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Abstract

There are a lot of photonic micro- and nano-structures in nature that consist of materials
with a low refractive index and that can keep up with artificial structures concerning op-
tical properties like scattering or coloration. This work aims to understand the photonic
structures in the silver ant Cataglyphis bombycina, the blue butterfly of genus Morpho, the
beetle Entimus imperialis, which shows polarization-dependent reflection, and the white
beetle Cyphochilus insulanus. Furthermore, corresponding micro- and nano-structures
are fabricated.

Bioinspired models with the same optical properties as the investigated structures are
developed and analyzed using geometric optics and finite-difference time-domain cal-
culations. These models are qualitatively and quantitatively compared regarding their
optical properties with the original structures and fabricated by direct laser writing. To
mimic potential effects of material-based disorder of the natural photonic structures, a
cellulose-based resist for direct laser writing is developed and examined.

Conventional resists in direct laser writing can be replaced by a resist containing cel-
lulose derivatives. Here, different combinations of cellulose derivatives, initiators, and
solvents are examined. The best performance is observed for a combination of meth-
acrylated cellulose acetate (MACA500), 2-Isopropyl-9H-thioxanthen-9-one (ITX), and di-
methyl sulfoxide (DMSO). These resists allow for a reproducible structuring at affordable
laser powers (≪ 50mW). By adjusting the exact composition and the writing parameters,
a feature size down to 130nm and a resolution of the features down to 600nm in the lat-
eral direction, perpendicular to the beam propagation, and 2.1µm in the axial direction
is attained. The achieved cross-linking enables stable three-dimensional structures and,
together with the possible resolution, allows to fabricate the model inspired by the white
beetle Cyphochilus insulanus in the cellulose-based resist.

The silver appearance of the Cataglyphis bombycina can be completely explained with geo-
metric optics in the prism-shaped hairs that cover its body. The more complex structures
of the other three insects use photonic crystal-like material arrangements with a varying
amount of disorder. The polarization dependence of the Entimus imperialis arises from a
diamond structure inside the scales of the beetle and can be mimicked with a photonic
woodpile crystal. The blue butterfly of the genus Morpho and the white beetle Cyphochilus
insulanus both can be reduced to disordered Bragg stacks, in which the exact properties
are achieved by introducing different amounts of disorder. For Cataglyphis bombycina,
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Abstract

Entimus imperialis, and Cyphochilus insulanus, the developed bioinspired models are fab-
ricated using conventional resists in direct laser writing. All models show a qualitative
correspondence to the optical properties of the original structures.

The cellulose-based resists enable the use of polysaccharides in direct laser writing and
the concepts can be transferred to other polysaccharides, like chitin. The analysis of
the different natural photonic structures and the developed bioinspired models reveal a
material independence of the structures that allows the fabrication of these models in
different transparent materials.

II



Zusammenfassung

Es gibt verschiedenste Mikro- und Nano-Strukturen in der Natur, die aus Materialien mit
niedrigem Brechungsindex bestehen und die in ihren optischen Eigenschaften, wie Streu-
ung oder Farbgebung, mit künstlichen Strukturen vergleichbar sind. Ziel dieser Arbeit
ist es, die Strukturen der Silberameise Cataglyphis bombycina, des blauen Schmetterlings
der Gattung Morpho, des Käfers Entimus imperialis, der eine polarisationsabhängige Re-
flexion zeigt, und des weißen Käfers Cyphochilus insulanus zu verstehen. Entsprechende
bioinspirierte Strukturen sollen hergestellt werden.

Die bioinspirierten Modelle der Strukturen werden entwickelt und mithilfe geometri-
scher Optik und Finite-Differenzen-Methoden im Zeitbereich analysiert. Die Modelle
werden qualitativ und quantitativ in ihren optischen Eigenschaften mit den Original-
strukturen verglichen und mit direktem Laserschreiben hergestellt. Um eventuelle mate-
rialbedingte Unordnung der biologischen, photonischen Strukturen nachzuahmen, wird
ein neuer cellulosebasierter Lack für das direkte Laserschreiben entwickelt und unter-
sucht.

Die herkömmlichen Lacke für das direkte Laserschreiben lassen sich durch Lacke mit
Cellulosederivaten ersetzen. Dabei werden Kombinationen von unterschiedlichen Cel-
lulosederivaten, Photoinitiatoren und Lösungsmitteln untersucht. Die besten Ergebnisse
werden mit einer Kombination aus einem methacrylierten Celluloseacetat (MACA500),
2-Isopropyl-9H-thioxanthen-9-one (ITX) und Dimethylsulfoxid (DMSO) erzielt. Diese
Kombination erlaubt eine reproduzierbare Strukturierung bei erschwinglichen Laserleis-
tungen (≪ 50mW). Durch eine Anpassung der Mischungsverhältnisse und der Prozess-
parameter können Strukturgrößen von wenigen Hundert Nanometern (130nm) und eine
Auflösung der verschiedenen Strukturen bis zu 600nm in lateraler Richtung, senkrecht
zum Laserstrahl, und bis 2,1µm in axialer Richtung erreicht werden. Die erzielte Ver-
netzung ermöglicht stabile Strukturen und, mit der erreichten Auflösung, auch die Fer-
tigung biomimetischer Strukturmodelle, wie der Modellstruktur, die durch den weißen
Käfer Cyphochilus insulanus inspiriert ist, in cellulosebasierten Photolacken.

Das silberne Aussehen der Cataglyphis bombycina kann vollständig durch geometrische
Optik an den prismenförmigen Haaren der Ameise erklärt werden. Die komplizierte-
ren Strukturen der anderen Insekten basieren auf photonischen Kristallen, die ein unter-
schiedliches Maß an Unordnung aufweisen. Die polarisationsabhängige Reflexion des Kä-
fers Entimus imperialis rührt von einer Diamantstruktur im Inneren der Schuppen des Kä-
fers her und kann durch sogenannte photonische Woodpile-Strukturen imitiert werden.
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Zusammenfassung

Der blaue Schmetterling der Gattung Morpho und der weiße Käfer Cyphochilus insulanus
basieren beide auf ungeordneten Bragg-Spiegeln. Die exakten Eigenschaften der Struk-
turen werden dabei allein durch das Maß an Unordnung bestimmt. Für die Cataglyphis
bombycina, den Entimus imperialis und den Cyphochilus insulanus werden die bioinspi-
rierten Modellstrukturen in herkömmlichen Photolacken mit direktem Laserschreiben
hergestellt. Alle Modellstrukturen entsprechen in ihren optischen Eigenschaften qualita-
tiv den Originalstrukturen.

Die Verwendung cellulosebasierter Lacke stellt den Einzug der Polysaccharide in das
direkte Laserschreiben dar und die Ergebnisse lassen sich auf andere Polysaccharide,
wie Chitin, übertragen. Die Untersuchung der verschiedenen natürlichen photonischen
Strukturen und die entwickelten bioinspirierten Modelle haben eine Materialunabhän-
gigkeit der Strukturen gezeigt, die eine Fertigung der Modelle in verschiedensten trans-
parenten Materialien ermöglicht.
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Chapter 1

Introduction

Nature has always been a great inspiration for science and engineering, a source of ideas
and a template for solutions. Some examples are included in our daily life and well
known like the Velcro® fastening [1] inspired by the burdock, or the hang glider inspired
by the gliding of birds. Even in sophisticated aircraft construction, sharkskin-like surface
texturing has been tested to reduce air resistance [2].

These are macroscopic examples, but there are also microscopic structures. The bioin-
spired structures span many different fields of application. At the micro- and nanometer
length scale, there are more, prominent examples, like the lotus effect. Here, the lotus
leaf uses micro-pillars to minimize contact surfaces and, hence, allows water and dirt to
roll off [3, 4]. Other examples are implemented in our daily life, but less known, while
they fascinate scientists all around the world, like the gecko feet leading to a nonchemi-
cal adhesive tape [5]. At the gecko’s feet, hundreds of tiny hairs allow the gecko to walk
overhead by dry adhesion [6, 7].

More examples of biological micro- and nano-structures exist in the field of optics and
photonics [5]. Some of these structures can be explained by using simple geometric op-
tics, like in the Cataglyphis bombycina – the silver ant [8, 9]. Others represent photonic
crystals (short: PCs) [5, 10, 11] with high periodicity. They exhibit interesting optical
properties, like a frequency-dependent reflection in the blue butterflies of genus Mor-
pho [12] or even polarization-dependency as in the beetle Entimus imperialis [13].

The above mentioned PCs [14–18] achieve high reflectivity, high transmission or serve as
waveguides (with designed defects) due to their periodicity and order, but they are lim-
ited to a certain spectral or angular range. In nature these limitations are a disadvantage,
e.g., if a color has a signaling effect on possible mates or predators, it needs to be seen
from everywhere and not only from a certain direction. In case of disorder, the affected
wavelength range widens and the efficiency suffers. Through evolution, nature has found
the perfect amount of disorder to broaden the desired effect in the spectral [19] or angular
range [20] and keep the necessary functionality of the structure.

For structures that show similar concepts in their composition, the amount of disorder
defines the exact properties of the structure. For example, a layered structure may lead

1



1. Introduction

to brilliant blue coloration like in the blue butterflies of genus Morpho [12], to a silver
appearance like in different fishes [19,21–23] or to a brilliant whiteness like in the beetle
Cyphochilus insulanus [24–27].

The structure of white beetle achieves a maximum reflection and scattering for bioma-
terials with a low refractive index. Only a material with a very high refractive index,
such as TiO2, improves the performance of the structure [27]. The beetle’s structure has
been mimicked by a foam-like polymer film [28], but this mimicry cannot explain the
underlying concept of the structure and the source of the disorder.

The disorder of these structures can have two different causes. One possibility is that the
theoretical structure already shows deviations from an ideal periodic structure that are
sufficient to explain the optical effects. The other possibility is that the material provides
the necessary disorder, e.g., by an additional self-assembling of the material in an ordered
arrangement.

Many of the natural photonic structures consist of cellulose or chitin. The molecules of
these polysaccharides are capable of self-assembling. A material-related disorder that
produces the optical properties is therefore not excluded. Absorption and nonlinear ef-
fects often are not responsible for the optical properties of the structures as pure cellulose
or chitin show negligible absorption and nonlinearity.

To structure a material in a tailored disordered way or to structure a material in an or-
dered way and allow material disorder, an arbitrary structuring has to be possible, e.g.,
by lithography methods. Lithography methods allow to fabricate versatile structures on
the micrometer and nanometer length scale. To enable the fabrication of nearly arbitrary
three-dimensional (3D) structures, direct laser writing (DLW) can be used. DLW is a
lithography method that uses nonlinearities, like two-photon absorption, to change the
solubility of a material, e.g., by polymerization. This allows structuring in 3D [29, 30].
Hence, it is often referred to as 3D microprinting [31].

Lithographic patterning of biomaterials, like cellulose or chitin, has been limited to two
dimensions so far [32, 33], but there is a variety of other processing methods and materi-
als. A famous biomaterial with many applications in the food industry is, e.g., cellophane.
It is extracted from cellulose and can be glued or welded. Without any coatings, it is com-
postable [34]. Further biopolymers have similar properties and fields of application [35].
These biomaterials are often processed as thermoplastics or pressed. Also extrusion 3D
printing, a more flexible structuring method, is possible [36]. On smaller length scales
technologically more complex methods are applied, e.g., self-assembling. This has been
applied on proteins [37], especially DNA [38,39] strands, as well as on polymers [40] and
biopolymers [41]. Self-assembling allows only a limited degree of freedom in the design
of the structures.

However, the versatile DLW method does not exclude the potential applications of bioma-
terials as no harsh conditions, e.g., high temperature or reactive atmosphere, are needed.
DLW also allows introducing a material-dependent disorder into the structures to exam-
ine their optical properties.
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The structural and material aspects of the disorder have been worked on simultaneously
in this project. Therefore, a suitable biomaterial-based photoresist for DLW is developed
and the structures of the different natural photonic systems are analyzed.

To understand and identify suitable structures and the features that are responsible for
the optical properties, different methods are applied. Some structures can be explained
with fundamental optical concepts like geometric optics and refraction. More complex
periodic structures can be explained with PCs. When disorder is introduced most an-
alytic methods come up against limiting factors. Here the numerical method of finite-
difference time-domain (short: FDTD) calculations can help. These methods and con-
cepts are explained in Chapter 2.

Chapter 3 shortly introduces different methods for the structuring of biomaterials, before
the versatile DLW method is explained in detail. These details incorporate a typical setup
for DLW, the physical and chemical processes involved as well as a short prospect of
optimization of DLW.

After the theoretical and technical background is given, the synthesis of the first known
photoresist for DLW based on a polysaccharide as well as its properties are introduced in
Chapter 4. Therefore, cellulose as the chosen polysaccharide is presented as well as the
necessary modifications of the cellulose to enable DLW. For all components of the resist a
selection of possibilities is discussed, before the chemical stability as well as the achieved
resolution and feature size are classified. In the end, the first realization of a bioinspired
structure in a biomimetic material is presented.

In the end, the investigated biological systems are described in more detail in Chapter 5.
The underlying concepts of the silver ant (Cataglyphis bombycina), the blue butterflies of
genus Morpho, the polarization-dependent beetle (Entimus imperialis), and the brilliant
white beetle (Cyphochilus insulanus) are presented. The developed bioinspired models
are fabricated with DLW and also presented in Chapter 5.

Contributions

This work is part of the project Tailoring disorder in functional optical materials using
a combined materials engineering and bioinspiration approach in the priority program
Tailored disorder and includes close cooperation with the chair for biogenic polymers
from the Technical University Munich at the Science Center Straubing lead by Prof. Dr.
Cordt Zollfrank. Especially, the synthesis of the cellulose derivatives has been done by
Maximilian Rothammer from the Technical University Munich.

Furthermore, I supervised four students during their theses [42–45]. The corresponding
results of our close cooperation are presented. In the corresponding sections, the refer-
ences to the respective theses are given.
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Chapter 2

Theoretical background

To understand the optical properties of different structures found in nature the general
interaction of light with a material has to be understood and described. The interac-
tion between light and material can be distinguished between absorptive interaction and
nonabsorptive interaction.

Absorption is a widespread concept for coloration in nature as well as in our everyday
life. People get familiar with this concept already in primary school when they use wa-
tercolors. Absorptive light-matter interaction and coloration, where the different spectral
parts of light are absorbed by different pigments, yields the concept of subtractive col-
oration. With subtractive coloration all colors mixed up result in black, in theory. In
reality, it mostly yields a shade of brown. With this concept, or generally speaking with
absorption, white coloration cannot be realized, as long as no fluorescent processes are
included.

On the other hand, there is nonabsorptive light-matter interaction, which is present in
the biological structures introduced in Chapter 5. This interaction can lead to brilliant
coloration, too. In short, for this concept of coloration, light of a certain wavelength range
is redirected towards the observer to obtain coloration. The theoretical background given
in this chapter clarifies the different concepts of redirecting light in detail.

Therefore, the Section 2.1 starts with basic physical concepts of nonabsorptive light-
matter interaction. These concepts are interference, refraction, and scattering. Section 2.2
introduces concepts to explain highly ordered photonic crystals (short: PCs) and disor-
dered structures.

PCs reflect or transmit light of a certain wavelength or a small wavelength range due
to non-absorptive light-matter interaction, in particular, due to interference. The pe-
riodicity of the PCs simplifies the explanation compared to nonperiodic arrangements.
Especially disordered, but also periodic, arrangements can become too complicated to
be solved analytically. Therefore, the last section of this chapter, Section 2.3, briefly
introduces a method for simulating light propagation through PCs as well as through
disordered structures, the finite-difference time-domain (short: FDTD) method.
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2. Theoretical background

2.1 Nonabsorptive light-matter interaction

Light is an electromagnetic wave. The temporal and spatial evolution of its electric and
magnetic fields is described by Maxwell’s equations:

∇ · D⃗
(
x⃗, t

)
= ρ (x⃗, t) ,

∇ · B⃗ (x⃗, t) = 0 ,

∇× H⃗ (x⃗, t) =
∂D⃗ (x⃗, t)
∂t

+ j⃗ (x⃗, t) ,

∇× E⃗ (x⃗, t) = −∂B⃗ (x⃗, t)
∂t

,

(2.1)

with the electric displacement D⃗, the electric field strength E⃗, the magnetic flux density
B⃗, the magnetic field strength H⃗ , the free charge density ρ, and the free current density j⃗.

The interaction of these electric and magnetic fields with a material is expressed by

D⃗ = ϵ0E⃗ + P⃗ ,

B⃗ = µ0

(
H⃗ + M⃗

) (2.2)

and includes the polarization P⃗ , the magnetization M⃗, the vacuum permittivity ϵ0 and
the vacuum permeability µ0. The polarization and magnetization depend on the electric
or magnetic field strength. These dependencies can include higher orders of the fields:

P⃗ = ϵ0

∑
j

←→χ (j)E⃗j ,

M⃗ =
∑
j

←→χ (j)
m H⃗

j
(2.3)

with the electric susceptibility←→χ (j) and the magnetic susceptibility←→χ (j)
m of the jth order

which are in general tensors to take directional dependencies into account.

For this chapter only isotropic, linear materials (←→χ (j) =
←→
1 χ(j) with χ(j) = 0 for j > 1

and analogously for ←→χ (j)
m ) are considered without any free charges (ρ (x⃗, t) = 0) or cur-

rents (j⃗ (x⃗, t) = 0). This allows to express the electric displacement D⃗ with the relative
permittivity ϵr and the electric field strength E⃗ as well as the magnetic flux density B⃗
with the relative permeability µr and the magnetic field strength H⃗ :

D⃗ = ϵ0 (1 +χ) E⃗ =ϵ0ϵrE⃗ ,

B⃗ = µ0 (1 +χm)H⃗ =µ0µrH⃗ .
(2.4)

With these assumptions, Maxwell’s equations can be transformed into the wave equation:

∆E⃗ (x⃗, t) = ϵ0ϵrµ0µr
∂2E⃗ (x⃗, t)
∂t2

=
1

v2
ph

∂2E⃗ (x⃗, t)
∂t2

=
n2

c2
0

∂2E⃗ (x⃗, t)
∂t2

,

(2.5)
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2.1. Nonabsorptive light-matter interaction

with the phase velocity vph = c0/n, the vacuum speed of light c0 = 1/
√
ϵ0µ0, and the

refractive index n2 = ϵrµr. The definition of the refractive index allows negative and
imaginary values. Here, only materials with positive relative permeability and positive
relative permittivity are considered, which is the case for most materials [46].

All solutions of the wave equation can be written as a sum of solutions of the form:

E⃗ (x⃗, t) = E⃗0 exp
[
i
(⃗
k · x⃗ −ωt

)]
,

B⃗ (x⃗, t) = B⃗0 exp
[
i
(⃗
k · x⃗ −ωt

)]
,

(2.6)

with the amplitude of the electric field strength E⃗0 and the magnetic flux density B⃗0, the
wave vector k⃗, and the angular frequency ω. The wave vector and the angular frequency
correlate to the wavelength λ and the frequency ν according to:

|⃗k| = 2π
λ
,

ω = 2πν ,
(2.7)

respectively, with νλ = vph.

By substituting the solution of the wave equations given in Equation 2.6 into the Max-
well’s equation and subsequent Fourier transformation, the following relation between
the amplitudes of the magnetic flux density and the electric field strength results:

B⃗0 =
1

2πν
k⃗ × E⃗0 , (2.8)

Equation 2.6 and 2.8 define a plane transversal wave. Using this plane transversal wave
different aspects of light-matter interaction are explained in the different subsections
namely: interference, refraction, and scattering. The subsections contain a brief reminder
of the basic principles, which can be supplemented by reading text books like [47–50].

2.1.1 Interference

An important phenomenon in optics is the interference of electromagnetic waves. In-
terference describes the superposition of two waves in a point in time and space. The
resulting electric field is the sum of the two fields concerning the phase and amplitude
of the different waves and not the sum of their intensities. Interference occurs between
electromagnetic waves with different as well as with the same frequencies. A wave can
even interfere with its own reflection.

The resulting electric field E⃗res of the interference of two plane waves E⃗1 and E⃗2 (with
amplitudes E⃗0j , wave vectors k⃗j , and angular frequencies ωj ; cf. Eq. 2.6) at a certain point
in space x⃗ and time t is mathematically described as:

E⃗res (x⃗, t) = E⃗1 (x⃗, t) + E⃗2 (x⃗, t)

= E⃗01 exp
[
i
(⃗
k1 · x⃗ −ω1t

)]
+ E⃗02 exp

[
i
(⃗
k2 · x⃗ −ω2t

)]
.

(2.9)

7



2. Theoretical background
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Figure 2.1: The electric field of one-dimensional waves with the same amplitude over
space and time normalized to the maximum of a single wave: (a) of a single wave, (b) of
two waves with |⃗k2| = 2|⃗k1| leading to a beat, and (c) with k⃗2 = −k⃗1 leading to a standing
wave.

With the assumption E⃗01 = E⃗02 = E⃗0, the representation of the imaginary exponential
function as exp(iα) = cos(α)+ i sin(α), and addition theorems, a transformation of Equa-
tion 2.9 leads to:

E⃗res (x⃗, t) = 2E⃗0 cos


(⃗
k1 − k⃗2

)
· x⃗ − (ω1 −ω2) t

2

exp

i
(⃗
k1 + k⃗2

)
· x⃗ − (ω1 +ω2) t

2

 . (2.10)

The first part of Equation 2.10 describes the behavior of the maximum amplitude or the
envelope, the so-called beat, which is modulated with the difference of the frequencies
and wave vectors. The second term characterizes the modulation under the envelope.

For one-dimensional (short: 1D) waves E⃗j (x⃗, t) = Ej (x, t) e⃗ with Ej the scalar amplitude
and e⃗ the unit vector in the direction of the field (cf. Fig. 2.1 (a)), two different cases of
interference are shown in Figure 2.1: the more general case of a beat with |⃗k2| = 2|⃗k1| (cf.
Fig. 2.1 (b)) and the case of a standing wave with k⃗2 = −k⃗1 (cf. Fig. 2.1 c).

If more waves with different frequencies or directions are involved, the interference pat-
tern in space and time becomes more complicated, but often also more useful, as in the
case of short pulses or PCs (see Sec. 2.2) [15, 51]. The interference of waves is used to
explain the refraction in the following section.

2.1.2 Refraction

Refraction describes the effect of the presence of an interface between bulk materials on
the propagation of light. In the different materials, the phase velocity changes with the
refractive index of the material. As a consequence of the changed phase velocity, light

8



2.1. Nonabsorptive light-matter interaction
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Figure 2.2: (a) Transmission and (b) reflection at an interface of two different materi-
als with different refractive indices n1 and n2 and hence different phase velocities. The
dashed circles and lines indicate points with a constant phase.

that is propagating towards an interface between two materials (n1 and n2) with an angle
of incidence α1 (cf. Fig. 2.2) is refracted at the interface as described by Snell’s law:

n1 sin(α1) = n2 sin(α2) , (2.11)

with an angle of propagation α2 in the second medium.

Snell’s law can be explained by considering a plane wave with a phase front perpendic-
ular to the propagation direction as sketched in Figure 2.2 (a) and (b) in black. A phase
front includes neighboring points in space with a constant phase. These phase fronts are
marked in Figure 2.2 with dashed lines.

This plane wave is incident on an interface. At every point at the interface the plane
wave excites spherical waves, whose phase fronts are marked with dashed half circles in
Figure 2.2. In transmission (cf. Fig. 2.2 (a) red) and in reflection (cf. Fig. 2.2 (b) blue),
these spherical waves interfere to form plane waves again. In the different materials the
spherical waves have propagated by a different amount in space, therefore, the radii of
the indicated phase fronts in Figure 2.2 (a) and (b) are different and the resulting plane
waves propagate at different angles. In transmission, the propagation direction of the
resulting plane wave corresponds to the prediction of Snell’s law α2, while in reflection,
the angle α3 coincides with the angle of incidence α1.

This observed refraction of light is induced by the reactions of atoms and molecules to
the electric and magnetic field of the wave. These reactions are expressed by the polar-
ization P⃗ and magnetization M⃗ that depend on the electric and magnetic field strength
as described in Equation 2.3.

At the atomic level, the polarization can be understood as a displacement of the electrons
(mass me, charge q) relative to the positive core [47]. In the model system of the Lorentz
oscillator, the Coulomb interaction between the electrons and the core is simplified as a
spring (spring constant κ) with damping (γ). The electron is then deflected from its rest
position by the periodic electric field of the wave. Hence, this represents a driven damped
harmonic oscillator, where the position of the electron is given by the linear differential
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2. Theoretical background
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Figure 2.3: Trend of the real (blue) and imaginary (red) part of the amplitude of a forced
oscillation, which corresponds to the qualitative behavior of the susceptibility χ near a
resonance.

equation:
me

¨⃗x(t) = −κx⃗(t)−γme
˙⃗x(t) + qE⃗(t) ,

¨⃗x(t) +γ ˙⃗x(t) +
κ
me
x⃗(t) =

q

me
E⃗0 exp(−iωt) ,

¨⃗x(t) +γ ˙⃗x(t) +ω2
0x⃗(t) =

q

me
E⃗0 exp(−iωt) ,

(2.12)

withω2
0 = κ

me
. Possible solutions are linear combinations of solutions of the homogeneous

linear differential equation

x⃗(t) = exp
(
−
γ

2
t
)A⃗1 exp

−i
√
ω2

0 −
γ2

4
t

+ A⃗2 exp

i
√
ω2

0 −
γ2

4
t


 , (2.13)

and the stationary solution

x⃗(t) =
q

m
E⃗0

ω2
0 − iγω −ω2

exp(−iωt) . (2.14)

The amplitude

A⃗st =
q

m
E⃗0

ω2
0 − iγω −ω2

(2.15)

of the stationary solution includes an imaginary part Ast,im (red curve in Fig. 2.3) that
represents the damping of the oscillation and a real part Ast,real (blue curve in Fig. 2.3)
that describes the deflection of the electron from its rest position.

This deflection of the electron x⃗(t) leads to an atomic polarization that contributes to the
macroscopic polarization and, thus, to the electrical susceptibility χ (cf. Eq. 2.3). There-
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2.1. Nonabsorptive light-matter interaction

fore, the qualitative course of the deflection corresponds to the course of the susceptibility
χ near a resonance and, hence, the relative electric permittivity ϵr.

The relative electric permittivity ϵr, on the other hand, relates to the refractive index in
isotropic diamagnetic (µr ≈ 1) materials according to: n(ν) =

√
ϵr(ν). The qualitative

course of the refractive index thus also corresponds to the course of the deflection of the
electron shown in Figure 2.3.

This implies, that the refractive index exhibits an imaginary part and a real part. The
large imaginary part near a resonance corresponds to a strong absorption of the wave.
The real part, representing the change of the phase velocity, approaches n = 1 for fre-
quencies much smaller or larger than the resonance because of the correlation with the
susceptibility n =

√
ϵr =

√
1 +χ.

In a solid or a molecule, many different resonances build a far more complex progres-
sion of the refractive index, but the principle can be understood with the model of the
Lorentz oscillator described above: Electromagnetic waves with frequencies near a reso-
nance frequency experience high absorption, while the refractive index changes greatly
near a resonance.

The dependence of the refractive index on the frequency dn
dω is termed dispersion. It

is distinguished between normal dispersion, where dn
dω > 0, and anomalous dispersion

( dn
dω < 0) for frequencies ω near a resonance ω0:(

ω2
0 −ω

2
)2
< γ2ω2

0 . (2.16)

For frequencies outside the interval given in Equation 2.16, normal dispersion occurs that
results in a higher refractive index for larger frequencies or smaller wavelengths. Disper-
sion results in the splitting of polychromatic light in the material, like the divergence of
an optical pulse or the fanning out of white light in a prism.

To observe refraction, the spherical waves that originate at the interface must interfere.
This interference requires a correlation between the molecules and atoms of the material
that emit these spherical waves, otherwise light will be scattered, as discussed in the next
section.

2.1.3 Scattering

Scattering describes the deflection of light out of the original direction due to an interac-
tion of the atoms or molecules with the electromagnetic field of the light, like the above
mentioned forced oscillations of electrons.

In general, during a scattering process, atoms or molecules in a medium are excited by
the electromagnetic wave as described in Section 2.1.2, which again leads to the emission
of electromagnetic radiation. This emission spreads in all directions and, thus, also out
of the original direction.
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2. Theoretical background

A first differentiation between the types of scattering concerns the phase relation be-
tween the individual emitted wave and the other emitted waves and the exciting wave.
For coherent scattering, there is a fixed phase relation between the different scattered
waves(spatially coherent) and between the scattered wave and the exciting wave (tempo-
rally coherent) [47, 51].

The fixed phase relation between the different scattered waves is achieved by a high spa-
tial correlation of the scattering centers, as in a crystal. Due to the fixed phase relation,
the scattered intensity results from the interference of the different waves leading to a
maximum intensity that is proportional to the squared number of scattering centers. This
may lead to refraction (cf. Sec. 2.1.2) or diffraction as a result of the coherent scattering
of coherent waves [47]. To preserve the phase correlation between the exciting wave and
the scattered wave, there may not be any statistic retardation of the emission like in ab-
sorption and emission. The scattering has to be elastic [52].

If there is no fixed phase relation between the scattered light and the exciting wave, for
example, if the light is first absorbed and shortly afterwards emitted, the scattering is
temporally incoherent. Spatially incoherent scattering is due to missing spatial correla-
tion between the different scattering centers, like in a powder. The scattered intensity is
then only proportional to the number of scattering centers.

Often only one type of phase relation is considered to differentiate between coherent
and incoherent scattering, either between the incoming wave and the scattered one or
between the different scattered waves. This may lead to confusion, as the scattering of
the wave at a single particle may be temporally coherent, while the overall scattering at
the different particles is spatially incoherent.

If temporally coherent scattering at a single particle is considered, there is another dif-
ferentiation between types of scattering. It can be classified by the proportion of the
particle size d and the wavelength λ. For particles with a cross-section d ≪ λ, such as
molecules in the atmosphere, so-called Rayleigh scattering occurs. The small particles
build oscillating dipoles, which emit their intensity in all directions except the direction
of the dipole moment. The scattered intensity I then depends on the amplitude of the
incoming wave E and the frequency ν

I ∝ E2ν4 , (2.17)

for frequencies much smaller than the resonance. This leads to the blue appearance of
the sky as the higher, blue frequencies are scattered more strongly than the smaller red
ones. A large amount of the blue light is scattered from its original direction, resulting in
blue ambient illumination in the atmosphere.

If the particle dimensions are of the order of the wavelength, mainly forward scattering
and backscattering take place [53]. This regime is called Mie scattering. These larger par-
ticles have spatially correlated scattering centers. Therefore, parts of the waves interfere
destructively in the direction perpendicular to the original one.

12



2.2. Periodic and nonperiodic arrangements

The exact intensity distribution for large, irregular scattering centers can only be calcu-
lated numerically with methods like FDTD calculations (cf. Sec. 2.3).

2.2 Periodic and nonperiodic arrangements

The concepts in Section 2.1 are used to explain the propagation of light through a material
system. As the size and complexity of these systems increase, the analytical prediction
of light propagation using the above concepts becomes more complicated. Here, other
concepts help to describe the propagation of light in these complex material systems.
This section presents two different classes of material systems and corresponding ways
to describe the optics of these systems: Photonic crystals have a strict periodicity and
therefore a high degree of order (cf. Sec. 2.2.1), while disordered structures have no
periodicity and no order, but there are also some useful concepts for their description (cf.
Sec. 2.2.2).

2.2.1 Photonic crystals

The periodic arrangement of materials with different refractive indices in optics is called
a photonic crystal (short: PC). The periodicity may concern one (short: 1D), two (short:
2D) or even three dimensions (short: 3D), correspondingly speaking of a one, two, or
three-dimensional PC. The interference between partial waves inside the PC inhibits the
propagation of light with certain frequencies in certain directions. Electromagnetic waves
with other frequencies or directions can propagate through the material. To find these
possible solutions of Maxwell’s equations inside a PC, the periodicity of the structure is
considered.

How appropriate solutions are found is outlined here. For this purpose, isotropic, time-
independent, linear materials that show negligible magnetic effects (µr ≈ 1) without free
charges or currents are assumed. The periodic refractive index profile thus originates
from the periodic relative permittivity. Furthermore, only harmonic solutions are consid-
ered in this approach as they build all other solutions by Fourier analysis. They exhibit a
periodic time dependence exp(−iωt) as well as spatial solutions E⃗ (x⃗) and H⃗ (x⃗):

E⃗(x⃗, t) = E⃗ (x⃗)exp(−iωt) (2.18)

and
H⃗(x⃗, t) = H⃗ (x⃗)exp(−iωt) . (2.19)

With Equation 2.18 and Equation 2.19 and the materials dependencies expressed in
Equation 2.4 the third and fourth of Maxwell’s equations (cf. Eq. 2.1) lead to the master
equation for PC:

∇×
[

1
ϵr (x⃗)

∇× H⃗ (x⃗)
]

=
(
ω
c0

)2

H⃗ (x⃗)

Θ̂H⃗ (x⃗) =
(
ω
c0

)2

H⃗ (x⃗) ,

(2.20)
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2. Theoretical background

with the linear Hermitian operator Θ̂ [15]. Appendix A contains a proof of the hermiticity
and linearity of the operator.

The term crystal already reveals a certain similarity to crystals in solid state physics,
which are described by the Schrödinger’s equation [54]:

HΨ (x⃗) = EΨ (x⃗)[
− ℏ

2

2m
∇2 +V (x⃗)

]
Ψ (x⃗) = EΨ (x⃗) .

(2.21)

In both cases, the solutions for either the magnetic field H⃗ (x⃗) or the electron wave func-
tion Ψ (x⃗) are solutions of an eigenvalue problem. This eigenvalue problem contains a
linear operator Θ̂ or H, respectively, and a periodic potential. This periodic potential is
either the relative permittivity ϵr

(
x⃗+ a⃗j

)
= ϵr (x⃗) (cf. Eq. 2.20) or the atomic potential

V
(
x⃗+ a⃗j

)
= V (x⃗) (cf. Eq. 2.21). The lattice vector a⃗j describes the periodicity of these

potentials in a certain direction j.

Due to the rotation in the linear operator Θ̂ (cf. Eq. 2.20), the different components of
the magnetic field Hx, Hy , and Hz are in general not separable [15]. Therefore, analytic
solutions can only be found for simple systems.

The possible solutions of these eigenvalue problems with periodic potentials, the so-
called Bloch waves ( [15, 54, 55]), show the same periodic spatial dependency as the po-
tential landscapes:

H⃗k⃗ (x⃗) = u⃗k⃗ (x⃗)exp
(
ik⃗ · x⃗

)
with u⃗k⃗

(
x⃗+ a⃗j

)
= u⃗k⃗ (x⃗) . (2.22)

The Bloch waves build a system of possible solutions. Here, solutions with wave vectors
k⃗1 and k⃗2 = k⃗1 + g⃗j , where g⃗j is a reciprocal lattice vector, are equal due to the translation
invariance. Therefore, the system of solutions can be reduced to solutions with wave
vectors in the first Brillouin zone. The first Brillouin zone is the unit cell of the reciprocal
space and corresponds to the Wigner-Seitz cell in real-space. The first Brillouin zone is
limited by the reciprocal lattice vectors, such that all wave vectors k⃗ · e⃗j ≤ 1

2 |g⃗j |with a unit
vector e⃗j ||g⃗j are part of the first Brillouin zone.

The assignment of wave vectors and allowed frequencies leads to a band structure. In
some cases there are no possible wave vectors for particular directions or even for all di-
rections for certain frequencies. These frequencies then lie in a bandgap or, correspond-
ingly, in a complete bandgap.

The size of the bandgap is determined by an energy difference of the electromagnetic
waves above and below the bandgap. This energy difference is caused by the different
permittivities at the nodes and anti-nodes of the two waves in real-space [15]. The dif-
ferences of the relative permittivities correlate with the refractive index contrast of the
different materials used in this structure. For a 1D PC with a layer thickness of

aj
2 and a

refractive index of n1 = 1 for one layer and n2 = 1, n2 = 1.5, or n2 = 3 for the second layer,
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Figure 2.4: Photonic bandstructure of a 1D PC with refractive index contrast of (a) n2 −
n1 = 0, (b) n2 −n1 = 0.5, and (c) n2 −n1 = 2. Bandgaps are marked in blue.

the resulting band structures of wave vectors and frequencies are illustrated in Figure 2.4.
With increasing contrast of the refractive indices, the bandgap opens further.

A fabricated layered structure exhibits such a bandgap only for light propagating exactly
perpendicularly to the layers. Strictly speaking, the band structures shown in Figure 2.4
(b) and (c) are only a section of the band structure of a real structure. The complete band
structure includes all directions and is far more complicated.

For 2D and 3D PCs the band structure may exhibit different bandgaps for different direc-
tions. Only few structures exhibit so-called complete bandgaps, where a bandgap exists
at a certain frequency for all directions. Structures that show a complete bandgap at a suf-
ficiently large refractive index contrast are, e.g., so-called Yablonovite structures [56] and
woodpile structures [57]. Further information about PCs can be found in books like [15].

2.2.2 Disordered structures

Besides the ordered and periodic PC, there are structures with neither periodicity nor or-
der. A prominent example of these disordered structures is biological tissue [58]. Due to
the missing order of these materials, their optical behavior is characterized by spatially
incoherent scattering (cf. Sec. 2.1.3). Therefore, an analytic description with an exact
solution of Maxwell’s equations is impossible within the scope of today’s computing ca-
pacities.

However, a useful characterization of the optical properties of these disordered materials
is achieved by introducing the absorption length la, the scattering mean free path ls, and
the transport mean free path ltr. The absorption length la describes the average length a
photon propagates inside a material before it is absorbed, while the scattering mean free
path ls is the average distance between two scattering events. Finally, the transport mean
free path ltr describes after which length light propagation becomes randomized in its
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2. Theoretical background

direction. This means, that for light that has spread in a material more than the transport
mean free path ltr, it is impossible to tell where it came from. [24, 59, 60]

For multiple scattering events (la >> ltr), the optics of these materials can be described
with diffusion theory [24,59]. Then the transport mean free path is linked to the lifetime
of a short optical pulse inside the disordered structure or material. Therefore, it can be
experimentally identified. For these time-of-flight measurements, a short optical pulse
is sent through the structure. Its original shape and its shape after passing the material
are compared. The broadening of the pulse due to multiple scattering reveals the photon
lifetime in the structure. [24]

The results of these measurements can be used to adapt and compare the scattering prop-
erties to simulations done with the Monte Carlo method. This method is an alternative to
diffusion theory if there is low-order scattering instead of multiple scattering [59]. The
Monte Carlo method is a simulation method for statistical processes, like particle trans-
port in a medium or neutron diffusion through a wall [61]. In photonics and optics Monte
Carlo methods are used to simulate light propagation in disordered media like biological
tissue [25, 58]. Thereby, the wave character of light is neglected. Monte Carlo simula-
tions consider the mean propagation length between scattering events ls and the statistic
deflection of the photons due to a scattering event, which is expressed by the relation be-
tween the scattering mean free path ls and the transport mean free path ltr [24, 59]. With
this information, random walks of the photons are calculated through a material leading
to an overall intensity distribution in the end.

If the information needed for the Monte Carlo simulations can not be obtained from
measurements, they may be a result of FDTD calculations. FDTD calculations enable a
numerical solution of Maxwell’s equations even for disordered media as described in the
next section.

2.3 Finite-difference time-domain method

The finite-difference time-domain (short: FDTD) method is a method to numerically
solve Maxwell’s equations for electromagnetism on a discrete grid in time and space. This
enables the solution for complex and aperiodic structures. It is also called Yee-algorithm
after its inventor Kane Yee [62].

The intention of this chapter is to summarize the main ideas of different aspects of the
FDTD method needed to understand this work. Additional information can be found in
literature [63, 64].

2.3.1 Working principle

The FDTD method approximates the derivatives in Maxwell’s equations (cf. Eq. 2.1) by
difference quotients of the field components at neighboring grid points in time and space.

16



2.3. Finite-difference time-domain method

The general formalism can be understood using the special case of a plane wave (Dj = 0
with j ∈ {y , z} and Bj = 0 with j ∈ {x , z}) traveling in the z direction in free space (ρ = 0,

j⃗ = 0⃗, and n = 1). Maxwell’s equations (cf. Eq. 2.1), then, can be reduced to two equations:

(
∇× E⃗

)
y

=
∂Ex
∂z

= −
∂By
∂t

,(
∇× H⃗

)
x

= −
∂Hy
∂z

=
∂Dx
∂t

.

(2.23)

With the difference quotients, these equations discretize to:

Ex(z0 +∆z, t0)−Ex(z0 −∆z, t0)
2∆z

= −
By(z0, t0 +∆t)−By(z0, t0 −∆t)

2∆t
,

−
Hy(z0 +∆z, t0)−Hy(z0 −∆z, t0)

2∆z
=
Dx(z0, t0 +∆t)−Dx(z0, t0 −∆t)

2∆t
.

(2.24)

These discretizations allow to express the magnetic field of a future time step by the
magnetic field at the same point in space a time step earlier and the electric fields of the
neighboring points in space at the current time step, and vice versa:

By(z0, t0 +∆t) = By(z0, t0 −∆t)− 2∆t
Ex(z0 +∆z, t0)−Ex(z0 −∆z, t0)

2∆z
,

Dx(z0, t0 +∆t) = Dx(z0, t0 −∆t)− 2∆t
Hy(z0 +∆z, t0)−Hy(z0 −∆z, t0)

2∆z
.

(2.25)

By considering the difference quotients of the other spatial coordinates, the method is ex-
panded to three dimensions. For materials, the tensor of the relative permittivity←→ϵr and
the tensor of the permeability ←→µr , as well as charges and currents, have to be regarded.
A potential spatial dependency of the permittivity and the permeability are included in
Equation 2.23 by considering E⃗ and B⃗ as well as D⃗ and H⃗ . Here, also nonlinear effects
can be considered [65, 66].

The approximation of the differentials with the difference quotients becomes more pre-
cise if the electric and magnetic fields are calculated at different points in time and space,
so that the corresponding points of the electric field are shifted by half an increment to-
wards the corresponding points of the magnetic field in space and time. Then, ∆z and ∆t

in Equation 2.25 are replaced by ∆z/2 and ∆t/2 which leads to a more precise approxi-
mation of the derivations.

The field variations between two points have to be small to allow a good and precise
approximation of the differentials. Therefore, all increments have to be chosen in a way
that the relative phase of the electric and magnetic fields between neighboring points in
time and space is small. Hence, the distances between two neighboring points, the spatial
increments ∆x, ∆y, and ∆z, have to be small compared to the wavelength and compared
to spatial features of the structure [62, 67]. All spatial increments can (but do not have
to) be chosen identical:

∆x = ∆y = ∆z << λ. (2.26)
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2. Theoretical background

Furthermore, the time increment ∆t has to be chosen in a way that the phase difference
between two neighboring points in space at consecutive time steps is still small [67]:

∆t <<
1
vph

[
1

(∆x)2 +
1

(∆y)2 +
1

(∆z)2

]− 1
2

. (2.27)

The grid pattern may change over the simulation volume. This is useful to adapt to
certain structural features, e.g., the corresponding spatial increments can be smaller in
areas of very fine features and larger in free space. Furthermore, it can be chosen in a
non-orthogonal way to adapt to curved surfaces. [68]

The simulation accuracy increases with smaller increments as the difference quotients
approach the derivatives. However, the computation time as well as the memory re-
quirements increase as well, as the electric and magnetic fields have to be calculated and
stored for at least two time steps for every grid point in space. Hence, the selection of the
simulation grid is a trade-off between accuracy and computational power.

2.3.2 Boundary conditions

As the necessary computational power scales with the number of grid points and hence
with the volume, the volume has to be terminated. The boundaries of the volume must
not influence the results of the simulation. This requires an adaptation of the boundary
conditions to the investigated problem.

In his first paper [62], Yee described the boundaries of the simulation volume as perfectly
conducting surfaces, where the tangential electric and the normal magnetic field compo-
nents are simply set to 0 at the boundary. These boundaries are easily implemented in
the algorithm but far from reality, as only very few problems occur in a volume, which is
incorporated in a perfectly conducting box.

Still relatively easy to simulate, but far more realistic, is the case of a periodic problem,
like the vertical incidence of a plane wave on a periodic structure. At the boundaries,
x = 0 · ∆x and x = j∆x perpendicular to the propagation of the wave, the electric and
magnetic fields are calculated regarding the fields at the opposite boundary

B⃗


0 ·∆x
y0

z0

t0 +∆t

 = B⃗


0
y0

z0

t0 −∆t

+ f

E⃗

j∆x

y0

z0

t0


 . (2.28)

Here f
[
E⃗ (j∆x , y0 , z0 , t0)

]
includes the difference quotients of the electric field build with

the points x = 1 ·∆x and x = j ·∆x. The boundaries in the direction of propagation or the
boundaries of aperiodic problems remain challenging.

In contrast to “hard” boundary conditions (i.e., perfectly conducting surfaces), “soft”
boundary conditions are needed. They result in absorption or leakage of the outgoing
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2.3. Finite-difference time-domain method

wave without any reflection [67]. Two concepts exist for those absorbing boundary con-
ditions (short: ABC). One concept uses the differential equations and modifies the al-
gorithm at the boundaries to only allow waves that leak out of the simulation volume.
The second concept uses an additional material at the boundary which absorbs the wave
without reflection [68].

One example for the first kind of ABC couples the field amplitude outside the boundary
(z0 +∆z) to the amplitude inside the simulation volume at a former time step [67], while
it neglects the other points outside the boundary. The spatial distance and the temporal
distance are thereby correlated to describe the propagation of a wave in vacuum

Dx(z0 +∆z, t0 +∆t) = Dx(z0, t0) ,

with ∆z = c∆t .
(2.29)

This boundary condition provides exact results in one dimension. For two and three di-
mensions, there are discrepancies due to waves with different angles of incidence relative
to the boundary. There are possible adaptations like averaging over different points, but
there is still some reflectance from the boundary inside the simulation volume. [67]

The most promising ABC is a material-based concept presented by Berenger in 1994:
the concept of the perfectly matched layer (short: PML) [69]. The PML is a layer of

a simulated absorbing material, which has the same impedance Z =
√
µ0µr
ϵ0ϵr

as the area

inside the actual simulation volume. Due to the correlation of the impedance and the
reflectance coefficient

r =
Z1 −Z2

Z1 +Z2
, (2.30)

there is no reflectance at an interface between two materials with the same impedance
[63]. This correlation describes the reflectance coefficient for normal incident light. Thus,
there may be some reflectance for light under other angles of incidence on the boundary
that can be reduced if the PML is considered anisotropic [70]. With the imaginary parts of
the relative permittivity ϵr and relative permeability µr the absorption can be adapted in-
side the PML. The PML layer has to be enclosed by a “hard” boundary after a sufficiently
thick absorbing PML.

The “soft” boundaries need additional resources for computation. Hence, a clever selec-
tion of the boundary conditions and the simulation geometry can reduce computation
time and resources.

2.3.3 Advantages and disadvantages of FDTD

Besides FDTD, frequency-domain methods are a popular tool for solving optical prob-
lems. For the sake of completeness, FDTD will be briefly compared with these methods
with respect to the corresponding advantages and disadvantages.

Frequency-domain methods use a Fourier decomposition of a signal and regard the prop-
agation of the different frequencies. Therefore, the propagation of a wave with a certain
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frequency is described with a matrix solving the problem for this single frequency. For
a signal or a frequency range, the problem has to be solved for all frequencies before a
global solution can be calculated via a Fourier composition. The adaptation of the for-
malism to certain frequencies and geometries is complicated. In contrast, in FDTD only
the material properties at the different grid points have to be adapted [67].

With the exact matrices for each problem, the frequency-domain methods are more accu-
rate than FDTD and need less calculation time. On the other hand, these matrices need
a lot of computational storage due to their size, whereas FDTD only needs to store the
fields of two time steps for every grid point. [67]

With frequency-domain methods, frequency-dependent processes (e.g., dispersion in a
material) are easy to implement as the material properties are adjusted for the single
frequencies. If it comes to nonlinearities, however, FDTD is at an advantage. In FDTD
the total intensity is directly given and the material properties at the different grid points
are easily adapted to the field amplitudes at the time steps.

For disordered structures and calculations for a spectral range instead of a single fre-
quency, the complicated adaptation of the different investigated structures to the freque-
cy-domain method makes FDTD advisable.
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Chapter 3

Methods

Biomimetics in 3D micro- and nano-structuring contains different aspects. On the one
hand it concentrates on the use of biomimetic materials, materials derived from natu-
rally occurring materials, or uses these biomaterials themselves, and on the other hand
it involves the fabrication of biomimetic structures, like those described in Chapter 5, in
conventional materials.

From the material point of view biomimetics uses biomaterials like proteins or polysac-
charides to generate structures. Some known methods to structure these materials are
introduced in the first section of this chapter (cf. Sec. 3.1). These methods and, espe-
cially, the self assembling have a limited freedom of design. Therefore, it is impossible to
fabricate arbitrary 3D structures.

In contrast, the method of direct laser writing (short: DLW) allows for fabrication of
nearly arbitrary structures. But currently, there is no way to use biopolymers for DLW.
The processing conditions of DLW, however, allow the use of biomaterials, as no harsh
conditions, e.g., high temperature or reactive atmosphere, are needed. To give the reader
an understanding of the requirements on a resist that should be patternable with DLW,
the method is described in Section 3.2.

3.1 Structuring biomaterials

In the context of this work, biomaterials are materials that exist in nature like polysac-
carides, proteins or peptides. They often tend to organize themselves in larger clusters in
nature, i.e., they self-assemble. This assembling is dictated by weak non-covalent inter-
actions between the single molecules or within a molecule [37, 71].

The corresponding molecules exhibit a chemical structure that allows a weak association
between different functional groups of the molecules. For cellulose, the responsible inter-
actions are hydrogen bonds (cf. Sec. 4.1). For other molecules, it can be ionic bonds, van
der Waals interactions, or hydrophobic interactions [37, 71]. If the interactions occur be-
tween different parts of a single molecule, they lead to a folding of the molecules. If they
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occur intermolecularly they lead to an assembling. Self-assembling allows the molecules
to respond with different configurations to external stimuli, like the pH change [37]. Of-
ten these self-assembling molecules were discovered by chance [37].

Nowadays, scientist use self-assembling to build regular nanofibers or structures with
certain functions like channels through a lipid bilayer, which build cell membranes [71].
If the assembling mechanisms are understood, there are two concepts to obtain a struc-
ture with a certain functionality. Either molecules with the wanted function are modified
such that they self-assemble in the desired way, or molecules that already assemble in the
desired way are modified with groups to adapt the functionality [37].

However, the versatility of this method is limited as especially the variety of structures is
restricted by the assembling mechanisms. Furthermore, the resulting structure of mod-
ified molecules is difficult to predict [37]. Other methods allow a high freedom of de-
sign but work on a macroscopic length scale like 3D extrusion printing of cellulose ac-
etate [36, 72], or they only allow indirect structuring by adding the desired material to a
structure out of conventional material. Such scaffolds are often fabricated by photolithog-
raphy methods that allow a high freedom of design and small feature sizes.

A direct processing of some biomaterials with light is possible in 2D. For example, with
very short UV laser pulses a biomaterial is transferred to a substrate [32]. Here, the
biomaterial is ablated from one substrate and deposited onto another substrate. An-
other possibility in 2D is a light induced radical polymerization reaction that is possi-
ble with corresponding substitution reactions and initiators [33]. The substitution re-
actions replace functional groups by groups that enable the radical polymerization, like
methacrylic groups (cf. Sec. 4.2). Afterwards, these molecules can be cross-linked in a
reaction with an initiator. These initiators may be biological initiators, like coumarin [33].

These methods are yet limited to 2D patterning. However, the radical polymerization
process is suitable for direct laser writing (see next section), which allows an expansion
to 3D structuring.

3.2 Direct Laser Writing

Direct laser writing (short: DLW) is a lithography method in which a change in the ma-
terial properties is induced by a multiphoton absorption process, often a two-photon
absorption (2PA). Due to the often used 2PA, it is also called two-photon lithography.
It allows fabrication of nearly arbitrary 3D structures. The size of the features of these
structures ranges from several micrometers down to the nanometer length scale [73].
Therefore, it is entitled with 3D microprinting, too. The first realization of DLW suc-
ceeded in the 90s [29, 30].

The exact mechanisms and different details of DLW are explained in this section step by
step. Section 3.2.1 allows the reader to get an idea of a typical setup for DLW. Afterwards,
the physical (Sec. 3.2.2) and chemical mechanisms (Sec. 3.2.3) are explained, and in the
end some possibilities for optimization (Sec. 3.2.4) are introduced briefly.
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Figure 3.1: Setup for direct laser writing: The power of the laser beam is modulated with
an acousto-optical modulator (1) and calibrated with a photodiode (3) behind a partially
transparent mirror (2). The linearly polarized laser light is converted into circularly po-
larized light by a quarter wave plate (4). The expanded beam (5) can be deflected by a
pair of galvanometric mirrors (6) before it is coupled with an dichroic mirror (7) into an
inverse microscope. Here, an objective (8) focuses the beam into the resist on a substrate
(9). After [78, 79].

3.2.1 Technical realization

A schematic DLW setup is presented in Figure 3.1. The scheme outlines the setting of a
commercial system from Nanoscribe GmbH, which is used for the work presented later
on. There are other possible realizations, for example with other laser wavelengths [74,
75] or with additional beam control [76, 77], which may lead to finer features and higher
resolution (cf. Sec. 3.2.4).

Here, a laser with a central wavelength of λ = 780nm, a pulse duration of τ = 100fs
and a repetition rate of f = 80MHz is used [80]. An acousto-optical modulator (short:
AOM; (1) in Fig. 3.1) adjusts the power by refracting part of the light out of the original
direction. The intensity change is calibrated to the voltage applied at the AOM before the
actual writing process with a photo detector ((3) in Fig. 3.1) behind a partially transparent
mirror (2). A λ/4-waveplate ((4) in Fig. 3.1) converts the linearly polarized light into
circularly polarized light to achieve a symmetric lateral beam profile in the focal point.

After the beam is circularly polarized, it is expanded by a telescope ((5) in Fig. 3.1) before
it passes a pair of galvanometric mirrors ((6) in Fig. 3.1). These mirrors can be used
to move the beam through the resist, for further information, see below. By a dichroic
mirror (7), light is guided into an inverted microscope. The inverted microscope contains

23



3. Methods

a focusing objective with a high numerical aperture (NA = 1.4; (8) in Fig. 3.1) and a
substrate (9) with the resist. Through the objective, light is guided into the resist.

During the writing process, the refractive index of the resist may change. Therefore,
the transmittance of light from a light source in the inverted microscope changes. The
transmitted light is collected with the objective ((8) in Fig. 3.1) and transmitted through
the dichroic mirror (7) onto a CCD camera. Thus, the changes in the transmitted light
and, therefore, the writing process can be observed, if the refractive index change is large
enough.

There are different printing modes that differ in the medium the objective is in contact
with. In the air configuration the resist is either on top or bottom of the glass substrate
but not in contact with the objective. This method leads to spherical aberrations which
depend on the axial position of the focal point and change with the position of the fo-
cal point in the resist. The air configuration limits the height of the structures due to
the working distance of the objective and is limited to objectives with a low numerical
aperture (NA ≈ 0.5). [80]

To use objectives with a higher numerical aperture, an immersion oil can be used. The
immersion oil has the same refractive index as the objective and the glass substrate. The
resist is dropped on top of the glass substrate. This method is called oil immersion con-
figuration or conventional DLW. The size of the structures is limited by the difference
between the working distance of the objective and the thickness of the substrate. The
aberrations still increase with the axial distance of the focus from the glass substrate in-
side the resist and, especially, with a beam propagation through processed material. [80]

Constant and only small spherical aberrations are achieved with the so-called dip-in con-
figuration. Here, the resist is applied to the bottom of the substrate and the objective is
directly dipped into the resist that has a refractive index matching to that of the objective
lens. This also allows to fabricate very tall structures, since the objective can be moved
away from the substrate without the limitation of the objective’s working distance. In
addition to the matching refractive index, only resists that do not damage the objective
should be selected. [80]

For resists that contain solvents that may damage the objective, like the resists presented
in Chapter 4, the oil immersion configuration is advisable. In all printing configurations,
clean glass substrates are needed that are perfectly plane parallel or with minimal ir-
regularities, such that a horizontal layer of the printed material will end up completely
connected to the substrate. A pre-treatment of the glass substrates may further improve
the performance, e.g., by depositing an adhesive layer between glass and resist.

As mentioned above, the galvanometric mirrors can be used to move the focus through
the resist. A shift of the focus point is achieved by tilting the galvanometer mirrors and
hence, deflecting the beam. A relative movement between the focus and the resist can be
achieved by moving the substrate with the resist itself, too. Therefore, either the micro-
scope stage or a piezoelectric stage on top of the microscope stage are used. Hence, there
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are three modes to move substrate and beam relatively to each other: the “galvo-scan-
mode”, the “stage-scan-mode”, and the “piezo-scan-mode”. In all cases, the piezoelectric
stage provides the axial movement of the sample.

The piezo actuator achieves the highest accuracy, while the galvanometric mirrors al-
low the highest writing speeds and the microscope stage enables the largest writing area
without further steps [80].

The processes happening inside the resist during DLW are explained in the following two
sections.

3.2.2 Physical process

In common photolithography the chemical process described in Section 3.2.3 starts with
a molecule absorbing one photon with high energy (mainly UV light). This molecule is
excited into a state E (cf. Fig. 3.2 (a) blue) and then becomes reactive through intersystem
crossing, a radiationless transition between different states, and starts a chain reaction,
e.g., a polymerization.

For lithography with one-photon absorption (1PA), the intensity decreases with increas-
ing writing depth in the material due to absorption, resulting in non-uniform excitation
along the beam. All along the trajectory of the laser beam through the resist the reaction
takes place till the penetration depth is reached and the intensity is no longer sufficient
to stimulate polymerization. To a limited amount, the axial feature size of the structures
can be influenced by the precise control of the exposure dose and thus the penetration
depth. This is done in the so-called gray scale lithography [81]. A proper limitation of
the reactive volume exists only in the lateral direction perpendicular to the beam propa-
gation.

In the case of DLW or two-photon lithography, the energy of one photon of the used
wavelength does not suffice to excite a molecule into the excited state E (cf. Fig. 3.2 (a)).
Hence, without scattering the resist is transparent for the used wavelength, this leads to
a constant intensity independent of the writing depth. This means, at least two photons
have to be absorbed at the “same” time for an excitation. This 2PA is a nonlinear process,
which was first predicted by M. Göppert-Mayer [84] and later on experimentally proven
by W. Kaiser [85].

A very descriptive explanation for the 2PA results from the Heisenberg uncertainty prin-
ciple of time and energy [86]. Due to the uncertainty principle, there exists a virtual state
between the actual states for a short time ∆t ≥ 1

4π∆ν [86, 87]. A molecule can be excited
to the real state using this virtual state by absorbing two photons within a time interval
shorter than the lifetime of this imaginary state. The first photon excites the molecule to
the virtual state and the second photon excites the molecule from the virtual state to the
excited state E (cf. Fig. 3.2 (a)).

Furthermore, the 2PA process can be derived from perturbation theory [84, 88]. This,
as well as the explanation with the Heisenberg uncertainty principle, results in a very
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Figure 3.2: Schema of the two-photon absorption (2PA) process and the physical voxel:
(a) The 2PA can be explained by the excitation first into an imaginary state (dashed line)
and then to the excited state (E). If a direct excitation into the excited state with one-
photon absorption (1PA) is possible, it requires light with double the energy (blue). (b)
The resulting linewidth after 1PA (blue) and 2PA (red) due to the different dependencies
on the electric field intensity with the threshold intensity Ith, which is necessary to start
the polymerization. After [82, 83].

small probability for this process, which is expressed by the 2PA cross section. The 2PA
cross section relates to the energy or the frequency of the used light source ω, the line
shape function of the transition g (2ℏω), and the transition tensor

←→
T G→E describing the

probability for such a 2PA at the molecular level [89, 90]

σ2PA ∝ (ℏω)2g (2ℏω) |←→T G→E | . (3.1)

The transition tensor
←→
T G→E considers a potential polarization-dependence. The values

of the mean 2PA cross section are in the range of 10−58 m4s
photon = 1GP (in words: one

Göppert-Mayer) [88, 90–92].

In the macroscopic description, 2PA is a nonlinear process that is included in the depen-
dence of the polarization P⃗ from higher orders of the electric field E⃗:

P⃗ = ϵ0

∑
j

←→χ (j)E⃗j , (3.2)

with the linear and nonlinear susceptibilities←→χ (j) [88]. 2PA is a third order process, thus,
the 2PA cross section, as an absorptive process, is part of the imaginary part of the third
order susceptibility←→χ (3).

If the electric field induces a nonlinear polarization due to the third order susceptibility,
the corresponding energy W (3) of the induced dipole in the electric field is:

W (3) = P⃗ (3)E⃗

= ϵ0
←→χ (3)E⃗4 .

(3.3)
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This energy is proportional to the fourth order of the electric field and, hence, to the
second order of the intensity of the electromagnetic field.

Because of the small cross section values, 2PA mainly occurs in the focal volume of the
beam, where the probability for 2PA is not negligible due to the high intensity. If scatter-
ing occurs in the used wavelength range, the intensity in the focal volume decreases and,
hence, the probability for 2PA.

The focal volume is the smallest exposed volume element in the DLW process. In con-
sideration of the chemical effects discussed in Section 3.2.3, which lead to a threshold for
the reaction process, the focal volume leads to the smallest fabricable unit, the so-called
volume pixel or voxel [17].

The lateral size of such a voxel is smaller than for a comparable 1PA process as indicated
in Figure 3.2 (b). If a normalized intensity is considered with a threshold, for both 1PA
and 2PA, at Ith = 0.5, then, due to the dependencies of the energy on either I or I2, the
voxel size (I > 0.5 or I2 > 0.5) is smaller for the 2PA (red bar in Fig. 3.2 (b)) than for 1PA.

Most of the materials that show 2PA can be excited with 1PA at a higher frequency as
indicated in Figure 3.2 (a). In some cases 2PA allows the optical transition for a dipole
forbidden transition, hence, there is no 1PA but there can be 2PA.

With the 2PA a chemical reaction is started that leads to a change in the solubility of the
material. The resulting chemical process is discussed in the next section.

3.2.3 Chemical process

There are different kinds of reactions that allow a 3D structuring and are initiated by 2PA
(see Sec. 3.2.2). A very common reaction mechanism is the radical polymerization, but
also acid generation reactions are established [93, 94]. Furthermore, inorganic materials
can be patterned with 2PA, e.g., metals [93, 95, 96], using other reaction mechanisms.

In the course of this work, methacrylated cellulose derivatives (cf. Sec. 4.1) are used and
a radical polymerization addresses acrylic and methacrylic groups of monomers. There-
fore, the explanation in this section focuses on the radical polymerization reaction.

A radical polymerization proceeds in three steps [29] that may look like:
(i) the starting reaction:

I
initiator

2hν 2R
radical

(ii) the chain reaction:

R + M
monomer

R M

R Mn + M R Mn+1

(iii) the termination reaction:

2R Mn R M2n R
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Figure 3.3: Polymerization reaction of an acrylate: The carbon double bond (red) is
cracked open and the radical is attached to one carbon atom leaving the second carbon
atom unsaturated.

During the starting reaction (i), an initiator is excited via 2PA. After the excitation, the
process is the same as for one-photon polymerization: The initiator itself can become a
reactive species or the energy can be transferred to another molecule, which is then in-
cluded in the further reaction process. For resists without further energy transfer, the
excited initiator molecule relaxes into the lowest vibrational state or the first singlet ex-
cited state within less than picoseconds. A further relaxation into the lowest triplet state
via intersystem crossing is possible. From the singlet state or the triplet state the actual
reaction starts (cf. Fig. 3.2 (a)). [93]

The excited initiator splits into two radicals via a photocleavage process, as in reaction (i),
or the initiator becomes reactive due to the excitation and reacts with another molecule
under hydrogen abstraction to build radicals [97]. In any case, as a result of the starting
reaction, radicals occur in the illuminated focal volume. For the further reaction pro-
cess (reactions (ii) and (iii)) no more light is needed, if there are no or at least only few
interfering processes.

The second reaction step is the actual chain reaction (ii). Here, a radical reacts with a
monomer. The result is a larger radical that includes the former radical and a monomer.
This new radical starts the chain building reaction again. The exact reaction mechanism
and resulting molecular structure depends on the monomer and the initiator. Therefore,
not all possibilities are explained here.

For the used methacrylated cellulose derivatives, the reaction mechanism is similar to the
mechanism involving acrylates, which are common types of monomers in photolithogra-
phy [97]. The acrylic group exhibits a carbon double bond (red in Fig. 3.3). During the
reaction with a radical this double bond is cracked open and the radical is attached to the
carbon atom. This leaves the other carbon atom of the former double bond unsaturated
as sketched in Figure 3.3 [97]. The properties of the final material are not influenced by
theses acrylic groups but by the polymer backbone of the material [97].

In principle, this chain reaction can proceed endlessly as long as there are acrylic groups,
which can attach to the radical. In reality, there are different conditions and reactions
that hinder a proceeding of the chain reaction, like the termination reaction (iii). In this
termination reaction, a radical reacts with another radical by bonding the unsaturated
atoms.
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More frequently, the radical polymerization reaction is terminated by reactions with oxy-
gen [74, 98]. Oxygen can already interfere during the starting reaction (i) by depopulat-
ing the excited states of the initiators. This means , the excited states of the initiators
are quenched by oxygen [99]. Hence, no cleavage process occurs. Another possibility is a
reaction of oxygen with the radicals. This scavenging hinders the radical polymerization,
too [99].

The reactions with oxygen lead to a threshold for the necessary laser power analog to the
Schwarzschild threshold in photography or 2D lithography [74,99,100]. The laser power
must exceed a certain level to start an adequate number of chain reactions to achieve a
satisfying polymerization.

The effect of oxygen is increased compared to UV lithography of large areas due to the
diffusion of oxygen inside the excited volume from the surrounding resist. If large areas
are excited with UV light, the oxygen is consumed in the whole area instead of only in
a small volume. Besides the diffusion of oxygen into the excited volume, there is the
diffusion of radicals out of the excited volume. This enlarges the polymerized volume.

This polymerized volume defines the voxel mentioned in Section 3.2.2. The difference
between the excited volume and the actual voxel size is defined by the reaction kinetics
and the mobility of the molecules in the resist. For fast reactions or low mobility the
voxel will correspond to the excited volume.

The timescale of the diffusion of the radicals is noticeable longer than the excitation
time [74]. If another feature is written in close proximity to the already excited area
while there are still radicals, these radicals may lead to polymerization between neigh-
boring features. This is called proximity effect as the features are written in temporal
and spatial proximity to each other. Although this may smooth written structures, it is of
disadvantage for high resolution and fine features. [101]

The proximity effect is reduced by increasing the temporal delay between neighboring
features. Other obstacles in DLW may be overcome by some of the optimization steps
presented in the next section.

3.2.4 Optimization

The above mentioned setup (cf. Sec. 3.2.1) already contains one element to improve the
quality of the process: The λ/4-plate leads to a symmetric intensity distribution in the
focal volume and, hence, a symmetric voxel. There are more and often more complex
methods to further improve the process of DLW that may be required to achieve high
resolution or fast processing. Since we want to give a proof of principle of DLW with
a new material class in this work these optimizations are not essential. Therefore, this
section will only introduce very briefly a selection of methods for optimization.

A first method for optimization is inspired by the stimulated emission depletion (short:
STED) microscopy [102], which was awarded with the Nobel prize in 2014. In STED
assisted DLW, a second laser is used to deplete the excited molecules before they reach the
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reactive state. To do so, the two laser beams are spatially overlaid. As for the microscopy
method, a typical beam profile combination is the excitation with a Gaussian beam and
the depletion with a so-called doughnut mode, which has zero intensity in the middle.
By combining these two, the middle, where the maximum excitation takes place, stays
excited and is not depleted, while the outer regions of the Gaussian beam are excited by
the first laser and depleted by the STED laser.

Also similar to the microscopy method, the two lasers have to use different wavelength
ranges, so the STED laser does not further excite the molecules in the photoresist. The
STED laser has to work at a wavelength that enables a depletion process. This depends
on the material system and the possible states that can be addressed for the depletion
process. [82, 103]

The above mentioned beam shapes that can be used for the STED assisted DLW are dis-
torted due to aberrations. Therefore, a further optimization can be achieved if these aber-
rations are corrected [104]. This already improves the performance without STED [76]
when applied for the excitation laser. The aberration correction can be achieved with a
spatial light modulator (SLM). Phase and amplitude patterns loaded onto the SLM dis-
play diffract the beam such that the achieved beam profile is optimized. [105].

These are just examples for optimization of the DLW method. There are more possibilities
already and research is still in progress to further improve DLW.
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Chapter 4

Direct laser writing in a bioinspired
material

While conventional photoresists for DLW use mineral oil-based monomers or polymers
as their key component [106], the resists presented here use a natural polysaccharide
as a raw material. With the focus of Chapter 5 on photonic structures in insects that
use chitin as main material, chitin is of course highly interesting. However, substitution
reactions of chitin are more complex than for example cellulose substitution reactions.
Hence, to introduce polysaccharide-based photoresists in DLW cellulose is used. The
monomers in conventional photoresists are replaced by derivatives of cellulose as the
crucial component of the resists. The gained information can be transferred to chitin
later on.

Therefore, the first section introduces cellulose as a promising material. The substitu-
tion reactions that are necessary to convert cellulose into a cross-linkable constituent of a
photoresist are explained in Section 4.2 as well as the other constituents of a potential re-
sist. In the subsequent Section 4.3, the properties of a cellulose-based resist are discussed
before in Section 4.4 a first biomimetic structure is fabricated with a such a resist.

4.1 Cellulose - a short profile

Cellulose is the most abundant polysaccharide in the world [107]. It can be extracted out
of cell walls in plants and it can be produced by some bacteria [107]. It is a renewable
raw material with nearly inexhaustible occurrence in the world. Therefore, it is a cheap
and sustainable material, which takes a major role in the development of green chemistry
[108].

The use of cellulose is much older than its name (1839) and the knowledge of its molecu-
lar formula (1838). Mankind has always used cellulose, for example as building material,
energy source or clothing. The use of cellulose, as a chemical raw material, started in the
19th century with the synthesis of Celluloid. [107]
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Figure 4.1: The cellobiose is the repeating unit of the cellulose. It consists of two β-D-
glucose molecules linked via a β(1,4)-glucosidic linkage.

Cellulose is biocompatible and, in its pure form, it is hydrophobic and insoluble in most
organic solvents [107]. It is part of many natural composite materials in plants. These
natural composite materials show a high tensile strength, which increases with an in-
creasing amount of cellulose [109]. Concerning the tensile strength, these composites
outperform some synthetic polymers. For example, pineapple leaf fibers have a tensile
strength of up to 1627MPa [109], while poly(methyl methacrylate) (PMMA), which is
used for implants in dentistry [110] or as roofing material, has a tensile strength of less
than 100MPa [111].

The above mentioned properties of cellulose arise from the exact molecular structure
of the cellulose. Cellulose consists of a chain of glucose molecules that are linked by
a β-(1,4)-glycosidic bond. This means that two neighboring β-D-glucose molecules are
linked via the first carbon atom of one glucose molecule and the fourth carbon atom of
the neighboring molecule (see Fig. 4.1). This fundamental unit cell, the cellobiose, is
around 1nm long [112].

Each β-D-glucose molecule of the cellobiose exhibits three hydroxyl groups. These hy-
droxyl groups build hydrogen bonds, which determine the physical and chemical prop-
erties. Due to intramolecular hydrogen bonds, the cellulose molecules exhibit a linear
structure [107] and due to intermolecular hydrogen bonds the cellulose is insoluble in
common organic solvents and materials with a high cellulose amount have a high tensile
strength.

If the molecular arrangement is changed, as in case of the amylose, an isomer of the cellu-
lose and a constituent from starch [113], the chemical, physical and biological properties
differ enormously. The amylose also consists of a chain of glucose molecules, which are
linked by α-1,4-glucosidic bond [113].

Besides the exact arrangement, the so-called degree of polymerization DP , the total a-
mount of fundamental units building a cellulose molecule, influences the exact proper-
ties. The degree of polymerization depends on the exact source of the material and varies
between around DP = 500 to DP = 5000.

The properties of the cellulose can be adapted, if the molecules are for example shortened
or if the hydroxyl groups are substituted with other functional groups. These functional
groups are changed during substitution reactions and can enable solubility in common
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organic solvents, like acetone, or certain reaction mechanisms, like radical polymeriza-
tion. This allows DLW of a cellulose-based material. The composition of such a resist is
explained in the following section, including the substitution reactions that enable DLW
with a cellulose derivative.

4.2 Components of a bio-resist

For photolithography with a radical polymerization, a monomer has to be radicalized
either by a direct excitation or by an excited initiator. Many photoresist for DLW contain
a monomer and an initiator for the chain building reaction.

Here, different methacrylated cellulose derivatives are investigated as potential mono-
mers. The cellulose derivatives are actually relatively short polymers and no monomers
in the classic sense of a single unit cell. The different types of cellulose derivatives and
their synthesis are explained in the first subsection. As the methacrylic group can not
be excited by 2PA itself, an additional initiator is needed as in most common resists.
Therefore, different initiators have been examined (cf. Sec. 4.2.2) for their suitability of
starting the polymerization of the methacrylated cellulose derivatives after 2PA or other,
higher nonlinear absorption processes.

The cellulose-based resists need a solvent as a third component, because the cellulose
derivatives and the initiators are solids. Two possible solvents are compared in Sec-
tion 4.2.3 and their advantages and disadvantages are discussed. Besides the two dis-
cussed solvents, there are a lot of other possibilities, as for the other components. Due to
the amount of possible components, only a selection is presented.

The synthesis of the cellulose derivatives is done by M. Rothammer at Campus Straubing
from Technical University Munich as well as the Fourier-transform infrared (short: FTIR)
spectra in Section 4.2.1. Some investigation concerning the properties of the resists were
done in close cooperation with A. Koerfer. In both cases, corresponding paragraphs are
cited.

4.2.1 Cellulose-based monomers

Cellulose-based molecules are tested as monomers for a resist that is suitable for DLW.
These short polymers are cross-linked to built larger units. To enable the corresponding
reaction process, the cellulose is equipped with different functional groups replacing the
hydroxyl groups during substitution reactions, at least partially. The number of hydroxyl
groups that is replaced by a certain functional group at a single glucose unit defines the
degree of substitution DS. If one hydroxyl group per glucose unit is replaced, the degree
of substitution equals one (DS = 1).

Three kinds of cellulose-based polymers are examined. Their synthesis is done by our
cooperation partners within the priority program Tailored Disorder and contains the
work of M. Rothammer [114], as especially the substitution reactions of cellulose are
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Figure 4.2: Chemical structure of (a) methacrylated cellulose acetate (MACA) and (b)
methacrylated tosylcellulose (MATC): The methacrylic groups (MA) (red) enable cross-
linking via radical polymerization, while the (a) acetate groups (A) or (b) tosyl groups (T)
allow solving the cellulose derivatives in common organic solvents.

not yet completely understood [107] and an additional field of investigation. The cellu-
lose derivatives differ in their kind and number of functional groups as well as in their
molecular length, which influences the properties and capabilities of the resists.

To enable the radical polymerization of the material as described in Section 3.2.3 with an
initiator, methacrylic groups (short: MA) (cf. Fig. 4.2 red) are used in all cases. Hence,
some of the hydroxyl groups are replaced by methacrylic groups (DS (MA) ≤ 0.5). The
solubility in common organic solvents, like acetone and dimethyl sulfoxid (cf. Sec. 4.2.3),
is enabled by two different functional groups. A first group of polymers uses acetate
groups (short A; DS (A) ≤ 2.5; cf. Fig. 4.2 (a)) to achieve solubility. The second approach
enables the solubility with tosyl groups (short T; DS (T) = 0.85; cf. Fig. 4.2 (b)). The
resulting repeating units of methacrylated cellulose acetate (MACA) and methacrylated
tosylcellulose (MATC) are sketched in Figure 4.2.

Synthesis of the monomers

The synthesis of the first kind of MACA with 500 units of glucose (MACA500) is started
with a commercially available pure cellulose diacetate (DP = 500, DS(A) ≤ 2.5; by Carl
Roth GmbH & Co. KG). Under permanent stirring the cellulose diacetate, which is in gen-
eral the product of an esterification [107], is dissolved in dimethylformamide (by VWR
International GmbH) and heated to 120◦C. At this temperature methacrylic acid anhy-
dride (by Sigma-Aldrich Chemie GmbH) and pyridine (by Alfa Aesar by Thermo Fisher
GmbH) are added and during five hours of permanent stirring the substitution reaction
takes place (DS(MA) = 0.5). In the end, the MACA500 is precipitated with the help of
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Table 4.1: Degree of substitution (DS) for methacrylic (MA) and acetate (A) or tosyl (T)
groups of the cellulose derivatives and their molecular mass and length. [115, 116]

degree of substitution DS molecular mass mmol length

MA A or T in u in kg
mol in nm

MACA15 0.33 < 2 40301 4.03 7.5
MACA500 0.5 ≤ 2.5 1400002 140 250
MATC15 unknown < 0.85 47303 4.73 7.5

ethanol (by Carl Roth GmbH & Co. KG) and, afterwards, washed. The final white, solid
MACA500 is obtained after evaporation of the solvent. [115]

The second kind of MACA and the used MATC contain only around 15 units of glu-
cose (MACA15 and MATC15, respectively). They are synthesized from micro crystalline
cellulose (DP = 230 to DP = 240; by Merck KGaA), which is decomposed with phos-
phoric acid at room temperature over six weeks. For MACA15, the decomposed cellulose
is then methacrylated, analogously to the MACA500, with methacrylic acid anhydride.
Afterwards, the methacrylated cellulose is added to acetic acid (by Th. Geyer GmbH &
Co. KG) and stirred at room temperature over one hour. Then, acetic anhydride (by Th.
Geyer GmbH & Co. KG) and additional acetic acid are added. The mixture is stirred
at 55◦C until everything is dissolved and the methacrylated cellulose is acetylated. It is
not known, to which extent the acetate groups replace hydroxyl groups, nor, if they re-
place methacrylic groups. Our cooperation partners estimate the degree of substitution
of the acetate groups to beDS (A) < 2 due to solubility properties and for the methacyrlic
groups DS (MA) = 0.33 (cf. Tab. 4.1). The processing is finished with a precipitation and
washing of the derivative with ethanol, as for the MACA500. [116]

For the last cellulose derivative, the decomposed cellulose is dried and, afterwards, sus-
pended in dimethylacetamide (short: DMAc; by Carl Roth GmbH & Co. KG). This sus-
pension is flushed with Argon for ten minutes. Under elimination of air moisture the
suspension is stirred at room temperature for two hours and further stirred at 100◦C for
45min. After the addition of dried LiCl (by VWR International GmbH), the mixture is
stirred for another ten minutes, before it is gradually cooled to room temperature. Then,
triethylamine (by Acros Organics B.V.B.A.) solved in DMAc is added under stirring. The
mixture is cooled down to 8◦C, before toluenesulfonic acid chloride (by Alfa Aesar by
Thermo Fisher GmbH) solved in DMAc is added dropwise. After another 24h of stir-
ring at 8◦C the processing is finished with a precipitation and washing of the derivative
with ethanol. After the tosylation the cellulose derivative is methacrylated analogously
to MACA15 and MACA500. [116]

1Considering DS(A) = 2 and DS(MA) = 0.33.
2Considering DS(A) = 2 and DS(MA) = 0.5.
3Considering DS(T) = 0.85 and DS(MA) = 0.33.
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For the MATC15 the degree of substitution of the tosyl groups is estimated to be, as for
the pure tosylcellulose, DS(T ) < 0.85 (cf. Tab. 4.1). The degree of substitution of the
methacrylic groups is not known. [116]

Properties of the monomers

With the degree of substitution for the different functional groups, given in Table 4.1,
and the assumption of a negligible mass loss due to the binding energy of the atoms, the
mass of the different cellulose derivatives can be estimated (cf. Table 4.1). This is done
by simply adding the atomic masses of the single atoms.

Besides the mass of the derivatives, an estimation of the molecular lengths of the deriva-
tives is possible. With a length of around 0.5nm of a single glucose unit the maximum
length of the derivatives is given by their degree of polymerization and listed in Table 4.1.
These theoretical lengths are only achieved, if the molecules remain in the linear form of
a pure cellulose molecule. The theoretical length and the mass of the molecules are help-
ful to discuss the performance of the resists with the different derivatives or the viscosity
of solutions with the cellulose derivatives later on.

The solubility of the different cellulose derivatives depends on the degree of substitution
(cf. Tab. 4.1) of the acetate or tosyl groups [117]. The DS(A) is highest for the MACA500.
However, solutions with more than 25wt% of MACA500 can not be processed because of
their high viscosity.

For mixtures with identical mass proportions of MACA500, MACA15, and MATC15,
the mixture with MACA500 has the highest viscosity due to the high molar mass of
MACA500 [118, 119]. The viscosity of the mixtures with MACA15 and MATC15 with
identical mass fractions are comparable.

These differences in the solubility and viscosity of the different cellulose derivatives and
their solutions demand different proportions of the cellulose derivatives compared to the
solvent for the further investigations and the use in DLW (cf. Tab. 4.2).

A first criterion for the suitability of the cellulose derivatives for DLW is their optical
behavior in the visible spectral range. 1PA or strong scattering at the wavelength that is
used for DLW hinders the fabrication of 3D structures. A 2PA absorption at this wave-
length or more precisely the possibility for excitation of radicals with this wavelength
would allow DLW without an initiator.

To look at the 1PA and scattering, 1PA spectra of the different cellulose derivatives are
measured (cf. Fig. 4.3). Therefore, the spectra of the cellulose derivatives solved in dime-
thyl sulfoxide (short: DMSO) in a cuvette are measured and normalized to the spectrum
of pure DMSO in a cuvette. The cuvettes are fabricated out of UV transmitting fused
silica (Suprasil) and the spectra are measured with the spectrophotometer Evolution 220
(by Thermo Scientific Inc.), which is equipped with a xenon flash lamp [120].

None of the cellulose derivatives shows a sharp absorption edge. Such a sharp absorption
edge is expected for a material that shows only absorption and no scattering. Character-
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Figure 4.3: 1PA spectra of cellulose derivatives in DMSO with different mass proportions
(MACA500 [44] 10.6wt%, MACA15 [44] 16.7wt%, and MATC15 9.1wt%) normalized to
pure DMSO.

istic for Rayleigh scattering (cf. Sec. 2.1.3) is a decreasing transmission with decreasing
wavelength due to increasing scattering. This is observed for the cellulose derivatives.
Here, the transmission increases for wavelength λ ≥ 350nm.

Only for MACA500 the scattering is negligible for the later used concentrations of cellu-
lose in DMSO (cf. Sec. 4.3) as the transmission at 780nm is T ≈ 0.94. For MACA15 and
MATC15 most of the light is scattered out of the original direction (T ≤ 0.42). This is, as
mentioned in Section 3.2, a drawback for the use in DLW. For MACA15 and MACA500
light up to a wavelength of 400nm is absorbed, leaving the possibility for 2PA at 780nm
and a corresponding excitation. However, no 2PA absorption is observed in z-Scan mea-
surements [121, 122]. This disables the use of the cellulose derivatives without initiator.

Beside the visible spectral range, the cellulose derivatives show characteristic spectra in
the infrared range shown in Figure 4.4. The spectra of MACA15 (solid red line), MATC15
(solid blue line ), and MACA500 (solid cyan line) exhibit characteristic absorption peaks
in the transmittance. The peaks at 1634cm−1, 950cm−1, and 811cm−1 (black, dotted
lines) are assigned to the methacrylic group or more precisely to the stretching vibration
and the deformation vibration of the C = CH2-bond of the methacrylic group [115].

For pure cellulose acetate without methacrylic groups, those peaks do not occure (black
solid line). During the cross-linking reaction the number of C = CH2 bonds is reduced, as
they are cracked open, hence, these peaks are reduced or vanish after cross-linking with
an initiator under UV exposure (dashed lines) [116]. Analog observations are possible for
Raman spectra of direct laser written structures (cf. Sec. 4.3.1).
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Figure 4.4: FTIR spectra of the uncured and cured MACA500 [115], MACA15 [116], and
MATC15 [116] as well as the FTIR spectra of pure cellulose acetate [115]: The FTIR spec-
tra show the characteristic fingerprint of the methacrylic group at 1634cm−1, 950cm−1,
and 811cm−1 (dotted lines), which are reduced due to the cross-linking or even vanish
completely.

With the different functional groups and the given 1PA spectra all three kinds of cellulose
are still potential candidates for at least 2D structuring with DLW. As the derivatives do
not show 2PA at 780nm, an additional initiator has to be added to the solution of the dif-
ferent derivatives. Due to the different chemical and physical structure of the derivatives
different necessary mixtures and different properties of the resists are expected.

DLW with different cellulose derivatives

Indeed, with all of the derivatives DLW is possible. Scanning electron microscope (SEM)
images of fabricated structures are shown in Figure 4.5. These structures are written
using different initiators and different mass proportions of the components which are
given in Table 4.2.

The used mixtures contain different mass fractions due to the above mentioned solubility
and viscosity aspects. Furthermore, they use different initiators as some combinations
do not lead to a polymerization at all or show an inferior performance during DLW in
comparison to the resists mentioned in Table 4.2. The differences occur mainly due to
the different reactivity of the primary initiator radicals towards the cellulose derivatives
[123]. The different initiators are discussed in Section 4.2.2.

In the upper row of Figure 4.5, the resolution of the structures achieved with the resits
and the 3D performance of the different resists can be compared. For MACA15, a reso-
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Figure 4.5: SEM images of structures written with (a) MACA15, (b) MATC15, and (c)
MACA500: The structures shown in the upper row are intended to show a 3D perfor-
mance, while the bottom row shows the line qualities. The achieved resolutions are at
least 5µm, 1µm and 750nm, respectively and the linewidth reaches down to at least
570nm, 200nm, and 150nm for the different derivatives.

lution of only 5µm is achieved and no 3D structuring is possible due to the strong scat-
tering. For MATC15 at least a 2.5D structuring is possible allowing high 2D structures.
Concerning the resolution, MATC15 and MACA500 outperform MACA15. Their resolu-
tions are in the same order of magnitude 1µm and 0.75µm for MATC15 and MACA500,
respectively. However, MACA500 enables a clear 3D structuring, while MATC15 only
enables high 2D features without a separation of the features in the vertical direction.

Furthermore, the quality of the written structures differs. The bottom row of Figure 4.5
shows SEM images of fabricated lines. These lines are written with an increasing vertical
offset to observe lines that are written with the broadest part of the elliptic voxel and not
only with the narrow tip of the voxel. This may lead to a slight broadening of the lines,
from left to right in the SEM images, with an increasing offset, but it reveals reliable
feature sizes.

The lines written in a resist with MACA15 have a feature size of around 570nm (cf.
Fig. 4.5 (a) bottom) with some irregularities. MATC15 enables features with a size of
around 200nm but with lines that seem to be porous (cf. Fig. 4.5 (b) bottom). The resists
with MACA500 exceed the other resists with short cellulose derivatives, if quality and
feature size are concerned. The lines written in the resist with MACA500 (cf. Fig. 4.5
(c) bottom) have a features size of around 150nm, while they seem solid and smooth
compared to the other structures.

Another criterion is the laser power at different writing speeds that is needed to achieve a
polymerization. This power at the threshold is compared for resists that exhibit a initiator
concentration that corresponds to 5% of the concentration of the cellulose derivatives
in the resist. For a writing speed of vw = 10 µm

s , MACA500 polymerizes with ITX at a
power of only P = 4.6mW. MACA15 and MATC15 need higher laser powers to build
stable structures and solid lines. For MATC15 a power of P = 8.6mW is required and for
MACA15 a power of P = 16.8mW is needed.
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Table 4.2: Mass fractions m and relative number of molecules Nrel in the different resists

Fig. 4.5 (a) upper row MACA15 Irgacure369 DMSO
m in wt% 24.0 3.1 73.0
Nrel 1 1.4 157.2

Fig. 4.5 (a) bottom row MACA15 Irgacure369 DMSO
mrel in wt% 33.9 1.3 64.8

Nrel 1 0.4 98.8

Fig. 4.5 (b) MATC15 ITX DMSO
mrel in wt% 26.3 1.3 72.4

Nrel 1 0.9 166.6

Fig. 4.5 (c) upper row MACA500 ITX DMSO
mrel in wt% 10.5 1.1 88.4

Nrel 1 57.1 15039.1

Fig. 4.5 (c) bottom row MACA500 ITX DMSO
mrel in wt% 10.6 1.0 88.4

Nrel 1 51.1 14912.6

These laser powers for small writing speeds are reached at the used setup for DLW, but
higher writing speeds are disabled due to the required high laser powers. The small writ-
ing speeds result in disproportionately long fabrication times even for small structures.

A first reason for those required high laser doses is the scattering discussed above. Fur-
thermore, MACA15 and MATC15 consist of much smaller molecules than MACA500.
Hence, more MACA15 or MATC15 molecules need to be linked to achieve the same length
than for MACA500. In the theoretical case of linear molecules and linear linkage, it needs
more than 30 molecules of MACA15 or MATC15 to achieve the length of one MACA500
molecule (cf. Tab. 4.1).

If a statistical clustering of the molecules and a nonlinear cross-linking are considered,
the situation is more complicated. In any case, for the MACA15 and MATC15, it needs
more methacrylic groups to be radicalized and cross-linked than for MACA500 to achieve
the same size of polymerized volume.

The mass fraction of the initiators is high compared to common resist in photolithogra-
phy, if the fraction of the initiator and the monomer is considered (5wt% for MACA500
to ≤ 2wt%) [83,124]. This indicates, that the reaction constant is small and that the quan-
tum yield of the reaction is poor. The molecular compositions of the resists (cf. Tab. 4.2)
emphasizes this assumption.

In a common resist with, e.g., pentaerythritol triacrylate (PETA, 98wt%) and 2-Benzyl-2-
(dimethylamino)- 4’-morpholinobutyrophenone (Irgacure 369, 2wt%), there are around
50 monomer molecules on one initiator molecule. For the resist with MACA500 it is
the other way around (cf. Tab. 4.2). Assuming that some of the initiator molecules are
incorporated into the final polymer backbone, the high initiator content contradicts the
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idea of a cellulose-based photoresist. For the resists with MACA15 and MATC15, the
relative numbers of molecules Nrel are smaller than for resist with MACA500. Therefore,
more initiator molecules can start a chain reaction with the MACA500, which leads to a
better cross-linking compared to the resists with MACA15 and MATC15 molecules.

A comparably high number of initiator molecules in the resists with short cellulose deri-
vatives compared to the resists with MACA500 leads to resists with a higher mass fraction
of initiator than cellulose derivative. Therefore and due to a better performance concern-
ing feature size and quality as well as the resolution, MACA500 is used in the course of
this work.

4.2.2 Initializing the polymerization

As mentioned above, the methacrylates as monomers or short polymers do not allow
direct excitation via 2PA at 780nm to start a chain building reaction. Therefore, an ini-
tiator is needed (cf. Sec. 3.2.3). In photolithography, different initiators enable a radical
polymerization of monomers that exhibit methacrylic groups [97]. For DLW the initiator
has to be excitable via a nonlinear absorption process. As there are still a lot of differ-
ent initiators, only a selection is discussed in the following considering different aspects.
The discussed selection of initiators is presented in Table 4.3. All of them are known
to cross-link methacrylic groups. The initiators are used without further processing or
purification.

A first step, to see whether a photo-initiator is suitable for DLW, is its 1PA spectra. If
1PA occurs for wavelength λ ≤ λ1PA the most efficient 2PA is expected at λ2PA,max = λ1PA

0.7
[131, 140], while it can occur for λ2PA ≤

λ1PA
0.5 , considering that both 1PA and 2PA are

possible. Vice versa, if a wavelength of λ = 780nm is used for DLW and both 1PA and
2PA are possible, 1PA should occur for wavelength λ ≤ 0.7 · 780nm = 546nm and it
must occur for λ ≤ 0.5 · 780nm = 390nm. On the other hand, there must not be 1PA for
λ ≥ 780nm to avoid excitation with 1PA.

The 1PA spectra of the examined initiators are presented in Figure 4.6. All spectra are
measured in the same way as those in Section 4.2.1. The initiators are solved in DMSO
and a cuvette filled with DMSO acts as reference for the measurements with the spec-
trophotometer Evolution 220 (by Thermo Scientific Inc.) with a xenon flash lamp. I651
and I2959 show 1PA for wavelengths smaller than 390nm, which indicates that there is
no 2PA at 780nm. DETC, I369, and ITX one the other hand show 1PA for wavelengths
up to λ = 400nm. Therefore, 2PA at 780nm is possible.

Hence, a next step is to look directly at the 2PA of these three initiators with the Z-scan
method [121, 122]. In a qualitative comparison between DETC, ITX, and I369, DETC
shows the larges 2PA cross section and I369 the smallest. All three initiators show a
reasonable 2PA cross section that allows DLW.

The highest 2PA cross section, however, does not necessarily correspond to the best per-
formance in DLW, because the 2PA process is only the initial point. The initiator has to
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Figure 4.6: 1PA of different photo-initiators: The 1PA is measured for DETC (1.35wt%),
I369 (1.2wt%), I651 (1.24wt%), I2959 (2.43wt%), and ITX (0.73wt%) solved in DMSO
and normalized to pure DMSO.

build a radical that, afterwards, has to react with the cellulose derivatives (cf Sec. 3.2.3).
The reaction itself depends on the morphology of the molecules and the radicals.

Hence, DETC, I369, and ITX are tested with MACA500 (cf. Sec. 4.2.1) and DMSO (cf.
Sec. 4.2.3) in the DLW process. All initiators enable the DLW process, but the resulting
qualities of the structures differ, if resists with equivalent mass fractions (cf. Tab. 4.4) are
used. SEM images of the fabricated structures with the best feature quality achieved with
the corresponding resists with the different initiators are shown in Figure 4.7.

The structures written with MACA500 and DETC (cf. Fig. 4.7 (a)) are irregular with a
lot of polymerized features at the periphery of each line. Spatially terminated structures
are achieved with I369 (cf. Fig. 4.7 (b)) which are broad compared to those written with

Table 4.4: Mass fractions mrel and relative number of molecules Nmol in the different
resists

Fig. 4.7 (a) MACA500 DETC DMSO
mrel in wt% 11.0 1.6 87.4

Nmol 1 64 14317

Fig. 4.7 (b) MACA500 I369 DMSO
mrel in wt% 10.5 2.1 87.4

Nmol 1 77 14931

Fig. 4.7 (c) MACA500 ITX DMSO
mrel in wt% 10.6 1.0 88.4

Nmol 1 51 14913
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4. Direct laser writing in a bioinspired material
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Figure 4.7: DLW with different initiators: SEM images of lines written in resist with
MACA500 and (a) DETC, (b) I369 or (c) ITX.

ITX (cf. Fig. 4.7 (c))(linewidth around 370nm and 210nm, respectively). The structures
written in a resist with ITX and MACA500 exhibit small feature sizes and solid lines
without noteworthy polymerization towards the neighboring structures.

Besides the quality, the polymerization threshold is taken into account again. For resists
with around 0.6wt% initiator the resist with ITX polymerizes with the smallest power:
for a writing speed of 10 µm

s , the power at the threshold is 4.6mW (cf. Sec. 4.3.1), 6.0mW
(cf. Sec. 4.3.1), and 38.4mW [44] for resists with ITX, I369, and DETC, respectively.

This indicates that despite the high 2PA cross sections of DETC, ITX has the highest
quantum efficiency for a radical polymerization with methacrylated cellulose acetates
triggered by 2PA. Therefore, ITX is the preferred initiator for DLW with methacrylated
cellulose acetate.

4.2.3 Enabling the handling

A suitable solvent is required to dissolve the cellulose derivative and the initiator, which
react with each other in the radical polymerization. The solvent should not interfere dur-
ing the reaction process nor should it show any absorption in the used wavelength range,
to avoid heating up the resist. Furthermore, as a cellulose-based resist is predestinated for
the fabrication of biocompatible or at least biodegradable structures, the solvent should
not hinder this.

Due to their relatively low toxicity, acetone and dimethyl sulfoxide (DMSO) are consid-
ered, which are bio compatible according to [141, 142] and transparent in the visible
spectral range. They are also not accessible for radical polymerization.

MACA500 is soluble in acetone and DMSO due to the high degree of substitution of the
acetate groups. In contrast, MACA15 and MATC15 with a smaller degree of substitution
of the acetate groups or the tosyl groups are not soluble in aceton, while they are soluble
in DMSO.

The highly exhalable acetone has a vapor pressure of 2.4 ·104 Pa at normal circumstances
(T = 20◦C) [143]. Its evaporation changes continuously the composition of the resist
and, hence, influences the diffusivity of the molecules. After complete evaporation, the
duration needed to develop the written structures increases in time as the components
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Figure 4.8: Modified setup for the DLW with cellulose-based resists. The cover glass
reduces evaporation of the solvent and the absorption of water from humid air.

have to be solved completely again. The complete evaporation of acetone often leads to
remaining particles on the substrate that contaminate the written structures.

To avoid the evaporation of the acetone, a processing chamber as in [144] can be used. As
the vapor pressure is relatively high, the chamber has to stand either high pressure or the
atmosphere has to be saturated with acetone to avoid evaporation. Both opportunities
need a complex setup. A simple setup, using a cover glass on top of the glass substrate
with the resist, reduces the evaporation but does not disable it completely. Such a simple
setup is sketched in Figure 4.8. With the reduced evaporation, the stability of the pro-
cessing parameters is improved to allow at least fabrication times of a few hours (1h to
3h).

DMSO has a vapor pressure of 55Pa at normal circumstances (T = 20◦C) [145]. With
the lower fugacity compared to acetone, the mass fractions of the DMSO resists remain
nearly constant during the processing. However, DMSO is hygroscopic, which means it
absorbs water from the air moisture. This small amount of water triggers a precipitation
of the solid components. This again leads to a change in the processing parameters and
unsolvable particle contamination on the structure in the end of the processing.

As for the evaporation of the acetone, this is reduced or avoided with a processing cham-
ber [144] or the simple setup (cf. Fig. 4.8), but it is less critical, especially when there is
a low humidity. If humidity is expected to be high, a protective gas can replace humid
air, thus, avoiding a contact between resist and air. To improve the processing conditions
in the simplified setup with a cover glass, the interspace between the glasses is flushed
with nitrogen, as a protective gas, before attaching the cover glass. This minimizes the
available air moisture and helps to avoid the precipitation of the initiator and the cellu-
lose derivatives. Furthermore, the flushing with nitrogen possibly reduces the quenching
and scavenging with oxygen, this may further reduce the power threshold needed for the
polymerization.

Due to the lower fugacity and, thus, the more stable processing parameters, DMSO is
recommended as a solvent for cellulose-based photoresists.
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4. Direct laser writing in a bioinspired material

Of all combinations of these components, the combination of MACA500, ITX and DMSO
performs best. For the discussion of the properties in the following section (Sec. 4.3)
other combination are considered, too. This is a result of the workflow and it highlights
the advantages of the above mentioned combination of MACA500, ITX, and DMSO.

4.3 Properties of cellulose-based resists

In photolithography, different resists are optimized for different tasks that often contra-
dict each other. For example, a resist that is optimized to create a smooth surface can
make use of a high proximity effect (cf. Sec. 3.2.3). A high proximity effect, however, dis-
ables high resolution as the close proximity of the features induces a cross-polymerization
between the features. The different specializations of the resists can be achieved with the
same monomer by adjusting the other constituents. The same is true for MACA500. The
properties of the cellulose-based resists with MACA500 differ depending on the adjust-
ment of the other components and their proportions.

Nevertheless, the determination of some properties for resists containing MACA500 gives
an estimation of the capabilities of these resists. Therefore, investigated properties are
presented even though they are identified for resist with different mixtures. This allows
an estimation of dependencies on the properties from the compositions of the resists.

To, first of all, enable DLW at different, affordable setups, the essential laser power that
is necessary to achieve a cross-linking is considered in Section 4.3.1. Another important
aspect to allow the reuse of the resist and the reproducibility of the written structures
is the chemical stability of the resists (cf. Sec. 4.3.2). After these two define the general
qualification, the field of application of the cellulose-based resists is determined by the
achievable resolution (cf. Sec. 4.3.3) and other properties (cf. Sec. 4.3.4). In the end,
a classification of these properties of the resists containing MACA500 is given in Sec-
tion 4.3.5.

4.3.1 Polymerization threshold

An appropriate quantity to compare the performance of the different resists is the laser
power, which correlates with the dose, needed for the polymerization. If these are very
high, the resist can only be processed at DLW setups with high power lasers. This dimin-
ishes the usability of the resists extensively.

The necessary laser power P and the laser dose D depend on each other according to

D ∝ (P − Pth)2/vw , (4.1)

with the writing speed vw and the Schwarzschild threshold Pth [75,146] for a cross-linking
process that is initialized by a 2PA exclusively.
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Figure 4.9: (a) The laser power at the polymerization threshold at different writ-
ing speeds: The resists contain I369 (red) or ITX (blue) at different concentrations
(◦ =̂0.3wt%, △ =̂0.6wt%, □ =̂1.1wt%, and ▷ =̂2.2wt%; errorbars are left out for clarity).
Fitting of curves (dashed for △ =̂0.6wt% as examples) yield (b) the threshold doses Dth

and (c) the Schwarzschild thresholds Pth for the different initiators and their concentra-
tions.

As the MACA500 cannot be excited itself, the threshold is mainly influenced by the ini-
tiator, by both its amount and its interaction with the MACA500. The laser power P at
the polymerization threshold for different resists using I369 (red) and ITX (blue) is deter-
mined in dependence of the writing speed (cf. Fig. 4.9 (a)). The resists contain the same
amount of DMSO compared to the mass of MACA500, while the amount of initiator is
varied (◦ =̂0.3wt%, △ =̂0.6wt%, □ =̂1.1wt%, and ▷ =̂2.2wt%). A trend expressed by:

P =
√
Dth · vw + Pth (4.2)

is fitted to the data. For the resist with 0.6wt% initiator, fitted curves are shown in Fig. 4.9
(a). All fitted parameters are summarized in Figure 4.9 (b) and (c).

The above mentioned dependence of the dose from the power and the writing speed (cf.
Eq. 4.1) is a special case for pure 2PA. More general the dose D may depend on other
orders of the power P . Especially for ITX, the dose depends on higher orders of the
power [74, 147]. However, the courses with dependence on different orders of the power
lead to negligible deviations in the observed writing speed range. Hence, to compare the
different initiators, Equation 4.2 is applied to all results.

For both kinds of initiator, a decrease of the necessary laser power with increasing con-
centration of initiator is observed. The power decrease is induced by the decreasing
threshold dose Dth (cf. Fig. 4.9 (b)). Especially for high writing speeds, the threshold
dose has a larger impact on the laser power at the polymerization threshold than the
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Figure 4.10: Raman-spectra of polymerized cellulose-based resist with an offset contain-
ing MACA500 (14.2wt%), I369 (0.7wt%), and DMSO (85.1wt%) for different laser pow-
ers and a writing speed of 250 µm

s . The characteristic peak of the carbon double bond of
the methacrylic group is marked by the dashed line. After [44].

Schwarzschild threshold Pth (cf. Eq. 4.2). The Schwarzschild threshold is nearly constant
for the different concentrations of initiator (cf. Fig. 4.9 (c)) leading to similar laser powers
at the polymerization threshold for processes with very small writing speeds.

Due to the low writing speed, oxygen continues to diffuse into the excited volume and
keeps the quenching rate constantly high. For shorter exposure times or higher writing
speeds the diffusion of oxygen into the excited volume is too slow to hinder the reac-
tion process. Although the amount of oxygen is reduced due to the setup presented in
Section 4.2.3, there is still enough oxygen to quench the initiator molecules.

In general, resists with ITX require smaller laser powers to achieve a polymerization than
resists with I369 as mentioned in Section 4.2.2. However, the above mentioned decrease
in the laser power with increasing initiator concentration is more prominent for I369
than for ITX, because the decrease in the threshold dose is more prominent. For high
concentrations of initiator, the threshold doses are similar while they differ for small con-
centrations. The resulting difference in the laser power at the polymerization threshold
arises from the Schwarzschild threshold that differs by a factor of 3. Hence, the difference
between the laser power at the threshold decreases with the writing speed (cf. Eq. 4.2):
For an initiator concentration of 2.2wt% at a writing speed of 10 µm

s the laser power for
I369 is 208% of the laser power for ITX, while it is only 180% at a writing speed of 100 µm

s .
The above mentioned rate of quenching by oxygen is, therefore, higher for I369 than for
ITX.
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Figure 4.11: Threshold of different resists with different solvents: The resists contain ace-
tone (red) or DMSO (blue, cyan) and are (a) at the same age but different preparations or
(b) of different age (0d to 51d) but same preparation. Related measurements are summa-
rized in a single compensating curve, which should have a coefficient of determination of
R2 = 1 for an independence of time and preparation.

The discussed laser powers at the polymerization threshold lead to a cross-linking den-
sity that enables solid structures. However, at the threshold not all metacrylic groups
are cross-linked. The degree of conversion is qualitatively regarded with Raman spec-
troscopy in relation to the laser power used for the writing process. These Raman spectra
are shown in Figure 4.10. They show the characteristic peak of the methacrylic group at
1634cm−1, which was already shown and discussed in Section 4.2 (cf. Fig. 4.4). This peak
decreases with increasing laser power. Hence, with increasing laser power the number of
carbon double bounds is reduced and the cross-linking density increases. A qualitative
analysis is disabled by the neighboring peaks of other molecular groups. [44]

The results show, that for a suitable initiator like ITX, low concentrations of initiator
(around 1wt%) suffice to polymerize the MACA500 (around 10wt%) at affordable laser
powers (≪ 50mW) of DLW sytems with no need of high power lasers.

4.3.2 Chemical stability

Reproducibility is at least as important as the threshold. The properties of the resist
should not change with new preparations of the same mixture and as well as with time,
allowing a long shelf-life and an independence on the preparation.

As the largest changes in the properties of the resist are expected to be caused by the
solvents, because of their evaporation and interplay with humidity, resists with the same
amount of MACA500, I369 and either acetone (red in Fig. 4.11) or DMSO (blue and cyan
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4. Direct laser writing in a bioinspired material

Table 4.5: Fitted parameters to evaluate the reproducibility of different resists or recipes

solvent Fit Dth Pth R2

DMSO
Fig. 4.11 (a) blue 0.74 ± 0.23 5.64 ± 0.88 0.63
Fig. 4.11 (b) blue 0.45 ± 0.15 5.18 ± 0.82 0.64
Fig. 4.11 (b) cyan 0.47 ± 0.07 5.62 ± 0.35 0.82

Aceton
Fig. 4.11 (a) red 0.01 ± 0.03 5.64 ± 3.31 0.05
Fig. 4.11 (b) red 0.02 ± 0.01 2.77 ± 0.85 0.51

in Fig. 4.11) as a solvent are observed. The polymerization threshold is illustrated in
Figure 4.11 for (a) different fresh resists (younger than two days) with the same recipe
and (b) of three different resist at different points in time.

For negligible changes of the properties of the resist, the power threshold should be con-
stant. Hence, a compensating curve for all measurements of one recipe or resist should
have a coefficients of determination R2 = 1. All preparations with the same recipes are
summarized in a single compensating curve (Fig. 4.11 (a) blue dashed curve for DMSO
and red for acetone) as well as all measurements that where performed with the same
resist but at different times ( Fig. 4.11 (b) blue, cyan, and red dashed curves). The com-
pensating curves correspond to Equation 4.2 and reveal the values for the threshold dose
Dth, the Schwarzschild threshold Pth, and the coefficient of determination R2 that are
summarized in Table 4.5.

For resists with acetone (red in Fig. 4.11) the identified laser power for the polymerization
is low but changes a lot, especially for different preparations (R2 = 0.05; cf. Tab. 4.5). As
the resist preparation is not conducted under the exact same circumstances (change in
humidity, room temperature or processing time), the amount of solvent changes due to a
differing amount of evaporated solvent. This leads to the large discrepancies in the power
threshold for different preparations.

Considering the time (cf. Fig. 4.11 (b)), acetone evaporates out of the resist, which is kept
in a lockable jar. As these jars are not gas tight and they are opened for the withdrawal of
resist, the evaporation can continue and no partial pressure equivalence is reached. This
leads to changes in the power threshold over time for a single resist.

Resist with DMSO show a higher threshold but a smaller variation both in preparation
and time with correlations of up to R2 = 0.82 (blue and cyan curves). Hence, the power
threshold of the resist containing DMSO is reproducible even if a new preparation is
used. The reproducibility of the threshold indicates a stability of other properties, too.
Hence, only solvents with a low fugacity, like DMSO, enable reproducible structuring.

4.3.3 Resolution in 2D and 3D

After the above mentioned properties focus on the resists themselves, as a first character-
istic of the fabricated structures, the achieved resolution and feature size are discussed.
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Figure 4.12: 2D resolution of different cellulose-based resists: SEM images of lines with
(a) a periodicity of 750nm and a feature size of 430nm written with a resist containing
MACA500, I369, and acetone; (b) a periodicity of 600nm and a feature size of 200nm
written with a resist containing MACA500, I369, and DMSO; (c) a periodicity of 600nm
and a feature size of 130nm written with a resist containing MACA500, ITX, and DMSO.

The features size and resolution define the length scale of possible structures and, hence,
the field of application.

The resolution in 2D is defined as the smallest distance between two lines that are clearly
separated. In 3D the resolution can be estimated by the periodicity of a written 3D grid
or periodic arrangement that shows a separation of vertically neighboring features. Here,
the programmed distances of the structure are used as a guide value, because the achieved
distance between the lines may deviate from the programmed distances due to shrinkage.
Hence, the real resolution is in most cases higher than the programmed distances.

With MACA500 (11.0wt%), I369 (0.6wt%) as an initiator, and acetone (88.4wt%) as a sol-
vent, a resolution of 750nm and a feature size of around 430nm is achieved in 2D [115].
The 2D resolution is improved to 600nm and a feature size of around 200nm if DMSO
(87.0wt%) is used instead of acetone as a solvent and the initiator concentration is in-
creased (2.2wt%) [44]. By using ITX (1.0wt%) and DMSO (88.4wt%) as further compo-
nents with the MACA500 (10.6wt%), the resolution is not further improved (still 600nm)
but the achieved feature size is decreased to around 130nm (cf. Fig. 4.12 (c)) while the
feature quality is improved.

The resolution of the different resists depends on their composition, e.g., the kind and
amount of initiator influences the proximity effect due to its diffusivity (cf. Sec. 3.2.3).
However, the proximity effect and, thus, the resolution strongly depends on the writing
parameters, too. The parameters also co-determine the voxel size and, therefore, the
feature size, as the voxel size increases with the used laser power.

The cross-polymerization between neighboring features due to the proximity effect, is re-
duced by avoiding temporal proximity of written features. The resolution of a resist is
improved if the time between the excitation of neighboring volumes is increased [101],
e.g., by programming a higher dwell time between the features or using smaller writ-
ing speeds. Thus, more radicals are scavenged by oxygen, which could otherwise allow
polymerization towards the adjacent features. For a resists with MACA500, the achieved
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Figure 4.13: 3D resolution of different cellulose-based resists: SEM images of (a) a 3D pe-
riodic grid with a periodicity of 4.5µm in axial and lateral direction written with a resist
containing MACA500, I369, and acetone; (b) a woodpile structure with a periodicity of
1.0µm in lateral and 1.4µm in axial direction written with a resist containing MACA500,
I369, and DMSO; (c) a woodpile structure with a periodicity of 1.5µm in lateral and
2.1µm in axial direction written with a resist containing MACA500, ITX, and DMSO.

resolution is improved from above 1000nm to 600nm by increasing the temporal delay
between the excitation of neighboring features from around 70ms to around 430ms [44].

A high 2D resolution may be achieved by other lithography methods like UV-lithography
using 1PA. The realization of nearly arbitrary 3D structures is the remarkable capability
of DLW. Hence, a 3D structuring is the distinguishing application of the resist presented
here compared to [148].

3D structuring is possible for different resist containing MACA500. The achieved resolu-
tion depends on the exact mixture and the writing parameters, as the 2D resolution. A
resist using acetone (87.9wt%) and I369 (1.1wt%) already allows a 3D structuring with
a resolution of 4.5µm in lateral and axial direction (cf. Fig. 4.13 (a)) [115].

The 3D resolution is improved using resists with DMSO (87.0wt% and 88.4wt%) and
either I369 (2.2wt% cf. Fig. 4.13 (b)) or ITX (1.1wt% cf. Fig. 4.13 (c)). With these resist,
woodpile PC structures with a lateral periodicity of 1.0µm and 1.5µm and a programmed
axial periodicity of 1.4µm and 2.1µm, respectively, are fabricated. The resulting feature
sizes are in the range of the 2D line width, e.g., around 180nm for the resist containing
ITX (cf. Fig. 4.13 (c)).

As for 2D structures, these 3D structures require an optimization of the writing parame-
ters. In Figure 4.13 (b) and (c), the polymerization threads, which are caused by the prox-
imity effect, are reduced as the writing speed is decreased from 300 µm

s in (b) to 100 µm
s in

(c). The structure in Figure 4.13 (a) is written with a writing speed of only 20 µm
s , but the

capabilities of the resist containing acetone do not include high resolution 3D structures.

The resolution may also be determined by the length of the molecules. With a theoretical
length of 250nm (cf. Tab. 4.1) for the MACA500 molecules, a distance of less than 500nm
can theoretically be spanned by two molecules. Hence, an orientation of the molecules
out of the writing direction may decrease the resolution. With shorter molecules that
allow DLW with suitable parameters the resolution may be further improved.
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The achieved resolution of around 600nm in 2D and around 1µm in the lateral direction
and around 1.4µm in the axial direction in 3D is encouraging. These resolutions already
enable different applications, like the fabrication of certain up-scaled biomimetic struc-
tures (cf. Sec. 4.4).

4.3.4 Further properties

One further investigated property of the fabricated structures beside the resolution is the
achieved surface roughness of direct laser written structures. The surface roughness is
measured with an atomic force microscope over a scanning field of (5× 5) µm that is part
of a flat structure written with resists containing MACA500, I369, and acetone. Here, the
proximity effect improves the surface quality, because cross-polymerization can fill dips
between written features. As the proximity effect increases with the initiator concentra-
tion, a decrease of the rms roughness [149] of structures from 60nm to 10nm, due to an
increase of the initiator concentration from 0.6wt% to 1.1wt% in resists with MACA500
(11.0wt% and 11.0wt%) and acetone (88.4wt% and 87.9wt%) [115], is observed.

As in the case of the resolution, the surface roughness depends on the writing parame-
ters, too. In the case of surface quality, the line distance that is used to hatch the structure
is a limiting parameter. For large line distances the surface adopts the periodicity of the
lines, but for small distances the writing time increases and the overlapping of excited
volumes may lead to an overexposure. The achieved surface roughness is a tradeoff be-
tween the processing time and the programmed line distance. For the measured samples
line distances of 200nm to 400nm are programmed leading to a comparable roughness.

The stability of written structures strongly depends on the processing parameters, too,
and of course of the composition of the resist. With a laser power of around 12mW at
small writing speeds 20 µm

s , large stable structures like the 3D grid in Figure 4.13 (a) are
fabricated. These high laser powers, however, disable fine features. With laser powers
of around 10mW and a writing speed of 100 µm

s , the features are much smaller, but a
written network-like structure may further fractures at weak points in the programmed
structure like described in [44].

A last property of the written structure, to estimate applications in the field of optics
and photonics, is the refractive index. The cellulose-based resists may show a depen-
dence of the refractive index on the processing, like the used wavelength (1PA with UV
or 2PA with visible light) or the laser dose, as it is observed for common resists [150].
Nevertheless, the refractive index of a UV cured cellulose-based resist gives a reference
point for future investigations. The refractive index of a UV cured cellulose-based resist
is determined in [44] with a Pulfrich refractometer [44, 150] to be nresist = 1.502± 0.001.
This refractive index corresponds to the refractive index of cellulose, which is between
n = 1.42 and n = 1.53 [151].

The given properties of the structures written in cellulose-based resist only foreshadow
the potential of these resists. With a targeted adaptation of the composition and the
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10µm

Figure 4.14: SEM image of a fabricated model structure of the Cyphochillus insulanus
in a cellulose-based resist containing MACA500 (10.3wt%), ITX (0.5wt%), and DMSO
(89.2wt%).

processing parameters different application, like scaffolds for cell growth as in [152] or
fabrication of biomimetic materials (cf. Sec. 4.4) are possible.

4.3.5 Summary

The cellulose-based resists are suitable for the use at common DLW setups without the
need of high power lasers due to their low threshold for the polymerization. Furthermore,
they allow for reproducible fabrication of structures. Here, especially the resists with
MACA500 (around 10.5wt%), ITX (around 1.1wt%), and DMSO (around 88.4wt%) have
performed well. They allow structures with lateral feature sizes of less than 200nm and
resolutions smaller than 1.5µm in 3D.

These properties of cellulose-based resists give reference points for future resist develop-
ment, as the exact properties of the fabricated structures depend not only on the compo-
sition of the resist but also on the processing parameters. Therefore, the full potential of
cellulose-based resists is not yet reached. With further optimization of composition and
processing parameters they may find their way into many applications.

4.4 Outlook: Bioinspired structures in a bioinspired pho-
toresist

In Section 5.4.2 the fabricated model, which mimicks the disordered, network like struc-
ture within the scales of Cyphochillus insulanus, is presented. It is achieved after up-
scaling the simulated model to length scales that are accessible to fabrication with DLW.
The layers in the fabricated structure are fixed by pillars between neighboring layers and
an external framework. During the writing process the laser dose is adjusted to achieve
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the necessary stability and cross-linking density in the framework and to modulate the
thickness within the layers. With this structure (cf. Fig. 5.17) the optical properties of the
scales of Cyphochillus insulanusare mimicked qualitatively.

The adaptation of the thickness and the stability of the structures with the laser dose is
also possible in the cellulose-based resist. A first attempt to fabricate the model system of
the Cyphochillus insulanus with a round lightweight construction framework with a resist
containing MACA500 (10.3wt%), ITX (0.5wt%), and DMSO (89.2wt%) shows promising
results (cf. Fig. 5.17). The pixel-like composition of the layers is visible and the frame-
work supports the layers and reduces their bending. However, the structure strongly
shrinks and the stability of the support structure is not yet sufficient to completely pre-
vent contact between adjacent layers.

With further optimization of the composition and the writing parameters the cellulose-
based resists allow the fabrication of an up-scaled model of Cyphochillus insulanus with
DLW. This opens up routes to the application of bioinspired structures fabricated out of
bioinspired materials.

55



4. Direct laser writing in a bioinspired material

56



Chapter 5

Investigated biological systems

The knowledge and understanding of photonic structures that exist in nature are very
young compared to the evolutionary development of these structures. At the beginning
of the 20th century, scientists discussed the coloration of different animals due to the
structuring of normally transparent materials. Among these scientists was Lord Rayleigh
[153]. Proving their theories was possible in the middle of the 20th century by high-
resolution imaging technologies, like electron microscopy and X-ray tomography. Natural
photonic structures that can generate brilliant coloration are nowadays well known to
scientists all around the world, some unriddled, others still objects of investigation.

In the course of this work, four of these fascinating structures are examined. These four
are found in the animal kingdom or to be more precise on insects. Hence, they mainly
consist of chitin, the basic building material of insects cuticle. Chitin is a low refractive
index material (nc = 1.54 to nc = 1.57 for the visible spectral range [12, 154]), which,
besides cellulose, is the most abundant biopolymer in the world [155, 156].

In this chapter, the optical principles of the four examined structures responsible for
their optical properties are explained and scalable, bioinspired models, which mimick
the optical properties, are presented. The corresponding structures are fabricated in con-
ventional photoresists (IP-L or IP-Dip by Nanoscribe GmbH) using DLW.

The first examined insect, the Saharan silver ant (cf. Sec. 5.1), which reveals a very sim-
ple underlying structure, is investigated in close collaboration with J. Schulz [42] and in
cooperation with B. Schwind of Paderborn University. The silver ants exhibit a nearly
wavelength-independent reflection for the visible spectral range, which makes them look
silver.

The well understood structure of the butterflies of the genus Morpho (cf. Sec. 5.2) is
on the other hand wavelength selective, while the underlying structure is still relatively
simple. A corresponding model for these in principle ordered structures, which theoret-
ically enables fabrication, is developed in close collaboration with D. T. Meiers [43, 157].
With DLW, the structures cannot be fabricated because the dimensions required for blue
coloration are too small to be produced precisely.
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(a) (b)

2µm

Figure 5.1: Saharan silver ant or Cataglyphis bombycina: (a) picture of an ant with its
hairs providing a silver appearance; (b) a SEM image of a bundle of hairs. Both images
by courtesy of X. Wu.

The still ordered but wavelength- and polarization-dependent structure in the scales of
the weevil Entimus imperialis is investigated in cooperation with X. Wu [13] and is pre-
sented in Section 5.3.

As a last structure, the disordered, wavelength-independent structure found in the scales
of the white beetle Cyphochillus insulanus is presented in Section 5.4. The adaptable
model system of this structure was developed and fabricated in close collaboration with
D. T. Meiers [43, 157].

The theses of J. Schulz and D. T. Meiers were supervised and instructed by myself during
this project. Already published results are appropriately marked.

5.1 Cataglyphis bombycina – the silver ant

The Saharan silver ant lives in the deserts of Africa and the Arabian Peninsula. The
workers of a colony get out of their formicary during the day when lizards – their natural
enemies – have to hide to escape the enormous heat. To protect themselves from over-
heating, nature has developed different mechanisms. First, they produce a certain protein
which enables normal cell functionality at higher temperatures before they expose them-
selves to the heat. Second, they have longer legs compared to other ants. These long legs
keep them as far away as possible from the hot ground and allow to move faster, which
optimizes convection cooling. And finally, their bodies are covered with silver hairs that
reflect a large amount of the sunlight, so the absorption that heats the ants up is reduced,
while at the same time the hairs allow the body heat radiation to be emitted. [8, 9]

The hairs of the Saharan silver ant or Cataglyphis bombycina (see Fig. 5.1(a)) are the first
presented example in this work for photonic structures in nature. Here, geometric optics
achieve total internal reflection in the hairs that cover the ant’s body. After the structure
is analyzed in the first section a fabricated model is presented in Section 5.1.2.
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5.1.1 The underlying concept of the hairs of Cataglyphis bombycina

To understand the silver appearance of the ants, the optics of a single hair as well as a
potential interplay have to be considered. Therefore, this section is divided into two parts
discussing first the optics of a single hair and subsequently the interplay of the hairs.

Optics of a single hair

A single hair has an isosceles triangular cross section with a flat bottom side and corru-
gated upper sides [9]. Such a hair is around 3.5µm wide at the basal plane and between
1.7µm to 2.4µm high from the basal plane to the top. This corresponds to a basal angle
of β = 45◦ to β = 54◦ and an angle at the top of α = 90◦ to α = 72◦.

The corrugation on the upper sides are 50nm to 66nm deep and separated from each
other by 204nm to 396nm. They are tilted towards the basal plane of the hair by an
angle of 18◦.

These data were found by our collaboration partners in Paderborn and Düsseldorf H.
Fabritius, X. Wu and B. Schwind as well as in the work of Q. Willot et al [9]. The work of
Q. Willot et al, which is the first published work describing the optical properties of the
ant by the use of prisms, was published during my joint work on the structures of silver
ants with J. Schulz and our collaboration partners.

To understand the optics of a single hair, a simple model is used: an isosceles triangular
prism without any surface structure on top. This represents a refracting prism which is
explained by geometric optics and Snell’s law.

Light that hits the prism with an angle of incidence ι (cf. Fig. 5.2) to the normal of the
basal plane has an angle of incidence on the upper side B1 (cf. Fig. 5.2) of the prism of

θ = ι− β . (5.1)

This light is refracted (cf. Fig. 5.2) and spreads inside the prism with an angle of

φ = arcsin
[
na

nc
sin(θ)

]
(5.2)

towards the normal of the surface B1, with the refractive indices for air na = 1 and chitin
nc = 1.56 as in [12]. When light hits the bottom surface A under an angle ζ with

ζ > ζTIR = arcsin
(
na

nc

)
(5.3)

larger than the angle of total internal reflection (short: TIR), with

ζ = φ+ β , (5.4)

it leaves the prism on the other upper side B2 (cf. Fig. 5.2 (a)).
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Figure 5.2: Simple model of the hair of a Saharan silver ant: (a) optical path with total
internal reflection at the bottom side A; (b) optical paths with total internal reflection at
top side B2 (blue) or refraction at the bottom side (black).

With a given angle β of the triangular shape, this also defines a critical angle of total
internal reflection for the external incident angle of light:

ιTIR = β +θTIR ,

= β + arcsin
[
nc

na
sin(φTIR)

]
,

ιTIR = β + arcsin
{
nc

na
sin

[
arcsin

(
na

nc

)
− β

]}
.

(5.5)

For all incident angles ι larger than ιTIR, light that hits the bottom facet is completely
reflected. The critical angle for total internal reflection at the bottom facet ιTIR decreases
with an increasing basal angle β of the prism (cf. Fig. 5.3 black line). Hence, a larger
angular range experiences total reflection at the bottom facet. This indicates an advantage
of large basal angles.

However, with large basal angles the amount of light hitting the bottom facet at all de-
creases (cf. Fig. 5.3 color mapping). Instead light impinges the opposite side facet B2,
where it is either refracted or reflected. At the second upper side B2 total internal reflec-
tion occurs for all beams with an incident angle ι < ιC with:

ιC = β +θC ,

= β + arcsin
[
nc

na
sin(φC)

]
,

= β + arcsin
[
nc

na
sin(π − 2β −ψC)

]
,

ιC = β + arcsin
{
nc

na
sin

[
π − 2β − arcsin

(
na

nc

)]}
.

(5.6)

The dependency of ιC from the basal angle β is indicated by the white line in Fig. 5.3. For
basal angles smaller than 61◦, all incident light that hits the second side facet B2 is totally
reflected. Light, that is totally reflected at the side facet B2, leaves the prism through the
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Figure 5.3: Quantitative analysis of a single hair with geometric optics: the critical angle
of total internal reflection at the bottom facet A ιTIR (black line) and maximum incident
angle for total reflection at the side facet B2 ιc (white line) of the prism depend on the
basal angle β. The color coding describes the amount of light redirected, so refracted or
reflected, at the bottom facet A. The dashed black line indicates the basal angle of the
Saharan silver ant hairs predicted in [9].

bottom facet A (blue path in Fig. 5.2 (b)). It is directed towards the ants body and can be
absorbed, which heats up the ant.

If the basal angle is increased above 61◦, light can be refracted at the second side facet
B2, the resulting beam path is than still directed towards the ant’s body. Additionally,
the amount of light hitting the second side facet B2 is increased with large basal angles,
which is indicated by the color coding in Figure 5.3. Therefore, the amount of light being
redirected towards the ants body and heating up the ant rapidly increases with increasing
basal angles.

The optimum basal angle, therefore, is a trade off between a small external angle for
total internal reflection at the bottom facet ιTIR and a low amount of light reflected and
refracted at the second side facet B2. For a basal angle in the range of β = 45◦ to β = 54◦,
the external angle for total internal reflection at the bottom is kept between ιTIR = 37.0◦

to ιTIR = 31.6◦, while the amount of light reflected at the side facet B2 is kept below
50.6% to 69.6% for each incident angles, respectively.

The beam paths discussed above explain the optical impression of a single hair of the
silver ant, too. They can also explain some results of numerical calculations presented
in [9].

In [9] a single hair is illuminated in an experimental setup. The hair appears silver at
the edges and transparent in the middle. The transparency, in the middle of the hair, is
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due to the blue beam path sketched in Figure 5.2 (b). Light that hits the prism at the top
corresponding to the middle of the hair is more likely to be reflected at the second side
facet B2 especially for large external incident angles. Hence, no reflection can be observed
from the top of the prism (the middle of the hair). The hair appears transparent. Light
that encounters the prism at the bottom, or as to say the hair at the edges, follows the
black beam path in Figure 5.2 (a). It suffers TIR that is suppressed if the hair lies on a
copper surface as in [9]. The TIR at the bottom facet leads to the shiny, silver appearance,
characterizing the ants.

Furthermore, if an array of hairs is considered, the amount of light hitting the prism at
the bottom is further reduced due to the shadow of neighboring hairs, again especially
for large incident angles ι. These beams rather hit another hair at the top or middle of the
prism, than the observed hair at the bottom. This reduced reflectance for large incident
angles is confirmed by the measurement of a 2mm2 surface of a hairy ant presented
in [9]. Here, the radiance decreases for large angles of incidence which is not observed in
the simulations of a single prism [9] as this effect is due to the shadowing by neighboring
hairs. The interaction of the different hairs of the Sarahan silver ant is further described
below.

For the mid-infrared range (MIR), the spectral intensity of the sun is negligible, while the
black body radiation reaches its maximum if typical temperatures (−15◦ to 50◦ [158]) in
the desert are considered [55]. For this wavelength range the prism-shaped hairs work
as a gradient refractive index layer, which adapts the refractive index from the ants body
slowly to the refractive index of air. Therefore, they enhance the emission of thermal
radiation of the ant’s body itself. [8]

The optical properties of a single hair in the visible and the MIR range are already well
described with this simple model without any surface texture or any features inside the
prism. Hence, the effect of these features is small compared to the effect of the prism
itself.

Nevertheless, the effect of the corrugations on the upper sides of the hairs of the silver
ant are worth mentioning. These corrugations work as a gradient refractive index layer,
considering the effective refractive index in the visible spectral range. Therefore, they
act as an anti-reflection coating for the visible spectral range according to [9]. The cor-
rugations reduce the reflectance for the incoming light from around 5.4% to 0.5%. For
outgoing light – after total internal reflection at the bottom side – the reflectance is re-
duced to only 2% to 4% [9]. To not reduce or hinder the total internal reflection at the
bottom side, this side has no corrugations. In total the corrugations on the upper sides
lead to an increasing amount of light leaving the hair through the upper sides.

The influence of interaction

As the ant’s body is covered with a number of hairs, which are not arranged in perfect
order, interactions between different hairs and tilting of different hairs towards the inci-
dent direction of the light influences the optical properties. A detailed investigation of
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the different parameters in a periodic arrangement of hairs is found in the Bachelor thesis
of J. Schulz [42]. The main results are summarized here.

As mentioned in the above section, the hairs may shadow each other, but they may also
favorably redirect the light towards each other. If no total internal reflection occurs at the
bottom facets of the prism (ι < ιTIR) light is refracted (black path in Fig. 5.2 (b)). It leaves
the prism with an angle ι2 towards the normal of the basal plane:

ι2 = arcsin
[
nc

na
sin(φ+ β)

]
,

ι2 = arcsin
{
nc

na
sin

[
arcsin

(
na

nc
sin(ι− β)

)
+ β

]}
,

ι2 > ι .

(5.7)

Hence, at a second layer of prisms below the first layer, the incident angle can become
large enough to allow total internal reflection at the bottom side of a prism in this layer.

For each additional layer a new angle of incidence for total internal reflection at the jth
layer ιjTIR can be defined as explained in [42]. An additional layer j leads to a significant
increase in the reflectance in the angular range between ιjTIR and ιj−1TIR. For basal angles
of β = 45◦ to β = 52◦ the maximum effect is achieved with three layers. The mean re-
flectance increases from 24% for one layer to 45% for three layers. Further layers enhance
the reflectance, but the increase per layer decreases (cf. Fig. 5.4 (a)). This corresponds to
the optical impression of the ants and the SEM images in different publications. Here
only a few hairs (2 or 3) overlap each other [8,9]. The cutoff of the graphs in Figure 5.4 at
around 75◦ is due to the capabilities of the simulation mentioned in [42].

Besides the number of layers, the distance between the different layers has also an influ-
ence on the reflectance. If two layers are considered, the largest increase in the reflectance
for small angles ι < ιT IR of incidence is observed for direct contact of the two layers due
to total reflection at the lower layer. For larger distances the effect of the second layer is
still observed but less prominent (cf. Fig. 5.4 (b)).

For the angular range, which experiences total reflection in the first layer, the reflectance
is reduced for a direct contact of the layers, while it increases for the intermediate and
large distances (cf. Fig. 5.4 (b)). This behavior can be explained by frustrated total reflec-
tion, which was also shown for hairs on a copper surface in [9]. The effects for large and
small angles of incidence balance. Hence, the mean reflectance over all incident angles is
independent of the layer distance and is about (49± 15)% [42].

5.1.2 Fabrication of prism-shaped hairs with DLW

The simple model of prism-shaped hairs allows fabrication of these structures. In the
simulation, the hairs are mimicked by prisms that exhibit a perfect triangular shape with
flat surfaces and sharp edges. For all sorts of fabrication methods, the edges exhibit a
certain radius of curvature.
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Figure 5.4: The mean reflectance of an arrangement of prism like hairs: for (a) a different
number of layers of hairs or prisms and (b) different distances between the bottom of
the upper layer and the top of the lower layer of prisms simulated with two layers. Both
calculated with FDTD for glass prisms and for a basal angle of β = 45◦. After [42].

With DLW, the radius of curvature is determined by the voxel size in the direction per-
pendicular to the edge. The edges of the prisms can be orientation parallel or perpendic-
ular the beam propagation of the laser and, hence, the axial direction of the voxel size.
If the hairs are written in the axial direction of the DLW setup, parallel to the propaga-
tion direction of the laser beam, the lateral voxel size defines the radius of curvature at
the edges. As the voxel size in the lateral direction is small compared to the axial di-
rection, this allows relatively sharp edges with a high contour accuracy. The triangular
cross section of the hairs in this configuration is seen at the SEM image of the structure
in Figure 5.5 (a). However for measurements, we want the prisms aligned parallel to the
substrate. Hence, they have to be turned by 90◦ such, that the bottom side of the prisms
is directed towards the substrate.

To allow turning, an articulated joint is added at the bottom. This articulated joint im-
plies a rod that holds the prisms and that is pivot-mounted in two blocks with circular
aperture. The turning can be influenced in its direction by small robe-like mounts or
neighboring solid structures. One disadvantage of this concept is the bending of the
hairs or prisms. They bend in a way that they contact each other (cf. Fig. 5.5 (a)) and,
after they have turned in the articulated joint, the substrate surface. The contact with the
substrate leads to a frustrated total internal reflection as discussed in Section 5.1.1 and
hinders the silver appearance.

The second concepts yields more stability. Here, the edges of the prisms are oriented
parallel to the substrate and perpendicular to the propagation direction of the laser beam.
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(a) (b) (c)
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Figure 5.5: Model structures of the Cataglyphis bombycina fabricated in conventional pho-
toresists (IP-Dip (a) and IP-L (b-d)): SEM images of (a) the realization with an orientation
of the prisms parallel to the beam propagation and (b) the realization with an orientation
of the prisms perpendicular to the beam propagation after focused ion beam (short: FIB)
cutting. Light microscope images of (c) a single layer of prisms showing frustrated TIR in
the middle due to a contact with the substrate and (d) an overlapping of prisms showing
enhanced reflection.

To prevent a contact between the prisms and the substrate, the prisms are put on top of
spacers. In this concept, the edges are defined by the axial voxel size, which is remarkably
larger than in the lateral direction. Hence, the contour accuracy is smaller (cf. Fig. 5.5
(b)).

It turned out, that the lacking contour accuracy is no deal breaker, because the optic of
the hairs is defined by the surfaces in between the edges. Light that hits the top of the
prisms, i.e., near the upper edge, does not experience TIR in any case as the beams are
redirected at the second side facet (cf. Fig. 5.2 (b) blue path). Light that hits the prism
near the bottom edges is very likely reflected at the bottom facet, but these bottom edges
are shadowed by the neighboring hairs. Hence, the effect of the large curvature radii of
the edges is negligible. This observation is confirmed by the deviation of the original
hairs from the prism shape [9].

Qualitative observations of the fabricated prisms indicate, that the optical properties of
prisms correspond to the predictions in Section 5.1.1. The single hairs show a high re-
flectance that is reduced if the hairs bend down to the substrate (cf. Fig. 5.5 (c)) due to
frustrated TIR. Furthermore, overlapping of two layers of prisms increases the reflectance
as predicted above (cf. Fig. 5.5 (d)).

To explain the main aspects of the optical properties of the Saharan silver ant, the simple
model of prism shaped hairs is sufficient. Snell’s law and geometric optics explain the
high reflectance and the silvery appearance. Due to the robustness of the properties
against contour inaccuracies, the hairs can be easily mimicked. This robustness shows
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(a) (b)

500nm

Figure 5.6: (a) Picture of a butterfly of the genus Morpho [167] and (b) a SEM picture
of the christmas tree like structure on the wings of the butterflies of the genus Morpho
after [168] licensed under CC by 4.0.

the effectiveness of these structures. Systems inspired by the Saharan silver ant like in
[159,160] allow a reflection of visible light even in fabric to reduce the received radiation.

The following examples will illustrate what can be achieved, if deflection and the concept
of PCs are considered.

5.2 Genus Morpho – the blue butterflies

A more complex structure is found in the butterflies of the genus Morpho. These butter-
flies live in Central and South America. Some of them exhibit a brilliant blue coloration
(cf. Fig. 5.6 (a)) which they use for communication and to confound enemies [161]. These
Blue Morphos have been studied extensively for a long time mainly because of their col-
oration [12, 153, 162–166]. The blue color cannot be explained by geometric optics, but
still the underlying concept is relatively simple.

At the beginning of the 20th century scientists claimed, that the blue coloration is gener-
ated by multilayer interference of chitin and air layers. This prediction was motivated by
the vanishing of the coloration when the wing is inserted in a liquid, which could fill the
potential air layers [153, 162]. With electron microscopy, this assumption was proven in
1942 [169].

The wings of butterflies of the genus Morpho are covered with scales. The scales differ de-
pending on their functions, the layer they are in and of course the exact butterfly species.
However, their structure is similar.

The scales are covered with ridges in a certain nearly constant distance. A single ridge
has a cross section, that looks like a Christmas tree (cf. Fig. 5.6 (b)). A trunk in the middle
holds branches, which consist of thin layers and are also distributed nearly periodically.
In further analogy to a Christmas tree, the layers or branches become smaller in their
width perpendicular to the trunk from the bottom to the top for some sorts of scales
[20,161]. The branches at the different sides of the trunk may be shifted in their position
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Figure 5.7: The reflectance and (inlet (b)) color impression in the farfield of a model
system (cut view shown in inlet (a)) for the butterfly of the genus Morpho. The circles in
(b) indicate an angle of deflection of 10◦ (inner circle), 30◦, 60◦, and 90◦ (outer circle),
respectively. Reconstructed after [43].

by half a period [170]. Furthermore, the layers or branches are tilted towards the ground
of the scale along a single ridge. This structure consists of chitin microfibrils and does not
contain any pigments. Some scales exhibit pigments in the ground of the scale to absorb
complementary colors [161].

The parameters of the Christmas tree structure depend on the exact kind of scale and,
therefore, the desired function and coloration. The 4 to 12 [12, 171] chitin layers stacked
on top of each other have an refractive index of around n = 1.56 due to the chitin mi-
crofibrils. These branches are around dc = 65nm to dc = 80nm thick. The intervening
air layers are around da = 60nm to da = 90nm thick [12, 170–172]. For a strict periodic
arrangement of air and chitin without any shifts or variation in width, this arrangement
represents a Bragg reflector. It has a first order maximum in reflectance at a wavelength

λ = 2(nada +ncdc) ,

λ = 322nm to 429nm .
(5.8)

This corresponds to a wavelength in the near UV or blue spectral range.

Such a strictly periodic Bragg reflector represents a 1D PC. It exhibits a high reflectance
for a small spectral and angular range. So mainly light with the designated wavelength is
reflected under normal incidence. In [170], a periodic Bragg reflector is used as a model
system for the butterfly. It exhibits a high reflectance of up to around 90% for a small
wavelength range of around 50nm and an angular width of only 30◦ [170].

For the real scales, however, the maximum reflectance varies between 30% and 70% with
a width of around 100nm and over a broad angular range of around 90◦ to 100◦ [12,171].
The broadening of the reflectance maximum is achieved by the introduction of disorder
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in a tailored way. In [173], the tailored disorder is achieved by, first, shifting the branches
at each side of the trunk and, second, the offset of different ridges towards each other.
FDTD calculation of the optical properties of a Christmas tree like structure with those
modifications corresponds to the measurements of the butterflies [173].

Besides the Christmas tree model, a model without the vertical features (trunks) can be
used (see inlet Fig. 5.7 (a)) as in the work of D. T. Meiers [43,157]. For this model periodic
Bragg stacks with a first order stop band in the blue spectral range and a base area of
(300 × 300) nm2 are used. Neighboring stacks are shifted towards each other by half a
period of the stacks. Afterwards, they are shifted pairwise by a normally distributed
offset perpendicular to the layers. A cut through the structure is sketched in the inlet of
Figure 5.7 (a)).

With this model system the blue coloration (mean reflectance of over 80% for wavelength
λ = 400nm to λ = 425nm) is achieved for a broad angular range of around 100◦ (from
−50◦ to 50◦ cf. Fig. 5.7 inlet (b)). The angular broadening is comparable to the original
scales.

This model shows that the effect of coloration (cf. Fig. 5.7) and broad angular distribution
(cf. Fig. 5.7 inlet (b)) arises from the layered structure itself. The pigments in some
species only further enhance the coloration by absorbing the other colors and especially
the complementary color [161].

The Morpho butterflies use 1D PC to achieve their brilliant coloration. Higher dimen-
sional PC allow higher selectivity of the reflected light, as presented in the next section.

5.3 Entimus imperialis – polarization effects

The beetle Entimus imperialis (cf. Fig. 5.8 (a)) can be found in the neotropic regions of
South America and is between 16mm and 40mm long [174,175]. Its black elytra are cov-
ered with regularly arranged circular depressions colored in yellow-green, when viewed
from the distance.

On closer examination, the depressions are covered with scales. These scales show areas,
which either reflect turquoise-blue (λ = 480nm), cyan (λ = 520nm), green (λ = 540nm)
and yellow-orange (λ = 560 to λ = 610nm) light (cf. Fig. 5.8 (b)). They enable a recogni-
tion between conspecifics. This coloration originates in a 3D PC structure, which exhibits
different maxima in reflectance depending on the orientation of the crystal relative to the
incident light. In the far field, these spectral reflectance maxima superimpose to the
yellow-green impression, which provides a camouflage in their natural habitat. [175]

In Section 5.3.1 the 3D PC structure is introduced and the polarization-dependent re-
flectance of these beetles is analyzed. Three simplified models are presented and one
of them, the woodpile structure, is fabricated using DLW in Section 5.3.2. Here, the
polarization-dependent reflectance is observed, too.
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(a) (b)
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Figure 5.8: Pictures of (a) the beetle Entimus imperialis and as an inlet a magnified image
of a depression on its wing, (b) a single scale, and (c) a SEM image of a green scale. All
images by courtesy of X. Wu.

5.3.1 The underlying concept of the reflection at Entimus imperialis

The structure inside the scales represents a biological realization of a diamond structure
(D-structure) or in other words a face-center-cubic structure with a two atomic basis with
identical atoms, which are shifted towards each other by one quarter of the space diago-
nal. The structure has a lattice constant of a = 445nm [175].

In [176], the structure was described by the concept of stratified media with a 2D PC
arrangement with a hexagonal symmetry and a periodicity of 286 ± 3nm in-plane and a
layer distance of 234nm. The layers were arranged in aABC sequence, which corresponds
to an in-plane rotation of 120◦ between consecutive layers. The reflectance and transmit-
tance of this model is calculated with the transfer matrix method. However, this model
is not able to explain all spectral maxima in reflectance of the Entimus imperialis. [176]

With FDTD simulations of the D-structure the visible spectral reflectance maxima for
all different colors of the Entimus imperialis are correlated to different crystallographic
planes of the diamond structure in [175]. For most of the orientations of the PC structure,
there is no polarization-dependency [175].

The green areas of the scales of the Entimus imperialis affect the polarization direction of
the light during reflection. These green areas correspond to a crystal orientation, where
the {0 0 1} plane1 is parallel to the scales surface. In this plane there are the two directions
of the equivalence group of the ⟨1 0 0⟩ directions. Green light that is polarized along
one of those directions is largely rotated by 90◦ in its polarization, so the polarization is
afterwards parallel to the other direction of ⟨1 0 0⟩ group in this plane. The theoretical

1See Appendix B for information about the bracket notation in crystallography.
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Figure 5.9: Bioinspired models for Entimus imperialis: (a) the woodpile structure (ABA′B′

sequence), (b) the crossed rods structure (AB sequence), and (c) the structure of crossed
anisotropic layers

analysis of our collaboration group [13] shows, that up to 94% of the incident light, which
is polarized along the [0 1 0] direction belonging to the equivalence group of ⟨1 0 0⟩, is
reflected with a rotated polarization. In the simulations less than 3% are reflected without
a change in the polarization direction for a structure with ten unit cells. [13]

On the contrary, simulations for light that is polarized along a ⟨1 1 0⟩ direction reveal
no cross-polarization reflection at all. This means, light that is polarized parallel to a
symmetry plane of the structure, is not affected in its polarization direction during re-
flection. [13]

This behavior in reflection is analog to that of a wave plate with a phase difference of λ/2
in transmission, where the polarization of every wave is changed, except the wave is po-
larized along the fast or slow axis of the crystal. In the case of the beetle or the D-structure
the fast and slow axis correspond to the ⟨1 1 0⟩ directions parallel to the symmetry planes.
The D-structure of the Entimus imperialis does not affect the polarization of the incident
light during transmission [13].

The effect of polarization conversion is found in model systems as well. The first model
system is the woodpile PC (cf. Fig. 5.9 (a)). This structure is a D-structure itself. It
consist of rods arranged in layers with a ABA′B′ sequence, where the A and B layers are
perpendicularly arranged and the A and A′ layers are shifted by half an in-plane period
with respect to each other. The in-plane periodicity ax,y is constant for all layers and the
layer distance is az/4 = ax,y/

√
4 resulting in a out-of-plane periodicity of az =

√
2ax,y . In

the woodpile crystal the ⟨1 1 0⟩ directions of the crystal are oriented along the rods of the
different layers, in the symmetry planes (cf. Fig. 5.9). In the simulations, the woodpile
structures show a strong cross-polarization reflection which increases with the number
of unit cells in the propagation direction of light [13].

This corresponds to the functionality of a PC (cf. Sec. 2.2) in general. The propagation
properties of certain modes are predicted for an infinite number of unit cells and with a
smaller volume or number of unit cells the properties deviate from the predicted prop-
erties. To achieve a full stop band for a certain wavelength or polarization direction, a
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Figure 5.10: Phase shift for different polarization directions at a woodpile structure: Time
resolved signal for different components Ex parallel to the [1 1 0] direction (red) and Ey
parallel to the

[
1 1 0

]
direction (blue) of the electric field on the way towards the structure

(9fs < t < 13fs) and back (55fs < t).

minimum number of unit cells has to be provided [13] depending on the refractive index
of the material.

While the woodpile structure is still complex, an even more simplified model system can
be used: the crossed rods structure. Here, the rods are arranged in an AB sequence, where
the rods of the different layers are oriented perpendicular to each other (cf. Fig. 5.9 (b)).
For this model system with a strong simplification, the cross-polarization reflection is
still visible. For 16 unit cells the cross-polarization is around 60%. [13]

Another simple model, which may be useful for the fabrication of corresponding struc-
tures, contains anisotropic layers with periodic refractive index profiles. Here, consec-
utive layers are rotated by 90◦ towards each other leading to the model structure with
crossed anisotropic layers as indicated in Figure 5.9 (c)). It still shows cross-polarization
if the incident light is polarized 45◦ towards the optical axis of the different layers and
none if polarized along the optical axis. [13]

The simulations of our collaboration group also predict a conservation of the handedness
of circular polarized light during reflection [13]. This conservation can be explained with
the phase shifts that occur at the D-structure in reflection and in analogy to the phase
differences at a half-wave plate in transmission.

In a half-wave plate, light that is polarized along the fast axis and light that is polarized
along the slow axis of the crystal experience a phase shift of π which corresponds to
a optical path difference of λ/2 in transmission [51]. For the D-structure, light that is
polarized along the [1 1 0] direction and light that is polarized along the

[
1 1 0

]
direction

71



5. Investigated biological systems

(a) (b)

50µm 2µm

Figure 5.11: Fabricated model structure of the Entimus imperialis: (a) a light microscope
image of the fabricated structure; (b) a SEM image of the structure after FIB cutting.

experience a corresponding phase shift of π during reflection, which was shown in FDTD
simulations for a pulse falling on the structure (cf. Fig. 5.10).

For this simulation, the different components of the electric field are recorded over time
at a position between the source of the wave and the structure. Hence, the signal was
detected on its way to the structure (9fs < t < 13fs) and on its way back (55fs < t). While
the different components Ex parallel to the [1 1 0] direction (red curve in Fig. 5.10) and Ey
parallel to the

[
1 1 0

]
direction (blue curve in Fig. 5.10) are in phase at the beginning (cf.

left inlet in Fig. 5.10), they show a phase shift of π in the end (cf. right inlet in Fig. 5.10).
This phase shift changes the handedness of circular polarized light in transmittance, but
it preserves the handedness in reflection due to the reversion of the propagation direction.

The phase shift between the different polarization directions shown in Figure 5.10 cor-
responds to two times the optical path length of a single layer regarding an effective re-
fractive index. This effective refractive index is in good agreement with an approach for
the effective refractive index considering refractive indices of the different materials and
their volume fraction (neff =

∑m
i=0nm

Vm
Vges

). Therefore, the phase difference corresponds
to one polarization direction being reflected at the first layer, while the other has to pass
back and forth through this layer to be reflected at the second orthogonal layer.

5.3.2 Fabrication of polarization-dependent structures with DLW

After the simulations show the polarization-dependent reflectance for the woodpile struc-
ture this model system is chosen for the fabrication with DLW.

For a model system working at the same wavelength range than the original structure,
a highly optimized DLW process is needed like in [83]. The small feature size and high
resolution hinder the fabrication at the DLW setup presented in Section 3.2.1. These
limitations are overcome by up-scaling of the systems to producible length scales. In case
of a model system of the Entimus imperialis, the up-scaling of photonic structures changes
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Figure 5.12: Polarization conversion at the model structure of Entimus imperialis: The
polarization-dependent reflectance is observed (a,b) qualitatively and (c,d) quantitatively.
The incident light is polarized with a polarizer (orange arrows), and the analyzer (blue
arrows) filters the reflected light. The polarizer is oriented along (a,c) the [1 1 0] and
(b,d) the [0 1 0] direction. Figure adapted with permission from [13].©WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim

the affected wavelength range. However, the polarization conversion is still observed and
proves to be robust against fabrication-induced disorder of the structure.

For a periodicity of 1µm instead of 445nm, the structures are fabricated with a com-
mercial DLW setup with the common photoresist IP-L (cf. Fig. 5.11). The wavelength
range that exhibits a polarization conversion in reflection accordingly shifts from around
470nm to around 750nm.

To observe the polarization conversion in reflection at the woodpile structures, the re-
flectance is observed with respect to its polarization. Therefore, the incident light is po-
larized along either the ⟨1 1 0⟩ direction parallel to the edges of the structure (cf. Fig. 5.12
(a,c)) or along the [0 1 0] direction (cf. Fig. 5.12 (b,d)). The definition of the direction
refers to the D-structure of the original scales (cf. Sec. 5.3).

For incident light polarized along the [1 1 0] direction, there is no qualitative change in
the polarization direction (cf. Fig. 5.12 (a)) nor a quantitative (cf. Fig. 5.12 (c)). Neither for
750nm nor for smaller wavelength, light or part of the light has changed its polarization
direction. A large reflectance is observed, if polarizer and analyzer are oriented parallel
to each other (left picture in Fig. 5.12 (a) and black curve in Fig. 5.12 (c)).

On the other hand, if light is polarized along the [0 1 0] direction, i.e., 45◦ towards the
edges of the structure, part of the reflected light at 750nm changes its polarization direc-
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tion (cf. Fig. 5.12 (d) red curve). The amount of light polarized in the incident direction
is, by way of comparison, small (cf. Fig. 5.12 (d) black curve).

For smaller wavelengths, there is a negligible change in the polarization direction. There-
fore, after the red light is rotated in its polarization direction, the sample appears blue,
if analyzer and polarizer are oriented parallel to each other. If analyzer and polarizer are
oriented perpendicular to each other, no light with short wavelength is observed, only
the red light that changes its polarization direction is observed (cf. Fig. 5.12 (b)).

Thus, the polarization-dependent reflectance of the Entimus imperialis has been experi-
mentally shown, though for a different wavelength range than for the natural structure
due to the up-scaling of the model. The up-scaling helps to investigate different aspects
in natural photonic structures.

The polarization-dependent reflectance observed in the scales of Entimus imperialis is
explained by a photonic woodpile crystals. The photonic woodpile crystal allows to in-
vestigate the effects of the structure in an experimental realization for another wave-
length range after up-scaling. While for the weevil Entimus imperialis the polarization-
dependency of certain areas is limited to a small spectral range, the example of the white
beetle Cyphochillus insulanus will show how the properties of a structure can be expanded
to a broader spectral range and that an up-scaling of the structure does not necessarily
mean a change in the affected wavelength range.

5.4 Cyphochilus insulanus – the white beetle

As a fourth example for nature’s brilliancy concerning photonic structures, the white
beetle Cyphochilus insulanus (cf. Fig. 5.13 (a)) is examined. The genus Cyphochilus is
domiciled in Southeast Asia [177] and exhibits a brilliant whiteness. The whiteness arises
from a disordered network-like structure within the scales covering the beetle’s body (cf.
Fig. 5.13 (b)). These scales (cf. Fig. 5.13 (c) and (d)) are around 7µm thick and consist of a
scattering structure within a shell, both consist of chitin (nC = 1.55 [154]). The network-
like structure consists of chitin struts arranged in a layer-like way. The struts have a
length of around (1105 ± 360) nm and a diameter of around (230 ± 160) nm [27]. The
beetle uses its white coloration to hide itself from its enemies among mushrooms [27].

The whiteness is comparable to that of artificial materials with a comparable refractive
index, e.g., paper, although the responsible layer is a magnitude thinner. Accordingly,
this structure belongs to the strongest scattering ones made out of a material with low
refractive index [24]. This is what made the beetles of genus Cyophochilus subject of
many investigations [25–28, 177, 178].

Scientist agree, that the layered structure leading to anisotropic optical properties of
these beetle’s scales is optimized for the highly efficient scattering through thousands
of years of evolution [25,27,177]. The degree of optimization crystallizes in the fact, that
even if the structure was made of a material with higher refractive index (n = 2.8), the
reflectance would only increase from around 65% (for n = 1.55) to around 84% [27].
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(a)

(b)
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Figure 5.13: The white beetle – Cyphochilus insulanus: (a) a photograph of the beetle;
(b) a light microscope image of scales; SEM images of (c) a single scale and (d) after FIB
cutting.

Different attempts to find a model system describing the optical properties of the scales of
these beetles have not led to satisfying agreement with the optical properties of the white
beetle [25]. One problem has been that the underlying data for the structural parame-
ters was received from SEM images of dried scales after focused ion beam (short: FIB)
cutting. During the processing, the scales deform and, hence, the obtained data exhibits
large fluctuations [27, 179]. A structural characterization with less deformations than in
former publications is obtained by cryo-ptychographic X-ray computed tomography [27],
leading to more reliable structural parameters and an one-to-one-model of the structure.

With these parameters a model of the layers inside the scales of Cyphochilus insulanus is
developed and analyzed with FDTD simulations (cf. Sec. 5.4.1). The developed structure
is adapted to allow a fabrication with DLW as presented in Section 5.4.2.

5.4.1 The underlying concept in the scales of Cyphochilus insulanus

Based on the parameters of the structure presented in literature (mainly in [27]) and
considering a layered structure, a model system is presented, which has been developed
during the diploma thesis of D.T. Meiers [43, 157]. The model system is based on a peri-
odic Bragg stack model imitating the layer-like structure of the beetle’s chitin network. It
is a similar starting point as for the model describing the Morpho butterflies in Section 5.2
but with different results due to different disordered disturbances. In case of the white
beetle, the periodicity is disturbed in different steps, depending on the desired degree of
accordance with the optical properties of the white beetle. Therefore, different parame-
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Figure 5.14: Different steps towards a model system for the white beetle and their re-
flectance: the reflectance of (a) a periodic Bragg stack, (b) a stack with variying layer
thickness, (c) as (b) with left out layers, and (d) a composition of different stacks (black)
and the one-to-one model from [27] (blue). Corresponding sketches of the cut views of
the structures are shown as inlets. Reconstructed after [157].

ters of the structure are varied according to different distributions. These distributions
are extracted from the investigations of the exact one-to-one model presented in [27]. All
quantities are normally distributed.

The periodic Bragg stack, which serves as a starting point for the model, exhibits a
layer thickness of the chitin layers of dC = 230nm. This thickness is chosen equal to
the mean thickness of the chitin struts determined in [27]. The air layers are defined
by the condition for an ideal Bragg stack with two layers of the same optical thickness
dA = nCdC = 357nm. This Bragg stack reveals a first order stop-band in the infrared
range λ1 = 4dA = 1426nm and, hence, a second order stop-band at λ2 = 475nm in the
visible spectral range. The corresponding reflectance spectrum for the visible spectral
range of a structure with 12 layers, resulting in a total thickness of dtot = 6.7µm, and a
sketch of a cut through the structure is presented in Figure 5.14 (a).

The second order stop-band of the periodic Bragg stack in the visible spectral range al-
lows high reflection only for a small spectral range of around ∆λ = 50nm. This higher
order stopband is sensible to disturbances and, thus, used for adjusting the properties of
the structure. To enhance the overall reflectance of the structure, the layer thickness is
modified. Therefore, the chitin layers are adapted in their thicknesses according to the
thickness distribution of the struts in the one-to-one-model presented in [27]. The result-
ing structure is similar to those found in metallic appearing animals like certain beetles
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or fishes [19,21–23]. In the reflectance spectrum of the structure the original stop-band in
the visible spectral range is decreased, but the overall reflectance is increased (cf. Fig.5.14
(b)).

To take into consideration, that in the exact model the distance between neighboring
layers is at some points much higher than at others, one third of the layers are left out
randomly. This reduces the filling fraction. The filling fraction of the final structure is
around 31% [43], which corresponds to the filling fraction of the original scales (45%
to 31% [27, 60, 179]). The smaller filling fraction also prevents optical crowding, hence,
there is no spatial correlation that could lead to a reduced scattering. The reduction of
layers reduces the reflectance slightly and leads to larger irregularities in the reflectance
(cf. Fig. 5.14 (c)) that vanish if the reflectance is averaged over different configurations.

The averaging, over different stacks with different distribution for the layer thickness
and different layers left out, smooths the reflectance. Futhermore, it prevents a silver
appearance. Therefore, the next modification is to assemble the whole structure out of
small stacks. The base area of a single stack is (300 × 300) nm2. This leads to the pre-
dicted smooth reflectance shown in Figure 5.14 (d) (black line) for the visible spectral
range. This spectrum shows qualitatively the same behavior as the spectrum of the one-
to-one model from [27] (Fig. 5.14 (d) blue line), while the overall thickness is comparable
(d1:1 = 7µm and dmodel ≈ 6.7µm).

To prove that there is no silvery appearance as in the structures mentioned in [19,21–23],
the optical impression of the presented model system is calculated from the results of
the FDTD simulations. Therefore, the intensity distribution in the near field in reflection
is transferred into a far field intensity distribution by the used FDTD software FDTD-
Solutions from the Ansys Canada Ltd. The software therefore uses Fourier optics by
predicting plane wave propagation. With the intensity distribution in the far field for
a chosen number of frequencies in the visible spectral range, corresponding RGB values
can be calculated with the method presented in [180]. These RGB values demand a nor-
malization of the single values to avoid oversaturation. They are normalized such that
the mean value of the overall RGB values is the same for the different calculated color
impressions.

For the exact model of a part of a scale from [27], the calculated color impression is pre-
sented in Figure 5.15 (a). In the middle of the pattern, the calculation yields white spots
due to the slightly higher intensity in the specular reflex. In the periphery, colored spots
appear, but no sharp diffraction pattern is recognizable. The colored far field pattern for
the developed model system looks qualitatively the same (cf. Fig. 5.15 (b)).

The calculated color pattern derives from small structures of around (7× 7× 7) µm3. The
resolution power of the human eye is not high enough for those small structures. Hence,
the noticed color impression corresponds to an averaging about different small struc-
tures. For the one-to-one model, this results in a white appearance. As the farfield color
impressions and the overall reflectance values agree, the real color impression of the de-
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(a) (b)

Figure 5.15: Calculated color impression of the farfield of (a) the one-to-one model and
(b) the developed model system in the half space of reflection. The circles indicate an
angle of deflection of 10◦, 30◦, 60◦, and 90◦, respectively. Reconstructed after [43].

veloped model system should qualitatively also agree with the one-to-one-model. Hence,
it should appear white, too.

As mentioned above, the undisturbed Bragg stack has its first order stop-band in the
infrared range at λ1 = 1426nm. This first order stop-band is disturbed less by disorder
than the higher order stop-bands [181, 182] and, hence, the maximum in reflectance is
clearly visible in the spectrum of the developed model in Figure 5.16 (black line). The
spectrum of the exact model does not show this feature (cf. Fig. 5.16 blue line). Therefore,
if the optical properties of the white beetle in the IR range should be reproduced, further
modifications of the model system are necessary.

One possible way is to adapt the distances of the layers. If these distances are varied ac-
cording to a normal distribution in the range of 350nm to 800nm around the mean value
of 587nm with a standard deviation of 100nm, the sharp maximum at λ1 = 1426nm is
smoothed (cf. Fig. 5.16 red line). The resulting spectrum resembles the exact model (blue
line) more than the model system with constant layer distances, especially for the visible
spectral range, but still shows some deviations in the near infrared range.

For an exact agreement in the infrared range, more modifications are needed, but for
a bioinspired structure with the same optical properties in the visible spectral range,
the spectra and the color impression of the far field show, that the model system with
constant layer distances is sufficient. This model system also allows the usage of high
reflectance of a certain range in the IR, e.g., to reflect heat radiation. Furthermore, the
presented model system exhibits the optical anisotropy observed in [24, 25, 27], which
allows strong scattering and reflection perpendicular to the surface of the scale while the
reflection in the direction of the layers is smaller in comparison (around 0.1 smaller in
the visible spectral range) [43].
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Figure 5.16: The reflectance spectra of the one-to-one model (blue line), the developed
model system (black line), and the modified model (red line). Reconstructed after [43].

The strong scattering is also represented in a long lifetime of light inside the structure of
around 140fs and a short transport mean free path of (1.46 ± 0.04) µm which corresponds
to the experimental values in [24] of 140fs and (1.47 ± 0.07) µm, respectively. [43]

As the underlying principle and the order of magnitude of the features of the model
system agrees with the model system used in Section 5.2 to achieve brilliant coloration,
this model system proves the transition of brilliant coloration to whiteness due to the
amount of disorder predicted by P. Vukusic in [26]. Due to its layered structure the model
system enables fabrication with DLW.

5.4.2 Fabrication of white, disordered structures with DLW

The disordered, network-like structure within the scales of Cyphochillus insulanus uses
the second order stop band of the original Bragg stack that is sensitive to disorder to
create the whiteness. It is also possible to use higher order stop bands of the original
Bragg stack. This allows up-scaling to length scales that are accessible for fabrication
with DLW without changing the effect on the originally effected wavelength range.

While the model is simulated with separated layers, this is not fabricable. Therefore,
the fabricated structures need an additional framework for stability. In the scales, the
layers are held by the shell of the scales and vertical features inside the network. For
the fabrication with DLW, a corresponding support structure is added. Pillars are added
between neighboring layers at regularly arranged positions and an additional external
framework fixes the layers. For this framework, different concepts are possible, simple
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Figure 5.17: Fabricated model structure of the Cyphochillus insulanus: (a) SEM image of
the structure fabricated in conventional resist (IP-L) and (b) a corresponding structure in
comparison with the original scales [43].

solid frames as well as lightweight constructions building a rectangular or round shaped
frame.

The fabrication in a conventional photoresist (IP-L; cf. Fig. 5.17 (a)) leads to a qualitative
correspondence in the optical properties compared to the original scales as can be seen
in the light microscope image in Figure 5.17 (b). The variation in the layer thickness is
achieved by a variation in the laser power during the writing process. Because a varia-
tion in the laser power leads to a variation in the voxel size and, hence, the feature size,
especially in the axial direction. The supporting framework and the structure are written
within one step by further adjusting the laser dose, such that the framework achieves the
necessary stability and cross-linking density, which is needed to support the layers.

The complex photonic structure of the beetle Cyphochilus insulanus, which is optimized
by nature through thousands of years of evolution to strongly scatter the light, is mim-
icked using a model system with a simple underlying concept. This simple model uses
only few parameters which can be varied independently. Furthermore, due to the layered
structure this concept allows fabrication of bioinspired structures in conventional resist
and in cellulose-based resists (cf. Sec. 4.4), which are described in Chapter 4.
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Chapter 6

Conclusions

Two aspects of biomimetics in micro- and nano-photonics are addressed in this work,
the use of bioinspired materials in the fabrication of micro- and nano-structures and the
identification of the underlying concepts of natural photonic structures.

To tackle potential material dependencies of the natural photonic structures in form
of a material induced disorder, a cellulose-based photoresist for direct laser writing is
developed. For this resist, three kinds of cellulose derivatives are tested in combina-
tion with different initiators and solvents. The best performance is achieved for a re-
sist with methacrylated cellulose acetates with a degree of polymerization of DP = 500
(MACA500), 2-Isopropyl-9H-thioxanthen-9-one (ITX), and dimethyl sulfoxide (DMSO).
MACA500 is a short polymer that takes over the role of the monomers in common resists.
It is solved in DMSO and polymerized with the initiator ITX. The methacrylic groups of
the MACA500 enable a cross-linking of the molecules with a radical polymerization and
the acetate groups allow solving the cellulose derivative in common organic solvents, like
DMSO.

The resist with MACA500 allows for reproducible structuring. The reproducibility is only
possible if solvents with a low fugacity are used, such that the resist composition does
not change between different applications and during the writing process. The molar
concentrations of the cellulose derivative and the initiator indicates a poor quantum yield
of the reaction process. Despite the poor quantum yield, direct laser writing is possible
at affordable laser powers (≪ 50mW).

The written structures exhibit a feature size down to 130nm. In the lateral direction,
perpendicular to the beam propagation, they reach a resolution of the features down
to 600nm and 2.1µm in the axial direction. The cross-linking density enables stable
3D structures and, with the achieved resolution, it is possible to fabricate biomimetic
structures in this cellulose-based resist.

The results for the cellulose-based resist can be transferred to other polysaccharides, like
chitin. With comparable functionalization, these polysaccharides might also be suitable
for direct laser writing. Furthermore, the reaction efficiency of the resist using cellulose
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might be improved if other functional groups, e.g., acrylic groups instead of methacrylic
groups, are used. This may enable the use of shorter cellulose derivatives that, due to
their smaller size, may enable higher resolutions.

Our cellulose-based resists pave the way for polysaccharides into micro- and nano-stru-
cturing. They enable different kinds of structures ranging from fine-featured porous
materials for filters to larger solid structures used as cell scaffolds.

Besides the material aspect, the structural aspect of natural photonic structures is investi-
gated. Therefore, models are identified that mimic the optical properties of the different
natural photonic nanostructures in the visible spectral range. The photonic structure in
the silver ant, Cataglyphis bombycina, is reduced to a basic model of prisms: The prism-
shaped hairs use total internal reflection to create a silver appearance. This simple model
enables the fabrication with direct laser writing.

The diamond structure in the scales of the beetle Entimus imperialis can change the polar-
ization direction of light. This effect is mimicked by different models in simulations and
it is observed for a fabricated model system of a photonic woodpile crystal. The woodpile
crystal is scaled up to allow fabrication. Therefore, the investigated wavelength range
shifts to larger wavelengths. The effect of a change in the polarization direction of re-
flected light remains.

The photonic structures in the blue butterfly of the genus Morpho and the structures in
the white beetle, Cyphochilus insulanus, are both imitated in their optical properties by
models based on a periodic Bragg stack. For the butterflies, only an equally distributed
offset for pairs of stacks is needed to achieve the blue coloration in a broad angular range.
A pair contains two stacks that are shifted towards each other by half a period.

To achieve the whiteness of the Cyphochilus insulanus, more disorder has to be introduced
compared to the blue butterfly. This disorder includes the equal distribution of the layer
thickness, the leaving out of one third of the layers at random positions, and additionally
the composition of the whole sample out of small modified Bragg stacks, which differ
from each other. The combination of these modifications broadens the effect of the origi-
nal Bragg stack not only in the angular but also in the spectral range.

The disordered Bragg stack model of the Cyphochilus insulanus has the same optical prop-
erties as the original scales in the visible spectral range. This is shown in the simulations
as well as in a qualitative comparison of the direct laser written structure with the origi-
nal scale. The developed model is adaptable in its properties by changing the parameters
of the introduced distributions.

The analysis of the natural photonic structures has shown material independence of the
different effects. The different effects from reflectivity over coloration to scattering, thus,
can be generated in different transparent materials. In addition to the visible effects,
other effects such as the long lifetime of the photons in the model structures of the white
beetle can be used, for example, wherever a long dwell time of the light in the material
leads to an increase in efficiency, such as in catalysts for hydrogen production.
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Together with the cellulose-based resist, the discussed bioinspired structures might lead
to environmentally suitable applications in photonics that make optimal use of these
materials.
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Appendix A

The operator Θ̂

In Section 2.2.1 the operator Θ̂ is introduced to express the master equation for PCs (cf.
Eq. 2.20). This operator is defined as:

Θ̂H⃗ (x⃗) = ∇×
[

1
ϵr (x⃗)

∇× H⃗ (x⃗)
]
. (A.1)

For the solution of the master equation for PCs, it is required that Θ̂ is a linear Hermitian
operator. The linearity of the operator Θ̂ is shown in the first section and in Section A.2,
it is shown, that Θ̂ is an Hermitian operator.

A.1 A linear operator

In general, an operator Â is called linear if:

Â(a1f1 + a2f2) = a1Âf1 + a2Âf2 , (A.2)

with fj elements of the space that the operator is defined upon and aj scalars.

In the case of the operator Θ̂ (cf. Eq. A.1), the following expression has to be examined:

Θ̂
[
a1H⃗1 (x⃗) + a2H⃗2 (x⃗)

]
= ∇×

{
1

ϵr (x⃗)
∇×

[
a1H⃗1 (x⃗) + a2H⃗2 (x⃗)

]}
. (A.3)

∇× H⃗ (x⃗) is the rotation of the magnetic field, which is linear (see [183, 184] and compa-
rable basic literature). Therefore, and due to the linearity of a multiplication, the above
mentioned equation is rewritten to:

Θ̂
[
a1H⃗1 (x⃗) + a2H⃗2 (x⃗)

]
= ∇×

{
1

ϵr (x⃗)

[
a1∇× H⃗1 (x⃗) + a2∇× H⃗2 (x⃗)

]}
= ∇×

[
a1

1
ϵr (x⃗)

∇× H⃗1 (x⃗) + a2
1

ϵr (x⃗)
∇× H⃗2 (x⃗)

]
.

(A.4)

In a last step the linearity of the rotation is used for another redraft:

Θ̂
[
a1H⃗1 (x⃗) + a2H⃗2 (x⃗)

]
= a1∇×

1
ϵr (x⃗)

∇× H⃗1 (x⃗) + a2∇×
1

ϵr (x⃗)
∇× H⃗2 (x⃗) . (A.5)
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This last version of the equation is equivalent to

Θ̂
[
a1H⃗1 (x⃗) + a2H⃗2 (x⃗)

]
= a1Θ̂H⃗1 (x⃗) + a2Θ̂H⃗2 (x⃗) . (A.6)

Equation A.6 corresponds to the definition of linearity mentioned in Equation A.2 for the
operator Θ̂.

A.2 A Hermitian operator

An operator is an Hermitian operator if:〈
f1|Âf2

〉
=

〈
Âf1|f2

〉
, (A.7)

with the inner product
〈
f1|f2

〉
. For the operator Θ̂ this means:〈

H⃗1 (x⃗) |Θ̂H⃗2 (x⃗)
〉

=
〈
Θ̂H⃗1 (x⃗) |H⃗2 (x⃗)

〉
, (A.8)

with 〈
H⃗1 (x⃗) |Θ̂H⃗2 (x⃗)

〉
=

∫
H⃗⋆

1 (x⃗)Θ̂H⃗2 (x⃗)dV , (A.9)

where H⃗⋆
1 (x⃗) is the complex conjugate wave function H⃗1 (x⃗). If the operator is written out,

the integral can be transformed with the help of the relation [183]:

∇ ·
[
A⃗ (x⃗)× B⃗ (x⃗)

]
= −A⃗ (x⃗) ·

[
∇× B⃗ (x⃗)

]
+
[
∇× A⃗ (x⃗)

]
· B⃗ (x⃗) (A.10)

to: 〈
H⃗1 (x⃗) |Θ̂H⃗2 (x⃗)

〉
=

∫
H⃗⋆

1 (x⃗)Θ̂H⃗2 (x⃗)dV

=
∫
H⃗⋆

1 (x⃗) · ∇ ×
[

1
ϵr (x⃗)

∇× H⃗2 (x⃗)
]
dV

=
∫

1
ϵr (x⃗)

[
∇× H⃗⋆

1 (x⃗)
]
·
[
∇× H⃗2 (x⃗)

]
dV

−
∫
∇ ·

{
1

ϵr (x⃗)
H⃗⋆

1 (x⃗)×
[
∇× H⃗2 (x⃗)

]}
dV

=
∫
∇×

[
1

ϵr (x⃗)
∇× H⃗⋆

1 (x⃗)
]
· H⃗2 (x⃗)dV

−
∫
∇ ·

{
1

ϵr (x⃗)

[
∇× H⃗⋆

1

]
× H⃗2 (x⃗)

}
dV

−
∫
∇ ·

{
1

ϵr (x⃗)
H⃗⋆

1 (x⃗)×
[
∇× H⃗2 (x⃗)

]}
dV

=
〈
Θ̂H⃗1|H⃗2

〉
−
∫
∇ ·

{
1

ϵr (x⃗)

[
∇× H⃗⋆

1

]
× H⃗2 (x⃗)

}
dV

−
∫
∇ ·

{
1

ϵr (x⃗)
H⃗⋆

1 (x⃗)×
[
∇× H⃗2 (x⃗)

]}
dV .

(A.11)
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The remaining integrals can be transformed with Gauss’ theorem to integrals over closed
surfaces: 〈

H⃗1 (x⃗) |Θ̂H⃗2 (x⃗)
〉

=
〈
Θ̂H⃗1 (x⃗) |H⃗2 (x⃗)

〉
−
∮ {

1
ϵr (x⃗)

[
∇× H⃗⋆

1

]
× H⃗2 (x⃗)

}
n⃗dS

−
∮ {

1
ϵr (x⃗)

H⃗⋆
1 (x⃗)×

[
∇× H⃗2 (x⃗)

]}
n⃗dS ,

(A.12)

where n⃗ is the surface-normal unit vector. These integrals over closed surfaces are equal
to zero, due to periodic boundary conditions [185]. The remaining first line proves that
Θ̂ is an Hermitian operator.
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Appendix B

Introduction to the notation in
crystallography

Crystallography uses the periodicity of the crystals to describe points, directions and
planes inside the crystal. The different notations that are based upon [186, 187] are
shortly explained in this appendix.

A point of the grid x⃗ can be expressed with a linear combination of the grid vectors a⃗j

x⃗ =
3∑
j

oj a⃗j , (B.1)

if the origin is at a point of the grid, too. Therefore, every point of the grid is well-defined
by the triple of numbers oj . Negative numbers are expressed with a bar over the number
oj = −oj . Points are express without brackets, e.g., the point 111 is marked in Figure B.1
(green).

The notation for directions and grid lines bases upon this notation of points. To express
a direction, the origin of the system is used as a reference. The point of the grid that is
reached from the origin in the wanted direction reveals the notation for this direction. To
describe directions and grid lines, the triplet of smallest integers with the same propor-
tion is used in square brackets. For example, [1 0 0] describes all parallel directions or
lines that are marked in red in Figure B.1.

If symmetries are considered, some of the directions which are not parallel are still equiv-
alent. This means that they can be transferred into each other by symmetry operations
that reproduce the crystal. For example, for a primitive cubic crystal, all edges are equiv-
alent. If the cube is turned, the edges are transferred into each other without changing the
crystal. Face diagonals can not be transferred into edges without changing the crystalline
structure. These equivalent directions are expressed in angle brackets. So all edges of the
cubes (red, blue, and grey lines in Fig. B.1) are part of the ⟨1 0 0⟩ group.

Planes are described in crystallography by the so-called Miller indices. They represent
the inverse of the penetration point of an axis along the grid vector through the plane.
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◦

◦

◦

◦

◦

◦

◦

◦

◦

◦

◦

◦◦111

(0 1 0)

a⃗x

a⃗y

a⃗z [1 0 0]

[0 1 0]

Figure B.1: Illustration of the notation in crystallography with the point 111 (green), the
direction [1 0 0] (red), and the planes (0 1 0) (blue).

Considering a plane that is cut by the axes along a⃗j at the points oj a⃗j , the triplet of frac-
tions 1

oj
is expanded to the smallest possible integers, while their proportion is kept con-

stant. The resulting integers are the Miller indices. If there is no penetration point, oj
is considered infinite, so the corresponding Miller index is 0. All parallel planes are
expressed by the same Miller indices that are put in round brackets. Those planes are
perpendicular to directions with the same indices, e.g., the [1 0 0] directions are surface
normals of the (1 0 0) planes. The (0 1 0) planes are marked in blue in Figure B.1 with
the surface normal [0 1 0] (blue line, only one marked for clarity) parallel to the y axis.

For planes as for directions, there is another notation that summarizes equivalent groups
of planes. For planes, this is expressed with curly brackets {0 1 0 }. In Figure B.1 the
{0 1 0 } group contains all side faces of the cubes.
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