent the geometrical differences.

3.2.7 Strong Coupling of Modes

The transmission properties of the plasmonic filter can be described by the interference of the
two modes, the diffractive mode characterized by the WR and the localized surface plasmon
resonance (LSPR). Such concepts have been shown in similar coupled systems, 1461892821286 288
To interact, the modes have to be spectrally and spatially proximate. Classically, such an
interaction of modes can be illustrated by two coupled oscillators; 286288 A conceptual scheme
is given in Figure [3.6h. Coupling of the modes leads to the formation of a new coupled mode
(bonding and antibonding). 46287289 Rigyre is a conceptual figure showing the spectral
signature of the original modes without interaction. The spectral position of the pure LSPR
(of the periodic array) is mainly governed by the length of the nanostructures (see Figure .
Additionally, an increase of the period would lead to a redshift, because charges of identical signs
are further separated. The illustration in Figure [3.6b should highlight that without interaction
the modes would spectrally cross each other.™6286 Tn contrast, an avoided level crossing of the
WR and the LSPR is observed if they strongly couple. This can be seen in Figure [3.6, where

the coupled mode clearly display these anti-crossing characteristics. Such an anti-crossing can
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be seen as a signature of strong coupling between the WR and the LSPR.19280 OQverall the
position of the PSPR is determined by a maximum in absorption (minimum transmission),*%"

which is an indication of the excitation of plasmons.

The strength of mode coupling, and therefore the transmission properties, can be altered
by changing the spectral separation between the individual modes. Figure [3.6d-f shows the
transmission spectra of the structure upon a tilt angle of —60° for different lengths of the
structure. As illustrated in Figure the LSPR (indicated at the minimum position) shifts
to lower wavelengths for shorter structures. Consequently, the spectral position of the modes
approach each other. Figure —f clearly show that by changing the position of the LSPR (by
length), the type of interaction and anti-crossing properties change. E.g. longer nanostructures
could include more electrons contributing to radiative damping. Similarly, the spectral position
of the WR can be altered. Figure [3.6f-i shows the structures of Figure 3.6[-f at a tilt angle of
0°. In this case, the position of the WR moves towards higher periods (see Section . Due
to the decrease of tilt angle, the excitation efficiency of the LSPR is not as strong as with a tilt
angle of —60°, leading to an overall higher transmission specifically for larger periods. A lower
excitation efficiency and therefore a reduced strength of the LSPR would change the interaction
between the WR and LSPR. In Figure [3.6h-1, in particular at a period of ~ 300 nm, the modes
show a crossing like behavior. This could be an indication that the reduced strength of the
LSPR leads to a decrease of the coupling strength; the modes can spectrally cross. To further
elaborate on the degree of coupling, the parameters of the coupled resonance, such as the losses
or width, have to be evaluated and compared.?87290 However this is beyond the scope of this

thesis. The additional lines in Figure [3.6g-i could be related to higher order LSPR modes.

3.2.8 Large-Scale Realization

Figure —d depicts the measured colors (converted with CIE 1931 xyY color space)“?! of the
samples characterized in Figure —g under different viewing angles 6 and v (see scheme in
Figure ) All samples show a distinct color at negative angles whereas at positive angles
color neutrality is observed. Because of the angle-dependence of the PSPR, an angular color
shift is observed. Colors appear in yellow to red (at evaporation angle 20°, b), red over green
to purple (at 30°, c¢) and blue to green (at 40°, d). At normal incidence, only weak colors
are observed. The color almost does not change for different viewing angles . Figure [3.7
shows photographs of a glass substrate illuminated by unpolarized diffuse daylight. It contains

four patches (2 x 2 c¢m) of the same periodic nanostructures. Evaporation of aluminum onto
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Figure 3.6 — (a) Schematic model of the coupling between the PR and the LSPR, illustrated
by two coupled mechanical oscillators. The coupled mode (PSPR) can emerge as bonding and
antibonding mode. (b) Conceptual figure, in the absence of interaction between the WR and
LSPR. (c) Spectral signatures extracted from the simulations of (d) including the two individual
modes of (b) in gray as guide to the eye. The PSPR highlights the coupled mode. Simulated
spectra of the total transmission (all orders) of the periodic nanostructures with varying period at
tilt angle of —60° (d-f) and 0° (g-i). The lengths of the nanostructure is (d,g) 53nm, (e,h) 126nm
and (f,i) 210nm. Spectral signatures of the WR (for different orders, see Chapter and the
PSPR (indicated at the minimum position) for varying periods.
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Figure 3.7 — (b-d) Measured colors of the samples characterized in Figure —g for different
evaporation angles (bold) and different viewing angles 6 and v at fixed polarization (red) defined
in sketch (a). Colors mainly appear at negative angles 6. (e) Glass substrate with four 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.

different photoresist masks allows patterning the substrate in distinct colors by changing the
evaporation angle and direction. The pattern was chosen such that each patch contains one
animal utilizing structural colors in nature;® a morpho butterfly (evaporation angle 30° top,
40° bottom), a chameleon (40°), a damselfish (20° top, 30° bottom) and a hummingbird (40°).
The background of the animals was evaporated at an angle of 40° from the other direction.
Furthermore the wings and outline of the hummingbird and morpho butterfly respectively were
evaporated (30 nm) onto the glass substrate before replication of the periodic nanostructures;
they appear as shiny, nontransparent areas. At negative angles the animals appear in the colors
yellow, pink and blue/green, depending on the tilt angle. The background appears in blue
and green at steep angles but in the opposite direction. This color switching increases the
appearance of the color and enhances attractiveness of the device. The color inhomogeneity of
the structures fabricated at the same evaporation angle is mostly caused by the angular spread
of the image for the observer. Additionally, the finite distance to the evaporation source leads
to slight variation along the sample. This can be improved with a more distant source, which
would be straightforward in roll-to-roll fabrication. At normal incidence a slight color appears
which is mainly caused by the non-resonant polarization appearing blueish. This on the other
hand can help to increase visibility of the colors at higher angles, since generally in unpolarized

light the contrast of the plasmonic color decreases.

For a more visible representation of the obtained colors, Figure [3.8] shows a CIE color
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plot containing the samples of Figure [3.7p-d. The white triangle displays the standard RGB
color space (sRGB). Simply by changing the evaporation angle a wide range of this color space

can be covered.
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Figure 3.8 — CIE color plot containing the measured samples of Figure -d with evaporation
angles 20°, 30° and 40°. The single data points are represented as dots. Varying colors are obtained
for negative tilt angles, whereas positive tilt angles are located around white (W) for the different
samples. The white triangle indicates the standard RGB color range.

3.3 Discussion

Besides changing the evaporation angle, the colors can be varied by the period, the nanostruc-
tures profile which lead to different geometrical shape of the aluminum nanolamellas (see Figure
or by the orientation of the underlying structures or lamellas. These enable practical large-
scale fabrication of complex angular variable color images. While intense colors are obtained at
negative angles, the colors at normal incidence are faint. They can, however, be enhanced by a
larger duty cycle. A complex master structure containing pixels of such different nanostructures
can enable fabrication of an optically very complex and appealing structure fabricated at only

one fixed evaporation angle.

The asymmetrical color rendering effect fabricated and analyzed in this work has at-
tractive applications in visual authentication allowing securing documents and goods (anticoun-
terfeiting), so called optical security. Besides this specific studied geometry, perfect oblique
metallic nanolamellas as well as nanolamellas with minor geometrical variations can be designed
to generate such highly asymmetric optical behavior. Simulations show a strong dependence
of the resonance condition on the surrounding media. If the resonance is broad enough, this

can be used to tune the color appearance. More information are given in Chapter 4 On the
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other hand relative narrow resonance dips (e.g. FWHM ~40 nm, A\p=746 nm, period 300 nm,
see Figure accompanied by a strong intensity change (~5%-80% with p-polarized light)
could be of great interest for refractive index change-based sensing applications. Finally, the
strong absorption of light in the plane of the nanolamellas (see Figure , can find use in
thin-film photovoltaics. The active material would need to be placed between the nanowires

where absorption is highest.

In contrast to diffractive gratings (such as blazed gratings) where the obtained color is
solely governed by the grating equation, the proposed effect is based on zero order transmission.
Zero order effects do not require a certain viewing angle or change rapidly with the illumination
angle: this enables clear visibility in diffuse daylight or poor light conditions, which is often
not possible with higher order optical effects (see Section . Furthermore, transmission or
reflection efficiencies can be higher, since light does not dissipate into higher diffraction orders.
Specifically in this case the efficiency and the plasmon excitation can be accurately controlled.
This leads to a strong suppression of the optical effect in one tilt direction, which would be
very challenging to achieve with diffractive gratings. Besides aluminum other material such as
silver, gold or copper could be used to generate an equivalent effect at larger wavelengths (such

as near-infrared and beyond).

3.4 Conclusion

In summary, symmetry breaking structural colors based on tilted aluminum plasmonic nanowires
is demonstrated. High transmission ~80% and high absorption ~90% is observed in selected
frequency ranges, leading to strong color rendering even for unpolarized light. Immersed laser
interference lithography allows to fabricate periodic subwavelength features on a large-scale and
enables tunability of the geometrical parameters during the fabrication process. Symmetry
breaking colors are generated by evaporating aluminum from oblique angles onto the fabricated
nanostructures, leading to tilted nanowires. This asymmetric geometry allows plasmon reso-
nances to be excited by light incident from one side only. Strong and narrow absorption bands
are generated by strong coupling between propagating resonances and plasmon resonances, giv-
ing rise to characteristic Fano line shapes. The strength of the coupling depends on the angle
of incidence and the spectral positions of the individual resonances. While the period affects
mainly the propagating resonance, the length of the aluminum nanolamellas defines the plasmon
resonance. The resulting Fano dip can be tuned over the complete visible spectrum, giving rise

to distinctive structural colors that range from red to blue and depend on the observation angle.
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3.5 Experimental Details

Fabrication

Immersed laser interference lithography was done with a HeCd laser (441.6 nm) on a damped
table. A prism (nprism = 1.64 at 435.8 nm, F2 glass) was placed onto the photoresist covered by
an index matching immersion liquid (n;quiq = 1.59 at 435.8 nm, from Cargille, BK7 immersion
liquid). The final device shown in Figure was made by fourfold replication (each square)
of the master structure. Subsequently a protecting photoresist was exposed through distinct
photomasks to evaporate aluminum at different angles (20°, 30° and 40°) and directions for the

different pattern. The photographs were done in unpolarized light in front of a cloudy sky.

Characterization

The angle-dependent measurements were done with a Perkin Elmer spectrometer (Lambda 9).
Zero order transmission was directly measured with and without a Glenn-Thomson polarizer
between the sample and the light source. The sample was fixed onto a manual rotation stage
and measured every 10° for both tilt angle configurations (polar and azimuthal). The size
of the illumination spot was about 3x5 mm, the measured samples were about 2x2 cm. The
measured transmission values were transferred into RGB values (D65 illuminant) with a home-

made MATLAB script (version 2015).

Computations

Far-field computations were done with RCWA from 400-700 nm, in 0.5 nm steps. Zero order
transmission computations were done for varying incidence angles (from -60° to 60°, 10° step)
or varying period (from 100 nm to 300 nm, 0.5 nm step) and length (10 nm to 220 nm, 0.5 nm
step). The near-field simulations were done with SIE.“¥ First a far-field zero order transmission
spectrum was computed (400 nm to 700 nm, 0.5 nm step), then a near-field map of the structure
at the indicated points (see Figure [3.4]) was done (precision of 0.5 nm). The intensity is plotted
logarithmically.
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4 Color Control of Plasmonic

Substrates with Inkjet Printing

Here a versatile method for modifying the optical properties of plasmonic substrates
by inkjet printing of commercially available, transparent inks with various refractive indices
is presented. This large-scale and cost-efficient process is demonstrated on tilted aluminum
nanolamellas, see Chapter They show vivid and bright colors based on a Fano resonance,
which is highly susceptible to the surrounding material. Further, color rendering is strongly

angle-dependent and asymmetric.
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4. COLOR CONTROL OF PLASMONIC SUBSTRATES WITH INKJET PRINTING

This chapter is “adapted with permission from Color Control of Plasmonic Substrates
with Inkjet Printing, L. Duempelmann, J. Miiller, F. Liitolf, B. Gallinet, R. Ferrini, & L.
Novotny; Advanced Optical Materials, in press, Copyright (C) [2017], Wiley-VCH.”

4.1 Introduction

To date, replication of microscopic pattern consisting of nanostructures often require a litho-
graphically defined master structure, which is complex and expensive to fabricate (e.g. e-beam)
and can not be adapted in a simple manner.® On the other hand, conventional inkjet printing
techniques offer customized color generation and therefore are one of the most common processes

292l Typical coloration is based on chemical dyes or pigments, which are

in the graphic industry.
prone to photobleaching and smearing when coming into contact with water or grease.? Novel
techniques allow printing of e.g. quantum dot??3 or nanoparticles.?38 Although such color gen-
erating structures can be printed below the diffraction limit,“2" the used inks can be difficult to

obtain or have limited lifetime. In addition, such techniques are often severely limited in print-

d, 240 38

ing spee require special dispensing techniques3® or accurate control over the thickness of

the dispensed material.**? Finally, the color appearance is either stable (quantum dot)#%? or

iridescent (interference).%3?

Here, an approach for customizing the optical appearance of plasmonic substrates via
inkjet printing is presented. Plasmonic substrates are used as a cost-efficient, adaptable and
versatile basis, while inkjet printing allows the pixelwise control over the resulting colors. A
standard desktop printer without modifications is used to dispense transparent and commercially
available inks with different refractive indices (RI-ink). In particular, plasmonic substrates
consisting out of tilted aluminum nanolamellas are used, see Chapter[3] The optical appearance
is based on a Fano resonance, which is strongly modified by the RI, enabling printed pixels with
an ink-dependent color effect. Further, the structures show an angle-dependent and asymmetric

color appearance, which can be varied by the viewing angle.

4.2 Results and Discussion

4.2.1 General Principle

Figure shows the process scheme for inkjet printing on plasmonic substrates. The plasmonic

substrate is fabricated by replication of a periodic pattern into UV-curable sol-gel, as described
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4.2. RESULTS AND DISCUSSION

Figure 4.1 — Fabrication scheme including: (a) inkjet printing of transparent RI-inks onto the
plasmonic substrate. (b) Scheme of the pixelized color generation under tilted illumination.

in Chapter [3] Subsequently aluminum is evaporated at an oblique angle. In contrast, the
replication is done on a PET foil to ensure flexibility of the substrate. Finally, inkjet printing
of transparent RI-inks onto the uniform plasmonic foil locally alters the plasmon resonance,
which gives each pixel a distinct optical appearance, see Figure Due to the geometrical
asymmetry, the optical appearance is pronounced at a tilt angle. Optionally, to circumvent
abrasion, an additional low RI material with high viscosity can be applied for protection via
spin coating. This only slightly affects the optical properties of the already dispensed inks, as
further depicted in Figure [£.3]

4.2.2 Geometrical Influence onto the Resonance

The aluminum nanolamellas reveal a characteristic Fano-like line shape that originates from
strong coupling between a localized surface plasmon resonance (LSPR) and a propagating res-
onance (PR), see Chapter Figure shows the transmission of the structure at an incidence
angle § = —60°. While the LSPR is a feature of the geometry of the individual plasmonic
resonators (e.g. tunable via evaporation angle, see Chapter, the PR is influenced by their pe-
riodic arrangement. Both resonances are susceptible to the RI of the surrounding,™® see Figure
While the RI of the surrounding coating (n0q:) can be varied by inkjet printing (RI-ink),
the RI of the supporting substrate (ns,;) remains constant (see schemes Figure[1.2)). A spectral
signature of the PR is the Wood-Rayleigh anomaly (WR),™ see Chapter[3] The position can be
calculated by Ar = p(sin(#) + n),2%¥ with the period p and the refractive index n of the media.
The presence of two dielectric materials, leads to a WR,q: of the coating and a WRy,; of the

substrate (solid and dashed black line in Figure [4.2).

The spectral position of the LSPR depends on the ratio of n.pat t0 ngyp (filling ratio) in
the plane of the plasmonic structures (see schemes, Figure ) While the spectral position

of the LSPR, changes nearly 290 nm per refractive index unit (RIU) for structures surrounded
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Figure 4.2 — Simulated transmission spectra as a function of nceq: at 6=-60°. (a-c) varying
percentage of ncoqt compared to the layer with (a) ~ 91 %, (b) ~ 64 % and (c) 0 %. The
corresponding position of the LSPRs are compared in (d). (e) shows the spectra of (a-c) at
Neoat = 1.0. (g-1) varying period of the structure with (g) p=150 nm, (h) p=200 nm and (i)
p=250 nm. (f) shows the spectra of (g-i) at ncoar = 1.5.
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by mainly nceq: (blue, Figure [4.2), it shifts only ~ 70 nm/RIU for structures surrounded by
mainly ngyp (green, Figure ) Ultimately there is a trade-off between color shifting capability
(see Figure ) and ease of fabrication. A geometry with a relatively high susceptibility of
~ 160 nm/RIU (red, Figure ) was used, which remains reasonably easy to fabricate (same
structure as in Chapter [3). The strong dependence of the LSPR on ng.q: can be explained
with a high near-field enhancement between the nanolamellas (see Chapter [3), enhancing the
interaction with the enclosed material. This is likely linked to the in-plane propagation of the
PR (see Figure [3.4).

In conclusion, both spectral features respond to the RI of the surrounding. While the
position of the LSPR can be modified by the filling factor (Figure[£.2), the position of the WR
is altered by the period (Figure —i, cf. Figure and the incident angle 6 (Figure .
Close proximity of the two resonances can lead to a Fano-like line shape by strong coupling (see
Figure ,f). A spectral shift (e.g. induced by different RI) of such a pronounced resonance
leads to a great color change and therefore distinct perception, in contrast to broad resonances.

For the proposed tilted structures such strong coupling in particular is the case at an incidence

angle of § = —60°, see Figures [£.2] and

4.2.3 Angle- and Refractive Index-Dependent Transmission

Figure [4.3] shows the angle-dependent transmission plots for the plasmonic substrates bearing
different ncoqt. With steeper angle (towards 0°), the WR’s (W Reoqt: gray cross, W Rg,p: dashed
line) shift to the blue (see equation before). Additionally, the strength of the LSPR (orange plus)
decreases with increasing angles due to the tilt of the plasmonic structure. These effects lead to a
flattening of the Fano-like line shape, hence, to an asymmetric color generation (see color bars),
also reported in Chapter [3| Finally, as discussed for Figure the RI of the coating strongly
changes the position and shape of the coupled resonances, leading to distinct color generation
(color bars) at negative angles. The agreement between measurements and simulation is very

good.

4.2.4 Color Generation and Mixing Capabilities

The RI- and angle-dependence is further depicted in Figure f.4h,b. The transmitted color is
computed (N¢oq:=1.0-2.0, white lines) and measured (different RI-inks, black cross) for § = —60°
and +40°. At positive angles, almost perfect color neutrality (w) is observed, whereas at negative

angles distinct vivid colors are visible. The circular arrangement indicates the wide range of

44



4. COLOR CONTROL OF PLASMONIC SUBSTRATES WITH INKJET PRINTING

Moot

1.851.85* 1.5 1.5* 1.33 1.0 Measurements SR ] Simulations

E : R .
100% . A 100% = =

0% —r—r—

SZEE ; 0%

|I|| B

stacked transmission
stacked transmission

400 500 600 700 400 500 600 700
Wavelength [nm] — n,,=1.85 — n,=1.5 Wavelength [nm]
--- ng=1.85* --- n.,=1.5"| *embedded with n_,=1.33
— Ng,=1.33 — n,=1.0

Figure 4.3 — Transmission spectra of TM-polarized light for different angles # and RI-inks (colored
lines). The * indicates the already printed RI-inks which were finally embedded with a RI-ink of
Necoat=1.33. Measurements are shown on the left and simulations on the right. Observed colors at
the corresponding angles are given on the side of the graphs. The sketches in the middle illustrate
the configuration in terms of the electric field E, the wavevector k and the angle §. The scheme
in the middle illustrates the geometry of the structure, with p=200 nm, d=120 nm, w=35.5 nm,
B3=18° and thickness of Al=13 nm.

colors available with the presented method, even exceeding the CMYK color range. Besides
the measured four colors (crosses), more colors can be obtained by printing adjacent pixels
with distinct RI-inks. This color mixing is similar to pigment mixing with a commercial inkjet
printer. Figure [{:4k-f illustrates the mixing capabilities of colors with different RI-inks. Figure
shows the simulated color generation of increasing the ratio of neoqt = 1.00 to Neoar = 1.85.
This can be realized by printing n..at = 1.85 several times, measurements see Figure [L.4(.
Such mixing can be done with basically any kind of Rl-inks present on the white line. Figure
,f illustrates the potential mixing of the 4 demonstrated basic colors (crosses) including color
bars. Alternatively, it is possible to generate the colors along the circle, by using inks with the
appropriate RI or actual mixing of Rl-inks. The latter would strongly enhance the range of

possible colors, which can be printed with only two inks of very low and very high RI.

4.2.5 Large-Scale Realization

The used plasmonic structures are ideal candidates for the asymmetric and RI-dependent color

generation due to the tilt of the nanolamellas arranged on a small structural support. Nev-
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Figure 4.4 — (a,b) CIE color plots for § = —60°,440° with ncoat = 1.0 — 2.0 (white line, color
bar below). The measured samples (black cross, arrow) and the CMYK, sRGB color ranges are
indicated. (c) Simulated mixing of Ncoat = 1.0 and nNeoar = 1.85 at § = —60°. (d) experimental
realization of (¢) by multiple printing of ncoat = 1.85 (indicated as crosses). (e) Simulated mixing
of Rl-inks with (f) corresponding color bars. The sRGB color range is indicated by the dashed
triangle.

ertheless, the proposed method could be applied for a large variety of plasmonic structures.
To demonstrate this, non-ideal, but relatively cost-efficient and readily available nanostructures
were used and replicated, see Figure [L.5{d. After angular evaporation of aluminum, an image
with different RI-inks was inkjet printed. Clearly, the image and its different colors are only visi-
ble upon one tilt direction (Figure[4.5h,b), highlighting the optical symmetry breaking effect, see
Chapter 3] Such hidden features are highly attractive for optical security applications. Further,
a bending of the foil leads to color generation only in parts of the sample (Figure ) The
optical appearance is only governed by light directly transmitting through the sample, so-called
zero order. This enables use in diffuse light (e.g. cloudy sky). In contrast, diffractive structures
would lead to an overlay of light from different parts of the sample, creating a faint or unclear
image, see Chapter[2.1.1] Furthermore, the colors could rapidly change with viewing angle. This

makes a clear recognition of the optical image more difficult. In contrast, Figure [£.5t shows that

46



4. COLOR CONTROL OF PLASMONIC SUBSTRATES WITH INKJET PRINTING

Figure 4.5 — (a-c) Images of a fabricated sample (5x6 cm) at different viewing angles with color
generation only upon certain tilt angles. Photographs were taken in front of a cloudy sky and with
unpolarized light. (d) SEM of replicated nanostructure (bottom left) and light microscope image
of a inkjet printed sample. The numbers indicate the RI of the ink.

bending of the sample shows a relatively constant color (for the same tilt direction, e.g. bottom
or top part). Finally, it is important to note that the plasmon resonance is only excited with
TM-polarized light; With TE-polarized light almost no optical features are observed, see Figure
Since the plasmon resonance is so pronounced, color generation is clearly visible even in
unpolarized light. Besides, the thin layer of aluminum shows high transmission values allowing

bright and vivid colors.

4.3 Conclusion

A wide range of vivid and bright colors achieved with inkjet printed plasmonic structures is
demonstrated. While uniform aluminum plasmonic substrates can be fabricated in a cost-
efficient roll-to-roll compatible process, inkjet printing enables their customized modification.

In contrast, in Chapter [3] distinct color generation is achieved by different evaporation angles,
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leading to distinct geometries of the plasmonic structures. Such additionally required fabrica-
tions steps are not desired in large-scale manufacturing. Compared to conventional dyes or other
inkjet printing techniques e.g. quantum dots, plasmonic colors can show variable and novel opti-

cal appearances. Such customized and variable optical effects are highly desired in applications,

811268 72

such as optical security or decorative elements, but also for e.g. camera applications.

Besides transmission, such printable color generation is also observed in reflection. Finally, the

flexibility of the plasmonic foil offers exciting opportunities for novel applications.’42

A greater palette of colors can be achieved by printing adjacent colored pixels, in-situ
mixing of different refractive index inks or by extending the range of available inks and plasmonic
substrates. Simulations showed that the utilized resonances and corresponding printed inks could
be adapted to be active in other spectral regimes, e.g. near-infrared (see Figure . Further,
alternative plasmonic structures (e.g. nanodisksY%) with distinct optical effects,™ could be
customized with the proposed method. Using inkjet printers with a smaller dispensing volume,
e.g. NanoDrip,“%3 could strongly increase the spatial resolution of the plasmonic color printing.
Finally, the fabricated structures are non-organic and can be well protected, therefore are not

subject to abrasion, oxidation, smearing or UV degradation, such as conventional colors.18%

4.4 Experimental

Fabrication

More details about fabrication of the plasmonic substrates are given in Chapter (3] Aluminum (8
nm) was evaporated with an electron beam evaporator. A commercially available inkjet printer
(Epson, WF-2010) was used to dispense commercial inks with n=1.85 and n=1.5. Further an
ink with n=1.33 was spin coated. The final device shown in Figure [4.5| was made by replication
of a readily available nanostructures (5x6 cm, period: 180 nm, duty cycle: 0.5, rectangular
profile) and printing a sunset image (Andrew Mandemaker/CC BY-SA 2.5) with a resolution of
600 dpi. The photos were taken in unpolarized light in front of a cloudy sky.

Characterization
The transmission measurements were done with a spectrometer (Perkin Elmer, Lambda 9) and
a Glenn-Thomson polarizer. The illumination spot was about 3x5 mm. A home-made Matlab

script (version 2015) was used to transfer the measured transmission values into RGB values.
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Computations

Computations were done with rigorous coupled-wave analysis (RCWA),%2? | see Section m
in the range of 400-700 nm, in 2 nm steps. The angle of the zero order transmission was varied
from from —60° to 60° with 20° steps and varying refractive index of n=1.00 to 2.00, in 0.05
steps. For simplification, a refractive index constant over all wavelengths (n(A) = n) is assumed.
A CIE color plot (CIE 1931 color space)*! including the range of SRGB (standard: IEC 61966-
2-1:1999) and CMYK (profile: U.S. Web Coated SWOP v2) was used to plot the simulated color

values.
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5 Fourfold Color Filter Based on

Plasmonic Phase Retarder

45° 45°

I present a plasmonic color filter based on periodic subwavelength silver nanowires, ca-
pable of changing the output color by simple rotation of a polarizer. The effect is enabled by
a wavelength-dependent phase shift near the plasmon resonance, giving rise to a wavelength-
dependent rotation of the incident polarization. Subsequent rotation of an analyzing polarizer
leads to an output of four distinct colors (e.g. yellow, blue, purple and red) and combinations
thereof. The plasmon resonance itself can be tuned throughout the visible spectral region by

proper choice of fabrication parameters.
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5. FOURFOLD COLOR FILTER BASED ON PLASMONIC PHASE RETARDER

This chapter is “adapted with permission from L. Duempelmann, A. Luu-Dinh, B.
Gallinet, & L. Novotny; Four-Fold Color Filter Based on Plasmonic Phase Retarder. ACS
Photonics 3 (2), 190-196 (2016). Copyright 2016 American Chemical Society.”

5.1 Introduction

The wide tunability of plasmonic filter substrates over the whole visible range makes them well

TOITATITESRGIRT0RI629T where in particular

suited for display technologies or imaging applications,
the control of polarization is essential. Devices controlling the polarization state, e.g. wave
retarders, are realized by using birefringent materials (e.g. mica),?*® liquid crystals or, more
recently, diffraction gratings.“””) Phase retardation is caused by different propagation speeds
along the crystal axes and requires a certain thickness of the crystal. In contrast, wave retarders
based on thin plasmonic or metasurface substrates can induce a phase shift at the resonance
of the structure or the surface itself leading to a control of the output polarization.02/63300-302
This principle has recently also been utilized for metasurface holograms.%318% The origin of
this polarization control is that the excitation of localized surface plasmon resonances (LSPR)
depends intrinsically on the polarization of the incident light.“® This polarization sensitivity
was exploited for stereo view in reflection™ and spectrally tunable transmission filters.123
Switching between states is enabled by changing the polarization of the incident light with a

passive polarizer or an integrated tunable layer (such as an electrically tunable liquid crystal).=0%

Novel display technologies and CMOS sensors show a great need for compact optical

LATLL38047308 o polarization®U” and being

filters capable of actively changing the output color
able to act as photodetectors.??d Existing filters are often bulky, limited in the acting region,
or costly and not integratable in high-throughput fabrication processes. Transmissive filters
based on plasmonics are interesting candidates due to their compactness and color tunabil-

[AOITOUATII TSI T4264 oven on flexible substrates. 1™ Until now they were often limited to a

ity.
specific range of colors and suffer from fabrication complexity (e.g. utilize focused ion beam
(FIB)THE) - see Section On the other hand, plasmonic phase retarders show great po-
tential in shaping the incident polarization,""8 but are often designed to be independent of

wavelength (achromatic) or active only in the infrared or microwave range.2%:299

Here I introduce a plasmonic phase retarder (PPR) that performs fourfold color filtering
in the visible spectral range. The substrate altering the polarization of the incident light con-
sists of a periodic array of silver nanowires. This structure supports localized surface plasmon

resonances (LSPR) capable of inducing a strong phase shift for one polarization setting. As
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a result, the rotation of an analyzing colorless polarizer gives rise to four distinct colors and
their combinations. The geometry is optimized to make the optical effect independent of the
tilt angle, 148265 enabling use in ambient light conditions. The structures have been fabricated

with an up-scalable and cost-effective process and are designed to be resistant to wear.

5.2 Results

5.2.1 Fabrication

hlckness

==
\au

depth

penod

Figure 5.1 — Fabrication of plasmonic silver nanowires. The process includes (a) replication of a
master structure in sol-gel, (b) demolding of replicated structure, (c) evaporation of silver, and (d)
final embedding. (c) illustrates the parameters of the structure such as period, depth and thickness
of metal.

Subwavelength silver nanowires are fabricated by nanoimprint lithography and standard
metal evaporation, see Figure —C. The parameters of the nanostructures (period: 160 nm,
depth: 70 nm), such as the period and depth, were optimized to decrease the angle- and
orientation-dependence of the generated color and to tune the localized surface plasmon reso-
nance (LSPR) into the visible. The thickness of the silver nanowires also influences the position
of the LSPR and was chosen to be in the range of 10-30 nm. With lower thickness the resonance
disappears and with higher thickness the transmission decreases. After evaporation of silver the

sample is embedded in UV-curable polymer providing protection for ambient use, see Figure

B.Id.

IThe illustration of the polarization and angle of Figureis similar to the one of Figurea Here the focus
is more on rotation of the sample in comparison to the observer.
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Figure 5.2 — (a) Scheme of the measurement setup with the incident tilt angle 6, the plane of
incidence, the polarization s-pol and p-pol and a sample rotation angle of ® = 0°. (b) Simulated
transmission map of the sample upon different angles with the corresponding color. The angle-
dependency is weak, especially for the appearing color. (c,d) correspondingly with ® = 90°

5.2.2 Angle-stable Transmission

Figure [5.2h shows a scheme of different possible incident angles onto the sample. The tilt angle
is indicated by 6, whereas ® defines the rotation angle of the sample compared to the normal.
Likewise an observer could view the sample from a different viewing direction (corresponding
to a different ®). To have the highest angle- and direction independent color generation, the
transmission should be stable along the tilt angles for both orientations of the structure. In the
following (Figures I will refer to a structure with a period of 160 nm, a depth of 70 nm
and a thickness of silver of 30 nm. Figure shows the simulated transmission plot of this
structure upon different tilt and rotation angles. The observed colors are indicated on the right
side. Polarized light with the electric field within the plane of incidence is called p-polarized
light (p-pol), while the perpendicular case is called s-pol (s-polarized). In other literature, p-pol
and s-pol are referred to transverse-magnetic (TM) and transverse-electric (TE), respectively.
For varying tilt angle the spectra remain relatively constant; accordingly the observed colors
only show minor variance. Applying a polarizer onto the sample simultaneously creates p-pol
and s-pol when considering the plane of incidence at rotation angles ® = 0° and ® = 90° (or

vice versa). In other words, at normal incidence (§ = 0) p-pol at ® = 0° and s-pol at & = 90°
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can be considered as identical. This is not the case at a tilt angle (6 # 0), when the sample
is viewed perpendicular (® = 0°) or parallel (& = 90°) to the periodic nanostructures. The
geometrical parameters of the sample are chosen to show a high angle-independence for both
orientations of the sample. Consequently the same (or similar) color can be observed when
viewing the sample from different tilt angles and directions (corresponds to sample rotation).
Therefore it is sufficient to describe the transmission property only with the rotation angle of

the polarizer (¢). For the following the sample will be described at a rotation angle of ® = 0°.

5.2.3 General Principle

Figure illustrates the working principle of the plasmonic phase retarder (PPR) consisting of
periodically aligned subwavelength silver nanowires. Linearly polarized visible light is incident
on the PPR perpendicular (p-pol) or parallel (s-pol) to the nanowires. The corresponding
measured transmission spectra are shown in Figure[5.3p. A localized surface plasmon resonance
(LSPR) is excited in p-pol leading to a resonant dip (at Agr) in the spectra. The spectrum of
s-pol light is broadband with no sharp resonances. The spectrum of mixed-pol (superposition of
p-pol and s-pol) is relatively flat and corresponds to the average of the p-pol and s-pol spectra.

This is similar to a spectrum obtained by unpolarized light, but with slightly lower intensity.

To generate distinct colors I set the input polarizer to @1 = 45° (diagonally polarized)
and add an additional polarizer with settings o = 0°,45°,90°, and 135° to the output of the
PPR. The resulting four transmission spectra are shown in Figure [5.3d. For ¢s = 0° and
2 = 90° I obtain spectra similar to s-pol and p-pol in Figure [5.3p, respectively, but with an
intensity decreased by 1/v/2. In contrary, the spectra for ¢y = 45° and @o = 135° clearly
differ from the transmission spectrum of the PPR with mixed input state (Figure ), which
is an indication of birefringence (like liquid crystals). This wavelength-dependent birefringence
leads to a rotation of the incident polarization, such that the transmission through the analyzing
polarizer is enhanced or weakened as a function of the wavelength, depending on the polarization
angle. Since a strong spectral change is observed near the plasmon resonance Ag, I conclude
that the plasmonic resonance (excited by p-pol) is the main reason for the wavelength-dependent
rotation of the phase. As illustrated in Figure [5.3F, a phase shift of p-pol causes the in-phase
peak intensity (Iqz) to change direction (see * below and { above the resonance, respectively),
giving rise to four distinct spectra (see Figure ) and combinations thereof. The rapid phase
change near the plasmon resonance can be described by a harmonic oscillator model: the sharper

the resonance is, the faster the phase changes and the more rapid is the transition between the
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Figure 5.3 — Basic principle of the plasmonic phase retarder (PPR) and its application as color
filter. (a) Sketch of the PPR prior embedding, displaying the orientation of s-, p- and mixed-
polarized light. (b) Measured transmission spectra for s-pol, p-pol and mixed-pol. (c) Color filter
based on the PPR with diagonally-polarized incident light (o1 = 45°) and a variable analyzing
polarizer. For p-pol input, the phase shift near the plasmon resonance Ar (see sketch) leads to an
angular change of the peak intensity (Imasz). Distinct colors are generated after passing through
the analyzing polarizer (d). The spectra and states are shown in terms of the measured RGB
colors.

diagonal states (w2 = 45° and 135°). Consequently, the contrast of these states is considerably
stronger than the contrast of the pure s-pol and p-pol states. The color values used in Figure
,d have been extracted from measurements. I multiplied the lightness values (L) by 1.5
(in HSL color space) to increase visibility. This can be seen as an increase of the illumination

source, leading to greater lightness of the colors.

5.2.4 Plasmonic Phase Shift

Figure shows measured transmission spectra for different settings of the input polarization
(1 =0°, 45°, 90°, and 135°) and as a function of the output polarization angle (0° < ¢ <
360°, in steps of 1°). For ¢; = 0° and 90° the maxima of the s-pol state (at g2 = 0°) and
p-pol state (at @, = 90°) are clearly visible (Figure [5.3p). For both the s-pol and the p-pol

states, the transmission is blocked if the analyzing polarizer is at a right angle to the incident
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Figure 5.4 — Transmission spectra as a function of polarization angles. (left) Measurement schemes
for different angles of the incident polarizer (1) and the analyzing polarizer (y2), each output arrow
is colored in the observed color (as in Figure [5.3{). (right) Corresponding transmission plots for
rotation of the analyzing polarizer (0° < ¢2 < 360°,1° steps).

polarization. Accordingly, if ¢1 = 9, the transmission is at a maximum, and if @1 = @2 + 90°,
the transmission is zero (see Figure ,f). This trivial configuration can be described with
two polarizers and a color filter in between. The situation is more intricate for diagonal input
polarization (p; = 45° and 135°). Here, s-pol and p-pol acquire a different phase shift that
depends on the wavelength. The polarization state after the PPR is therefore elliptical and
the orientation of the ellipse is a function of wavelength. Very different colors are therefore
obtained for different settings of the analyzing polarizer (p2). Figure 7h show that the
transmission spectra sensitively depend on the setting of 5. The total intensities are conserved
but the maxima shift as ¢9 is varied. This is a clear indication of a phase shift. Similar results
were observed for other plasmonic resonant systems.200 The phase shift is responsible for the

observation of four distinct output colors in the diagonal case (p1 = 45° and 135°); only one

color is observed for each s-pol and p-pol (p; = 0° and 90°).

The transmission spectra shown in Figure [5.4] can be described with the knowledge of
the polarization states and the phase information, which can be formulated in terms of Jones

Matrices. 3% The field transmitted through input polarizer, PPR, and analyzing polarizer is
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B( ) cos? o Sin (g coS Yo E s 0 cos (1
¥1,¥P2) = .
sin (g COS P2 sin? @9 0 Epetvr sin 1 (5.1)
analyzing polarizer PPR input pol.

E, and E), are the field amplitudes of the s-pol and p-pol states, respectively, and 1 and
1, are the corresponding phases. The square modulus |E |2 is proportional to the transmitted

intensity and becomes

|E(¢1, @2)\2 = {(Es cos p1 cos @2 cos s + E,, sin o1 sin g cos 1/’1»)2 (5.2)

+(E;5 cos 1 cos g sin s + Ep, sin @1 sin ¢ sin wp)z}

This formula describes all the measured states in Figure and requires only the intensity
of the incident polarized light and the corresponding phase shift caused by the PPR. For ¢; = 0°
or 90°, the two orthogonal states s-pol and p-pol are obtained; whereas for ¢; = 45° or 135°,

there are four different states due to the phases 15 and v,,.

5.2.5 Computation of the Phase

To understand the origin of the phase variations I performed electromagnetic field calculations
using the surface integral equation method (SIE),24Y see Section m Figure displays
the simulated transmission spectra for s-pol and p-pol input states. The calculated spectra
reproduce the measurements (Figure ), although the overall intensity is a factor of 3 lower
in the measurements. The optical properties of silver can strongly suffer from gas or water
residues during the evaporation process.“s Further, silver “is susceptible to dewetting and grain-
boundary pinning” .2 Smooth surfaces can be achieved using high evaporation rates and high
vacuum conditions. However, the used vacuum is limited to 5- 10~ mbar, and the evaporation
rates cannot be increased without sacrificing process control. Nevertheless, both parameters
can be optimized in the future. For example, I observed a transmission increase of ~15% when
increasing the evaporation rates from 3 to 30 A /s. This increase caused only a small shift of the
spectra and consequently the same color was observed. Therefore, the fabrication conditions
are not critical for achieving the color effects described here; they mainly affect the overall
transmission. It should be noted that absorption of the UV-curable polymer in the blue leads

to a decrease of the transmission for wavelengths shorter than ~430 nm, see Figure [5.3p,d.
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Figure 5.5 — Theoretical analysis of the plasmonic color filter. (a) Calculated transmission spectra
for s-pol and p-pol. (b) Corresponding phase difference between s-pol and p-pol. The insets indicate
the angle-dependent intensity distribution of the output (as a function of 2, c¢f. Figure ,d).
The SEM image shows the fabricated structure prior embedding.

With the help of SIE one can determine the optical parameters, that is, the amplitudes
Es, I, and the phases 1, and 5. These parameters can also be determined by fitting Equation
to the measured transmission spectra (Figure . As shown in Figure , the calculated
phase difference ¢g4irf = ¥, — s shows a pronounced increase (~ 180°) near the plasmon
resonance. The insets in Figure show the transmitted intensity as a function of the output
angle o for wavelengths below (*), at (Ag), above (1), and far above (#) the plasmon resonance.
The blue curves are calculations and the black curves are measurements (intensity multiplied
by 3). A slight deviation between theory and measurement is observed just above the resonance
(1), which is caused by a slightly broader LSPR resonance in the simulations. The angles in the

insets indicate the angles for which the measured transmitted intensity is highest.

5.2.6 Near-field Intensity and Charge Distribution

To further investigate the provenance of the phase shift, I calculated the electromagnetic near-
field and electric charge distribution for different wavelengths (Figure. Below the resonance
(*) the electric field is localized near the upper layer of nanowires, as well as between the
nanowires; it appears as if the light “funnels” through the nanowires (Figure ) In this

regime the wavelength is too short to resonantly excite plasmons on the nanowires. At the
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Figure 5.6 — (a-c) show the near-field and charge density respectively of the nanowires at the
points indicated in Figure [5.5h,b. The black arrows indicate the direction of the electron flow at a
given time. The black dashed lines outline the geometry of the simulated structure.

LSPR wavelength (Ag) most light is reflected by the upper layer of nanowires (Figure[5.6p). At
even longer wavelengths (1), the resonance condition is no longer fulfilled and the transmission
increases (Figure ) The computations show that the LSPR moves the region of highest field
enhancement from inside the nanowires to in-between the nanowires. Correspondingly, the dis-
tribution of charge shows a sign change (see Figure [5.6(d-f). Below the resonance a high charge
density is present within the upper layer of nanowires, with the black arrows indicating the di-
rection at a given time. At resonance a high charge density is present mainly in the upper layer,
consistent with the near-field enhancement. Beyond the resonance the charge density of the
upper and lower layer of nanowires are opposing each other. Overall the calculated electromag-
netic near-field and the electric charge distribution both show a clear change around the plasmon

resonance. Similar effects near LSPR’s have been reported in the literature before. 278501

5.2.7 Geometrical Influence on the Resonance

In a next step, I studied the influence of geometric parameters, such as the etching depth (vertical
separation between nanowire layers) and the thickness of the nanowires. Figure ,b show the
corresponding simulated transmission plots for p-polarized light. These simulations were carried
out using rigorous coupled-wave analysis (RCWA), see Sectionm The lines in Figure
show the location of two modes, one being the LSPR (dashed) and a second (dot-dashed) that

depends on the in-plane interaction between the nanowires. This second mode shifts to higher
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energy for decreasing depth, which is an indication for a quadruple mode. For depths larger
than 90 nm, the two layers of nanowires are sufficiently separated, and their interaction can be
neglected. Experimentally I have verified this effect with nanostructures having a depth of 70
and 90 nm. Combining the effects of different silver nanowire thicknesses (see Figure ) with
different nanostructures depths yields a wide range of distinct colors, spanning the complete

visible range excited by s-pol and p-pol light (see Figure )
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Figure 5.7 — Calculated transmission spectra for p-polarized light and for (a) different periodic
nanostructures depths (using 30 nm silver) and (b) different silver thicknesses (using a depth of 70
nm). The LSPR (dashed) mainly depends on the thickness of the silver, whereas a second mode
(dot-dashed) is mainly influenced by the nanostructure depth. (c) Simulated color map of s-pol
and p-pol colors for varying depth and silver thickness. The illustrations qualitatively indicate the
arrangements. The spectra and color palette are colored in the computed transmission color.
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5.2.8 Large-Scale Realization and Color Generation

Figure ,b shows images of Marilyn Monroe (“Marilyn Diptych” by Andi Warhole, 1962)
and an exemplary CIE xyY color plot (CIE 1931 color space).??! This Marilyn Monroe image
was one of the first commercial large-scale productions of art made by silkscreen. The images
in Figure were recorded with a diagonal input polarizer (¢f. Figure ) and different
settings of the output polarizer. The CIE color plot, displaying sample of Figure [5.3] shows
four distinct states and intermediate colors (bold line), with 0° and 90° denoting s-pol and
p-pol, respectively (Figure [5.8p). The intermediate colors (45° and 135°) show a very strong
contrast. These appear in Figure as purple/dark blue and orange/yellow. The colors span
a wide range of the standard RGB color space (sRGB). The photomask that I used to generate
the image has five regions, corresponding to different evaporation thicknesses (see Figure ;
face~15 nm, background~20 nm, hair~26 nm, lips~30 nm and black parts~80 nm. To further
enhance the optical appearance an analyzing polarizer was designed with two opposing regions
(Figure ) Finally Figure ,e shows the influence of the proposed phase shift on the color
effect. Here the same sample as in Figure [5.8h,b is utilized, but there is no additional analyzing
polarizer as described in Figure [5.3h. Clearly the color generation for the individual images
is not as distinct and the high contrast colors are missing (see CIE plot). This confirms the

significance of the phase shift for high contrast and vivid color generation.

5.3 Discussion

The color appearance depends mainly on two parameters: the spectra of the s-pol and p-pol
states defining the basic colors (Figure ) and the spectral position of the LSPR, defining
the intersection between the two intermediate spectra (Figure ) By appropriate choice of
the nanowire geometry these parameters can be tuned to yield the ellipse in the CIE xyY color
plot shown in Figure [5.8b. The size of the ellipse determines the contrast of the colors. For
the geometry used in this chapter, the contrast is highest when the LSPR is located in the
middle of the visible spectrum (A ~ 450 — 550 nm); This was best fulfilled with using silver.
Other materials are interesting as well and yield different basic colors. I also fabricated samples
with gold and aluminum and varied the thicknesses of these nanowires. Using the measurement
configuration of Figure four distinct colors are obtained; but often for the human eye,
they do not show a strong contrast. Nevertheless, these materials are interesting to potentially

increase the color palette, for example, green by using gold. Evaporation of different materials
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Figure 5.8 — Color rendering and image formation. (a) Images of Marylin Monroe for four
different analyzing polarizer settings (angle o2 is indicated) by using the measurement scheme of
Figure (diagonal input polarization). (b) Corresponding measured colors are displayed in a
CIE color plot. (c) Hlustration of the mask consisting of five regions for different silver thicknesses
and the analyzing polarizer. (d) Images and (e) color plot of the sample used for (a,b), but by
utilizing the measurement setup of Figure [5.3p. Derived from Original Artwork by Andy Warhol
©), The Andy Warhol Foundation for the Visual Arts, Inc. / 2015, ProLitteris, Zurich.
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onto periodic nanostructures can lead to an optical color filter spanning the complete visible

spectrum.

Overall the proposed silver nanowires (period: 160 nm, depth: 70 nm, silver: 10-30
nm) and the configuration shown in Figure were used for the following reasons. First,
silver exhibits a pronounced resonance in the visible spectrum. Second, the geometry is simple,
enabling large-scale fabrication and no implications for roll-to-roll manufacturing, see Section
[2:322] Third, the fabricated structures are embedded, enabling use in ambient conditions. And
fourth, a period of 160-180 nm shows a largely angle-independent behavior. Therefore, tilting
the sample (up to ~ 60°) in any direction renders the same color appearance (see Figure ,
which is essential for usage in diffuse or poor light conditions. Consequently, this property of
the proposed zero order effect clearly differs from analog diffractive grating effects, see Section

Finally the utilized phase shift enables high contrast colors.

5.4 Conclusion

In summary, a fourfold plasmonic color filter based on periodic silver nanowires is presented.
By rotation of an analyzing polarizer four distinct output colors and their intermediate states
can be displayed. The wavelength-dependent transmission through the polarizer is a feature of
the phase retardation of the plasmonic substrate. The underlying phase shift is induced by the
plasmon resonance and results in high contrast colors. The palette of appearing colors can be
enhanced by appropriate tuning of the fabrication process leading to geometrical variance of
the nanowires. Angle- and orientation stability of the transmitted color is granted by choosing
an appropriate period of the nanowires enabling easy use in even diffuse light conditions. The
complete fabrication process can be integrated in a large-scale roll-to-roll process; the final de-
vice is designed such that it can be used at ambient conditions. Additionally, polarized light
sources such as displays or smart phones can act as output polarizers enabling multiple and
practical applications. Extending the nanowire based structures to 2D periodic structures, per-
mitting two plasmon resonances simultaneously, can further increase the contrast of the observed

colors, H2B0 gee Section Aside from active color filtering, e.g. for polarizing screens,”"

these structures could potentially be used as a valuable resource for security applications,3:268

310

magneto-optic retarders (chromatic waveplates), polarizing detectors (e.g. polarization mi-

153 33

croscopy)*>* and sensing applications (e.g. refractive-index changes).
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5.5 Experimental Details

Fabrication

A periodic photoresist structure (4.7 cm x 4.7 ¢cm) with a period of 160 nm and a duty cycle
of 0.5 was obtained from e-beam lithography. Subsequently a nickel shim was grown through a
galvanic process to serve as a master structure (160 nm period, 70 nm depth). Replication was
done in a UV curable polymer onto a glass substrate. After the curing process, 10-40 nm of
silver was thermally evaporated onto the sample at 5-10~% mbar and 3 A /s. Subsequently the

structure was embedding with the UV curable polymer and a glass substrate.

Characterization

The transmission measurements were done with an Ocean Optics spectrometer (HR4000CG)
with the sample fixed after a Glenn-Thomson polarizer and the light source. A secondary
polarizer was fixed on an automatic rotation stage for the transmission spectra (Figure .
A Perkin Elmer spectrometer (Lambda 9) was used to determine the transmission spectra for
different tilt angles. The size of the illumination spot was each about 3x3 mm, the measured
samples were about 4.7 cm x 4.7 cm. The measured transmission values were transferred into

RGB values (D65 illuminant) with a home-made MATLAB (version 2015) script.

Computations

Near-field computations with the corresponding phase and charge density information were
done with SIE.*# First far-field zero order transmission spectra were computed (300 nm to
900 nm, 0.5 nm step). The corresponding phase of the two polarized states and the difference
could be evaluated directly. Secondly near-field maps of the structure (see Figure at the
indicated wavelengths (see Figure were done (precision of 0.5 nm). The intensity is plotted
logarithmically. Third the charge density of the structure at the indicated wavelengths and at a
given time was computed. Far-field computations were done with RCWA from 400-700 nm, in
0.5 nm steps for p-polarized light (see Figure . Computations were done for different depths
of the structure (40-100 nm), different thicknesses of the silver (10-40 nm), different periods (not

shown) and different materials (not shown).

Artwork Sample
An original artwork by Andy Warhol was used to create a simplified model of Marilyn Monroe.
This served as a basis for several photomasks. Each outline depicted in Figure shows a

region with different silver thicknesses. Evaporation was done subsequently after exposure of
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the photoresist through the mask in a mask aligner (MA/BA6, SUSS MicroTec). Finally the
substrate was embedded and an analyzing polarizer was designed as proposed in Figure [5.8f.
The photographs were done with a digital single-lens reflex camera (DSLR) and by placing the
sample onto the analyzing polarizer. Subsequent rotation of a polarizer led to the four distinct

images.
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6 Multispectral Imaging with Tunable

Plasmonic Filters

banana

I present an angle-insensitive, miniaturized and integratable filtering system based on
plasmonic substrates for multispectral imaging. Active tunability of the plasmonic filter allows
color recording, estimation of unknown spectra and determination of spectral singularities, e.g.
laser lines, while exploiting the full spatial resolution of a B/W conventional camera. Compared
to other multispectral imaging systems, the plasmonic filtering system can be placed in front
of an existing imaging system e.g. including lenses, supporting a cost-efficient fabrication and
integration. Additionally, it is characterized by high angular acceptance, which I demonstrate
by imaging with a field-of-view of ~ 50°. Further the number of non-pixelated broadband filters
could be varied in situ for faster imaging or higher quality, compared to systems with a fixed

number of channels.
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6. MULTISPECTRAL IMAGING WITH TUNABLE PLASMONIC FILTERS

This chapter is “adapted with permission from L. Duempelmann, B. Gallinet, & L.
Novotny; Multispectral Imaging with Tunable Plasmonic Filters. ACS Photonics 4 (2), 236-241
(2017). Copyright 2017 American Chemical Society.”

6.1 Introduction

Currently the demand for imaging systems providing spectral analysis is strongly increas-

3134314

ing 728U Recent markets include remote sensing,?14 food monitoring, medical monitor-

S198L0 o1 art conservation.® A diversity of instruments with unique performance is already

ing
available Each of these techniques has its advantages and drawbacks, providing solutions
mostly for niche applications. Important performance characteristics are the spectral, spatial
and temporal resolution. The field-of-view (FOV) defines the angular range that can be recorded
by the camera. Finally the bulkiness, handling and expense are practical characteristics that
strongly limit the range of applications.

The recording of the hyper- (>10 bands) or multispectral data can be done by spectral

319)

scanning (e.g. tunable filters®® or liquid crystal tunable filters or spatial scanning (e.g.

gratings®’), see Figure 7b. This often requires bulky and heavy parts or significant volume for
spectral filtering. Alternatively the spectral data can be recorded instantaneously (snapshot),=2
at the expense of spectral or spatial resolution (e.g. multispectral filter array2%322 or filtered
lenslet array®#¥), see Figure . Such systems are typically part of an imaging system (see
gray box) and cannot be integrated into or combined with other existing systems. Furthermore,
these ”snapshot systems” often make use of interferometric filters that strongly depend on the
incident angle, thereby reducing the FOV 82053225824 Al5o the spectral resolution depends on the
number of pixels or lines with different spectral filtering properties (filter array), which leads
to increased complexity and cost of fabrication.3188320i3220 Op the other hand, spectral imaging
systems based on liquid crystal tunable filters and filtered lenslet arrays are often complex,

sensitive and expensive, 3194523

There is great demand for miniaturized, cost-efficient, and integratable multispectral
imaging systems.’2322 Such systems can be realized, for example, with tunable broadband fil-

ters with angle-insensitive transmission properties.=#2%#27 Recently systems based on colloidal

quantum dots,4% vertical silicon nanowires®® and plasmonics filter patches 0003827 were pre-

sented. Generally in these realizations each pixel is addressed by a single filter, which limits the

ie.g. the research institute IMEC (imec.be) developing hyperspectral imaging cameras or the Swiss startup
Gamaya (gamaya.com)) utilizing hyperspectral cameras for remote sensing. Accessed 04.01.2017
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Figure 6.1 — Overview of current methods for multi- and hyperspectral imaging: (a) spectral
scanning while acquiring images, (b) spatial scanning (line- or point-wise) while recording spectra
and (c) obtaining an image with spectral information in a single snapshot. (d) Shows a scheme
of the active tunable plasmonic filter, indicating the angle-stability, compactness of tuning and
adaptability to imaging systems (gray box).

spatial resolution and increases the fabrication complexity.

Here a plasmonic multispectral imaging (PMSI) system based on active tunable plasmonic filters
(TPF) is presented. These filters can be used as add-ons to existing commercial imaging systems
(e.g. B/W or RGB camera). The working principle of TPFs is similar to variable filters, with the
difference that the filter properties can be tuned by the polarization and not the structure itself
(see Figure ) This leads to higher compactness and lower fabrication costs. Furthermore it
is designed to be nearly completely angle-insensitive in all directions, enabling a high FOV of
~ 50°. The thickness of the plasmonic filters is in the range of a few micrometers, making them
attractive for miniaturized systems. Furthermore, the filters are lightweight and robust. Similar
plasmonic filters often suffer from structural and fabrication complexity, angle-sensitivity and
limited active tunability. 77153506 They also maintain the full spatial resolution and are cost-
efficient, which sets them apart from snapshot systems. Compared to spectral estimation using

RGB cameras no prior knowledge of the spectral reflectance or analysis of training samples is
required. 324329
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Figure 6.2 — (a) Operating principle of active tunable plasmonic filters (TPFs). Diagonally
polarized light passes through the plasmonic structure as s- and p-polarized light and is then
analyzed by rotation of a subsequent polarizer (angle in bold). (b) Normalized transmission spectra
of the TPF illustrated in (a). (c¢) Plasmonic multispectral imaging (PMSI). An illuminant (I) is
reflected by a target (Rpizer). The reflected light passes through the TPF at an angle () and
is recorded by a camera that renders an intensity image (Vpizer). The colored arrows indicate the
chromatic change of light. (d) The intensity of different colored patches (indicated by their real
colors, white is dashed) of a ColorChecker (Vpizer) at different filter angles (¢m).

6.2 Results and Discussion

6.2.1 Operation Principle

The TPF was fabricated as described in Chapter [f] The nanostructures have a period of 160
nm, a depth of 70 nm and a thin layer of silver of 30 nm. A fabrication scheme is shown in
Figure 5.1} The plasmonic substrate is finally placed between two polarizers; an input polarizer
fixed at 45° to the silver nanowires and an analyzing polarizer which can be rotated, see Figure
[6.2h. Light transmitted through the input polarizer can be described as a combination of s-
and p-polarized light incident on the sample (field of incidence perpendicular to the nanowire
lines). The p-polarized light excites a plasmon resonance, at which a wavelength-dependent
phase shift is induced (see Chapter [5)). Rotation of the subsequent analyzing polarizer (angles
bold) leads to four main transmission spectra with a cross-over at the plasmon resonance and
angular combinations thereof (see Figure )7 more information in Chapter |5} The TPF has

m-rotation symmetry and its transmission, Trpr(A, @), depends on the rotation angle ¢ of the
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polarizer. The number of angle settings @1, , ©m, -, defines the number of filters M.

6.2.2 Spectral Reconstruction

a)
®
57
®
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1
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Figure 6.3 — (a) Photo of the PMSI including the B/W camera, the lens system, the variable
polarizer mounted on a rotation stage, the plasmonic substrate with a fixed polarizer and the color
checker board, from right to left. (b) Spectra of the LED light source (LP400) and the sensitivity
of the B/W camera (TXG14). (c) Intensity images of the color checker board (see (a) left side) at
different rotation angles ¢ = 0° and 90° of the variable polarizer. Measurement areas are marked
with red rectangles.

A scheme of the system is shown in Figure [6.2c; a corresponding photo of the real setup
is given in Figure . A source with spectrum I(A) illuminates the sample to be measured.
The reflected light, with intensity Rpizei(A), transmits through the TPF with Trpr (), ¢), before
an intensity image, Vpizei(), is recorded by a camera with a given sensitivity S(A), see Figure
. Figure shows two photos of the color checker board (Figure , left side), which are
recorded at different angles. The red rectangles highlight the area, which was used to reconstruct
the color. The intensity of the image is extracted for each pixel and used to reconstruct the
spectral information of the observed object, see Figure [6.2d. In the following experiments a
black and white (B/W) camera is used, but the formalism is also valid for multispectral cameras

that feature multiple spectral sensitivities S. To calculate the reflected spectra (reconstruction)
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the continuous spectral range X is divided into N discrete regions. The recorded intensity of

each pixel (Vpizer) can be approximated as a discrete function of the wavelength A, as

N
Vpizel(@m) = Z S()\n) . I(An) . TTPF(ATM (Pm) . Rpixel()\n) . (61)

Every image pixel (i,j) has its own value of Vjizer and Rpizer. S, I and Trpp are the same for
all pixels. They depend on the wavelength A, and the rotation angle of the filter ¢,, and need
to be evaluated only once for a given illuminant. The number of discrete frequency regions (V)
defines the number of unknowns when solving for Ryizei(An). On the other hand, the number of
filters (M), expressed by the discrete rotation angles ¢1 - - - s, determines the number of known
variables. This leads to a linear system of equations Vpizei(©m) = A(An, ©m) - Rpizet(An) with M

known and N unknown variables. Solving this linear equation renders the spectrum Rpizei(Ar)

for every image pixel. To solve for Rp;zei(An) the linear least-squares approximation®3” is used.
It minimizes the squared Euclidean norm of
1 2
m}%n §||A()‘m m) * Rpizet(An) — Vpizet (¢m) . (6.2)

If the matrix A(\,, @) had full rank, meaning that all the included filters are linearly
independent from each other, the system of equations could be solved completely and with
high accuracy. On the other hand, if a set of filters with low rank is used the solution can
become inaccurate or unstable (its values oscillate),?3! especially if the system is disturbed by
perturbations (e.g. mnoise). To evaluate the linear dependence of the filters, a singular value
decomposition (SVD) of the matrix A(\,, @) has been performed. It shows that the first three
eigenvalues yield the strongest contribution; the corresponding eigenvectors can reproduce the
system nearly entirely. Thus, most colors can be reproduced with only three filters. However,

reconstruction of spectra with singular features (e.g. laser lines) require a larger set of filters.

6.2.3 Number of required eigenvectors for reconstruction

To give an estimate on the number of necessary eigenvectors, a given spectra R, iginai can be

reproduced with a certain number of corresponding eigenvectors U of Tppp:332

Rreproduced =U- U/ . Roriginal . (63)
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Figureshows the root mean square (RMS) of the difference between Rrcproduced a0d Roriginal
of Equation versus the number of eigenvectors used. The eigenvectors were used in decreas-
ing independency order. The graph clearly shows that for color patches (e.g. MacBeth Col-
orChecker) mostly 3 eigenvectors is sufficient to achieve a small RMS, whereas for laser lines,
especially the ones located further away from the plasmon resonance (~490 nm) a higher num-
ber of eigenvectors is required. Overall such a system should include as many eigenvectors as
necessary, without losing spectral reproducibility, but also as little as possible to decrease com-
plexity and speed of the solving algorithm. For comparison reasons, all spectral reconstructions
were done with the same least-squares algorithm. Furthermore, for simplicity a large number
of filters M greater or equal to the number of spectral regions N is taken. The results can be
improved by principle component analysis®“#333 or by Wiener estimation, 32334 which would
additionally decrease the computation time. However, such optimizations are beyond the scope
of this thesis. Further discussions about these methods as well as a comparison to RGB cameras

are given in Section [6.2.7]
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Figure 6.4 — The RMS compared to the number of eigenvectors. For colored patches the RMS
decreases faster with less eigenvectors as for the laser lines, especially when the laser lines are
located further away from the plasmon resonance (~490 nm).

6.2.4 Angle Dependent Measurements of Color Patches

As a test target a Macbeth ColorChecker is used. B/W images of colored patches are recorded
using a commercial LED light source in combination with the PMSI. The reconstructed spectra
are then compared with the spectra directly measured with a conventional spectrometer (see
Figure. To analyze the FOV of the imaging system the analysis was done for tilt angles of 0°,

15° and 25°. For all these angles the reconstructed spectra reproduce the reference spectrum very
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Figure 6.5 — Spectra of colored patches (Macbeth ColorChecker) recorded with a conventional
spectrometer (ref.) and the PMSI using the TPF at tilt angles of 0°, 15° and 25°. The spectra are
converted to colors (see insets). Here M=180, N=150.

well. The color representation (insets in Figure is also excellent, even for large tilt angles.
Residual deviations from the reference spectrum and oscillations in the spectra likely arise from
the reconstruction procedure (also discussed by Bao et al.) or from the linear dependence
of the filters (see before). Overall the results indicate that the PMSI operates reliably for a
wide range of angles, enabling acceptance angles of more than ~ 50°, which corresponds to a
minimum f-number of £/1.07 (the range of conventional lenses). Table gives an overview of
the color difference (CIE AE 2000) and corresponding RMS of the color patches at different
tilt angles. Figure shows a CIE xyY color plot (CIE 1931 color spauce)lzg_—fI including the

angle-dependent measured colors of Figure

6.2.5 Laser Line Measurements

To further characterize the spectral recording capabilities, the PMSI is utilized to measure laser
light with different emission wavelengths. Some of the reconstructed laser lines are shown in
Figure [6.7b. The reconstruction accuracy is influenced by the local minima and maxima of
the filters (see Figure ), which determine the calculation of the eigenvectors of the system.

This makes it possible to find a unique solution with a high spectral resolution within a certain
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Table 6.1 — CIE AE 2000 and RMS values of the color patch measurements upon tilt angles of
0°, 5° and 25°.

CIE AE 2000 RMS
Patch 0° 15°  25° 0° 15°  25°
Red 51 1.5 109 | 0.1 0.1 0.12
orange 95 44 142 0.12 0.15 0.16
yellow 94 47 115 0.12 0.07 0.18
green 3.9 2 4.1 | 0.05 0.05 0.05

light blue | 24 46 3.3 | 0.07 0.07 0.08
dark blue | 14.1 148 4.5 | 0.11 0.09 0.06

purple 75 66 54 | 012 0.12 0.11
pink 3.8 5 3.5 1009 015 0.1
black 36 35 45 | 001 0.01 0.01
white 7.2 11 8.6 | 0.07 0.12 0.15

Average | 6.7 5.8 7.1 | 0.09 0.09 0.1

0.8
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> 04
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Figure 6.6 — CIE color plot including the measured samples. The white ellipse embrace each
the same colored patch measured at different tilt angles including the reference. The black dots
indicate the measured position of the laser, see section @
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Figure 6.7 — (a) Contour plot of the transmission of the TPF multiplied with the camera sensitivity
S. The black line in the plot represents the locii of minima and maxima. The crosses indicate the
spectral positions of the laser lines that are measured and reconstructed in (b). (c) Spectral
resolution accuracy shown for the laser lines of 513, 514, 515 and 516 nm. (d) Comparison of
expected and reconstructed peak position of the laser lines (inset: corresponding FWHM). Here
M =180, N = 180.

wavelength range (cf. discussion on RMS, Figure. As shown in Figure , the procedure is
able to distinguish laser lines separated by 1 nm despite the fact that the filters are characterized
with a spectral resolution of 2 nm. Figure [6.7d shows a comparison of the measured and
expected laser peak position. The slight linear offset is likely caused by misalignment of the
setup (e.g. polarizer position) or a wrong estimation of the sensitivity of the camera. To
accurately determine the position and shape of spectral lines beyond the range of 480 nm to
570 nm, the setup (e.g. sensitivity of the camera or design of the filters) and algorithm (e.g.
weighted least-squares) would have to be modified and improved. Figure illustrates the

position of the measured laser peaks in the CIE color plot.

6.2.6 Color Recording and Spectral Estimation of Object

Finally, imaging experiments are performed with the PMSI featuring a standard B/W camera
(see Figure. Each pixel is assigned a spectrum Ry;zei(An,) (Figure ), which is converted
to a color (Figure[6.8b). No further post-processing (e.g. white balance, gamma correction, etc.)
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a) Conventional RGB camera b) Plasmonic Multispectral Imager
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Figure 6.8 — A color image recorded by (a) a conventional RGB camera and (b) the PMSI. (c)
Spectra of some of selected regions in the PMSI image. The different curves represent spectra
evaluated at neighboring pixels.

is applied. While the colors of the fruits are reconstructed very well, the white background in the
image features a yellowish tint, which could originate from poor estimation of the illumination
source and which could be eliminated by simple calibration. To reduce the computation time,
the resolution of the image was decreased by a factor 3. The spatial resolution is related to
the unit cell size of the camera (here: 6.45 pm x 6.45 pm). The proposed method is based on
zero order transmission and does not have color cross-talk, allowing to use smaller unit cells. 72

However, investigation of the spatial resolution limit is beyond the scope of this thesis.

6.2.7 Comparison to RGB imaging systems

Most common and cost-efficient imaging systems contain only few channels. There are several
existing algorithms to estimate higher dimensional spectra out of limited data. Most of the
methods require prior spectral analysis to optimize the set of filters or to more accurately recon-
struct a subsampled stimulus.?24 The most popular algorithms are principle component analysis
and Wiener estimation. They are based on reducing the dimension of training samples and using

the eigenvectors for reconstruction33 or constructing a transform matrix for reproduction of
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training samples,®** respectively. Such systems can be very versatile for spectral reconstruc-
tion, but unfortunately require prior knowledge about the spectral reflectance of the sample or
training samples, which limits the usability and range of applications. Several improvements
were made to optimize the reconstruction accuracy and time, but they are often optimized for

certain problems,322:336H339

Overall the proposed PMSI has similarities to other multi-channel imaging system, e.g.
RGB camera. FEven though it has a high number of possible filters, it mainly consists out
of 3 independent filters (eigenvectors) similar to an RGB system. This limits the resolution
of the spectral reconstruction. Nevertheless more filters can be useful because: a) spectral
reconstruction can be done directly and not by using an estimation algorithm (e.g. Wiener
estimation) requiring training samples, b) depending on the measured reflection, the system
is solved by distinct eigenvectors, enabling detection of e.g. spectral singularities (see Figure
, ¢) they reduce random noise, leading to a more stable solution during reconstruction.
Here the filters are mounted before the camera system, which in contrast to e.g. RGB camera
enables recording of images at full spatial resolution. This enables adaptive exchange of the
filter or combination with existing (multispectral) camera system to increase the number of
eigenvectors. It is important to note that already 5-8 eigenvectors are sufficient to spectrally

reproduce artworks or e.g. 1269 Munsell chips3244331

with a relative high accuracy.

In contrast to other multispectral systems the number of filters (and recording time) can be
selected actively depending on the applications (spectral vs. temporal resolution). Finally,
RGB filters are designed for colorimetric measurements; the filters are separated to be linear
independent and overlap for e.g. color filter array interpolation (so-called demosaicing).34U41
The here proposed filters have a high spectral overlap; this could be beneficial for accurate
detection of spectral features, whereas a higher number of filter could be required for accurate

colorimetric measurements.

6.3 Conclusion

In summary, I present a functional multispectral imaging system based on active tunable plas-
monic filters and a commercially available black/white camera. The recording of colored objects
and laser lines at full spatial resolution and without prior knowledge is demonstrated. This
includes an estimation of the spectra for each pixel, capable of distinguishing two laser lines sep-
arated by 1 nm. The multispectral imaging system is largely angle-insensitive, allowing to record

images and spectra with a FOV of ~ 50°. The homogeneous and non-pixelated plasmonic filters
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can be fabricated with standard roll-to-roll techniques, enabling cost-effective manufacturing for

a wide range of applications.

The spectral resolution and dynamic range could by improved if a camera with mul-
tispectral arrays (e.g. RGB camera) were used. The number of used filters, as well as the
spectral estimation algorithm, could be adapted in situ depending on the kind of application,
e.g. analysis of artworks, remote sensing, etc. To cover other spectral ranges (e.g. infrared)
one can adapt and optimize the plasmonic structures. A variety of such plasmonic structures
could be designed as filter arrays to increase the spectral resolution or to use the camera in
single-shot imaging mode. Besides a high FOV and low fabrication cost, such a multispectral
filter array would strongly decrease the recording time. Also, the rotating polarizer can be
replaced by an electrically tunable liquid crystal, which would facilitate the integration into
miniaturized and lightweight systems, e.g. lab-on-a-chip applications. Further development of
the solving algorithm can also greatly enhance the spectral resolution of the system. This could
include a correction/calibration matrix, appropriate boundary conditions or databases of known

substrates.

6.4 Experimental Details

Fabrication and Arrangement of the Plasmonic Tunable Filter

After fabrication of the plasmonic filter (more information see Chapter |5), a wire grid polarizer
(ITOS, XP44) was glued diagonally to the nanowires onto the sample. This substrate was
then fixed onto a holder just in front of an automatic rotation stage (Thorlabs, PRM1/MZ8)
containing a wire grid polarizer (ITOS, XP44). Rotation of this polarizer enabled different

transmission spectra of the active tunable plasmonic filter (TPF).

Measurement Setup

The TPF was characterized by direct illumination of collimated light (Dérr, LP400) and a
spectrometer (Photoresearch, SpectraScan 735). A transmission spectra was recorded each 1°
and calibrated by the measured light source. The maximum transmission through the used
TPF was 0.064, by which the transmission spectra were normalized. For image recording, the
plasmonic filter was mounted in front of a black/white camera (Baumer TXG14, silicon sensor)
with configurable macro lens (Opto Engineering, MC3-03X). The setup was facing an object at a
distance of about 50 cm, which was illuminated with a LED screen (Dérr, LP400). Images were

recorded with a homemade LabVIEW (version 2015) script, while controlling the filter angle.
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To compare the accuracy of the spectral reconstruction, the colored patches of the Macbeth

ColorChecker (X-Rite) were measured with the spectrometer directly.

Reconstruction Software

The recorded images were imported in a homemade MATLAB (version 2016) script. The in-
tensity of the pixels of interest were extracted correspondingly for each used filter angle. For
analyzing the color patches an average of 100x100 pixels was taken. Additionally, the measured
spectra of the TPF and light source, and the sensitivity of the camera has to be imported. For
simplicity reasons a linear intensity-response behavior of the camera sensor was assumed. Then
MATLAB (version 2016) was used to perform an iterative least-squares fit (command: “lsqlin”,
see https://ch.mathworks. com/help/optim/ug/lsqlin.htm with boundary conditions of
a certain wavelength range scaling. The solution was limited to positive values only, with the
upper boundary limiting it to physical useful values. A smoothness filter (command: “smooth”,
https://ch.mathworks. com/help/curvefit/smooth.htm moving average: 5) was applied
to the reconstructed spectra to reduce oscillation effects arising from the ill-condition prob-
lem. The resulting spectra were converting into RGB values (CIE 1931 color space, homemade

MATLAB script), which were then plotted as color image.

Imaging Experiment

The reconstruction was done with the same parameters as the measurement of the ColorChecker.
To reduce computation time of the not optimized algorithm the image was reconstructed by
averaging 3x3 adjacent pixels of the recorded image leading to a final image resolution of 434x267
pixels. The sample was illuminated with the LED screen (Dorr, LP400) at a certain distance to

assure homogenous illumination. An exposure time of 3 seconds was used.

Laser Measurements
A tunable laser (NKT Photonics, SuperK EXW-12) was used to illuminate a scattering white
surface (Thorlabs, EDU-VS1). The images thereof were recorded and by using the same algo-

rithm as before, the laser lines were reconstructed.

fizccessed 22.11.2016
liigecessed 22.11.2016
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7 Conclusion and Outlook

7.1 Conclusion

To date only few plasmonic devices have made their way into consumer products. The limited
surface area, the complex fabrication methods, the high cost of material, and the sensitivity of
the structures to ambient conditions have often been hindering. To circumvent such limiting
factors, the methods used in this thesis were all in compliance with large-scale and cost-efficient
fabrication techniques, standard in present industrial manufacturing. Plasmonic materials were
restricted to aluminum and silver to guarantee low material expenses. Finally, all plasmonic
structures were embedded by a transparent coating to assure durability and stability in ambient

conditions.

The development and design of the plasmonic substrates involved screening with sim-
ulation tools, proper fabrication and subsequent measurement of the optical properties. The
obtained findings were incorporated into a new model and corresponding fabrication parame-
ters to further ameliorate the optical properties of the plasmonic structures. Even though the
real shape of the fabricated structure is often strongly simplified in the simulations, the optical
properties could be reproduced with high accuracy, especially for aluminum. To characterize the
optical properties of the plasmonic substrates, a sophisticated and fully automated measurement
setup was developed. It included a rotary stage, a spectrometer and a collimated broadband
light source. A similar setup was used to realize the plasmonic multispectral camera described

in Chapter [6]

Ultimately, I exploited some specific applications using the fabricated plasmonic filters.
The angle-sensitive and symmetry breaking filters are very versatile for optical security applica-

tions, as demonstrated in Chapter [§Jdl The observed zero-order transmission, including a strong
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optical resonance, allows for very good visibility even under diffuse and unpolarized light condi-
tions. This is in strong contrast to most holograms used to date, which are based on iridescent
diffractive structures. Viewing angle-stable filters, which can be varied via the polarization (see
Chapter [5]), can be outstanding for spectral imaging applications. A proof-of-concept of a plas-
monic multispectral imaging system is described in Chapter [l For a wide range of applications,
straightforward and cost-efficient modification of filters is often essential. Such modifications
can be done by printing inks with different refractive indices onto the plasmonic structure (see
Chapter .

In conclusion, it has been demonstrated that these new plasmonic color filters are ver-
satile and useful for a number of applications. Especially the ability to control and change
the transmission properties in situ could revolutionize the field of color filters. I believe the
versatility of this active control can easily compensate for the intrinsic losses of plasmonic sub-
strates. This thesis provides an in-depth description of the underlying physical mechanism of
the color filters as well as their fabrication methods. Furthermore, concrete applications based
on plasmonic substrates have been demonstrated, mainly for the areas of optical security and
spectral imaging. This forms a fertile basis for further development of plasmonic color filters for

ready-to-use industrial applications.

7.2 Outlook

Although this thesis demonstrates the versatility of plasmonic color filters for applications,
probably years will pass until the first commercial product will be available. This is due to
the fact that industrial manufacturers use equipment incorporated in an established production
line. Adaptation to novel processes, e.g. angular evaporation, requires careful evaluations and
adjustments. Furthermore, the plasmonic structures themselves have to be adapted for certain
requirements of roll-to-roll manufacturing, e.g. higher structural depth for greater replication
tolerance. Investigations with an external partner are underway to make the mass-replication of
such optically variable features affordable. Similarly, the presented plasmonic spectral imaging
system requires further development. Primarily, a substitute for the rotary stage and a more
sophisticated solving algorithm have to be implemented. Furthermore, the combination with a
multispectral imager, or even smartphone cameras could strongly push the usability of such a

device. CSEM promotes ongoing projects in this direction.

Overall, plasmonic structures form the basis of these variable color filters. Their quality

and control can be further enhanced by improving the fabrication parameters, testing novel plas-
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monic materials, such as magnesium and copper, or designing 2D periodic plasmonic structures.
This could enhance the contrast between plasmonic resonances while decreasing the structural
dimensions. Ultimately, this fertile base of variable color filters could pave the way towards

applications such as solar cells or displays that have not been addressed so far.
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A Abbreviations

@ evaporation angle

153 prism angle

) incident angle of laser onto photoresist

~ tilt angle parallel to periodic nanostructures
A wavelength of light

AR wavelength of the plasmon resonance

P rotation angle of the sample

Up phase of p-pol
P phase of s-pol

Yairs phase difference between s-pol and p-pol

0 tilt angle perpendicular to periodic nanostructures
%) rotation angle of a polarizer

1 rotation angle of input polarizer

P2 rotation angle of analyzing polarizer

de duty cycle
E electric field

k wavevector
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n refractive index of material

P period

* AR, T and # positions before, at, above and far above the plasmon resonance
B/W  black and white

CMOS complementary metal-oxide-semiconductor
EBL electron-beam lithography

FDTD finite difference in time domain

FIB  focussed ion beam

FOV field-of-view

FWHM full width half maximum

LSPR localized surface plasmon resonance

p-pol p-polarization, transverse-magnetic (TM)
PMSI plasmonic multispectral imaging

PPR plasmonic phase retarder

PR propagating resonance

PSPR propagating surface plasmon resonance
PTF  plasmonic tunable filter

RCWA rigorous coupled wave analysis

RGB additive color model based on red, green and blue
RI refractive index

s-pol  s-polarization, transverse-electric (TE)
SIE surface integral equation

uv ultraviolet

WR  Wood Rayleigh anomaly
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