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1D  One-dimensional 
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l’Eclairage) 
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hs  Hard-soft gradient 

hshsh  Hard-soft-hard-soft-hard gradient 

ITO  Indium tin oxide 

PC  Polycarbonate 

PDMS  Polydimethylsiloxane 

PGM  Polymer gradient material 

PP  Polypropylene 

preCOL-D Precollagen (distal portion) 

preCOL-NG Precollagen (non-gradient portion) 

preCOL-P Precollagen (proximal portion) 
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RT  Room temperature 
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�  Young’s modulus 

����  Effective Young’s modulus 

��  Young’s modulus of hard film 

���  Plain strain modulus of hard film 

��  Young’s modulus of elastic substrate 

���  Plain strain modulus of elastic substrate 
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  Buckling strain 
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�  Thickness ratio (in sections about controlled wrinkling) 

����  Effective refractive index 
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+  Local height of surface 

,  Parameter for control of anisotropy 

-  Term for buckling strain



  | V  

 

 

Short summary 

 

This thesis focuses on the preparation, characterization and application of gradient 

topographies and gradient functional materials. For that, polydimethylsiloxane elastomers are 

surface-modified in different manners by three methods controlled wrinkling, formation of 

surface relief gratings, and preparation of responsive photonic crystals. 

The motivation for the work arises from nature. Nature utilizes well-defined hierarchical 

structures and gradients to create functional materials with advanced surface topography and 

tailored mechanical properties. Examples for tailored surface topographies are colorful 

butterfly wings and shark skin with improved hydrodynamics. Examples for responsive 

functional surfaces are the impressive skin color variations of chameleons and the brilliant 

appearance of tropical fishes, both based on photonic crystals. Improved mechanical 

properties can be found for example in the sea mussel. The byssus reveals a stiffness gradient 

which allows an improved connection of the soft interior of the mussel to a hard surface of a 

rock. The natural concepts of these functional materials and surfaces can be transferred to 

technical systems. 

In this context, the introduction gives a brief overview about tailored materials and surfaces 

in nature and their corresponding functionalities. Furthermore, methods to artificially prepare 

surface topographies and functionalities are presented with respect to the state of the art. 

The first method is controlled wrinkling which is a comparatively simple technique to form 

surface patterns. The principle is based on a hard surface film which is attached to a soft 

elastomer substrate. Compression of such a composite material leads to the formation of 

wrinkled patterns. Hereby, the wavelength can be tuned via the Young’s moduli and Poisson 

ratios of film and substrate, respectively, as well as the thickness of the hard film. The second 

method is the inscription of surface relief gratings in azobenzene films utilizing a holographic 

technique. This technique allows the inscription of gratings with a sinusoidal wave pattern. 

The third approach utilizes photonic crystals. These materials reveal a photonic band gap and 

decouple a certain wavelength upon illumination with visible light. 
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This cumulative thesis consists of five topics which result in five publications. An overview of 

the thesis as well as a summary of the major achievements is presented in a synopsis. 

The first and the second topic focus on the formation of gradient surfaces via controlled 

wrinkling. In the first topic, the formation of such gradient surfaces is based on a continuous 

gradient in the Young’s modulus of the polydimethylsiloxane elastomer substrate. Embedding 

of such a stiffness gradient material in a matrix allows the systematic formation and 

investigation of hierarchical line-defects at the interface. The investigations on these line-

defects and the developed prevention strategy contribute essentially to the fundamental 

understanding of controlled wrinkling. 

The second topic covers the formation of gradient surfaces via controlled wrinkling by 

variation of the thickness of the hard film. For that, thin metal films with a gradient in film 

thickness were deposited on polydimethylsiloxane substrates using a combinatorial vapor 

deposition technique. Gold, chromium, and indium were investigated with respect to 

wrinkling behavior and surface morphology. The developed technique is a powerful approach 

to efficiently screen metal wrinkles with respect to their wavelengths on one substrate. 

The third and the fourth topic cover the preparation of functional materials with sinusoidal 

surfaces via surface relief gratings. These gratings were inscribed optically in azobenzene films 

with a holographic technique. The third topic demonstrates the non-destructive grating 

transfer to polydimethylsiloxane and two thermoplastic polymers. Replicas with surface relief 

gratings with varying grating height were used as confinement templates for the alignment of 

nanoparticles. This represents a very elegant and efficient technique to screen the assembly 

of colloidal nanoobjects. 

The fourth topic presents a novel technique to determine the refractive-index from 

transparent solids based on surface relief gratings. The principle is based on the angle-

dependent investigation of the first and second order diffraction of monochromatic light on 

these gratings. The presented technique is a powerful alternative to refractive-index 

determination via an Abbe refractometer or spectral ellipsometry. 

The fifth topic focuses on the preparation of gradient photonic materials inspired by the 

chameleon skin. These materials consist of a one-dimensional photonic crystal which is 

attached on top of a polydimethylsiloxane elastomer substrate with a gradient in stiffness. 

Unstrained samples reveal a uniform reflectance over the entire surface of the photonic 
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crystal. Upon strain, a blueshift with a gradient in reflectance occurs. The reflectance pattern 

can be controlled by tailoring the architecture of the polydimethylsiloxane substrate. This is 

demonstrated for rainbow-like and stripe-like reflectance patterns. The presented gradient 

photonic materials are models for the development of nature-inspired mechanochromic 

sensors. 
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Kurzzusammenfassung 

 

Diese Arbeit befasst sich mit der Herstellung, Charakterisierung und Anwendung von 

Gradiententopografien und funktionellen Gradientenmaterialien. Dazu werden 

Polydimethylsiloxan-Elastomere auf unterschiedliche Weise durch die drei Methoden 

kontrollierte Faltenbildung, Präparation von Oberflächenreliefgittern und Herstellung 

ansprechender photonischer Kristalle oberflächenmodifiziert. 

Die Motivation für diese Arbeit kommt aus der Natur. Die Natur nutzt wohldefinierte 

hierarchische Strukturen und Gradienten, um funktionale Materialien mit hochentwickelter 

Oberflächentopographie und maßgeschneiderten mechanischen Eigenschaften zu erzeugen. 

Beispiele für maßgeschneiderte Oberflächentopografien sind brillant schimmernde 

Schmetterlingsflügel sowie Haifischhaut, die eine verbesserte Hydrodynamik aufweist. 

Beispiele für responsive funktionelle Oberflächen sind die eindrucksvolle Farbvariation der 

Haut von Chamäleons und das brillante Erscheinungsbild tropischer Fische, die beide auf 

photonischen Kristallen basieren. Ein Beispiel für eine gezielte Optimierung der mechanischen 

Eigenschaften sind marine Muscheln. Der Byssus weist einen Steifigkeitsgradienten auf, der 

eine optimierte Anbindung des weichen Inneren der Muschel an die harte Oberfläche eines 

Felsens ermöglicht. Die natürlichen Konzepte dieser Funktionsmaterialien und 

Oberflächenstrukturen können auf technische Systeme übertragen werden. 

In diesem Zusammenhang gibt die Einführung einen kurzen Überblick über maßgeschneiderte 

Materialien und Oberflächen in der Natur und deren entsprechende Funktionalitäten. 

Darüber hinaus werden Methoden zur künstlichen Erstellung von Oberflächentopografien und 

-funktionalitäten zum Stand der Technik vorgestellt. Die erste Methode ist die kontrollierte 

Faltenbildung – eine vergleichsweise einfache Technik zur Strukturierung von Oberflächen. 

Das Prinzip basiert auf einem harten Film, der auf die Oberfläche eines weichen 

Elastomersubstrats aufgebracht wird. Durch Kompression eines solchen Verbundmaterials 

werden Faltenmuster gebildet. Die Wellenlänge kann über die Elastizitätsmoduln und Poisson-

Verhältnisse von Film bzw. Substrat sowie die Dicke des harten Films eingestellt werden. Die 

zweite Methode ist das Einschreiben von Oberflächenreliefgittern in Azobenzolfilme unter 

Verwendung einer holographischen Technik. Diese Technik ermöglicht das Einschreiben von 

Gittern mit sinusartigem Wellenmuster. Der dritte Ansatz verwendet photonische Kristalle. 



X | Kurzzusammenfassung 

 

Diese Materialien weisen eine photonische Bandlücke auf und reflektieren Licht einer 

bestimmten Wellenlänge. 

Diese kumulative Dissertation beinhaltet fünf Themen, die als Resultat fünf Publikationen 

hervorbrachten. Ein Überblick über die Arbeit sowie eine Zusammenfassung der wichtigsten 

Leistungen ist in einer Synopse dargestellt. 

Das erste und zweite Thema befasst sich mit der Bildung von Gradientenoberflächen mittels 

kontrollierter Faltenbildung. Im ersten Thema basiert die Bildung solcher 

Gradientenoberflächen auf einem kontinuierlichen Gradienten im Elastizitätsmodul des 

elastischen Substrats. Das Einbetten eines solchen Steifigkeitsgradientenmaterials in eine 

Matrix ermöglicht die systematische Bildung und Untersuchung von hierarchischen 

Liniendefekten an der Grenzfläche. Die Untersuchungen zu diesen Linienfehlern und die 

entwickelte Strategie zur Vermeidung dieser Defekte tragen wesentlich zum grundlegenden 

Verständnis der kontrollierten Faltenbildung bei. 

Das zweite Thema befasst sich mit der kontrollierten Faltenbildung von 

Gradientenoberflächen durch Variation der Dicke des harten Films. Zu diesem Zweck wurden 

dünne Metallfilme mit einem Gradienten in der Filmdicke mittels einer kombinatorischen 

Aufdampftechnik auf elastischen Substraten aufgebracht. Gold, Chrom und Indium wurden im 

Hinblick auf die Faltenbildung und die Oberflächenmorphologie untersucht. Die entwickelte 

Technik ist ein leistungsstarker Ansatz, um Metallfalten in Bezug auf die ausgebildeten 

Wellenlängen auf einem Substrat effizient zu screenen. 

Das dritte und vierte Thema befasst sich mit der Herstellung funktioneller Materialien mit 

sinusförmigen Oberflächenstrukturen auf Basis von Oberflächenreliefgittern. Diese Gitter 

wurden mit einer holographischen Technik in Azobenzolfilme optisch eingeschrieben. Das 

dritte Thema behandelt die zerstörungsfreie Übertragung von Gittern auf Polydimethylsiloxan 

und zwei thermoplastische Polymere. Repliken von Oberflächenreliefgittern mit einer 

Variation in der Gitterhöhe wurden zudem als Template für die Anordnung von Nanopartikeln 

verwendet. Dies ist eine sehr elegante und effiziente Technik zum Screening der Anordnung 

kolloidaler Nanoobjekte. 
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Das vierte Thema repräsentiert eine neuartige Technik zur Bestimmung des Brechungsindex 

von transparenten Festkörpern mit Hilfe von Oberflächenreliefgittern. Das Prinzip basiert auf 

der winkelabhängigen Untersuchung der Beugung monochromatischen Lichts erster und 

zweiter Ordnung an diesen Gittern. Die vorgestellte Technik ist eine leistungsstarke 

Alternative zur Brechungsindexbestimmung via Abbe-Refraktometer oder Spektral-

ellipsometer. 

Das fünfte Thema befasst sich mit der Herstellung von photonischen Gradientenmaterialien, 

die von der Chamäleonhaut inspiriert sind. Diese Materialien bestehen aus einem 

eindimensionalen photonischen Kristall, der auf einem Polydimethylsiloxan-Elastomer mit 

einem Steifigkeitsgradienten aufgebracht ist. Ungedehnte Proben zeigen eine gleichmäßige 

Reflektivität über die gesamte Oberfläche des photonischen Kristalls. Bei Verformung erfolgt 

eine Blauverschiebung mit einem Gradienten in der Reflektivität. Das Reflexionsmuster kann 

durch Anpassen der Architektur des Polydimethylsiloxansubstrats gesteuert werden. Dies 

wird für regenbogenartige und streifenartige Reflexionsmuster demonstriert. Die 

vorgestellten photonischen Gradientenmaterialien sind Modelle für die Entwicklung von 

bioinspirierten mechanochromen Sensoren. 
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1. Introduction 

1.1. Invented by nature: Functional materials with advanced surface topography 

and mechanics 

 

Through evolution, nature developed materials, objects and processes to solve most diverse 

natural issues.1 The principle behind these solutions is often based on specific structure-

property relationships. The exploration, adaption, and use of these natural structure-property 

relationships play a key role in the development of new biomimetic materials and methods.2 

In the following, examples of natural materials with tailored surface topography, responsive 

functionalities and advanced mechanics are presented. The underlying structure concepts of 

these materials are used in this thesis for the development of new materials with gradient 

surfaces and advanced functionalities. 

 

1.1.1. Natural materials with tailored surface topography 

 

Natural surfaces often reveal a surface topography with specific periodic patterns. Utilizing 

such periodic structures, living organisms usually obtain specific functionalities and hence 

advantages within their environment. Sharks as the Carcharhinus galapagensis have riblet 

structures with periodicities in the micrometer range aligned in the direction of flow 

(Figure 1.1.1a and Figure 1.1.1b).3,4 These scales diminish the hydrodynamic resistance in 

water and hence provide a faster forward motion in water. Butterflies like Ancyluris meliboeus 

often have brilliant reflectance patterns on their wings (Figure 1.1.1c). These are based on 

light diffraction and interference caused by periodic structures in the nanometer range 

(Figure 1.1.1d).5 
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Figure 1.1.1: Natural examples for periodic surface patterns. a) Shark Carcharhinus 

galapagensis (image by Andrew J. Green,6 provided under CC BY 4.0 license7). b) The shark 

skin consists of small micrometer-scaled riblets (image adapted and reproduced with 

permission from reference 8, © 2010 The Royal Society). c) Butterfly Ancyluris meliboeus 

(image by Dr. Alexey Yakovlev,9 provided under CC BY-SA 2.0 license10). d) Ancyluris meliboeus 

obtains its structural color from multilayered nanostructured arrangements (adapted and 

reproduced with permission from reference 11, © 2001 The Royal Society). 

 

1.1.2. Natural materials with responsive functionality 

 

Besides periodically aligned surfaces, nature uses further periodic structures to provide 

specific tunable functionalities to certain species. One class are responsive photonic crystals 

which allow animals to reversibly tune their color and hence their appearance. Such color 

changes can be triggered by different motivations such as communication, exhibition, 

camouflage, and warning.12 

Natural responsive photonic crystals can be found in tropical fish such as Neon tetra,13 

cephalopods such as octopus and squids,14 beetles such as Charidotella egregia,15 and 

chameleons.16 Male panther chameleons (Furcifer pardalis) show a very impressive color 

change upon excitation (Figure 1.1.2a).17 The skin color is thereby varied in a broad range from 

blue to red in the visible electromagnetic spectrum (Figure 1.1.2b). The mechanism is based 

on guanine nanocrystals which are embedded in two thick cell layers denoted as S- and D-
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iridophores (Figure 1.1.2c). TEM investigations revealed that these nanocrystals differ in size, 

shape and arrangement in the S-iridophores (Figure 1.1.2d) and D-iridophores (Figure 1.1.2e). 

The close-packed arrangement of nanocrystals as it is present in the S-iridophores builds up a 

three-dimensional photonic crystal. This photonic crystal is responsible for the structural color 

of chameleons. Excitation of the skin alters the lattice distance within this crystal. This causes 

the well-known color change. Details about the function of photonic crystals are described in 

chapter 1.6. 

 

Figure 1.1.2: Color change in chameleons. a) Male panther chameleons change their skin color 

upon excitation. b) Tunable color range of chameleon skin in the CIE color space. c) Cross 

section of chameleon skin with indicated iridophores. d) TEM images of guanine nanocrystals 

in S-iridophores (excited state) and corresponding FCC crystal lattice. e) TEM image of guanine 

nanocrystals in D-iridophores. Adapted and reproduced with permission from reference 17 

(© 2015 Springer Nature). 

 

  



4 | 1.1. Invented by nature: Functional materials with advanced surface topography and mechanics 

 

1.1.3. Natural materials with tailored mechanics 

 

Beside the topographical aspect of the surface structure, also the composition of the material 

plays a key role for the functionality of natural materials. An example is the byssus of marine 

mussels like Mytilus edulis (Figure 1.1.3a) and Mytilus galloprovincialis.18 This byssus typically 

consists of 50 – 100 threads (length: 3 – 4 cm, diameter: 50 µm) which connect the mussel to 

stones in the sea (Figure 1.1.3b).19,20 The requirements on these byssus threads are 

demanding. On the one hand, they must mediate a huge stiffness mismatch between the very 

soft living mussel tissue (E = 0.2 MPa) and the very hard stone (E = 25 GPa).20 On the other 

hand, they must provide excellent adhesion within the rough environment of the sea. Nature 

solved this issue by utilizing a gradient material. Each byssus thread consists of a gradient 

material with a Young’s modulus of 50 MPa at the proximal end and a Young’s modulus of 

500 MPa at the distal end.21 This allows a remarkable mediation by a factor of 10. Further 

adaptions to compensate the huge stiffness mismatch between mussel interior and stone are 

made in the stem and in the plaque.22,23 

 

Figure 1.1.3: a) Mussel Mytilus edulis attached to a stone. b) The soft mussel interior is 

connected to the surface of a hard stone via mussel byssus threads. Adapted and reproduced 

with permission from reference 18 (© 2013 Springer Nature). 

The microfibrils of the byssus thread are built up from different precursor building blocks 

known as preCOL-P, preCOL-D and preCOL-NG (with the postscripts -P, -D and -NG standing 

for proximal, distal, and non-graded, respectively).24 Each of these blocks consist of a collagen 

core, two flanking units and two terminal histidine-rich domains. The structure and 

functionality of the collagen core and the histidine-rich domains are comparable in all three 
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precursor building blocks. The flanking units, however, differ strongly with respect to their 

structure and resemble silk fibroin in preCOL-D, poly-Glycin in preCOL-NG and elastin in 

preCOL-P. This structural variation in the flanking units causes a huge variation in stiffness of 

the corresponding fully hydrated biopolymers, ranging from 2 MPa in preCOL-P and 150 MPa 

in preCOL-NG up to 10.000 MPa in preCOL-D. 

Nature uses this toolbox to create a longitudinal gradient in composition along the byssus 

thread (Figure 1.1.4). The stiff PreCOL-D is mainly present at the distal end and decreases 

gradually towards the proximal end.  By contrast, the content of the soft preCOL-P increases 

gradually from the distal towards the proximal end. PreCOL-NG is evenly distributed and not 

varied along the entire thread. The compositional gradient prepared with these preCOLs 

causes the above-mentioned stiffness gradient from 50 MPa to 500 MPa. This gradient 

material has an enhanced strain energy and therefore provides excellent shock absorbtion 

within the rough environment of the sea.24 

 

Figure 1.1.4: Composition of the mussel byssus thread. The thread is built up by three building 

blocks (preCOL-D, preCOL-P and preCOL-NG) which differ in their flanking units. PreCOL-D and 

preCOL-P form a compositional gradient along the thread. Adapted and reproduced with 

permission from reference 19 (© 2005 Taylor & Francis). 
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1.2. Inspired by nature: Synthetic gradient materials 

 

Biomimicking gradient materials like the mussel byssus is a very promising approach for the 

development of new polymer gradient materials (PGMs) with outstanding mechanical 

characteristics like stiffness and enhanced failure resistance.25 These PGMs have to be 

differentiated from gradient copolymers. PGMs reveal a macroscopic gradient along one axis. 

Gradient copolymers, however, possess a gradient along the polymer chain, but do not form 

a macroscopic gradient.26 

PGMs can be classified according to their geometry. If the aspect ratio of the material is larger 

than one, compositional gradients in x-, y- and z-direction are denoted as longitudinal, lateral 

and cross-sectional, respectively (Figure 1.2.1). Materials with a changing geometry in z-

direction but discrete composition are denoted as thickness gradient. 

 

Figure 1.2.1: Possible geometries of one-dimensional polymer gradient materials. 

 

Claussen et al. demonstrated the artificial preparation of longitudinal polymer gradient 

materials by utilizing a high-precision syringe pump setup for various systems, including 

polyurethane,27 polyacrylate,27 fibroin/gelatin,28 and polydimethylsiloxane.29,30 All these 

gradient materials revealed gradients in stiffness. This was proven by compressive modulus 

testing as depicted in Figure 1.2.2 for a polydimethylsiloxane gradient material. 

Polydimethylsiloxane gradient materials were also used within this thesis for tailoring the 

surface topography and functionalization. 
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Figure 1.2.2: Compressive modulus testing of a longitudinal PDMS polymer gradient. 

Reproduced with permission from reference 25 (© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim). 

 

The enhanced failure resistance of gradient materials can be explained with the concept of 

mismatch.20 This concept considers two materials A and B which are bonded at a contact zone 

(Figure 1.2.3). Tension leads to an overall present axial stress σz. If the stiffness of A and B is 

different, also the deformation behavior of those materials is different. This rises interfacial 

stresses such as the radial stress σr in the contact zone. σr acts normal to the applied stress 

and causes failure of the joint upon exceeding a critical value. Assuming a constant Poisson 

ratio and a nominal axial stress σz = 1, the radial stress is correlated to the mismatch between 

the Young’s moduli of material A and B. A decreasing mismatch between material A and B 

leads to a decreasing radial stress and hence to a decreased probability for failure. Gradient 

materials do not have a sharp transition between two materials with different stiffnesses. 

Instead, the gradual and very smooth transition allows an efficient suppression of the critical 

radial stress and hence decreases the probability for failure.  
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Figure 1.2.3: Connection of two materials A and B with different stiffnesses. Upon load, a 

radial stress σr occurs at the interface. For a constant Poisson ratio and axial stress σz, this 

radial stress decreases with decreasing mismatch of the Young’s moduli EA and EB at the 

interface. Adapted and reproduced with permission from reference 20 (© 2004 American 

Chemical Society). 
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1.3. Surface modification in technology 

 

Tailoring the surface topography on the micro- and nanoscale is a key technology in various 

fields of research and in the development of diverse applications. Especially surfaces with a 

periodicity in their patterns play a crucial role. Unique optical, acoustic and electronic 

properties can be obtained utilizing interference phenomena on such periodically patterned 

surfaces. Furthermore, such periodic surface patterns can be used to tune hydrodynamic and 

wetting properties. As demonstrated by the natural example of shark skin, the hydrodynamic 

friction can be diminished by such surfaces.3 Superhydrophobic surfaces can be generated by 

utilizing the Lotus effect.31 Furthermore, such surface patterns can be used as templates to 

guide the build-up of even more complex structures.32,33 

Various methods to prepare periodic surface patterns are established.34 Typical examples are 

etching,35 conventional lithography,36 UV-nanoimprint lithography,37 scanning probe 

lithography,38,39 replica molding processes,40 and micro-contact printing.41 Periodic surface 

patterns with a sinusoidal profile can also be formed via controlled wrinkling42,43 and the 

inscription of surface relief gratings in azobenzene films.44,45 These two methods are in the 

focus of this thesis and described briefly in the following chapters 1.4 and 1.5. 

Beside surface patterning, the targeted surface functionalization plays a further key role in 

technology. Motivations for that are manifold and include tailoring of properties such as 

adhesion,46 biocompatibility,47 conductivity,48 wetting,49 and optical appearance50 such as 

reflectance. One way to achieve this for the latter is the preparation of a photonic crystal on 

the surface. This is also in the focus of this thesis and described briefly in chapter 1.6. 
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1.4. Controlled wrinkling 

1.4.1. Fundamentals of controlled wrinkling 

 

Controlled wrinkling is a comparatively simple technique for surface patterning.51 It requires 

a thin hard film which is connected to a soft macroscopic elastic substrate.52 Common 

techniques to prepare this hard film on the substrate are oxidation of the surface via 

UV/ozone,53 oxygen plasma54 or acids,55 evaporation56 or sputtering57 of a metal, and the 

deposition of a polymer film58 on top of the substrate. An in-plane compression of this system 

results in a so-called buckling instability.59 These instabilities can be formed by planar forces 

such as mechanical compression,60–62 thermal expansion,56,63,64 swelling,65–67 and 

capillarity.68,69 To relieve the stress built up from this instability, the planarity of the film is 

destroyed. This results in a spontaneous formation of wrinkles which are oriented 

perpendicularly to the compressive stress direction (Figure 1.4.1).70 

 

Figure 1.4.1: Wrinkling of a thin hard film (with thickness h) connected to a soft substrate. 

Upon application of a planar compression force, a wrinkled pattern with a wavelength λ and 

an amplitude A is formed. 

Characteristic parameters to describe the patterned surface are the wavelength λ and the 

amplitude � of the formed wrinkles, the thickness ℎ of the film, the Young’s moduli of film �� 
and substrate ��, as well as the Poisson ratios of film "� and substrate "�. The initial length of 

the sample is � + ∆�, the final length is �. 

The wrinkle wavelength can be predicted by Equation 1.4.1:70 

� = 22ℎ 4 ��51 − "�893��51 − "�89;
 (1.4.1) 
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The amplitude depends on the film thickness ℎ, the buckling strain 
 = ∆� �⁄  and the critical 

buckling strain 
= which is necessary to induce wrinkling. For 
 > 
=, the amplitude follows 

Equation 1.4.2:71,72 

� = ℎ4 

= − 1 (1.4.2) 

The critical buckling strain hereby is (Equation 1.4.3): 


= = 14 49 ��851 − "�898
��851 − "�898

;
 (1.4.3) 

The above-mentioned theory is valid for comparatively small buckling strain values 
. In 

applications, typically larger buckling strains and hence larger deformations are used. 

Considering the buckling strain 
 in a prefactor, the wrinkle wavelength can then be described 

according to Equation 1.4.4:72 

� = 22ℎ51 + 
9 A1 + -;  4 ��51 − "�893��51 − "�89;
 (1.4.4) 

Thereby, - is a term for the buckling strain and denoted in Equation 1.4.5: 

- = 532 
51 + 
9 (1.4.5) 

The theory up to now considered only one layer on the elastic substrate. However, bilayers 

are sometimes used in applications. To describe this case, Stafford et al. developed an 

equation for the effective modulus of this bilayer from composite beam theory 

(Equation 1.4.6):73 

���� = 1 + �8�C + 2��52�8 + 3� + 2951 + �9D51 + ��9  �E (1.4.6) 

Hereby, � is the modulus ratio �8/�E and � is the thickness ratio ℎ8/ℎE of the two layers. 

Index 1 indicates the layer attached to the substrate and index 2 the top layer. 

Within this thesis, these theoretical concepts were utilized for the preparation of gradient 

wrinkled surfaces with a gradient in wavelength.  
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1.4.2. Gradient wrinkled surfaces 

 

Gradient wrinkled surfaces with a variation in wavelength can be prepared by tuning the film 

thickness or the Young’s modulus of the elastomer substrate in Equation 1.4.1. Theoretical 

studies about the buckling mechanism of such a thickness gradient film were done by Yin et 

al.74 They developed numerical and analytical methods to predict the wrinkling behavior. 

Hiltl et al. varied the film thickness of the oxide layer in a system based on plasma treatment 

of polydimethylsiloxane (PDMS) by utilizing a shielding technique.75 A silicon wafer was rested 

on one side of the stretched substrate and lifted with a spacer at the opposite side. Treatment 

with air plasma yields a gradient wrinkled surface with a wavelength range from 250 nm to 

900 nm. Such gradient surfaces exhibit a gradient wetting behavior. Water droplets placed on 

such gradient surfaces exhibited a guided motion towards smaller wrinkles.76 

Li et al. also prepared gradient wrinkled surfaces from oxide layers on PDMS.77 They used 

UV/ozone instead of oxygen plasma and inclined the PDMS substrate towards the UV lamp. 

The continuous change of the irradiation dose with UV light caused a gradient in oxide layer 

thickness along the sample. This led to a gradient in wavelength. 

A gradient wrinkled surface based on sputtering of nickel films was presented by Yu et al.78 

They used a shielding technique to prepare a thickness-gradient film on the edge of unstrained 

PDMS substrates (Figure 1.4.2). Thermal contraction of the sample revealed a gradient 

wrinkled surface over a length of about 400 µm. 
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Figure 1.4.2: Formation of a gradient wrinkled surface via sputtering of nickel on unstrained 

PDMS. a) Formation of a thickness gradient by using a shutter during the sputtering process. 

b) Optical micrograph of the edge of the sputtered sample. c) Gradient wrinkles formed at the 

edge due to thermal contraction. Reprinted with permission from reference 78 (© 2015 

American Chemical Society). 

Beside the approach to tune the film thickness, gradient wrinkles can also be prepared by 

tuning the Young’s modulus of the substrate. This was demonstrated by Claussen et al. by 

utilizing a longitudinal gradient material made from PDMS.30  This material was embedded in 

a PDMS matrix with discrete Young’s modulus, strained to 25% and treated with O2 plasma. 

After relaxation of the sample, a gradient surface with a wavelength variation from 700 nm to 

1200 nm was obtained (Figure 1.4.3).  
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Figure 1.4.3: Gradient wrinkled surface formed by tuning the stiffness of the substrate. 

Reproduced with permission from reference 30 (© 2012 The Royal Society). 

 

1.4.3. Defect formation in wrinkling 

 

Drawbacks of the controlled wrinkling approach is the typical formation of cracks79 and line 

defects.80 Crack formation is attributed to the different Poisson ratios of film and substrate. 

This causes a different lateral expansion behavior of film and substrate during strain 

relaxation. As a consequence, the film forms cracks to overcome lateral stress. 

Efimenko et al. studied the formation of these cracks and defects with respect to the strain 

release rate (Figure 1.4.4).80 They found that line defect formation decreases with decreasing 

strain release rate. However, slower strain release rates also provoked a stronger crack 

formation. 
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Figure 1.4.4: Formation of cracks and line defects at different strain release rates.                            

a) Instantaneous relaxation. b) Relaxation with a strain release rate of ≈ 900 µm min-1.                     

c) Relaxation with a strain release rate of ≈ 58 µm min-1. Reproduced with permission from 

reference 80 (© 2005 Springer Nature). 

Different strategies have been developed to prevent the crack formation. Xuan et al. used UV-

curable resists for the formation of a hard film on top of a pre-strained PDMS substrate.81 UV-

exposure leads to a gradient interpenetrating network between PDMS and the UV-curable 

film. This gradient is beneficial to suppress crack formation. Rhee et al. formed a comparably 

soft fluoropolymer film on top of PDMS.82 The diminished mismatch between the Young’s 

modulus of film and substrate also suppressed crack formation. 

Line defects have not been investigated in detail so far. Thereby, the targeted formation and 

prevention of these defects is one topic of this thesis. 
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1.5. Surface relief gratings 

1.5.1. Fundamentals of surface relief grating inscription 

 

The preparation of surface relief gratings (SRGs) is an alternative method to obtain periodic 

sinusoidal surface patterns.83 These gratings are inscribed in photochromic materials using a 

holographic setup.84 The most important class of photochromic materials are azobenzene-

containing components which were synthesized in a large variety of small molecules and 

polymers.85 

The principle of the inscription process is based on the trans-cis-trans photo-isomerization of 

the azobenzene moieties.86 Upon light absorption, the moieties can reorient in the solid state 

by reversible trans-cis-trans transitions (Figure 1.5.1). Absorption of UV light induces a trans-

to-cis conversion of the azobenzene. In reverse, absorption of visible blue light leads to a cis-

to-trans conversion until an equilibrium between both isomers is achieved. The cis isomer is 

thermodynamically less stable and can also return to the trans state thermally. 

 

Figure 1.5.1: Reversible trans-cis-trans photoisomerization of azobenzene. 

Continued illumination with linearly polarized light leads to an orientation of the 

chromophores perpendicular to the polarization direction of the incident light in the solid 

state (Figure 1.5.2).87 This changes the molecular order from an isotropic to a highly 

anisotropic state and leads to a macroscopically birefringent behavior of the exposed area.88 

SRGs can be inscribed into azobenzene-containing films by utilizing a light intensity pattern 

formed by the interference of two coherent laser beams.89 The formation process of SRGs can 

be attributed to a light-induced macroscopic mass transport at temperatures far below the 

glass transition temperature.90 This was first discovered in 1995 by Natansohn et al. and 

Kumar et al. 91,92 Depending on the material, chromophores migrate from or to illuminated 

areas of the pattern.85 Numerous theories and models have been proposed to describe the 

photo-induced mass transport, including mean-field theory93, microscopic theory,94,95 fluid 

mechanics,96 stochastics, 97,98, thermodynamics,99 molecular dynamics,100 surface-enhanced 
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diffusion,101 diffusion via random-walk motion,102,103 phase-separation,104 liquid-crystal 

interactions,105 dipole interaction with electric field gradients,106 light-induced pressure 

gradients,107 photoisomerization forces,108 and statistical orientation of polymer side chains109 

or polymer backbones.110 However, the exact mechanism is still not understood in full detail.  

 

Figure 1.5.2: Reorientation of azobenzene chromophores upon illumination with linear 

polarized light. The molecular order changes from an isotropic to a highly anisotropic state. 

Adapted and reproduced with permission from reference 111 (© 2001 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim). 

 

1.5.2. Azobenzene materials 

 

Azobenzene materials used for the inscription of SRGs must be suitable to form an adequate 

thick and highly homogeneous amorphous film which remains stable below the glass 

transition temperature. Furthermore, a close neighborhood of azobenzene chromophores 

within the film is preferable to use the cooperative effect for enhanced writing speeds.112 

A huge variety of photochromic azobenzene-containing compounds has been synthesized so 

far. In general, these compounds can be classified into polymer-based systems and molecular 

glasses. Polymer-based azobenzene systems were built up from homopolymers,87,113 block 

copolymers,114–116 statistical copolymers,117,118 and polymer blends.119 In contrast, 

azobenzene-containing molecular glasses consist of small molecules.120–124 These have the 

advantage of a well-defined molecular structure and a defined molar mass. Further benefits 

are the absence of undefined end groups and structural defects. Finally, the absence of 

entanglements results in a more efficient mass transport.125 The amorphous character of 

molecular glasses is achieved by a suppression of the crystallization tendency. This is done by 

designing a space-filling and non-planar molecular structure.83 
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Within this thesis, a molecular glass consisting of a spirobischroman-based 6,6’,7,7’-tetraester 

with four azobenzene moieties per molecule was used. This molecule can be synthesized via 

ester coupling of 6,6’,7,7’-Tetrahydroxy-4,4,4’4’-tetramethyl-2,2-spirobischroman with 4-

(phenylazo)benzoyl chloride (Figure 1.5.3).126 

 

Figure 1.5.3: Synthetic route to prepare the spiro-based photoresponsive azobenzene 

material with four azobenzene moieties which is used within this thesis. 

 

1.5.3. Preparation of surface relief gratings 

 

Azobenzene chromophores reveal a significant different absorption behavior for the cis-rich 

and the trans-rich state (Figure 1.5.4).127 SRGs are inscribed with a holographic technique at a 

wavelength where both species absorb light. Typically, the blue-green line (488 nm) or the 

green line (514 nm) of an Ar+ ion laser is used for writing.83 Reading is performed at a 

wavelength which is outside of the absorption range of the chromophore. This allows a 

continuous control without an influence on the grating. 
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Figure 1.5.4: Typical absorption spectra for the cis-rich and the trans-rich state of an 

azobenzene chromophore. Exemplary wavelengths for SRG inscription are indicated at 

488 nm for writing and 685 nm for reading. Reproduced with permissions from reference 83 

and 127 (© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim / © 2009 Springer). 

A typical holographic setup as it is used for the inscription of surface relief gratings within this 

thesis consists of a writing and a reading laser (Figure 1.5.5).84 The writing laser is divided into 

two coherent beams by a beam splitter. The polarization state of each beam is adjusted via 

λ/2 or λ/4 plates and polarizers. Both beams are interfered at the azobenzene film surface to 

inscribe surface relief gratings. The grating formation can be monitored by the reading laser. 

The power of the diffracted and the transmitted beam is measured with two photodiodes. 

 

Figure 1.5.5: Schematic representation of the holographic setup used for the inscription 

process. The polarization state of the writing beam is adjusted by λ/2 and λ/4 plates. Reprinted 

with permissions from references 83 and 84. (© 2009 American Chemical Society / © 2009 

Springer). 
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SRGs are characterized by their grating period Λ and their grating height h (Figure 1.5.6). The 

grating period can be tuned via the angle of the two incident beams in the holographic setup. 

The grating height can be tuned via irradiation time. 

 

Figure 1.5.6: Schematic illustration of an SRG with grating period Λ and grating height h. 

The optical inscription process makes SRGs highly defect-free. This results in a grating period 

which is constant over the entire exposed area. The grating height, however, is a gradient 

function of the irradiation intensity of the writing laser. Lasers typically follow a Gaussian 

intensity profile.128 This intensity profile causes a Gaussian profile of the grating height 

(Figure 1.5.7). 

 

Figure 1.5.7: Typical Gaussian distribution of grating heights within an SRG inscribed in an 

azopolymer film. The depicted profile was obtained from AFM line scans and averaged over 

9 periods. Reprinted with permission from reference 129 (© 2018 Authors). 

Potential application fields of SRGs are holographic optical elements,130 channel 

waveguides,131 optical security devices,132 antireflective coatings,133 and lithographic 

masks.134,135 

Within this thesis, surface relief gratings are replicated to various polymers. This gives access 

to promising application fields such as particle alignment and metrology. 
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1.6. Photonic crystals 

 

A further class of materials exhibiting structural color are photonic crystals.136 The underlying 

concept was developed by John and Yablanovitch in the late 1980s.137,138 In general, a 

photonic crystal consists of a periodic arrangement of regularly shaped materials with 

different dielectric constants which exhibits a photonic band gap.139 Photons with energies 

lying in this band gap are not allowed to propagate through the medium.140 Due to their 

feature of manipulating light, photonic crystals find applications in the field of sensors,141–144 

optical fibers,145–147 light emitting diodes,148–150 color display technology,151,152 

photovoltaics,153–155 reflectors,156 lasers,157 and catalysis.158 

 

1.6.1. Types of photonic crystals 

 

The periodicity of a photonic crystal can vary from three dimensions (3D) down to one (1D) 

dimension (Figure 1.6.1). Three-dimensional photonic crystals reveal a periodicity in three 

spatial directions and can be built up either in a top-down159–162 or in a bottom-up approach 

via self-assembly.163–166 Two-dimensional photonic crystals have a periodicity in two spatial 

directions and are typically prepared in a top-down approach via etching processes.167,168 One-

dimensional photonic crystals – often also called Bragg mirrors or Bragg reflectors – are the 

simplest form of such a structure and reveal a periodicity in only one spatial direction. They 

consist of layers of alternating high and low refractive index materials and reflect only one 

specific wavelength due to Bragg diffraction and constructive interference.169 Typical 

preparation techniques for one-dimensional photonic crystals are spin-coating of multiple 

layers,170–172 layer-by-layer deposition,173–175 and photolithography.176  

 

Figure 1.6.1: Schematic illustration of 1D (left), 2D (middle), and 3D photonic crystals (right). 

The different colors represent the different dielectric constants of the materials utilized. 
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1.6.2. Reflection in photonic crystals 

 

The principle of the formed band gap of a photonic crystal can be explained with Bragg’s law 

of diffraction (Figure 1.6.2). This law is well-known from X-ray diffraction on a lattice of 

regularly arranged atoms.177 In the case of a photonic crystal, the lattice is built up of 

macroscopic dielectric media instead of atoms.140 Bragg scattering occurs if the mismatch of 

the dielectric constants of the different media is big enough. Incident light waves with a 

wavelength � are scattered at an angle * on lattice planes. Each of these parallel planes has a 

distance � to the adjacent plane. Incident waves reveal a path difference if scattered on 

different lattice planes. At specific angles, this path difference is appropriate for constructive 

interference of the diffracted waves.178 This results in an intense reflection. 

 

Figure 1.6.2: Bragg diffraction in periodic arrangements. Reproduced with permission from 

reference 139 (© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). 

This case can be described with the Bragg equation (Equation 1.6.1):179 

�� = 2� cos * (1.6.1) 

Hereby, � is the diffraction order. Finally, considering Snell’s law of refraction180 leads to 

Equation 1.6.2 which contains the effective refractive index ����: 
�� = 2�A����8 − sin8 * (1.6.2) 
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1.6.3. Responsive photonic crystals 

 

Responsive photonic crystals combine an ordered nanostructure with a responsive 

polymer.181 The lattice constant in such a responsive photonic crystal can be tuned by external 

stimuli. This allows a tunable color change of the material.182 A very promising application field 

for such responsive photonic crystals with a tunable structural color lies in the field of sensors 

which was demonstrated for different types of stimuli. Pressure sensors respond on 

mechanical deformations of elastomers and hydrogels.183–187 Organic solvent sensors based 

on an inverse-opal hydrogel can detect the presence of alcohols188 and other volatile organic 

components.189 Responsive photonic crystals embedded in hydrogels can act as temperature 

sensors.190,191  The ion strength and the pH value can be sensed with responsive photonic 

crystals based on hydrogels with ion-responsive groups.143,192,193 Magnetic field sensors 

respond on a change of the lattice constant of photonic crystals built up from 

superparamagnetic colloidal nanoparticles.194–196 Electrically responsive photonic crystals are 

based on redox-active polymers such as poly(ferrocenylsilane).151,197 Optically responsive 

photonic crystals contain photoactive groups like azobenzene which change their molecular 

structure and hence their structural color upon illumination with UV-light.198 Finally, 

responsive photonic crystals with tailored hydrogels can act as sensors for specific substances. 

Examples are the specific detection of sugars like glucose and galactose,199,200 amino acids like 

glycin,201 proteins like avidin,202 and DNA.203 

Within this thesis, responsive photonic crystals are used for the preparation of gradient 

photonic materials with regard to mechanochromic sensing.  
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2. Objective of this thesis 

 

The main objective of this thesis is the preparation, characterization and application of 

gradient topographies and functional gradient materials. For that, materials based on 

polydimethylsiloxane (PDMS) are surface-modified in different manners to obtain gradient 

surface topographies and gradient functionalities. Here, the objectives and motivations of the 

following topics of this thesis based on gradient topographies via controlled wrinkling, surface 

relief gratings, and gradient photonic materials are briefly presented. 

Gradient topographies via controlled wrinkling 

Controlled wrinkling is an established method in literature to prepare sinusoidal wave 

patterns. The process is comparably simple in terms of fabrication. In general, the wavelength 

of the wrinkles formed depends on the Young’s moduli of film and substrate, the 

corresponding Poisson ratios and the thickness of the deposited film. Drawbacks are the 

formation of defects like cracks and line defects, like Y-branches. However, the prevention of 

those cracks and the formation of gradient wrinkled surfaces has not been studied extensively 

in literature. 

Therefore, the first topic of this thesis is focused on the formation process and potential 

preventions of line defects in wrinkles. For that, an understanding of the line defect formation 

is necessary. A very promising approach for that is the use of gradient wrinkled surfaces which 

are connected to a non-gradient wrinkled surface via a sharp transition zone. Such gradient 

wrinkled surfaces can be prepared utilizing PDMS elastomer substrates with a longitudinal 

gradient in Young’s modulus. At the interface to the non-gradient wrinkles, the formation of 

very defined line defects is expected. Beyond that, the experimental findings shall be 

compared to theoretical line defect simulations. 

Besides the gradient in the Young’s modulus of the substrate, a gradient in film thickness can 

also be used to form a controlled gradient wrinkled surface. The second topic addresses on 

the controlled wrinkling of such gradient thin films. For this study, several metals shall be 

selected and evaporated with a gradient in film thickness on top of strained PDMS substrates. 

After relaxation, the influence of the type of metal and the metal film thickness on the 

morphology of the formed wrinkles shall be evaluated. 
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Surface relief gratings 

A defect-free generation of sinusoidal wave patterns can be achieved using surface relief 

gratings. These gratings can be inscribed optically in azobenzene films via a holographic 

technique. Compared to a controlled wrinkling approach, the grating height can be 

independently tuned from the grating distance by applied exposure time. 

In the third topic, such surface relief gratings shall be used to align nanoparticles. Here, the 

focus is set on the replication of surface relief gratings with a grating distance of 1.0 µm to 

PDMS substrates as well as other thermoplastic polymers. Replicas with surface relief gratings 

of varying height shall be used as efficient screening templates for the confinement of 

nanoparticles. Beyond that, the line character of the particle arrays obtained shall be studied 

with respect to their packing behavior. 

In addition to the confinement of nanoparticles, PDMS replicas of surface relief gratings have 

high potential for applications in metrology. Therefore, the fourth topic focuses on the 

determination of the refractive index of such replicas. Two approaches of determining the 

refractive index from grating diffraction shall be investigated in collaboration with partners 

from experimental physics. The determined indices from those methods shall be compared to 

values from an Abbe refractometer. 

Gradient photonic materials 

Tuning the refractive index in metrological applications opens up further potential of polymer 

gradient materials in the field of mechanochromic sensors. Instead of a grating, a strain-

tunable photonic crystal can be used for light diffraction alternatively. Upon strain, such 

photonic crystals can change their reflectance. 

The fifth topic addresses on the formation of gradient photonic materials. For that, strain-

tunable photonic crystals shall be fixed on top of PDMS elastomers with a gradient in stiffness. 

Upon application of a mechanical strain, those materials are expected to undergo a gradient 

in local strain and hence form a gradient in reflectance. By using this principle, we intend to 

biomimick the chameleon skin. 
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3. Synopsis 

3.1. Overview of the thesis 

 

The focus of this thesis is on gradient topographies and functional gradient materials, 

consisting of five topics all involving surface modifications of polydimethylsiloxane elastomers. 

A general overview over the topics is depicted in Figure 3.1.1. 

Topic 1 is concerned with the investigation of line-defects which occur typically during 

controlled wrinkling experiments but have not been studied in literature in detail up to now. 

In this work, gradient wrinkled surfaces are used for a targeted formation and prevention of 

these line-defects. These gradient wrinkled surfaces are prepared from elastomers with a 

gradient in Young’s modulus which are embedded in an appropriate matrix. Findings of this 

topic are published as a full paper article. 

As an alternative to the tuning of the Young’s modulus of the substrate, gradient wrinkled 

surfaces are also accessible by a precise control of the thickness of the hard film. This is 

demonstrated in Topic 2 for the controlled wrinkling of gradient thin metal films on 

elastomers. Hereby, the wrinkle wavelength is varied by a gradient in the thickness of the 

deposited metal film. The results are published as a full paper article. 

Highly defect-free sinusoidal surfaces are desired in many applications such as particle 

alignment. Such defect-free surfaces are accessible via surface relief gratings inscribed in 

azobenzene films. Topic 3 covers the grating replication and preparation of confinement 

templates with varying grating height. Utilizing these templates allows a guided self-assembly 

of nanoparticles. The findings are published as a full paper article.  

Topic 4 covers a novel approach to determine the refractive index of transparent solids. This 

is achieved by investigation of the angle-dependent diffraction of light on replicated surface 

relief gratings. Two techniques for the refractive-index determination are presented which 

depend on the knowledge of different parameters. Refractive indices are determined for 

varying laser wavelengths and compared to established methods. The results are published as 

full paper article. 
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Topic 5 deals with biomimicking the chameleon skin with regard to the development of 

mechanochromic sensors. This is achieved by the preparation of gradient photonic materials. 

Hereby, a strain-tunable one-dimensional photonic crystal is deposited on top of the elastic 

substrate. The gradient reflectance pattern obtained upon deformation is tuned by a variation 

of the Young’s modulus of the substrate and demonstrated for different substrate 

architectures. Results of this topic are published as a communication article. 
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Figure 3.1.1: Overview of the five topics of this cumulative thesis. Gradient topographies and 

functional gradient materials are relevant in all topics: 1) Controlled wrinkled surfaces with a 

gradient in wavelength are prepared by variation of the Young’s modulus of the elastic 

substrate. Hierarchical line-defect patterns are formed and investigated. 2) Controlled 

wrinkled surfaces with a gradient in wavelength via variation of the thickness of the metal film 

deposited. 3) Utilizing replicated surface relief gratings as confinement templates is an elegant 

and efficient approach to screen the guided self-assembly of colloidal nanoparticles. For that, 

the grating height is varied by the inscription time in the azobenzene films. 4) Utilizing surface 

relief gratings for the refractive-index determination of solids. Refractive-index is determined 

for varying laser wavelengths. 5) Gradient photonic materials by deposition of a strain-tunable 

one-dimensional photonic crystal to an elastomer with a gradient in Young’s modulus. 

Deformation causes a gradient in reflectance.  
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3.2. Hierarchical line-defect patterns in wrinkled surfaces 

 

Controlled wrinkling is a very simple method for the patterning of surfaces. The mechanism is 

based on the compression of a hard film on a soft substrate. The resulting sinusoidal wrinkle 

patterns can be tuned via the film thickness as well as the Young’s moduli of film and 

substrate. Wrinkles reported in literature typically reveal only a certain wavelength over the 

entire surface area. However, a targeted variation in wavelength over the entire surface area 

of one substrate is desirable for an effective and efficient screening. The present chapter 

describes the formation of gradient wrinkled surfaces based on a variation in the Young’s 

modulus of the substrate (Equation 3.2.1). 

� = 2πℎ 4 �M51 − "N893�NO1 − "M8P;
 (3.2.1) 

In controlled wrinkling, it is well-known that typically many defects occur in such patterns. 

One type of defects are surface cracks which occur perpendicularly to the wrinkle grooves. 

They can be attributed to mismatches in the Poisson ratio of film and substrate which lead to 

stresses perpendicular to the compression force in the thin hard film during compression. A 

second type of defects are line-defects which may be attributed to local stiffness differences 

and inhomogeneous stress fields along the surface. Although there are many publications 

about controlled wrinkling, a focused investigation of the defect formation and possible 

prevention strategies was not done in detail before. A detailed investigation of line-defect 

patterns with respect to local stiffness differences was done in this publication. 

For that, we produced PDMS elastomers with a compositional gradient and hence a gradient 

in the Young’s modulus. To obtain a more uniform stress field, we embedded the elastomer 

stripes additionally in a hard PDMS matrix. The gradient composite materials were then 

strained and oxidized via UV/ozone. Subsequent relaxation induces the formation of gradient 

wrinkles in the embedded PDMS stripe due to the gradient variation of the Young’s modulus 

of the substrate. Simultaneously, wrinkles with a uniform wavelength are formed in the 

surrounding matrix. At the interface between embedded specimen and matrix, defined 

mismatches in stiffness occur which lead to the formation of very defined line defects 

(Figure 3.2.1). Their density increases with increasing mismatch in stiffness at the interface 
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between embedded specimen and matrix. Our experimental findings agree very well with 

theoretical simulations based on a generalized Swift-Hohenberg equation.  

Our findings contribute to the fundamental understanding and control of defect formation 

within the wrinkling process. We envision applications of a targeted line defect formation 

within microfluidics, particle alignment, and nanophotonics. 

 

Figure 3.2.1: Line defects at the interface between stiffness gradient PDMS and PDMS matrix.   

a – c) Line defects obtained experimentally at different positions along the interface between 

matrix and the longitudinal stiffness gradient. d – f) Corresponding simulations based on step 

functions (g – i). Reproduced with permission of reference 1 (© 2005 The Royal Society of 

Chemistry). 
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3.3. Controlled wrinkling of thin metal films 

 

In the work presented before, we obtained gradient wrinkled surfaces via variation of the 

Young’s modulus of the PDMS substrate. As stated in the wrinkling theory, another approach 

to build up gradient wrinkled surfaces is the tuning of the thickness of the hard film while 

keeping the Young’s modulus of the substrate constant (Equation 3.3.1). This allows also a 

more effective and efficient screening than the non-gradient wrinkles with a uniform 

wavelength over the entire surface area which are typically reported in literature. 

� = 2πℎ 4 �M51 − "N893�NO1 − "M8P;
 (3.3.1) 

Keeping all the other parameters constant, the film thickness can be varied by a selective 

deposition of a film with a gradient in thickness. In the work presented here, we did this for 

metals via physical vapor deposition on strained and pretreated PDMS elastomers 

(Figure 3.3.1). The thickness gradient was achieved by using a combinatorial shutter 

technique. Subsequent relaxation of the sample induces the formation of gradient wrinkles. 

 

Figure 3.3.1: Preparation of gradient wrinkle patterns based on wrinkled gradient metal films. 

A PDMS elastomer strip was strained by 25% (a) and treated with oxygen plasma to produce 

a thin SiOx layer on the surface (b). A linear thickness gradient metal film was evaporated by 

physical vapor deposition (c). Relaxation of the sample resulted in the wrinkled gradient metal 

film (d). Adapted and reproduced with permission of reference 2 (© 2018 American Chemical 

Society). 
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We selected three metals for the study: gold, chromium, and indium. Gold was selected due 

to its important role in electronic applications. Chromium has a very strong adhesion to PDMS 

and a comparably high Young’s modulus, resulting in larger wavelengths. Indium can be 

deposited at already mild conditions. In contrast to the smooth gold and indium films, indium 

reveals a grainy surface structure. Our experimental findings agree well with predictions from 

the wrinkling theory including a bilayer model from Stafford et al. (Figure 3.3.2). 

 

Figure 3.3.2: Wrinkle wavelength in dependency of the gold film thickness. Theoretical values 

from calculations from the wrinkling theory agree well with the experimental determined 

values. Reproduced with permission of reference 2 (© 2018 American Chemical Society). 

 

The preparation of gradient wrinkled metal films offers a big potential for efficient screening 

applications. We envision applications of these gradient metal wrinkle patterns in the field of 

flexible electronics, tunable optical gratings, and mechanochromic sensors. 
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3.4. Confinement templates for hierarchical nanoparticle alignment prepared by 

azobenzene-based surface relief gratings 

 

Sinusoidal surface patterns obtained by controlled wrinkling are easy to prepare but typically 

reveal also a lot of defects. The third and fourth topic of this thesis focus on defect-free 

sinusoidal surface patterns which are accessible via the preparation of surface relief gratings. 

We inscribed such gratings in azobenzene films utilizing a well-known holographic technique 

and transferred them to PDMS and thermoplastic polymers. Remarkably, this was achieved 

without significant losses in grating height and distance. We studied the influence of the 

inscription time in the azobenzene film on the grating height of PDMS replicas. That allowed 

us a precise tuning of the grating height independently from the grating period (Figure 3.4.1). 

 

Figure 3.4.1: Dependency of grating height and grating period of surface relief gratings in 

PDMS on the inscription time in the original azobenzene film. The grating height can be tuned 

independently from the grating period. Reproduced with permission of reference 3 (© 2019 

The Royal Society of Chemistry). 
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We utilized these highly regular periodic sinusoidal patterns for the guided self-assembly of 

polystyrene nanoparticles. For that, disk-like confinement templates were prepared via 

replication of surface relief gratings to PDMS. We varied the height of these gratings 

systematically while keeping the grating period constant. Screening of the confinement was 

done by spin-coating a PS nanoparticle solution on top of the templates. The grating height 

has a direct influence on the formed line character of the particle assemblies (Figure 3.4.2). If 

no grating or gratings with only a small grating height are present, no confinement was 

observed. Instead, a hexagonal monolayer is formed. With increasing grating height, defined 

particle arrays from single and double lines up to more complex cubic structures are formed. 

 

Figure 3.4.2: Screening of particle confinement with surface relief gratings in PDMS. The 

grating height defines the line character of the formed particle assemblies. Reproduced with 

permission of reference 3 (© 2019 The Royal Society of Chemistry). 

The presented approach offers an elegant and efficient screening of the formed particle 

assemblies upon confinement. Besides the possibility to screen different particle systems 

within the geometrical confinement, we also see potential applications in the field of strain 

sensing, tunable gratings and metamaterials. 
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3.5. Refractive-index determination of solids from first- and second-order critical 

diffraction angles of periodic surface patterns 

 

Besides the possibility to align particles, periodic surface patterns in PDMS also allow the 

determination of the refractive index from diffraction on these gratings. This is the fourth topic 

of this thesis and is demonstrated in chapter 4.5. 

The precise knowledge of the refractive index is essential for many applications. Standard 

methods like the determination via Abbe refractometer are simple for liquids. For solids, 

however, often aggressive index-matching fluids are necessary which may damage the sample 

to be investigated or even the prism of the refractometer. Furthermore, a very precise 

knowledge about these auxiliary fluids as well as the dispersion of the prism is necessary. 

Lastly, complex calculations are necessary to calibrate the refractometer scale for different 

wavelengths. Spectral ellipsometry is an alternative technique for the refractive index 

determination of thin solid films. While this technique can circumvent most of the drawbacks 

of the Abbe refractometer, the accuracy of the results is highly dependent on the precise 

knowledge about the thickness and homogeneity of the films as well as the model used. 

In this work, we present two alternative approaches for the refractive index determination of 

transparent solids. They are based on the first and second order of diffraction on periodic 

surface patterns (Figure 3.5.1). We demonstrate the principle with PDMS replicas of SRGs 

using collimated monochromatic light and a rotation stage. 

The first approach for the refractive index determination uses first order diffraction according 

to Equation 3.5.1. This equation is valid, if the sample is oriented in such a way that the first 

order plane light wave is diffracted at an angle of 2 2⁄ . 

� !� = sin 
E,��QR° + λΛ (3.5.1) 

The second approach includes the second order diffraction. The refractive index follows then 

Equation 3.5.2: 

� !� = 2 sin 
E,��QR° − sin 
8,��QR°  (3.5.2) 
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Figure 3.5.1: Diffraction of an incident light beam with diffraction order � on a periodic surface 

pattern. Reproduced from reference 4. Published by the American Institute of Physics under a 

Creative Commons Attribution 3.0 Unported License (© 2019 Authors). 

The accuracy of the determined refractive index plays an important role in many applications. 

The choice of the appropriate approach for the determination of the refractive index depends 

on which parameters in Equation 3.5.1 and Equation 3.5.2, respectively, can be determined 

more precisely. To investigate the degree of precision, we compare the experimental 

determined values from both approaches with values obtained from an Abbe-refractometer 

(Figure 3.5.2). This was done for several laser wavelengths. 
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Figure 3.5.2: Wavelength-dependent refractive index of the PDMS elastomer, determined via 

Abbe refractometer (red squares), Equation 3.5.1 (green circles), and Equation 3.5.2 (blue 

triangles), respectively. Reproduced from reference 4. Published by the American Institute of 

Physics under a Creative Commons Attribution 3.0 Unported License (© 2019 Authors). 

 

In conclusion, the two approaches presented are a very powerful alternative to precisely 

determine the refractive index of transparent solids. Advantages compared to existing 

methods like Abbe refractometry and spectral ellipsometry are the independency of 

aggressive auxiliary liquids and an easier access to mandatory parameters for the precise 

calculation of the refractive index.  
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3.6. Gradient photonic materials based on one-dimensional polymer photonic 

crystals 

 

The last topic presents gradient photonic materials inspired by nature. Chameleon skin has 

the remarkable property to change the color rapidly upon stretching. The phenomenon is 

based on photonic crystals – in that case small guanin nanocrystals which are periodically 

aligned and embedded in dermal cell layers. Upon stretching, the lattice distance is changed. 

This results in a change in the photonic band gap and hence influences the reflectance. 

We developed gradient photonic materials with the intention to biomimick this natural 

phenomenon. Our materials consist of a polymer-based strain-tunable one-dimensional 

photonic crystal (1DPC) which is attached to the surface of a PDMS substrate with a gradient 

in stiffness. We built up the 1DPC from alternating layers of high and low refractive index 

layers. The layer thicknesses and the refractive indices determine a photonic gap. Light of a 

specific wavelength is forbidden to propagate within the material. As a result, the light is 

outcoupled from the material and appears as reflectance. The PDMS substrate with a 

longitudinal gradient in stiffness influences the reflectance behavior upon strain. Materials 

were designed to reveal a uniform red reflectance over the entire surface area in an 

unstrained state. Upon load, the PDMS elastomer reveals a gradient in local strain due to the 

stiffness gradient. This gradient in local strain is transferred to the attached 1DPC and induces 

a gradient in refractive index layer thickness. This leads to a gradient blue-shift in the reflected 

wavelength. 

For PDMS substrates with a hard-soft gradient, we obtained a rainbow-like spectrum with a 

gradient in reflectance from red to blue upon strain (Figure 3.6.1). In addition, even more 

complex reflectance patterns are accessible by tailoring the substrate architecture. Stripe-like 

reflectance patterns as they occur in chameleons were obtained by utilizing a complex hard-

soft-hard-soft-hard profile for the stiffness gradient in the PDMS substrate. 
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Figure 3.6.1: Reflectance of the prepared gradient photonic material based on a PDMS 

substrate with a hard-soft stiffness gradient. In an unstrained state, the reflectance is uniform 

over the entire surface. Upon 25% strain, the sample reveals a gradient in reflectance from 

red to blue. Reproduced from reference 5. Published by WILEY-VCH Verlag GmbH & Co. KGaA 

under a Creative Commons Attribution 4.0 International License (© 2020 Authors). 

In conclusion, the presented gradient photonic material is inspired by the remarkable color 

change behavior of chameleons. Like the natural model, these materials yield strain-tunable 

reflectance patterns. The reflectance is directly correlated to the local strain. Due to this fact, 

we envision applications within the field of mechanochromic sensors, telemedicine, smart 

materials, and metamaterials.
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4. Publications 

4.1. Individual contributions to joint publications 

 

The publications presented in this thesis arose from joint collaborations with several 

departments. In the following, the individual contributions of each author are outlined. Work 

done by myself was carried out at the chair of Macromolecular Chemistry I at the University 

of Bayreuth under the supervision of Prof. Dr. Hans-Werner Schmidt.  

 

Publication 1: Hierarchical line-defect patterns in wrinkled surfaces 

Soft Matter 2015, 11, 3332-3339. 

B. A. Glatz, M. Tebbe, B. Kaoui, R. Aichele, C. Kuttner, A. E. Schedl, H.-W. Schmidt,  

W. Zimmermann and A. Fery. 

The first publication is a full paper article on the control of line-defect patterns in wrinkled 

surfaces of gradient elastomer substrates. I further improved the combinatorial preparation 

of gradient materials particular in view of the publication and conducted the synthesis and 

corresponding material characterization of all gradient materials. I was involved during the 

entire time in scientific discussions as well as finalizing the manuscript. B. A. Glatz (Physical 

Chemistry II, University of Bayreuth) performed the characterization experiments of the 

wrinkles as well as the FEM simulations and wrote the first draft of the manuscript. R. Aichele, 

B. Kaoui and W. Zimmermann (Theoretical Physics I, University of Bayreuth) did the wrinkling 

simulations and wrote the corresponding part of the manuscript. M. Tebbe (Physical 

Chemistry II, University of Bayreuth) contributed with scientific discussions about the topic 

and helped with writing the first draft of the manuscript. H.-W. Schmidt (Macromolecular 

Chemistry I, University of Bayreuth) and A. Fery (Physical Chemistry II, University of Bayreuth) 

supervised the project, were involved in scientific discussions and finalizing the manuscript. 
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Publication 2: Controlled wrinkling of gradient metal films 

Langmuir 2018, 34, 14249-14253 

A. E. Schedl, C. Neuber, A. Fery and H.-W. Schmidt. 

This publication on controlled wrinkling of gradient metal films was published as a full paper 

article. The first draft of the manuscript was written by me. I also performed all the 

experiments and did all the analyses. C. Neuber (Macromolecular Chemistry I, University of 

Bayreuth) introduced me to the physical vapor deposition process and contributed with 

helpful discussions about combinatorial vapor deposition of thin films. A. Fery (Leibniz 

Institute of Polymer Research Dresden) was involved in scientific discussions of the 

experiments and suggested the bilayer model for the description of wrinkles prepared from 

gold films. H.-W. Schmidt (Macromolecular Chemistry I, University of Bayreuth) conceived the 

topic, supervised the project and contributed with helpful discussions about optimization of 

metal film adhesion. All authors were involved in finalizing the manuscript. 

Publication 3: Confinement templates for hierarchical nanoparticle alignment prepared by 

azobenzene-based surface relief gratings 

Soft Matter 2019, 15, 3872-3878 

A. E. Schedl, P. T. Probst, C. Meichner, C. Neuber, L. Kador, A. Fery and H.-W. Schmidt. 

The nanoparticle confinement via surface relief gratings is the content of this publication 

which was published as a full paper article. I conceived the topic and wrote the first draft of 

the manuscript. Furthermore, I performed the azobenzene film preparation for the 

holographic inscription process, the grating transfer to all polymers, and the preparation of 

the confinement templates. I did all analyses except of the AFM images correlated to the 

particle alignment. P. T. Probst (Leibniz Institute of Polymer Research Dresden) did the particle 

alignment experiments and recorded the corresponding AFM images. C. Meichner (Bayreuth 

Institute of Macromolecular Research, University of Bayreuth) performed the inscription of 

surface relief gratings to azobenzene films. C. Neuber (Macromolecular Chemistry I, University 

of Bayreuth) and L. Kador (Bayreuth Institute of Macromolecular Research, University of 

Bayreuth) were involved in scientific discussions. A. Fery (Leibniz Institute of Polymer Research 

Dresden) and H.-W. Schmidt (Macromolecular Chemistry I, University of Bayreuth) supervised 

the project and were involved in scientific discussions about particle alignment and grating 

transfer. All authors were involved in finalizing the manuscript. 
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Publication 4: Refractive-index determination of solids from first- and second-order critical 

diffraction angles of periodic surface patterns 

AIP Advances 2015, 5, 087135 

C. Meichner, A. E. Schedl, C. Neuber, K. Kreger, H.-W. Schmidt and L. Kador. 

This publication is a full paper article on the refractive-index determination by utilizing surface 

relief gratings. I prepared the samples for the holographic inscription process and performed 

the grating transfer for the refractive-index determination.  I wrote the corresponding part of 

the manuscript. Furthermore, I was involved in scientific discussions of the results over the 

entire time. C. Meichner (Bayreuth Institute of Macromolecular Research, University of 

Bayreuth) inscribed surface relief gratings into azobenzene films and performed the 

refractive-index determination. He also wrote the major part of the manuscript. C. Neuber, K. 

Kreger, H.-W. Schmidt (Macromolecular Chemistry I, University of Bayreuth) and L. Kador 

(Bayreuth Institute of Macromolecular Research, University of Bayreuth) contributed with 

scientific discussions of the results. All authors were involved in finalizing the manuscript. 

Publication 5: Gradient photonic materials based on one-dimensional polymer photonic 

crystals 

Macromolecular Rapid Communications 2020, 41, 2000069 

A. E. Schedl, I. R. Howell, J. J. Watkins and H.-W. Schmidt. 

This publication is a communication article about gradient photonic materials. I conceived the 

topic and wrote the first draft of the manuscript. Furthermore, I optimized the gradient 

synthesis particular in view of this publication and perfomed the synthesis of all gradient 

substrates. I built up the gradient photonic materials and did the mechanical and optical 

characterization. I. R. Howell (Polymer Science and Engineering, University of Massachusetts, 

Amherst, MA, USA) prepared the one-dimensional photonic crystal and assisted with 

reflectance measurements. J. J. Watkins (Polymer Science and Engineering, University of 

Massachusetts, Amherst, MA, USA) was involved in scientific discussions about Bragg mirrors 

and helped with material selection for the one-dimensional photonic crystal. H.-W. Schmidt 

(Macromolecular Chemistry I, University of Bayreuth) supervised the project, contributed with 

scientific discussions about gradient materials and suggested the preparation of the complex 

gradient photonic material. All authors were involved in finalizing the manuscript. 
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We show experimentally and theoretically that step-wise changes in the Young’s Modulus can 

trigger hierarchical wrinkle pattern formation. 
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4.2.1. Abstract 

 

We demonstrate a novel approach for controlling the formation of line-defects in wrinkling 

patterns by introducing step-like changes in the Young's modulus of elastomeric substrates 

supporting thin, stiff layers. Wrinkles are formed upon treating the poly(dimethylsiloxane) 

(PDMS) substrates by UV/Ozone (UVO) exposure in a uniaxially stretched state and 

subsequent relaxation. Line defects such as minutiae known from fingerprints are a typical 

feature in wrinkling patterns. The position where these defects occur is random for 

homogenous substrate elasticity and film thickness. However, we show that they can be 

predetermined by using PDMS substrates consisting of areas with different cross-linking 

densities. While changing the cross-linking density is well known to influence the wrinkling 

wavelength, we use this parameter in this study to force defect formation. The defect 

formation is monitored in situ using light microscopy and the mechanical parameters/film 

thicknesses are determined using imaging AFM indentation measurements. Thus, the 

observed wrinkle-wavelengths can be compared to theoretical predictions. We study the 

density and morphology of defects for different changes in elasticity and compare our findings 

with theoretical considerations based on a generalized Swift–Hohenberg-equation to simply 

emulate the observed pattern-formation process, finding good agreement. The fact that for 

suitable changes in elasticity, well-ordered defect patterns are observed is discussed with 

respect to formation of hierarchical structures for applications in optics and nanotechnology. 

 

  



4. Publications | 69 

 
 

4.2.2. Introduction 

 

Wrinkling is a mechanical instability phenomenon of thin films. Wrinkles form, if a laminar 

system consisting of a stiff, thin layer in strong adhesive contact with a soft, macroscopic 

elastomer is subject to in-plane compression. Under these conditions, the well-known 

buckling instability results in periodic surface corrugations. Due to its generic nature, wrinkling 

can be found in biological,1,2 geomorphological3,4 as well as artificial structures.5,6 In the 

framework of surface patterning and structuring, controlled formation of wrinkles has been 

investigated and characterized intensively in the last two decades.7–12 Importantly, permanent 

wrinkle patterns can be formed, if the thin layer is created while an elastomeric substrate is 

under strain and subsequently relaxed. Possible preparation methods are in situ oxidation of 

poly(dimethylsiloxane) (PDMS) substrates by treatment with plasma,13,14 UVO,15–17 wet 

chemicals18 or coating of these substrates with metals19 and polymers,20 respectively. Besides, 

other methods are employed, e.g. the utilization of distortion effects of elastomers at a water–

substrate-interface that lead to sinusoidal bending21 or the coating of an elastomer with a UV-

curable material instead of attaching two layers to each other.22 

Wrinkle patterns display always deviations from an ideal structure, even in the simplest case 

of uni-axial strain, yielding parallel oriented wrinkles. These defects can be classified into two 

categories, cracks and line defects, respectively. Most work has been done on the 

investigation of cracks, which are mechanically induced film fractures.23–25 Recently, some 

publications report on specific applications of thin-film-cracking where the evolving channels 

are filled with metals and consequently utilized as conducting 2D-networks.26,27 In contrast 

our work focuses on the second defect type – the line defects that are known as minutiae in 

fingerprints. Their evolution in random fingerprint-like structures with defects has been 

simulated lately.28 Line defects are characterized by two adjacent ridges merging into one 

single ridge or by a termination of a ridge, as illustrated in Figure 4.2.1 for fingerprints, where 

the term minutiae is used for the line defects, and for wrinkle patterns formed using the 

method presented in this study. 
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Figure 4.2.1: Comparison of a human fingerprint (left) and a wrinkled PDMS sample (right). 

Line defects as ridge termini and bifurcations are found in both cases. However, the size differs 

from the millimeter-range on human hands down to the micrometer and nanometer-range 

for artificially wrinkled samples. 

For ideal homogenous, infinite systems line defect nucleation is a homogenous nucleation 

process. However, in real systems line defects are frequently found to nucleate at 

heterogeneities in elastic constants or film thicknesses or at boundaries. In many applications, 

these line defects are considered a nuisance since they appear stochastically and thus limit 

the structural perfection and long-range order of wrinkling patterns. However, they as well 

present an interesting example of symmetry breaking and harnessing the position at which 

line defects occur might pave the road to control symmetry breaking and formation of 

complex hierarchical structures. 

Following this rationale, we present a method to generate patterned defects in a controlled 

fashion. We introduce a novel method for the preparation of PDMS with steep local changes 

in the Young's modulus and study permanent wrinkle formation in these systems. We 

investigate the mechanical properties of the system using nanomechanical AFM techniques. 

Furthermore, we employ light microscopy for in situ investigation of wrinkle and line-defect 

formation. These studies are the basis to elucidate the underlying structure formation 

mechanism. We investigate the spatial distribution of line defects and long-range ordering 

effects. Finally, we discuss potential applications in optics, particle alignment or 

microfluidics.29,30 
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4.2.3. Results and discussion 

 

Wrinkled samples were prepared from commercially available PDMS system Sylgard 184 (Dow 

Corning Ltd., Midland, USA). PDMS samples were treated with UVO in uni-axially stretched 

state to induce wrinkle formation upon relaxation. A buckling instability caused by mechanical 

mismatch between the applied thin oxide layer and the elastic substrate leads to wrinkle 

formation perpendicular to the strain direction (see Figure 4.2.2). The resulting wavelengths 

of the buckling instability can be calculated for small strains according to the well-known 

Equations 4.2.1 – 4.2.331,32 


= = %=��� = 14 V3�����W X8 D⁄
 (4.2.1) 

 

� = 2πℎ V ���3���XE D⁄
 (4.2.2) 

with 

�� = �1 − "8 (4.2.3) 

 

Herein, 
= represents the critical uniaxial strain necessary to induce wrinkling, while � 

describes the wavelength of the buckling instability, ℎ is denoted as layer thickness and ��� and 

��� are the plane-strain-moduli of the layer and substrate respectively that can be calculated 

with the according Poisson's ratio ". Modifying the ratio of the pre-polymer to curing-agent 

results in a stiffness variation of the resulting silicone from 0.24 MPa to 1.82 MPa. To create a 

sample that features two different wrinkling wavelengths and a small, defined crossover area 

in between, we combined these materials displaying large differences in stiffness. 
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Sample preparation 

The samples were prepared sequentially in three steps: (1) a matrix containing the highest 

cross-linker content was prepared, (2) fluid soft PDMS being discrete or gradient-like was cast 

into the matrix presenting one side and (3) the matrix was cross-linked thermally, ensuring a 

covalent linkage between both phases. The process is depicted in the Supplementary 

Information (SI 4.2.7) schematically in Figure 4.2.7. Thus, PDMS of adjustable Young's modulus 

was embedded in a matrix of hard PDMS. Consequently, the interface between both materials 

displayed a sharp mechanical transition between the different phases of PDMS. According to 

Equation 4.2.2 a change of substrate elasticity is directly correlated with a change in 

wavelength for constant film elasticity and thickness. To investigate wrinkling of substrates 

with different Young's moduli focusing on the defect formation process two different sample 

types were prepared (Figure 4.2.2). One sample type was prepared casting soft PDMS into a 

mold consisting of only hard PDMS (Figure 4.2.2a) giving a composite consisting of two pure 

materials. The other sample type was prepared by casting a soft-to-hard-gradient into a mold 

of hard PDMS using a modified method of Claussen et al.33 (Figure 4.2.2b). The line-defects 

are expected to preferentially nucleate at the interface of hard-to-soft material. This is due to 

a difference in substrate stiffness, which forces a local change of preferred wavelength that 

goes along with formation of line branches. Additionally, the speed of relaxation has an impact 

on their number and shape,34 that is why the samples were allowed to relax with highest 

possible rate after oxidation to create as many line defects as possible. Furthermore, 

according to Equation 4.2.1 the wrinkle evolution is not simultaneous in both phases but will 

occur when the critical strain 
= is reached, depending on the respective Young's moduli. In 

order to analyze this predicted behavior, we used a custom-built in situ setup (see also 

Figure 4.2.8) based on optical microscopy to study wrinkle and defect formation along the 

stiffness modification lines. 
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Figure 4.2.2: Schematic illustration of the two sample types: a soft, discrete (a) and a soft-to-

hard gradient, both embedded in a hard matrix (b) with a cross profile of the sample. In (c) a 

typical sample of type (a) is shown scaled with a 2 €-cent coin. It consists of the hard, 

transparent matrix that includes the soft, red dyed inner part. 

Qualitative analysis 

The stretched and oxidized samples were released with a defined speed. The wrinkle evolution 

was tracked in situ via reflected light microscopy focused at the oxidized surface layer in order 

to capture changes in the surface morphology. Figure 4.2.3 shows representative results for a 

homogeneous sample with a discrete step in substrate elasticity: After focusing the interface 

between hard and soft polymer the wrinkle evolution was induced by slowly decreasing the 

strain from an elongation of 
 = 50% (15 mm initial sample length and 22.5 mm strained state) 

with 6.1 mm min-1. For a 
 of 41% the first wrinkles can be observed in the soft phase 

(Figure 4.2.3b). They were entirely shaped at a 
 of 39% (Figure 4.2.3c), meaning the amount 

of waves and line-defects remains constant. For a 
 of 35% buckling is induced within the hard 

phase (Figure 4.2.3d). The wrinkle evolution is completed at a 
 of 30% resulting in a fully 

wrinkle-covered surface (Figure 4.2.3e). The corrugations on the soft phase slightly protrude 

into the unwrinkled hard phase (Figure 4.2.3c). It is caused by different boundary conditions 

of the two phases which results in a singularity within the interphase that consequently 

induces line-defect formation close to the interface. Here the critical strain as well as the final 

wavelength changes dramatically. Thus, line defects caused by singularity are pinned to the 

interface transition or nucleate in close proximity. Further strain release afterwards only leads 

to a compression of the waves, which results in increasing amplitudes and reduced 

wavelengths. The underlying wrinkle formation process can be divided into two different 

steps. First the waves emerge within domains with sizes of a few buckling periods, followed 

by a rapid growth with decreasing strain resulting in wrinkle joining. The latter is accompanied 
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by the appearance of line-defects.35 Furthermore, the buckling period depends on the 

stiffness (Young's modulus) of the underlying substrate following a third root law, in 

consistence with Equation 4.2.2. The results observed for low strains are shown in 

Figure 4.2.3e. As expected, a large wavelength is obtained on substrates with low stiffness 

values. 

 

Figure 4.2.3: Same-spot in situ observation of the release process, focused on the crossover 

line from hard to soft PDMS. The soft discrete inclusion is present at the bottom each, the 

hard at the top. In the beginning the substrate is pre-strained to 50% of its initial length (a), 

the oxidized layer on top is unstrained. Upon strain release wrinkles do form first within the 

soft inclusion (b and c) followed by the hard matrix (d and e). For a video capture of this 

process, see Electronic Supplementary Information. 

Quantitative parameter analysis 

To compare our experimental results with theory we quantitatively determined all relevant 

parameters. According to Equation 4.2.2, the required parameters are the Young's moduli ��� 

and ��� respectively, and the layer height ℎ� of homogenous (non-embedded) hard and soft 

PDMS. The data for the substrate moduli of hard and soft phase were taken from Claussen et 

al.33 They determined 1.82 ± 0.04 MPa for hard and 0.24 ± 0.01 MPa for soft PDMS. 

Additionally, we performed indentation measurements to check for the mechanical 

uniformity of the individual phases. Therefore, the samples were analyzed prior to oxidation 

with a sapphire sphere (400 µm radius) along the line of previous publications.15,36 For 

statistical reasons every sample was measured five times on different spots. For hard PDMS 

the averaged Young's modulus was determined to be 2.9 ± 0.31 MPa and for soft 

0.65 ± 0.14 MPa. These results are higher compared to the data taken from Claussen et al. 
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obtained for bulk measurements.33 Other groups showed that this effect is due to general 

differences between the mechanical testing setups.37–39 Consequently we relied on the data 

of bulk tensile tests for further calculations. However, based on the performed indentation 

measurements we could not identify any stiffness gradient at the interface between soft and 

hard phase, as the modulus abruptly changes. 

Next peak force tapping atomic force microscopy (AFM) allows for quantitative 

nanomechanical mapping (QNM) at nanometer lateral resolutions.40–42 Consequently, this 

technique was applied to determine the Young's modulus and thickness of the oxide layer 

present on PDMS after UVO treatment. UVO-oxidized surfaces are assumed to show a vertical 

gradient in stiffness from the hard film to the soft substrate. Consequently, there is no distinct 

borderline but a declining interphase between layer and substrate.43 This method enabled us 

to map areas of 20 µm x 20 µm at the interphase of bulk and oxidized PDMS. For this we took 

an oxidized and wrinkled sample and cut a cross profile at the layer edge from the sample 

middle with a scalpel. Afterwards a cryo-microtome was used to smoothen the surface 

(subsequent roughness: ∼5 nm) followed by peakforce QNM measurements (for detailed 

sample preparation see Supplementary Information). The local maxima of Young's moduli for 

both hard and soft oxidized PDMS are found to be in the range of 90 - 100 MPa (Figure 4.2.4). 

The effective layer thickness of the oxide-films was determined as the intersection of a linear 

fit of the gradient slope (green lines in Figure 4.2.4) and the baseline of the profile (red lines). 

The resulting film thickness was determined to be 4.9 µm for hard and 5.7 µm for soft PDMS, 

respectively. Averaging the elastic constants allowed for estimation of the wrinkling 

wavelengths of the UVO oxidized samples. The averaging was performed by calculating the 

arithmetic mean of all Young's moduli from the layer top to its bottom. Doing so the average 

Young's modulus was determined to be 54.0 MPa for the oxidized layer on hard PDMS and 

55.3 MPa on soft PDMS, respectively, which is compatible with the range found in literature.44 

The linear-like slope of hard PDMS is slightly steeper for soft PDMS. Most likely the less dense 

polymer network facilitates the ozone to penetrate deeper into the substrate. In general, UVO 

results in a low degree of oxidation compared to plasma treated PDMS 

(0.4 GPa < � < 7.1 GPa)44 or to glass (� ∼ 73 GPa).45 
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Figure 4.2.4: Peak Force QNM analysis: the terrain images are nanomechanical mappings of 

the Young's modulus at the bulk/oxide layer interphase of soft (left) and hard PDMS (right). 

Below are the according cross section profiles that were averaged over the whole image size 

consisting of 469 lines. 

Wrinkled surfaces were analyzed using a profilometer in order to determine the wavelengths 

of �Z[\] = 46 µm and �N^M_ = 72 µm. From the above discussed values, the theoretical 

wavelength for the homogeneous samples were calculated according to Equation 4.2.2 (in 

first order approximation) and compared to the experimentally determined wavelengths. 

Besides all known variables the Poisson's ratios used in Equation 4.2.3 were set to 0.5 for 

PDMS and 0.17 for the oxidized, glassy film. Here, theory predicts wavelengths that are 30% 

above our experimental results. Furthermore, we performed calculations based on a higher 

order approximation introduced by Jiang et al.46 (Table 4.2.1). This approach also considers 

the effect of the applied strain on the wrinkle wavelength and amplitude as described in 

Equation 4.2.4. Wrinkles always evolve at the same compression, if the stiffness values of layer 

and substrate are not modified. Nevertheless, further compression reduces the wavelength 

and increases the amplitude. 

�8 = �
51 + 
9 `1 + 5
 51 + 
932 aE D⁄  

(4.2.4) 
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Table 4.2.1: Comparison of experimental findings and theoretical predictions for hard and soft 

PDMS samples. 

Sample 

Young’s 

modulus/ 

MPa 

� experimental/ 

µm 

�E 

(Eq. 4.2.2)/ 

µm 

Deviation/ 

% 

�8 

(Eq. 4.2.4)/ 

µm 

Deviation/ 

% 

Hard PDMS 1.82 ± 0.04 46.00 ± 1.28 60.63 +31.80 38.96 -15.30 

Soft PDMS 0.24 ± 0.01 72.89 ± 6.05 139.67 +91.62 89.74 -23.12 

 

Calculations based on Equation 4.2.4 yield wavelengths of 39 µm for hard and 90 µm for soft 

PDMS (Table 4.2.2). In comparison to the simple approximation (Equation 4.2.2), which 

significantly overestimates the wavelength, Equation 4.2.4 yields wavelengths that are slightly 

reduced compared to the values determined experimentally. Thus, the measured data are in 

better agreement with higher order approximation. We assume that the applied strain is well-

above the critical value resulting in creeping at least for the hard PDMS, causing better 

agreement with the Jiang's equation (Equation 4.2.4). 

After this complete analysis of homogenous PDMS systems, we applied the results to the more 

complex embedded situation as sketched in Figure 4.2.2a. Table 4.2.2 compares the 

calculations according to Jiang and the values of elastic constants and layer thicknesses 

determined for the homogenous samples and experimental results performed for the 

composite sample. Both, hard matrix and discrete inclusion show smaller wavelengths (35 µm 

and 45 µm, respectively) than the equally stiff homogenous materials. However, the deviation 

in the hard matrix is not as pronounced as for the soft discrete inclusion. This difference is 

mainly caused by the complex stress/strain situation in the embedded sample: for the 

homogenous sample, the strain can be considered to be homogenous and directly related to 

the elongation of the sample in stretching direction. As defined by Hook's law stress is directly 

related to strain. The composite nature of the embedded sample however causes 

heterogeneity of the stress and strain. Neither can the local strain be inferred from the 

elongation of the sample, nor can stress be considered to be homogenous. 
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Table 4.2.2: Comparison of hard and soft PDMS calculations with the heterogeneous sample 

from Figure 4.2.2. 

 �8 _Zb^\b_c�[d,   Z^e^fbgb^hN/µm �Zb_b\^fbgb^hN/µm Deviation/% 

Matrix (hard PDMS) 38.96 35.26 ± 0.96 -9.50 

Discrete inclusion (soft PDMS) 89.74 45.60 ± 2.63 -49.19 

 

To gain a more quantitative picture of the stress/strain situation, mechanical finite element 

modelling was performed to understand the underlying mechanisms and distortions of the 

composite sample compared to homogenous PDMS. In a block of homogenous hard or soft 

PDMS the stress upon compression is distributed homogenously within the sample, as 

depicted in Figure 4.2.5a. In contrast the stress is not uniformly distributed for soft PDMS 

embedded in hard PDMS. The stress within the soft discrete inclusion is much lower than for 

the surrounding hard PDMS (Figure 4.2.5a and Figure 4.2.5c). Furthermore, the stress within 

the hard matrix is focused at the sides of the inclusion leading to an increase from ∼ 1.6 MPa 

(Figure 4.2.5b) to ∼ 2.4 MPa (Figure 4.2.5c). Stress and strain correlate over the Young's 

modulus according to 
 = ij, as a consequence an increase of the applied stress leads to 

smaller wrinkle wavelengths when considering Equation 4.2.4. This finding fits to our 

experimentally found data. 

Nevertheless, it does not explain the shrinkage in wavelength for the soft PDMS. We identified 

two other potential reasons for this observation: (1) an inhomogeneous stress distribution 

within the asymmetric matrix of soft PDMS (from all sides but one) causes a vertical distortion 

of the compressed sample, (2) changes in sample composition have however larger effects. 

Indentation measurements on unwrinkled composite substrates revealed differences in the 

Young's modulus compared to the neat samples. The soft phase is hardened from 0.65 to 

0.8 MPa while at the same time the hard phase is slightly weakened from 2.9 to 2.5 MPa. 

These changes are most likely caused by diffusion of the Pt-catalyst from the hard into the soft 

phase either while gelation at room temperature and during thermal curing, respectively. In 

combination with the increase of stress within the matrix that is indicated by simulations the 

drastic changes in wavelength for both matrix and inner part can be explained. 



4. Publications | 79 

 
 

 

Figure 4.2.5: Mechanical simulations of neat, soft (a) respectively hard PDMS block (b) and a 

composite of soft block in a hard matrix (b). In all cases the initial dimensions of the outer 

block were set to 30 x 10 x 3 mm3 indicated by the black box, in (c) the inner block is sized 

10 x 5 x 1.5 mm3, positioned lateral in the middle of the outer block, vertical on the upper side 

of it. The applied strain 
 is set for all simulations to 50%. Von-Mises-stress distribution was 

modeled using COMSOL multiphysics with the same parameters as before except "�, which 

was set to 0.499. 

 

Defect formation in gradient structures 

The observed effects at the border between discrete inclusion and surrounding revealed that 

defects preferentially nucleate in close proximity to the mechanical transition. In order to 

study the underlying processes in more detail we substituted the discrete soft inclusion with 

a lateral, defined gradient in Young's modulus33 and embedded it as before in a matrix of hard 

PDMS. Thus, the crossover from inclusion to matrix within this composite material is no longer 

at a fixed ratio between two stiffness values but changes gradually along the substrate. The 

initial Young's modulus ratio is 1:5 and it decreases to a ratio of 1:1 at the hard end. 

At the interface bearing a Young's modulus ratio of 1:1 a similar wrinkle wavelength developed 

in both areas and no line-defects were observed (see Figure 4.2.6a). For the other cases, we 

defined a defect density by counting the number of waves in both areas from one to the next 

defect (Equation 4.2.5). Dividing the counted number derived from the gradient by this of the 

matrix gives a defect density ratio %& defined by the number of waves in one repetitive unit 

�� for the gradient and �  for the matrix. 

%& =  ���  (4.2.5) 
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So at the center of the composite material the defect density from microscopy images is 0.83 

(5 gradient waves divided by 6 matrix waves), with a measured modulus ratio of 1:2 

(Figure 4.2.6b). The measured difference in wavelength by profilometry at the sample middle 

is as high as 43 ± 3 µm to 56 ± 2 µm, giving an average ratio of 0.77, so slightly lower. For the 

soft end however the defect density was determined to be 0.66 (Figure 4.2.6c) compared to 

0.67 for profilometry, so in perfect agreement. These values are directly correlated with the 

change in wavelength and consequently the branching period. Furthermore, a drastic but 

uniform change of wavelength again indicates that no stiffness gradient perpendicular to the 

interface is present. Using numerical simulations for samples with a step-like transition 

function recover the same features and pinning of the line defects to the interface as observed 

experimentally. Figure 4.2.6d–f show patterns obtained by solving a generalized version of the 

Swift-Hohenberg equation47 that includes both anisotropy48 and a spatially periodic 

inhomogeneity (Equation 4.2.6)49 using the pseudo-spectral method and considering a flat 

surface with small noise as initial condition. 

k�+ = l
 − 5$85m9 + Δ98o+ − ,kp8k�8+ − �k�C+ − +D − 2Ok�+Pk�l$85m9o
− +k�8l$85m9o 

(4.2.6)

+ mimics the local height of the surface, 
 is the dimensionless strain and the parameters , 

and � control the anisotropy of the system. We chose , = 1 and � = 0.5. The spatially varying 

“natural” wavelength was set to be 22 $5m9⁄ . Perfectly aligned straight wrinkles 

(Figure 4.2.6d) are obtained for constant natural wavenumber $ (Figure 4.2.6g). For a steep 

transition in wavenumber (Figure 4.2.6h) branching defects emerge (Figure 4.2.6e). The 

periodicity of these line-defects is further decreased resulting in higher branching density 

(Figure 4.2.6f) for increased values of the wavenumber jump (Figure 4.2.6i). Here, all the 

branching-defects are stationary and emerge spontaneously along the contact line between 

the two domains with different preferred wavenumbers. Those correspond well to the ratios 

determined experimentally at the middle and the soft end of the gradient, respectively. 
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Figure 4.2.6: Branching points ordered along the gradient borderline with a jump in elasticity 

and wavenumber, respectively; (a - c) show experimental results, (d - f) the according 

simulations that are based on predetermined step-functions (g - i). 

The presented method has high potential for the systematic production of gradients and so 

not only for the aimed generation and understanding of ordered line branching structures. 

Beyond this the presented results might find application within the field of particle alignment. 

Controlled induction of line-defects can be used to break the symmetry within particle 

assemblies by generating Y-shaped particle lines. Furthermore, microfluidics might benefit 

from well-defined size- and angle-tunable channel junctions. 
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4.2.4. Conclusion 

 

The objective of this work was the investigation of line defects observed in wrinkled 

substrates. Composite PDMS samples consisting of two covalently attached PDMS phases with 

different mechanical properties were prepared, wrinkled and analyzed. The predetermined 

change of substrate stiffness along the phase border resulted in different wavelengths caused 

by the buckling instability and so reinforced the wrinkles to branch more frequently here. 

Consequently, the branches had a main orientation at the border, pointing from the soft side 

with large waves to the hard side, where shorter waves were found. The gradient sample 

showed an interesting behavior of oriented, patterned defects. We concluded that the 

stiffness difference of both substrate phases did match a value here that induced a whole-

number ratio of the buckling instability. This was not observed in the sample with discrete, 

soft PDMS in the inclusion. In order to confront empirical wrinkling theories with our results, 

we had to measure ℎ� and �� of the UVO-oxidized layer. Via Peak Force QNM we gained values 

of ℎ� = 4.9 - 5.7 µm and �� = 54.0 MPa and 55.3 MPa, respectively. Wavelengths and 

amplitudes of the wrinkles were determined via profilometry resulting in 46 µm and 73 µm 

for the homogeneous samples, 35 µm and 45 µm in the heterogeneous system with just hard 

and soft PDMS respectively 51 µm and 63 µm in the gradient system. A mechanical stress 

simulation revealed an increase in the surface stress distribution around the embedded 

discrete inclusion that induces a wave shortage. In the wider dimensioned gradient sample 

this problem was less pronounced. Summarized the system presented in this paper has a high 

potential for ordering defects in a patterned way and beyond to keep the adjacent wrinkled 

areas defect-free. Our findings increase the understanding of the formation of defects in 

controlled wrinkling systems. One application that may use line defects of adjustable number 

and direction is the generation of size- and angle-tunable channel junctions for microfluidic 

devices. Two waves terminating into one act as the micro-channel junction that may be sealed 

on top with another layer of PDMS or glass. Another application might be the organization of 

nanoparticles onto well-defined, equidistant Y-shaped templates. Stamping these assemblies 

onto a flat substrate creates lines of particles that split on predefined positions. This might be 

useful for light management in nanophotonics. 
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4.2.7. Supplementary Information 

4.2.7.1. Experimental 

 

PDMS solution 

The substrates were prepared with commercially available Sylgard 184 PDMS by Dow Corning 

Ltd, Midland, USA. A well-dispersed and degassed mixture of 20 g pre-polymer and 2 g curing 

agent was used for 1:10 ratio as well as 25 g pre-polymer with 1 g curing agent for 1:25 ratio. 

Homogeneous samples 

1:10 and 1:25 PDMS were cast each in a 10 x 10 cm PS-mold, set for 24 h at RT (48 h, 

respectively) and subsequently cured for 4 h at 80 °C. Stripes of 4.5 cm x 1 cm x 0.16 cm (resp. 

0.17 cm) were cut out, ultrasonicated in Milli-Q H2O for 10 min and dried with N2. 

1:25 Inclusion in 1:10 matrix 

A 1:10 stripe from the homogeneous sample preparation was punched out in the size of 

1 cm x 0.5 cm right in the middle. The hole was filled with 1:25 PDMS solution just to level out 

with the surrounding matrix and allowed to set for 48 h at RT. Afterwards another 1:10 layer 

of 0.1 cm thickness was cast on top, set for 24 h at RT and then cured at 80 °C for 5 h. 

Eventually the stripe was ultrasonicated in Milli-Q H2O for 10 min and dried with N2. 

Gradient Inclusion in 1:10 matrix 

1:10 PDMS was cast into a 14 cm diameter glass petri dish to fill it up for 2 mm. It was allowed 

to set for 24 h. A 7 cm x 1 cm hole was punched out from the middle and filled with a slightly 

modified gradient of Claussen et al.1 with halved casting speed to reach a doubled layer 

thickness. After setting at RT for 48 h another layer of 1:10 was cast on top of gradient and 

matrix with a height of 1 mm. It was allowed to set for 24 h at RT followed by curing at 80 °C 

for 4 h. Afterwards the gradient with surrounding matrix was cut out to give a sample of 11 cm 

overall length and 3 cm overall width, so 2 cm of protruding matrix on the long sides 

respectively 1 cm on the short sides. The sample was ultrasonicated in Milli-Q H2O for 10 min 

and dried with N2. 
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Wrinkle generation 

The stripes from above described preparation were attached to a custom-made stretching 

device, strained by 50% and placed in a UV/Ozone (UVO)-cleaner (Novascan PSD-UV 8, 

Novascan Technologies, Ames, USA) for 90 min. All samples were oxidized at their contact face 

with the glass petri dish. This was to ensure a levelled interface of inclusion and matrix and for 

reproducibility. The stress then was released instantaneously, and wrinkles did form 

immediately. For the wrinkling process all samples were oxidized at their bottom sides. 

 

Figure 4.2.7: Heterogeneous sample preparation for a soft inclusion into a hard matrix. (a) RT-

set, hard PDMS becomes punched out and filled with soft PDMS (b), followed by a cover layer 

over hard and soft (b  c). The sample then is strained (c), UVO-oxidized (d) and strain-

released (e) to form wrinkles. 
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Characterization 

Three different qualitative and quantitative methods were used for characterizing the formed 

morphologies as well as mechanical properties, namely reflected light microscopy, 

profilometry and Peak Force QNM. 

Optical Microscopy  

Optical Microscopy was performed with Axiovert 200, Carl Zeiss GmbH (Jena, Germany), 

equipped with a Plan-Apochromat 10x / 0.25 lens, an Axiocam ERc 5s computer-controlled 

camera and AxioVision V. 4.8.2.0 (2010, Carl Zeiss MicroImaging GmbH, Jena, Germany) 

analysis software.  

Profilometry 

Measurements were done with a Dektak 150 Profilometer from Veeco (Plainview, USA) with 

following boundary conditions: stylus force = 1 mg for 1:10 and 0.05 mg for 1:25, a stylus 

radius of 2.5 μm (N-Lite sensor) and a scan length of 500 μm for each measurement. 

Peak-Force QNM 

Layer thickness and nanomechanical measurements were performed with a Dimension V Icon 

AFM (Bruker, Karlsruhe, Germany) with Peak-Force QNM Software on a 20 µm x 20 µm area 

with 512 samples / line, Peak-Force set point = 0.15 V, driving amplitude = 150 V and tip 

radius = 5 nm. 

Simulations 

Wrinkling and branching property simulations were performed by solving a modified Swift-

Hohenberg-Equation with initial surface noise. 
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4.2.7.2. Microscopy setup for in-situ analysis 

 

In-situ measurements were accomplished with a custom-made stretching setup that allows 

control over strain and relaxation speed of the sample, respectively. It is schematically 

depicted in Figure 4.2.8. In order to ensure that a fixed section of the sample’s surface may be 

observable throughout all the relaxation process, both ends of the clamping device were 

designed to move uniformly. This requires thoroughly focusing on the sample middle. An 

exemplary recorded video is also available within the ESI.  

During the relaxation process the speed is set to 6.1 mm/min at an initial clamping length of 

15 mm respectively 22.5 mm for the stretched state (
 = 50%). The samples were not strain 

released back to the initial length to avoid cracking of the film or bulging of the sample. For 

the latter also the focus would have been lost. 

a b 

 
 

Figure 4.2.8: Reflected Light Microscopy setup for in-situ observations of the wrinkle 

formation schematically (a) and real (b). (1) custom-made stretching device with UVO-oxidized 

sample, (2) step-motor to adjust the relaxation speed, (3) computer control for step-motor, 

(4) reflected light microscope with attached video camera, (5) computer control for 

microscope and camera. 

In most cases impurities on the PDMS surface were used to focus. Only in few cases it was 

possible without. 
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4.2.7.3. Peak-Force QNM 

 

For Peak-Force the UVO-oxidized and wrinkled samples were prepared in the following way: 

In step 1 a cross profile at the layer edge was cut from the sample middle with a scalpel. For 

step 2 a cryo-mikrotome was used to smoothen surface (subsequent roughness: ∼ 5 nm). In 

the final step 3 the surface was analyzed with Peak-Force QNM and optical microscopy. 

 

b c 

  

Figure 4.2.9: (a) Preparation of a UVO-oxidized and wrinkled sample for Peak-Force QNM 

analysis. (b) and (c): Optical microscopy images of the cross profiles from hard (b) and soft 

PDMS (c); scale bar length is 100 µm. 
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4.2.7.4. Wrinkling with a lateral gradient 

 

As for pure PDMS and the composite sample we also performed profilometry measurements 

to compare given Equations 4.2.1 – 4.2.4 with experimental data. The wrinkles show an 

exponential increase that can be explained by the process of gradient preparation where hard 

and soft PDMS tend to diffuse into each other.1 The results fit well to theoretical predictions, 

especially when compared to the samples with a neat soft inclusion. Figure 4.2.10 shows the 

results of wavelength and amplitude variation from the gradient’s hard end (left, 1 cm) to its 

soft end (right, 6 cm). A slight increase of � and � is recognizable that were fitted with 

exponential growth functions.  

 

Figure 4.2.10: Modification of � (a) and � (b) along the gradient. 

Table 4.2.3: Comparison of theoretical values for λ with the gradient’s hard left and soft end 

right, respectively; the applied strain is ε = 20 %. 

Gradient Position 

Theoretical q q on Gradient Deviation 

/µm /µm /% 

1 cm 54.73 51.07 ± 2.40 - 6.69 

6 cm 103.40 63.34 ± 1.07 - 38.74 

 

Those slighter deviations can be explained with the different sizes of the samples, as the 

gradient has distinctly larger dimensions of 90 mm x 40 mm x 3 mm compared to 

30 mm x 10 mm x 3 mm for the two-phase-system. It is also the reason, why only 20% strain 

were applied: Strain and stress within the sample are connected over = rs , where � is larger 

in the gradient than in the composite (12 mm2 respectively 2.7 mm2). A strain of 50% would 

therefore have led to a rupture of the sample. 
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4.2.7.5. Double gradient along the soft-to-hard-crossover 

 

In contrast to distinct interfaces as shown in the paper itself a few number of sample areas 

showed diffuse transition between both composite materials, where the transition spreads 

over several 100 µm. This is due to a partially tilted cut during the sample preparation. Soft 

and hard PDMS may flow underneath each other and create a blurred stiffness interface. It 

generates a second gradient, however rectangular to the first and in a much shorter length 

scale. It features interesting effects, as within these regions the line-defect formation between 

hard and soft phase took place in a quantized manner, meaning defects did not occur 

randomly along the short gradient but in bands lateral to the wrinkling direction 

(Figure 4.2.11a).  We also employed numerical simulations on this behavior, where $5m9 was 

used to generate an imposed wavenumber (Figure 4.2.11c) that increases linearly along the 

short gradient. Simulations revealed a similar behavior in branching (Figure 4.2.11b), which 

allowed only few, quantized wavelengths for different gradient slopes and heights. Thus, 

simulations performed for distinct jumps in the wavelength are in good agreement with the 

experimentally determined values with slight deviations in the branch positions and step 

widths. 
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Figure 4.2.11: (a) Photo of the gradient sample; (1) shows the unwrinkled matrix, where the 

sample was clamped for stretching, (2) the wrinkled matrix and (3) the gradient with a stiffness 

decrease from left (translucent) to right (red dyed). (b) Microscopy image of disordered 

branching over two steps, (c) numerical simulation (d) with a predetermined linear increase 

of q(y) over a given gradient length ��. 

 

4.2.7.6. Specific Wrinkling 

 

A side aspect of heterogeneous substrates is the ability of specifically wrinkling just one of the 

participating PDMS phases. According to 
= = itj�u = EC vDj�wju��� x8 D⁄
 the Young’s Moduli of layer and 

substrate influence the critical strain required for wrinkling. Providing that both hard and soft 

PDMS get oxidized equally and so ��� is constant, their difference in ��� can be measured 

directly. In this experiment the strain was set to 
 = 10%, with plain strain moduli of the soft 

substrate being ��yz: 0.3 MPa and for the hard substrate ��yz: 2.5 MPa. The film’s modulus ��� 
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had to be determined in a subsequent measurement and was roughly estimated to 25 MPa. 

According to this a hard substrate starts to wrinkle not before 
= = 10.9%, while the soft one 

buckles already at a critical strain 
= of 2.5%. We found the expected wrinkling behavior 

(Figure 4.2.12), with a well-defined crossover from the hard, unwrinkled to the soft and 

wrinkled PDMS. The surface corrugations at the boundary of soft and hard substrates induce 

a stress-field in the hard elastomer. Initial waves form close to the crossover, though they 

completely flatten out in a range of ∼ 50 µm. The result is a chemically homogeneous surface, 

which is in parts mechanically modified.  

a b 

  

c d 

  

Figure 4.2.12: Wrinkled soft inclusion surrounded by an unwrinkled hard matrix; at the 

inclusion edge (a), the vertical and horizontal boundary lines (b and c) and inside the inclusion 

(d) with an average wavelength of 65 µm and an amplitude of 3 µm; scale bar length is 

100 µm. 
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Scheme of a wrinkled gradient indium film on top of PDMS substrate. The linear gradient in 

wavelength and amplitude results from controlled wrinkling of an indium film with a linear 

gradient in film thickness.  
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4.3.1. Abstract 

 

Controlled wrinkling is a rather simple method of fabricating surface topographies. The 

production process is based on the spontaneous formation of wrinkles upon compression of 

a hard film attached to a soft elastic substrate. Controlled wrinkling typically features large-

scale wrinkled samples with a discrete wavelength and amplitude. In this report, we employ 

an approach utilizing linear metal layer thickness gradients for the controlled formation of 

gradient wrinkle patterns. The observed wavelength modulation was experimentally achieved 

by preparing layer thickness gradients of gold, chromium, and indium by physical vapor 

deposition in combination with a poly(dimethyl siloxane) elastomer substrate. In case of 

chromium and indium, a thin SiOx surface layer was sufficient to ensure adhesion. However, 

in case of gold, an additional thin chromium adhesion layer was required. For the wrinkled 

gradient gold film, it was possible to tune the wavelength from 3.4 to 12.2 μm on a single 

substrate. The experimental data correspond well to the theoretical bilayer model from 

Stafford et al. Chromium has a significant higher Young’s modulus and melting temperature 

than gold. However, chromium was successfully evaporated and gradient wrinkle patterns 

with wavelengths from 1.0 to 3.5 μm were realized. In contrast, indium has a considerably 

lower Young’s modulus than gold and chromium, respectively. Consequently, lower 

wavelengths (0.6 − 1.0 μm) of the wrinkled gradient indium film were observed. These tunable 

wrinkled gradient metal films can be envisioned as components in sensors and optical and 

electro-optical devices. 

 

4.3.2. Introduction 

 

Controlled wrinkling is a rather simple method for the formation of periodically patterned 

surfaces.1,2 The formation process requires a thin hard film connected to an elastic substrate. 

Such hard films can be applied via oxidation of the surface3 or deposition of a harder material, 

such as a polymer thin film with a high glass transition temperature4 or a metal film.5 Upon 

application of a critical compression force, sinusoidal wrinkling of the hard film occurs because 

of a buckling instability of the hard film.6 The wavelength of the formed wrinkles is a function 

of the film thickness and corresponding Young’s moduli of the film and substrate.7 
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A gradient in surface topography is expected if the Young’s modulus of the substrate, the 

Young’s modulus of the film, or the film thickness is varied continuously. The formation of 

surface-wrinkled gradient materials by varying the substrate’s modulus was experimentally 

shown by Claussen et al.8 and Glatz et al.9. In these approaches, a poly(dimethyl siloxane) 

(PDMS) strip with a stiffness gradient was strained and homogeneously oxidized via O2 

plasma. After relaxation, a gradient wrinkle pattern was obtained. A variation in the Young’s 

modulus of the hard film is typically difficult to realize. An alternative simpler approach to 

obtaining a controlled gradient wrinkle pattern is the variation of the film thickness. The 

theoretical buckling behavior of this approach was studied by Yin et al.10 If the compression 

force is applied along the gradient, the resulting wavelength and amplitude are nonuniform 

in the loading direction. Hiltl et al.11 and Lee et al.12 varied the SiOx layer thickness because of 

a shielding technique during oxygen plasma treatment of PDMS elastomers to obtain surface-

wrinkled gradient SiOx films. Yu et al. studied the wrinkle formation close to the edge of thin 

magnetronsputtered nickel films on non-prestrained PDMS substrates.13 A hierarchically 

ordered wrinkle pattern because of a thermal contraction of the PDMS substrate was obtained 

within small areas after film deposition. 

Such layer thickness gradient films can also be prepared via a combinatorial vapor deposition 

approach utilizing movable shadow masks.14,15 This allows the controlled deposition of 

vaporizable materials on substrates in a film thickness gradient. Quartz crystal microbalances 

monitor the evaporation rate and by controlling the movement of the mask, the layer 

thickness of the metal film can be adjusted in a precise manner. We used this technique in our 

studies to prepare thin metal films with a controlled gradient in layer thickness on prestrained 

PDMS elastomers. This prestrain causes a uniform restoring force over the entire centimeter-

sized sample, which induces the formation of a regular parallel wrinkled pattern of the thin 

metal film upon relaxation of the sample. In this manner, we prepared different wrinkled 

gradient metal films of gold, chromium, and indium with a local variation of the formed 

wavelength. 
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4.3.3. Experimental Section 

 

Materials. PDMS elastomer resin Sylgard 184 was purchased from Dow Corning. All metals 

were purchased from Balzers with purities of 99.99% (gold), 99.999% (indium), and 99.5% 

(chromium). All metals were used without further purification. 

Elastomer Synthesis. The elastomer substrate was prepared from PDMS elastomer resin 

Sylgard 184. The siloxane and the curing agent were premixed in a ratio of 10:1 using 

SpeedMixer DAC 150 SP (Hauschild, Germany) at a rotation speed of 2000 rpm for 2 min. Using 

a high-precision syringe pump system (Cetoni neMESYS, Germany), the mixed resin was cast 

into Teflon molds (140 × 10 × 1 mm3), which were attached to a linear motion slide. The 

samples were cured at room temperature overnight on a leveled glass plate, followed by a 

thermal curing step at 150 °C for 2 h. 

Plasma Oxidation. PDMS elastomer strips were stretched by 25% in length with a custom-

made stretching device and fixed in a custommade specimen mount. To improve the adhesion 

of the metal film, the strained substrates were oxidized with oxygen plasma to create a more 

polar surface layer. Oxidation of the surface was carried out using a plasma activate Flecto 10 

USB plasma cleaner (Plasma Technology, Germany) at an oxygen pressure of 0.1 mbar and 

100% power. Before treatment, the chamber was flushed with oxygen for 60 s. Typical plasma 

treatment time periods were 30 s for indium films and 60 s for chromium and gold films. 

Metal Film Deposition. Metal films were deposited using a vapor deposition chamber 

PLS 500 E (Balzers, Germany). Resistance heating filaments, which possess a boat or a coil 

containing the metal source, were installed at the bottom of the chamber. A wolfram coil was 

used as the target material for chromium. For gold and indium, molybdenum and tantalum 

boats were used, respectively. The deposition process was done under vacuum 

(# = 10−6 mbar) to suppress oxidation and to reduce the required sublimation temperature. 

Homogeneous deposition was achieved by means of a rotatable combinatorial setup on top 

of the chamber, which carried the substrates facing down. The relative film thickness was 

monitored by quartz microbalances which change their frequency depending on the thickness 

of the deposited metal film. The thickness gradient was achieved with a computer-controlled 

shutter mask. The closing speed was controlled by the determined thickness value of the 

quartz crystal microbalances. 
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The absolute thickness of the metal film was measured via mechanical profilometry (Dektak 

150 Surface Profiler, Veeco, USA). For this measurement, a piece of a native silicon wafer was 

attached next to the PDMS elastomer during vapor deposition. By doing so, the deposited 

thickness of the metal film on the silicon wafer corresponds to the thickness of the thin metal 

gradient film on the PDMS elastomer. At least three measurements were taken per sample on 

the silicon wafer and averaged. 

Scanning Electron Microscopy. The samples were prepared on conductive tabs which were 

attached on top of aluminum sample holders. To provide efficient conductivity between the 

metal film and sample holder, the nonconducting sides of the PDMS substrate were sputtered 

with a thin platinum layer (1.3 nm) in a tilted geometry (tilt angle about 45°) on 208HR 

(Cressington Scientific Instruments, UK). Scanning electron microscopy (SEM) images were 

recorded on LEO 1530 FE-SEM (Zeiss, Germany) at a cathode voltage of 2−3 kV. For 

wavelength determinations, at least 10 waves were measured per position and averaged. 

Optical Microscopy. Optical micrographs were acquired with a Axiotech KS 100 reflected-light 

microscope (Zeiss, Germany) with an attached AxioCam ERc 5s camera. Overview pictures 

were taken at 10-fold magnification. Detailed view of the micrographs of the sample were 

acquired at 50-fold magnification. To determine wavelengths, at least 10 waves were 

measured per position and averaged. 

 

4.3.4. Results and Discussion 

 

Figure 4.3.1 illustrates the preparation steps of wrinkled gradient metal films. First, the PDMS 

elastomer substrate with the dimensions of 14 cm × 1 cm × 0.1 cm was prepared from an 

elastomer resin kit and cured. The Young’s modulus of the resulting PDMS elastomer was 

determined with a value of 1.8 MPa. The elastomer was stretched by 25% in comparison with 

its initial length and fixed in a frame. In the next step, the surface was treated with oxygen 

plasma to create a very thin SiOx layer, which promotes adhesion to the evaporated thin metal 

film. Subsequently, a linear thickness gradient metal film was evaporated by physical vapor 

deposition. Finally, the gradient wrinkle pattern based on a wrinkled gradient metal film is 

formed by relaxing the sample to its original length. Using this process, we prepared wrinkled 

gradient metal films of gold, chromium, and indium. Physical properties of these metals are 
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listed in Table 4.3.1. Gold and indium can be deposited under vacuum at moderate 

temperatures. Chromium has a comparatively high melting point and requires significantly 

more thermal energy for physical vapor deposition. In case of gold, the direct deposition of 

the thickness gradient metal film on top of the SiOx layer did not result in sufficient adhesion 

over the entire sample in the applied wrinkling process. To overcome this, an additional 

evaporated thin uniform chromium layer of about 2 nm layer thickness improved the adhesion 

between SiOx and gold.16 All prepared gradient wrinkle patterns based on wrinkled gradient 

metal films show a linear increase in wavelength with increasing layer thickness of the metal 

film. 

 

Figure 4.3.1: Preparation scheme for gradient wrinkle patterns based on wrinkled gradient 

metal films. A PDMS elastomer strip was strained by 25% (a) and treated with oxygen plasma 

to produce a thin SiOx layer on the surface (b). A linear thickness gradient metal film was 

evaporated by physical vapor deposition (c). Relaxation of the sample resulted in the wrinkled 

gradient metal film (d). 
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Table 4.3.1: Physical properties of the metals used in the study. 

 Young’s modulus �� (GPa) Poisson ratio "� melting temperature )  (°C) 

chromium 27917 0.2118 1907 °C19 

gold 78.517 0.4220 1064.18 °C19 

indium 10.617 0.4521 156.60 °C19 

 

In theory, the obtained wavelength of formed wrinkles is a function of the thickness of the 

thin hard film and the Young’s moduli of the hard film and substrate as given in Equation 4.3.16 

� = 2πℎ 4 ��51 − "�893��51 − "�89;
 (4.3.1) 

where � is the wavelength of formed wrinkles, ℎ is the thickness of the hard film, �� is the 

Young’s modulus, and "� is the Poisson’s ratio of the hard film and �� and "� for the substrate, 

respectively. In conclusion, the obtained wavelength is proportional to the film thickness. 

Wrinkled Gradient Gold Film 

As shown in the SEM images of Figure 4.3.2, the gradient wrinkle patterns based on the 

wrinkled gradient gold film show a linear increase in wavelength with increasing gold 

thickness. The gold films are very homogeneous independent of the film thickness of up to 

85 nm (Figure 4.3.2a−f). At a film thickness of 98 and 110 nm (Figure 4.3.2g and Figure 4.3.2h), 

cracks are clearly visible at the ridges of the wrinkles. The formation of these cracks can be 

attributed to the bending stiffness of the gold film, which leads to a break at higher film 

thicknesses. 
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Figure 4.3.2: SEM images of a wrinkled gradient gold film on a PDMS substrate. The noted 

thickness values correspond to the gold film. With increasing thickness of the gold film from 

24 to 110 nm (a − h), the wavelength increases continuously. At a thickness of 98 and 110 nm, 

cracks occur at the ridges of the wrinkles (g and h). 

In order to predict the wavelengths according to Equation 4.3.1, we have to consider that we 

used an additional chromium adhesion layer. In this case, the theoretical model from Stafford 

et al.22 has to be applied. This model is derived from the composite beam theory and is 

applicable for systems with two different hard layers on top of an elastomeric substrate. It 

calculates an effective Young’s modulus of the hard bilayer film as given in Equation 4.3.2 

���� = 1 + �8�C + 2��52�8 + 3� + 2951 + �9D51 + ��9 �E (4.3.2) 

where � is the modulus ratio �8 �E⁄  and � is the layer thickness ratio ℎ8 ℎE⁄  of the two layers. 

Index 1 corresponds to the layer which is attached to the substrate, here the chromium 

adhesion layer and index 2 to the top layer, here the gold layer. 



4. Publications | 109 

 
 

Because of the high prestrain 
{'� of 25%, a correction factor for the theoretical prediction is 

needed in Equation 4.3.1 as reported by Jiang et al.23 and applied in Equation 4.3.3 

� = 2πℎO1 + 
{'�PA1 + -; 4 ��51 − "�893��51 − "�89;
 (4.3.3) 

with 

- = 532 
{'�O1 + 
{'�P (4.3.4) 

The comparison of the experimental and theoretical wavelengths as function of the gold film 

thickness including the chromium adhesion layer but neglecting the very thin SiOx layer is 

shown in Figure 4.3.3. The values for the theoretical wavelengths increase linearly from about 

3 to 13 μm and are in general agreement with the measured wavelength values from the SEM 

images of Figure 4.3.2. 

 

Figure 4.3.3: Comparison of the experimental and theoretical wavelengths as function of the 

gold film thickness of the wrinkled gradient gold film. Theoretical values were calculated 

according to the bilayer model taking the chromium adhesion layer into account. The 

characters (a − h) correspond to the SEM images of Figure 4.3.2. 
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Wrinkled Gradient Chromium Film 

Besides the gold/chromium bilayer, we also investigated a pure wrinkled gradient chromium 

film. Here, the wavelength of the formed gradient wrinkle pattern also increases linearly with 

film thickness from 1.0 to 3.5 μm (cf. Figure 4.3.4). However, the theoretical wavelengths were 

about 4 times higher than experimentally determined ones. We believe that this effect could 

be attributed to the high deposition temperature of chromium ()  = 1907 °C19). The PDMS 

elastomer absorbs a high amount of thermal energy during the evaporation process. This 

probably leads to a post curing of the elastomer particularly at the substrate−metal interface. 

It is well-known that curing conditions affect the properties of the PDMS substrate.24 The 

modulus of the postcured substrate can be calculated from transformed Equation 4.3.3 using 

the measured wavelengths. The chromium film thickness correlates to the time of thermal 

exposure during evaporation. This results in a substrate modulus increase from 6 to 94 MPa 

over the entire sample and in turn smaller wrinkles are formed. 

 

Figure 4.3.4: Plot of wavelength vs film thickness of a wrinkled gradient chromium film on the 

plasma-treated PDMS substrate. The wavelength increases linearly with increasing chromium 

film thickness. Wavelengths were determined from optical micrographs. 

Wrinkled Gradient Indium Film 

As a third metal, we selected indium. Indium has a very low deposition temperature and does 

not affect the PDMS substrate in a distinct manner during physical vapor deposition. In 

addition, the Young’s modulus is very low (� = 10.6 GPa17), which allows the formation of 

wrinkles with smaller amplitudes and shorter wavelengths. In contrast to the wrinkled 

gradient gold and the wrinkled gradient chromium films, the wavelength of the formed 
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gradient wrinkle patterns based on indium increases up to a film thickness of about 50 nm and 

remains constant at about 1 μm for higher film thicknesses (cf. Figure 4.3.5 and Figure 4.3.6). 

This behavior may be explained by the obtained fine-grained indium film surface, with grain 

size and film thickness increasing proportionately up to a layer thickness of about 50 nm. The 

size distribution of obtained indium surface nanoparticles does not significantly vary above 

this layer thickness,25 and thus the corresponding wavelength of wrinkle levels out at about 

1 μm. 

 

Figure 4.3.5: Photograph of the wrinkled gradient indium film on a PDMS substrate showing a 

gradient in reflection colors (top). SEM images of a wrinkled gradient indium film at different 

positions (bottom). The noted thickness values correspond to the indium film. With increasing 

the thickness of the indium film from 15 to 51 nm (a − h), the wavelength increases 

continuously and remains constant up to a thickness of 66 nm. Indium films show a distinct 

fine-grained structure. 
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Figure 4.3.6: Plot of wavelength vs film thickness of indium on top of the plasma-treated PDMS 

substrate. The wavelength increases with increasing film thickness of the deposited indium 

film up to a film thickness of about 50 nm and stays at about 1 μm for higher film thicknesses. 

Wavelengths were determined from SEM images (cf. Figure 4.3.5). The characters above 

indicate the corresponding measurement positions. 

In many electronic devices, indium tin oxide (ITO) is used as a transparent electrode material.26 

The fine-grained surface structure of ITO could form wrinkling, too, if prepared in a similar 

manner, for example by sputtering or e-beam evaporating a thin film. This would allow 

applications in the field of flexible electronics. 

 

4.3.5. Conclusions 

 

We have demonstrated a versatile and reliable process to prepare gradient wrinkled metal 

films on elastic substrates. Thickness gradient thin metal films were successfully vapor 

deposited on prestrained substrates and wrinkled upon relaxation. Gradient metal films of 

gold, chromium, and indium demonstrate the applicability of this approach for both smooth 

and grainy metal films. The principle can also be transferred to other metals, if the adhesion 

between the film and elastic substrate is sufficient. Our experimental wavelength values are 

in good agreement with theoretical considerations from the wrinkling theory. Envisioned 

application areas of such centimeter-sized metal wrinkle patterns are flexible electronics, 

tunable optical gratings, and mechanochromic sensors. 
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4.4.2. Abstract 

 

Alignment of nanoparticles to hierarchical periodic structures is an emerging field in the 

development of patterned surfaces. Common alignment methods are based on templates that 

guide particle self-assembly. These can be formed using lithographic methods offering an 

almost free choice of the motif, while being expensive and time-consuming for large-scale 

production. Alternatively, template formation by controlled wrinkling offers a low-cost 

formation, but often suffers from the formation of defect structures like line-defects and 

cracks. Here, we show a preparation technique for nanoparticle alignment substrates that is 

based on the inscription of holographic surface relief gratings with a periodic sinusoidal wave 

pattern on the surface of azobenzene films. As interference patterns are employed for 

structure formation, very uniform and defect-free gratings with tunable grating height and 

grating period can be prepared. These substrates were successfully replicated to 

poly(dimethyl siloxane) and the replicas used for the alignment of polystyrene latex particles. 

Accordingly produced substrates exhibiting gratings with a variation in grating height allow for 

efficient screening of nanoparticle alignment in a geometrical confinement in one single 

experiment. We anticipate our studies as a promising tool for the development of sensors, 

tunable gratings and metamaterials. 

 

4.4.3. Introduction 

 

Surface relief gratings (SRGs) are sinusoidal wave patterns that can be inscribed on the surface 

of azobenzene-containing films with a holographic setup.1 The formation of these structures 

was discovered by Natansohn et al.2 and Kumar et al.3 Since then, surface relief gratings have 

been extensively studied, and the technique has been developed and established.4–12 

Employing the photo-active cis–trans isomerization of the azo unit and the resulting mass 

transport, SRGs can be written on the surface of azobenzene chromophore films.13 Besides 

azobenzene-containing polymers,14,15 small molecules with azo-functionalities can be used.16 

By irradiation with linearly polarized light at an appropriate wavelength, the conjugation of 

the azo group can be switched from trans to cis and vice versa.17 In a holographic setup, a laser 

beam is split into two beams that are weakly focused onto the surface of the film.18 

Interference phenomena lead to bright and dark areas on the azobenzene film surface. 
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Continued irradiation leads to a macroscopic mass transport, which results in a highly uniform 

sinusoidal grating.19 Recently, azo-containing polymers have also been utilized to construct 

well-ordered surface patterns via photo-responsive wrinkling.20–22 

These periodic patterns are promising templates for the formation of hierarchically ordered 

nanoparticle structures23 with potential applications in sensing,24–26 light-harvesting,27 

plasmonic metasurfaces28 and optical metamaterials.29,30 Conventional methods for creating 

well-defined particle arrays are based on soft templates using lithographic master structures31 

or prepared via controlled wrinkling.32–36 Lithographic methods offer high structural versatility 

enabling sophisticated geometries, but they are comparatively complex and costly in terms of 

fabrication.37 Templates prepared via controlled wrinkling are low-cost and easy to fabricate 

over large areas.38 Utilizing substrates with a gradient in SiOx film thickness and hence in 

wrinkle wavelength, particle alignment can be screened in one step.39 Drawbacks of the 

wrinkling approach are the formation of defect structures like line-defects or cracks as a result 

of the relaxation process.40 These defects disturb the alignment due to meniscus jumps of the 

particle solution and hence lead to an inhomogeneous particle distribution. Moreover, the 

wrinkling process does not provide the opportunity to control the wrinkle wavelength and the 

wrinkle depth independently from each other. 

The use of replicated SRGs can overcome those limitations. It was already shown that a 

periodic pattern of SRGs can be transferred to other polymers like poly(dimethyl siloxane) 

(PDMS),41 photo polymers,42 and poly(3-hexylthiophene).43 In addition, using a calcination 

process, SRGs can be used to build up a periodic array of metal oxide nanowires.44,45 Loebner 

et al. demonstrated that the depth of the sinusoidal wave pattern of SRGs has a guiding effect 

on the alignment of nanoparticles. This was shown for silica particles adsorbed at a low 

concentration on an azo polymer film. Exposure led to an increasing grating height that 

resulted in a guided particle motion.46 

Here, we present a procedure to first prepare defect-free confinement templates based on 

SRGs. In a second step, the SRGs are utilized for the alignment of close-packed nanoparticles 

prepared by spin-coating. By employing a graded approach with different sectors of increasing 

grating heights on one substrate, 1D, 2D, and 3D assemblies of polystyrene latex nanoparticles 

are prepared and compared under identical processing and aging conditions. This allows the 

investigation of different geometrical confinements in a single experiment. 
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The gratings are inscribed in an azobenzene-containing film of a molecular glass using a 

holographic setup. The formed SRGs can be easily replicated to PDMS, which can be again 

transferred to thermoplastic polymers like polycarbonate (PC) and polypropylene (PP). In 

particular, PP is more robust against polar organic solvents like acetone or ethanol and, hence, 

could extend the range of usable solvents for particle alignment. 

 

4.4.4. Experimental 

 

Materials 

The spirobischroman-based 6,6’,7,7’-tetraester with four azobenzene moieties per molecule 

was synthesized in our labs. The synthesis is described in the literature.47 Poly(dimethyl 

siloxane) cast resin Sylgard 184® was purchased from Dow Corning. Raco-polypropylene 

RD208CF was used. Polycarbonate was extracted from a commercial DVD + R (Verbatim). 

Particle synthesis 

The synthesis of PS latex particles with grafted polyelectrolyte brushes is described in ref. 48. 

Briefly, PS core particles with a diameter of 198 nm (according to dynamic light scattering, 

dispersity: 1.00 according to analytical disk centrifugation) were prepared by emulsion 

polymerization. The monomer styrene (2.3 mol, corresponding to 20 wt% of the aqueous 

reaction mixture) was emulsified by sodium dodecyl sulfate (SDS, 8.3mmol) and polymerized 

at 80 °C for 2 h using potassium persulfate (1.8 mmol) as initiator. By addition under starved 

conditions at 70 °C, the copolymerizable photoinitiator 2-[p-(2-hydroxy-2-

methylpropiophenone)]-ethylene glycol-methacrylate (HMEM, 44.5 mmol) was anchored to 

the surface of the growing PS spheres (3 h). After purification of the cores by ultrafiltration, 

the water-soluble monomer sodium styrene sulfonate (265 mmol) was grafted from the 

surface of the particle (4.8 g PS in 2.4 l) by photopolymerization, carried out in a high-

performance UV reactor (Laboclean LC Forschungsreaktor, a.c.k. aqua concept, Germany). The 

resulting core–shell particles have a hydrodynamic diameter of 213 nm. 
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Preparation of azobenzene films 

Azobenzene films were prepared via spin-coating. A THF solution of spirobischroman-based 

6,6’,7,7’-tetraester with four azobenzene moieties per molecule (7 wt%) was filtrated with a 

PTFE syringe filter (0.2 mm) and spin-coated (CONVAC 1001, Germany) at 700 rpm for 60 s 

with a ramp of 10 s on cleaned glass slides (76 mm x 26 mm x 1 mm)/glass discs (diameter: 

5 cm), which yields a film thickness of about 1 µm. Films were annealed at 80 °C under a 

nitrogen atmosphere for 1 h to remove residual solvent. 

Holographic preparation of surface relief gratings 

Films were exposed to holographic illumination with two coherent p-polarized laser beams 

(λ = 489 nm) of equal intensity (1 W per cm2 per beam). The angle between the beams was 

adjusted to 28.3°, which results in a periodicity of the surface relief grating of 1.0 µm.18 

Replication of surface relief gratings to PDMS strips and discs 

For substrates with strip geometry, a glass frame is built on top of the azobenzene films with 

inscribed surface relief gratings to obtain a mold (inlet dimension: 70 mm x 10 mm x 2 mm). 

1.4 ml of Sylgard® 184 cast resin (siloxane/curing agent = 10:1 (w/w), mixed in a SpeedMixer™ 

DAC 150 SP (Hauschild, Germany) at 2000 rpm for 2min), was filled into the mold with a low-

pressure syringe pump (cetoni neMESYS, Germany). The sample was cured at room 

temperature overnight, followed by a thermal curing step at 80 °C for 2 h. 

For disc-like substrates, an azobenzene coated glass disc with a diameter of 5 cm (with 

8 equidistantly inscribed SRGs on a concentric circle around the center of the sample) was 

placed in a circular mold and ca. 15 g of Sylgard 184 cast resin (siloxane/curing 

agent = 10:1 (w/w), mixed in a SpeedMixerTM DAC 150 SP (Hauschild, Germany) at 2000 rpm 

for 2 min) was added to obtain a thickness of about 3 mm. Analogous to the strip preparation, 

the sample was cured at room temperature overnight, followed by a thermal curing step at 

80 °C for 2 h. After demolding and removal of the azo master, a circular PDMS template with 

a diameter of 3 cm was punched out. 
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Replication of surface relief gratings to other thermoplastic polymers 

PDMS replicas were covered with polymer platelets (polycarbonate or polypropylene) and 

heated for 5 min at the embossing temperature (PC: 190 °C, PP: 210 °C). The gratings were 

then hot embossed at a load of 5 kN for 2 min. During embossing, the SRG was imprinted on 

the thermoplastic material and preserved after removal of the PDMS template. 

Particle assembly 

Immediately prior to spin coating, the PDMS replica comprising eight SRG spots of varying 

profile height was hydrophilized in a Flecto 10 plasma cleaner (Plasma Technology, Germany). 

The treatment in O2 plasma (30 s, 0.2 mbar, 80 W) ensured good wettability of the particle 

solution on the surface. On the freshly plasma-treated sample, all spots were wetted with a 

continuous liquid film of 4 wt% aqueous particle solution located at the center of the 

substrate. Spin coating (SCE-150, KLM, Germany) was carried out at a spinning velocity of 

33 rps for 120 s with an acceleration of 3.3 rps s-1. 

Atomic force microscopy 

AFM height images (Figure 4.4.2, Figure 4.4.3 and Figure 4.4.9A) were recorded on a 

NanoScope Dimension IIIm NanoScope V (Veeco Metrology group, USA) in tapping mode 

(OTESPAW probe from Bruker, 300 kHz, 42 Nm-1). AFM height images in Figure 4.4.4, 

Figure 4.4.9B and Figure 4.4.11 were measured with a Dimension FastScan (Bruker, USA) 

operated in PeakForce Tapping mode (FASTSCAN-C probe from Bruker, 300 kHz, 0.8 N m-1). 

Scanning electron microscopy 

Samples were sputtered with a thin platinum layer with a thickness of 1.3 nm on a 208HR 

(Cressington Scientific Instruments, UK) before measurement. SEM images (Figure 4.4.5) were 

recorded on a FEI Quanta FEG 250 (Thermo Fisher Scientific, USA) in high vacuum using an 

Everhart-Thornley detector and a centric backscattering detector. 
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4.4.5. Results and discussion 

 

Replication of surface relief gratings  

In the first step (Figure 4.4.1A), the azo master is prepared. A homogeneous film with a 

thickness of about 1 µm of a glass-forming azobenzene-containing small molecule was 

prepared by spin-coating and annealing. On this film, surface relief gratings with an exposure 

area of about 1 - 2 mm2 were inscribed using a holographic technique.1,18 For comparability, 

all the gratings discussed in this paper were studied in the central region of the exposed area, 

where the grating height is maximum (cf. SI 4.4.10.1). In this area, the optical inscription 

process yielded gratings with a uniform grating period of about 1.0 µm (cf. SI 4.4.10.2). The 

grating height can be tuned by the exposure time; it refers to the maximum peak-to-valley 

distance. Gratings with heights up to 0.73 µm were inscribed (cf. SI 4.4.10.3). 

 

Figure 4.4.1: Scheme for the preparation of the azo master and replicas. An azobenzene film 

was spin coated on a glass substrate and annealed (A). After inscription of SRGs on this film, 

the azo master is obtained. The azo master is cast with PDMS resin (B). After curing and 

demolding, a PDMS replica is obtained. The gratings can be transferred to other polymers by 

hot embossing with the PDMS replica (C). After demolding, polymer replicas of the gratings 

are obtained. 

It is possible to replicate the inscribed gratings with a poly(dimethyl siloxane) resin by casting 

the liquid reaction mixture on top of the azo master and subsequent curing (Figure 4.4.1B). 

The replicated PDMS gratings were precisely transferred from the azobenzene gratings 

without a significant loss in grating height and overall quality. Figure 4.4.2A depicts the AFM 
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height images of the azo master (exposure time: 400 s) and the corresponding PDMS replica. 

The loss in grating height during the transfer is negligible – the grating height on the replica is 

only about 1% smaller than on the azo master. This decrease is due to the slight shrinkage 

during curing. An exemplary large-area AFM height image of 90 µm x 90 µm of a PDMS replica 

is depicted in SI 4.4.10.4. No defects over the entire measurement range are visible. In 

comparison, templates prepared by controlled wrinkling with similar dimensions reveal severe 

defects like irregular cracks parallel to the stretching direction. 

 

Figure 4.4.2: Comparison of AFM height images of the transfer of surface relief azo gratings 

to poly(dimethyl siloxane) (A) and to polycarbonate (B) and polypropylene (C). The 

comparisons reveal a well-defined and defect-free transfer with only marginal variations in 

grating period � and grating height ℎ. 
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To show the flexibility of grating pattern transfer in terms of processible material, the relief 

structure was additionally replicated into thermoplastic polymers by hot embossing 

(Figure 4.4.1C). We selected polycarbonate (PC) as an amorphous and polypropylene (PP) as 

a semi-crystalline polymer. The gratings were successfully transferred to both polymers, as 

shown in Figure 4.4.2B and Figure 4.4.2C. The PC and PP replicas exhibit well-defined and 

defect-free gratings with grating periods of about 1 µm and grating heights over 500 nm. As 

compared to the original azo master, the grating period is slightly increased, and the height 

slightly decreased, respectively, which can be attributed to a slight deformation of the PDMS 

stamp during hot embossing under the applied pressure. The resulting replicas give access to 

template materials of higher stiffness and less swelling, in particular in view of the alignment 

of nanoparticles from organic solvents. 

 

Variation of grating height in PDMS replica 

In the holographic writing of SRGs, both grating period and height can be tuned individually 

on one sample. This is not possible for strain-release wrinkling. To demonstrate the potential, 

we gradually increased inscription times at different positions of the azobenzene film. The 

inscription time was varied from 20 to 105 seconds yielding a linear increase of the grating 

height from 70 nm to 600 nm. The angle of the two interfering laser beams in the holographic 

setup was adjusted to 28.3° resulting in a grating period of 1.0 µm.18 This was kept constant 

for all inscribed gratings. The actual sample with three example images and the results of the 

variation of grating height with inscription time are shown in Figure 4.4.3. 
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Figure 4.4.3: Photos of a PDMS strip with the size of 70 mm x 10 mm x 2 mm exhibiting 

different individual gratings with heights ranging from 70 nm to 600 nm. The strip was 

prepared from an azobenzene film and the SRGs were inscribed with different exposure times 

in order to obtain gratings with different heights. The periodicity and height of the gratings as 

a function of the inscription time are shown in the graph. 
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Particle alignment on PDMS replicas 

A promising application of SRGs is their usage as topographical templates for colloidal self-

assembly of nanoparticles. As compared to substrates obtained via strain-release wrinkling, 

the PDMS SRGs presented in this work represent high-quality substrates due to the absence 

of defects. This ensures a uniform spreading of the particle solution due to a continuous, 

smooth movement of the liquid meniscus in a solution-based assembly. Thus, regions of lower 

coverage caused by meniscus jumps can be avoided and a uniform and high-quality assembly 

can be obtained. 

We used a circular PDMS template to study the particle alignment in a spin coating approach. 

This template was prepared from a circular azo master with several concentrically inscribed 

SRGs with individual grating heights (cf. SI 4.4.10.5). The PDMS replica was treated with 

oxygen plasma prior to spin coating to improve the wettability with the nanoparticle solution. 

This process resulted in a relative loss in grating height of about 20% (cf. SI 4.4.10.3). The 

obtained template exhibits eight different SRGs with grating heights from 12 nm to 427 nm. 

This enables a fast and efficient screening of the alignment process on a single substrate in a 

one-step approach in a combinatorial manner. 

For the alignment, we used spherical PS latex particles with a mean diameter of 186 ± 4 nm 

(cf. SI 4.4.10.6) in an aqueous suspension. The strongly charged PSS brushes grafted from the 

particle surface ensured good colloidal stability and repulsive particle–substrate interaction. 

In this way, the particles could easily be dragged by centripetal and capillary forces upon 

evaporation of the solvent to form colloidal crystals as defined by template geometry. 

Figure 4.4.4 depicts the AFM height images of the assemblies of these nanoparticles. The 

formed structure depends on the period and height of the grating. 
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Figure 4.4.4: Alignment of polystyrene nanoparticles with a diameter of 186 ± 4 nm in 

replicated PDMS SRGs with different grating heights. The character of the formed particle lines 

changes with increasing grating height from a hexagonal monolayer (A and B) to a hexagonal 

double line (C and D) and finally to a 3D cubic assembly with six-fold strands in the filled 

grooves (E and F). 

The ideal packing behavior of a non-confined particle assembly is a hexagonal monolayer. 

Gratings with a very small grating height of 30 nm and less (Figure 4.4.4A and Figure 4.4.4B) 

show a slightly corrugated film surface, but the closed hexagonal monolayer structure on top 

is still intact. With increasing grating heights of 166 nm (Figure 4.4.4C) and 256 nm 

(Figure 4.4.4D), a significant confinement occurs, which leads to an observable nanoparticle 

alignment. There are still 2D hexagonal double lines and sporadic 1D single lines observable. 

A further increase in grating height to 340 nm (Figure 4.4.4E) and 427 nm (Figure 4.4.4F) leads 

to 3D assemblies and a change in the packing behavior. The predominant packing behavior in 

each groove is now a cubic assembly consisting of six particle lines stacked in a layered fashion. 
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We further studied these assemblies at a transition area utilizing SEM images recorded with 

an Everhart-Thornley detector and additionally with a centric backscattering detector 

(Figure 4.4.5), to provide a deeper insight into the particle alignment. With the information 

obtained from both detectors, we could prove that the hierarchical 3D pattern consists of a 

single line at the bottom covered by a double line in the middle and a threefold particle line 

on top. We attribute the change from 2D hexagonal to 3D cubic packing as follows. The single 

line at the bottom of the grooves directs the second particle layer above in a cubic assembly. 

In the third layer, the cubic order is preserved. Thus, our approach allows determining the 

critical grating height for confinement into lines with different order and alignment patterns. 

 

Figure 4.4.5: Schematic representation of a side-view of an assembly consisting of 6 lines of 

aligned nanoparticles (A). SEM images of aligned nanoparticles at a transition zone in a PDMS 

SRG with a grating height of 427 ± 32 nm, recorded with an Everhart-Thornley detector (B) 

and a centric backscattering detector (C) at the same position. Particles of each strand are 

exemplarily marked in color. 
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4.4.6. Conclusions 

 

We have demonstrated the preparation of templates for particle alignment based on surface 

relief gratings that were written on azobenzene films. Due to the optical inscription process, 

the template materials reveal no significant defect structures. Besides PDMS, the grating can 

also be transferred to thermoplastic polymers like PC and PP, which probably allows for the 

alignment of nanoparticles dispersed in organic solvents. As compared to a controlled 

wrinkling approach, the grating height of the pattern can be tuned independently from the 

grating period. Tailoring of grating geometry defines the resulting morphology of hierarchical 

particle strands in terms of packing symmetry (hexagonal or cubic), width (2 - 3 particles) and 

dimensionality (2D single layer and 3D stacks). Furthermore, we can determine the critical 

grating height upon which particle confinement into lines becomes effective. Thus, these 

substrates are ideally suited for screening the template parameters for assembly of different 

particle systems. Beyond the ‘‘geometrical screening’’ application reported herein, gradient 

substrates offer unique potential for mechanical tuning of the particle assemblies and the 

optical effects connected to them. In previous work, we have already reported on pronounced 

optical effects upon stretching of single-line plasmonic particle assemblies.49 For single lines, 

splitting into shorter chains occurs. Indeed, similar and even more complex scenarios are 

expected for multi-line structures reported herein and they could be screened efficiently, and 

more complex optical effects would become accessible. Thus, we envision applications in the 

field of strain sensing and (mechanically) tunable gratings up to metamaterials. 

 

4.4.7. Conflicts of interest 

 

There are no conflicts to declare. 

 

4.4.8. Acknowledgements 

 

Funding of this work was provided by the University of Bayreuth and the European Union’s 

Seventh Framework Program FP7/2007–2013 under Grant Agreement No. 318804 (SNM: 

Single Nanometer Manufacturing for beyond CMOS devices). AES and PTP thank the Elite 



132 | 4.4. Confinement templates for hierarchical nanoparticle alignment prepared by azobenzene-
based surface relief gratings 

 

Network of Bavaria (ENB), Macromolecular Science for their individual support. We thank 

Christoph Hanske (Leibniz Institute for Polymer Research, Dresden) for providing the 

polystyrene nanoparticles as well as Andreas Frank and Martina Heider for their support with 

SEM measurements. Moreover, we thank the Keylabs ‘‘Small Scale Polymer Processing’’, 

‘‘Electron and Optical Microscopy’’ and ‘‘Surface and Interface Characterization’’ of the 

Bavarian Polymer Institute for their infrastructural support. 

 

4.4.9. Notes and references 

 

[1]  H. Audorff, K. Kreger, R. Walker, D. Haarer, L. Kador and H.-W. Schmidt, in Complex 

Macromolecular Systems II, ed. A. H. E. Müller and H.-W. Schmidt, Springer Berlin 

Heidelberg, Berlin, Heidelberg 2010, pp. 59–121. 

 

[2]  P. Rochon, E. Batalla and A. Natansohn, 

Appl. Phys. Lett. 1995, 66, 136–138,  

”Optically induced surface gratings on azoaromatic polymer films”. 

 

[3]  D. Y. Kim, S. K. Tripathy, L. Li and J. Kumar, 

Appl. Phys. Lett. 1995, 66, 1166–1168,  

”Laser-induced holographic surface relief gratings on nonlinear optical polymer films”. 

 

[4]  N. S. Yadavalli, S. Loebner, T. Papke, E. Sava, N. Hurduc and S. Santer, 

Soft Matter 2016, 12, 2593–2603,  

”A comparative study of photoinduced deformation in azobenzene containing 

polymer films”. 

 

[5]  A. Priimagi and A. Shevchenko, 

J. Polym. Sci. Part B: Polym. Phys. 2014, 52, 163–182,  

”Azopolymer-based micro- and nanopatterning for photonic applications”. 

 

[6]  S. Lee, H. S. Kang and J.-K. Park, 

Adv. Mater. 2012, 24, 2069–2103,  

”Directional photofluidization lithography: micro/nanostructural evolution by 

photofluidic motions of azobenzene materials”. 

 

[7]  C. J. Barrett, J.-i. Mamiya, K. G. Yager and T. Ikeda, 

Soft Matter 2007, 3, 1249,  

”Photo-mechanical effects in azobenzene-containing soft materials”. 

 



4. Publications | 133 

 
 

[8]  Y. Zhao and T. Ikeda,  

John Wiley & Sons, Inc, Hoboken, NJ, USA 2009, 

“Smart Light-Responsive Materials”. 

 

[9]  K. G. Yager and C. J. Barrett, 

J. Photochem. Photobiol., A 2006, 182, 250–261,  

”Novel photo-switching using azobenzene functional materials”. 

 

[10] A. Natansohn and P. Rochon, 

Chem. Rev. 2002, 102, 4139–4176,  

”Photoinduced Motions in Azo-Containing Polymers”. 

 

[11] J. Konieczkowska, E. Schab-Balcerzak, M. Libera, I. Mihaila and I. Sava, 

European Polymer Journal 2019, 110, 85–89,  

”Surface relief gratings in azopolyimides induced by pulsed laser irradiation”. 

 

[12] S. Moujdi, A. Rahmouni, T. Mahfoud, D. V. Nesterenko, M. Halim and Z. Sekkat, 

Journal of Applied Physics 2018, 124, 213103,  

”Surface relief gratings in azo-polymers revisited”. 

 

[13] C. Probst, C. Meichner, H. Audorff, R. Walker, K. Kreger, L. Kador and H.-W. Schmidt, 

J. Polym. Sci. Part B: Polym. Phys. 2016, 54, 2110–2117,  

”Improving holographic writing performance of photo-orientable azobenzene 

polymers by molecular glasses”. 

 

[14] R. H. Berg, S. Hvilsted and P. S. Ramanujam, 

Nature 1996, 383, 505–508,  

”Peptide oligomers for holographic data storage”. 

 

[15] N. K. Viswanathan, D. Y. Kim, S. Bian, J. Williams, W. Liu, L. Li, L. Samuelson, J. Kumar 

and S. K. Tripathy, 

J. Mater. Chem. 1999, 9, 1941–1955,  

”Surface relief structures on azo polymer films”. 

 

[16] K. Kreger, P. Wolfer, H. Audorff, L. Kador, N. Stingelin-Stutzmann, P. Smith and H.-W. 

Schmidt, 

J. Am. Chem. Soc. 2010, 132, 509–516,  

”Stable holographic gratings with small-molecular trisazobenzene derivatives”. 

 

  



134 | 4.4. Confinement templates for hierarchical nanoparticle alignment prepared by azobenzene-
based surface relief gratings 

 

[17] H. J. Coufal, D. Psaltis and G. T. Sincerbox, eds.,  

Springer, Berlin 2000, vol. 76, 

”Holographic data storage”. 

 

[18] C. Meichner, A. E. Schedl, C. Neuber, K. Kreger, H.-W. Schmidt and L. Kador, 

AIP Adv. 2015, 5, 87135,  

”Refractive-index determination of solids from first- and second-order critical 

diffraction angles of periodic surface patterns”. 

 

[19] H. Audorff, R. Walker, L. Kador and H.-W. Schmidt, 

J. Phys. Chem. B 2009, 113, 3379–3384,  

”Polarization dependence of the formation of surface relief gratings in azobenzene-

containing molecular glasses”. 

 

[20] H. Ji, Y. Zhao, C. Zong, J. Xie, X. Han, J. Wang, J. Zhao, S. Jiang, Y. Cao and C. Lu, 

ACS Appl. Mater. Interfaces 2016, 8, 19127–19134,  

”Simple and Versatile Strategy to Prevent Surface Wrinkling by Visible Light 

Irradiation”. 

 

[21] C. Zong, Y. Zhao, H. Ji, X. Han, J. Xie, J. Wang, Y. Cao, S. Jiang and C. Lu, 

Angew. Chem., Int. Ed. Engl. 2016, 55, 3931–3935,  

”Tuning and Erasing Surface Wrinkles by Reversible Visible-Light-Induced 

Photoisomerization”. 

 

[22] C. Zong, Y. Zhao, H. Ji, J. Xie, X. Han, J. Wang, Y. Cao, C. Lu, H. Li and S. Jiang, 

Macromol. Rapid Commun. 2016, 37, 1288–1294,  

”Patterning Surfaces on Azo-Based Multilayer Films via Surface Wrinkling Combined 

with Visible Light Irradiation”. 

 

[23] A. M. Urbas, Z. Jacob, L. D. Negro, N. Engheta, A. D. Boardman, P. Egan, A. B. 

Khanikaev, V. Menon, M. Ferrera, N. Kinsey, C. DeVault, J. Kim, V. Shalaev, A. 

Boltasseva, J. Valentine, C. Pfeiffer, A. Grbic, E. Narimanov, L. Zhu, S. Fan, A. Alù, E. 

Poutrina, N. M. Litchinitser, M. A. Noginov, K. F. MacDonald, E. Plum, X. Liu, P. F. 

Nealey, C. R. Kagan, C. B. Murray, D. A. Pawlak, I. I. Smolyaninov, V. N. Smolyaninova 

and D. Chanda, 

J. Opt. 2016, 18, 93005,  

”Roadmap on optical metamaterials”. 

 

[24] M. Tebbe, S. Lentz, L. Guerrini, A. Fery, R. A. Alvarez-Puebla and N. Pazos-Perez, 

Nanoscale 2016, 8, 12702–12709,  

”Fabrication and optical enhancing properties of discrete supercrystals”. 

 



4. Publications | 135 

 
 

[25] M. Müller, M. Tebbe, D. V. Andreeva, M. Karg, R. A. Alvarez Puebla, N. Pazos-Pérez 

and A. Fery, 

Langmuir 2012, 28, 9168–9173,  

”Large-area organization of pNIPAM-coated nanostars as SERS platforms for 

polycyclic aromatic hydrocarbons sensing in gas phase”. 

 

[26] N. Pazos-Pérez, W. Ni, A. Schweikart, R. A. Alvarez-Puebla, A. Fery and L. M. Liz-

Marzán, 

Chem. Sci. 2010, 1, 174,  

”Highly uniform SERS substrates formed by wrinkle-confined drying of gold colloids”. 

 

[27] M. Karg, T. A.F. König, M. Retsch, C. Stelling, P. M. Reichstein, T. Honold, M. Thelakkat 

and A. Fery, 

Materials Today 2015, 18, 185–205,  

”Colloidal self-assembly concepts for light management in photovoltaics”. 

 

[28] M. Mayer, M. J. Schnepf, T. A. F. König and A. Fery, 

Adv. Opt. Mater. 2018, 111, 1800564,  

”Colloidal Self-Assembly Concepts for Plasmonic Metasurfaces”. 

 

[29] M. Mayer, M. Tebbe, C. Kuttner, M. J. Schnepf, T. A. F. König and A. Fery, 

Faraday Discuss. 2016, 191, 159–176,  

”Template-assisted colloidal self-assembly of macroscopic magnetic metasurfaces”. 

 

[30] C. T. Riley, J. S. T. Smalley, J. R. J. Brodie, Y. Fainman, D. J. Sirbuly and Z. Liu, 

Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 1264–1268,  

”Near-perfect broadband absorption from hyperbolic metamaterial nanoparticles”. 

 

[31] A. P. Quist, E. Pavlovic and S. Oscarsson, 

Anal. Bioanal. Chem. 2005, 381, 591–600,  

”Recent advances in microcontact printing”. 

 

[32] C. Hanske, M. B. Müller, V. Bieber, M. Tebbe, S. Jessl, A. Wittemann and A. Fery, 

Langmuir 2012, 28, 16745–16750,  

”The role of substrate wettability in nanoparticle transfer from wrinkled elastomers: 

fundamentals and application toward hierarchical patterning”. 

 

[33] C. Hanske, M. Tebbe, C. Kuttner, V. Bieber, V. V. Tsukruk, M. Chanana, T. A. F. König 

and A. Fery, 

Nano Lett. 2014, 14, 6863–6871,  

”Strongly coupled plasmonic modes on macroscopic areas via template-assisted 

colloidal self-assembly”. 



136 | 4.4. Confinement templates for hierarchical nanoparticle alignment prepared by azobenzene-
based surface relief gratings 

 

[34] A. Schweikart and A. Fery, 

Microchim. Acta 2009, 165, 249–263,  

”Controlled wrinkling as a novel method for the fabrication of patterned surfaces”. 

 

[35] A. Schweikart, A. Fortini, A. Wittemann, M. Schmidt and A. Fery, 

Soft Matter 2010, 6, 5860,  

”Nanoparticle assembly by confinement in wrinkles”. 

 

[36] C. Lu, H. Möhwald and A. Fery, 

Soft Matter 2007, 3, 1530,  

”A lithography-free method for directed colloidal crystal assembly based on 

wrinkling”. 

 

[37] K. D. Sattler, 

CRC Press, Boca Raton, Fla. 2011, ed. by Klaus D. Sattler, 

“Nanoelectronics and nanophotonics”. 

 

[38] A. Schweikart, N. Pazos-Pérez, R. A. Alvarez-Puebla and A. Fery, 

Soft Matter 2011, 7, 4093,  

”Controlling inter-nanoparticle coupling by wrinkle-assisted assembly”. 

 

[39] S. Hiltl, J. Oltmanns and A. Böker, 

Nanoscale 2012, 4, 7338–7345,  

”A one-step screening process for optimal alignment of (soft) colloidal particles”. 

 

[40] K. Efimenko, M. Rackaitis, E. Manias, A. Vaziri, L. Mahadevan and J. Genzer, 

Nat. Mater. 2005, 4, 293–297,  

”Nested self-similar wrinkling patterns in skins”. 

 

[41] S.-I. Na, S.-S. Kim, J. Jo, S.-H. Oh, J. Kim and D.-Y. Kim, 

Adv. Funct. Mater. 2008, 18, 3956–3963,  

”Efficient Polymer Solar Cells with Surface Relief Gratings Fabricated by Simple Soft 

Lithography”. 

 

[42] S. Lee, Y.-C. Jeong and J.-K. Park, 

Opt. Express 2007, 15, 14550,  

”Facile fabrication of close-packed microlens arrays using photoinduced surface relief 

structures as templates”. 

 

  



4. Publications | 137 

 
 

[43] B. Liu, M. Wang, Y. He and X. Wang, 

Langmuir 2006, 22, 7405–7410,  

”Duplication of photoinduced azo polymer surface-relief gratings through a soft 

lithographic approach”. 

 

[44] M. Kim, B. Kang, S. Yang, C. Drew, L. A. Samuelson and J. Kumar, 

Adv. Mater. 2006, 18, 1622–1626,  

”Facile Patterning of Periodic Arrays of Metal Oxides”. 

 

[45] S.-S. Kim, C. Chun, J.-C. Hong and D.-Y. Kim, 

J. Mater. Chem. 2006, 16, 370–375,  

”Well-ordered TiO 2 nanostructures fabricated using surface relief gratings on 

polymer films”. 

 

[46] S. Loebner, J. Jelken, N. S. Yadavalli, E. Sava, N. Hurduc and S. Santer, 

Molecules (Basel, Switzerland) 2016, 21,  

”Motion of Adsorbed Nano-Particles on Azobenzene Containing Polymer Films”. 

 

[47] H. Audorff, R. Walker, L. Kador and H.-W. Schmidt, 

Chemistry 2011, 17, 12722–12728,  

”Holographic investigations of azobenzene-containing low-molecular-weight 

compounds in pure materials and binary blends with polystyrene”. 

 

[48] M. Schrinner, B. Haupt and A. Wittemann, 

Chem. Eng. J. 2008, 144, 138–145,  

”A novel photoreactor for the production of electrosterically stabilised colloidal 

particles at larger scales”. 

 

[49] A. M. Steiner, M. Mayer, M. Seuss, S. Nikolov, K. D. Harris, A. Alexeev, C. Kuttner, T. A. 

F. König and A. Fery, 

ACS Nano 2017, 11, 8871–8880,  

”Macroscopic Strain-Induced Transition from Quasi-infinite Gold Nanoparticle Chains 

to Defined Plasmonic Oligomers”. 

 

 

  



138 | 4.4. Confinement templates for hierarchical nanoparticle alignment prepared by azobenzene-
based surface relief gratings 

 

4.4.10. Supplementary Information 

4.4.10.1. Schematic top view of the illuminated area 

 

The holographic inscription process was carried out to generate SRGs with a spot diameter of 

1 to 2 mm. While the grating periodicity (schematically indicated by vertical lines in 

Figure 4.4.6) remains constant over the whole spot size (cf. 4.4.10.2), the grating height 

decreases from the center to the edges due to Gaussian beam profile (cf. 4.4.10.3). An area 

with an approximately constant grating height exists around the center (blue circle) of the 

spot. For comparison, the typical size of an AFM image is shown in red. 

 

 

Figure 4.4.6: Scheme of the inscribed SRG spot with the indicated region of interest. The 

experiments were analyzed within this region. 
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4.4.10.2. Variation of grating period within the exposed area 

 

We analyzed the variation of grating period and grating height along the entire exposed area 

of a PDMS replicated SRG. Over the entire area, the grating period remained constant. 

Treatment with oxygen plasma had no influence on this parameter. 

 

Figure 4.4.7: Variation of the grating period across the diameter of the exposed area of a 

PDMS replicated SRG before and after plasma treatment. The blue frame indicates the central 

region of interest for experiments. 

 

  

-800 -600 -400 -200 0 200 400 600 800
500

600

700

800

900

1000

1100

1200

 before plasma treatment

 after plasma treatment

g
ra

ti
n

g
 p

e
ri

o
d
 (

n
m

)

position (µm)



140 | 4.4. Confinement templates for hierarchical nanoparticle alignment prepared by azobenzene-
based surface relief gratings 

 

4.4.10.3. Variation of grating height within the exposed area 

 

The grating height has a maximum in the center of the PDMS SRG spot and decreases to the 

outside. It follows a Gaussian curve which can be attributed to the Gaussian beam intensity 

profile of the laser used to inscribe the gratings onto the azo film. Within a radius of about 

100 µm around the central maximum, the grating height decreases by less than 5%. During 

surface activation by plasma etching, the overall grating height decreases by about 20%. 

 

Figure 4.4.8: Variation of the grating height across the diameter of the exposed area of a PDMS 

replicated SRG before and after plasma treatment. The blue frame indicates the central region 

of interest in which the decrease of grating height is less than 5%. 
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4.4.10.4. Comparison of holographic writing and strain-release wrinkling 

 

Due to the optical inscription process, surface relief gratings are defect-free over large areas. 

To demonstrate this, large-area AFM height images of 90 x 90 µm were recorded. 

Figure 4.4.9A depicts a typical AFM height image of a PDMS SRG which was recorded in the 

central region of the exposed area. No defect structures are observable. In contrast, 

corrugated surfaces of similar dimensions fabricated via strain-release wrinkling show several 

defects (Figure 4.4.9B). In the stiff plasma-oxidized surface layer on a uni-axially pre-strained, 

compliant PDMS substrate, not only parallel periodic surface wrinkles formed upon release of 

the strain which are oriented perpendicular to the strain direction.1-3 Due to lateral expansion, 

the brittle layer can form irregular cracks parallel to the stretching direction. Moreover, so-

called y-branches can develop, if several regions of wrinkles merge together.4  

 

Figure 4.4.9: AFM height images of corrugated surfaces. Surface relief grating replicated with 

PDMS (A). Grating period is 1.0 µm, grating height 580 nm. No significant defect structures are 

observable over large areas. Parallel surface wrinkles, grating period 892 ± 67 nm and grating 

height 261 ± 22 nm, showing cracks and y-branches as defects (B). 
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4.4.10.5. Layout of the SRG substrate for particle alignment 

 

We aligned the polystyrene nanoparticles on replicated PDMS SRGs via spin coating. To this 

end, we prepared a circular master sample with a diameter of 5 cm and inscribed 8 SRG spots 

with inscription times between 5 and 70 s (Figure 4.4.10). The SRGs are oriented towards the 

center. 

 

Figure 4.4.10: Circular master sample with 8 inscribed SRG spots for particle alignment via 

spin-coating. 
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4.4.10.6. Dimensions of particles used for the alignment investigations 

 

Particle dimensions were measured via AFM analysis of dried PS latex particles on a silicon 

wafer. The evaluation of 136 individual particles reveals a mean diameter of 186 ± 4 nm 

(Figure 4.4.11). 

 

Figure 4.4.11: AFM analysis of particle dimensions. Representative AFM height image of PS 

latex particles dried on a silicon wafer (A). Diameter histogram of 136 particles evaluated (B).  
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4.5.1. Abstract 

 

We present two approaches for measuring the refractive index of transparent solids in the 

visible spectral range based on diffraction gratings. Both require a small spot with a periodic 

pattern on the surface of the solid, collimated monochromatic light, and a rotation stage. We 

demonstrate the methods on a polydimethylsiloxane film (Sylgard® 184) and compare our 

data to those obtained with a standard Abbe refractometer at several wavelengths between 

489 and 688 nm. The results of our approaches show good agreement with the refractometer 

data. Possible error sources are analyzed and discussed in detail; they include mainly the 

linewidth of the laser and/or the angular resolution of the rotation stage. With narrow-band 

light sources, an angular accuracy of ± 0.025° results in an error of the refractive index of 

typically ± 5 · 10−4. Information on the sample thickness is not required. 

 

4.5.2. Introduction 

 

The precise knowledge of the refractive-index dispersion of solid materials is required for 

numerous applications such as thin-film coatings, fiber optics, optical elements, and many 

more.1,2 Hence, new methods for its determination are still being devised today,3 many of 

which are optimized for a particular type of application. In liquids, the refractive index can be 

measured precisely with common techniques4 which, however, become demanding when 

applied to solids. The Abbe refractometer, for example, often requires index-matching fluids 

of high refractive index to optically couple the solid sample to the prism. Immersion liquids 

tend to be chemically or physically aggressive and can dissolve the sample or even the surface 

of the prism. The dispersion of the prism must be known to high accuracy, and tedious 

calculations are necessary to correct the refractometer scale for different wavelengths. 

Spectral ellipsometry is an alternative method for investigating thin solid films. However, this 

technique is more elaborate and the accuracy of the results depends strongly on the model 

used to evaluate the experimental data. Exact information about the refractive index of the 

substrate and the thicknesses of all layers on the sample is necessary. Similar arguments apply 

to refractive indices derived from reflectance or transmittance spectra. Even though the 

method is simple and effective, the thickness of the sample must be known to the desired 

accuracy and needs to be constant across the entire illuminated area. Otherwise numerical 



4. Publications | 147 

 
 

modeling is required or the spectroscopic technique becomes more complicated (e.g., 

involving angle-dependent measurements).5 

Here we present two versions of a novel method which can be applied to transparent solids 

or solid films with a periodic pattern on a spot at or near their surface. In contrast to other 

methods, they allow the direct measurement of the index of refraction from the grating 

constant and/or the diffraction angles. Other, independently measured, quantities, e.g., the 

film thickness, are not required. 

Periodic surface patterns can, for example, be embossed or imprinted with lithographic 

techniques, or generated holographically. In the latter case, all parameters can directly be 

obtained within the experimental setup. Holographic exposure of many azobenzene 

derivatives gives rise to photo-induced mass transport over macroscopic distances, which 

results in the formation of surface relief gratings (SRGs).6,7 However, the applicability of our 

method is not limited to photo-active systems because it only requires the periodic pattern. 

We demonstrate this for a transparent colorless polydimethylsiloxane (PDMS) working stamp. 

The surface pattern was generated by imprinting an SRG, which was holographically fabricated 

on an azobenzene glass. 

 

4.5.3. Theory 

 

Let us consider a transparent film with refractive index � !� on a substrate and with an 

interface to air on its upper side. A periodic pattern with periodicity Λ shall be present on a 

small spot at the surface as sketched in Figure 4.5.1. The cross-sectional shape of the structure 

is not important; it can vary over a wide range (sinusoidal, rectangular, etc.). A monochromatic 

plane light wave with wavelength λ (in air) incident at angle 
d,�� is then diffracted into 

different orders � inside the material under angles 
d,���. The angles are given by the grating 

equation 

� !� sin 
d,��� = �!�' sin 
d,�� + � λΛ (4.5.1) 

which can be derived from simple geometrical considerations. A less heuristic approach 

presented by Petit8 shows that this equation is valid for any periodic structure (strictly 

speaking, of infinite lateral extension). In the limit of the Bragg regime,9–11 valid for thick 
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gratings, the diffraction shows angular selectivity, i.e., the intensity of orders other than � = 0 

and � = 1 is zero. To avoid this situation, the grating amplitude must be sufficiently small, which 

is usually the case for periodic surface structures. The 0th order simply follows Snellius’ law of 

refraction, so its angle 
R,��� inside the material is smaller than the angle 
R,�� in air. Higher 

orders, on the other hand, can propagate in the material at angles 
d,��� > 
d,�� for suitable 

values of the ratio λ/Λ. In this case we can orient the sample in such a way that, e. g., the first 

order, which is usually most intense, has an angle of 
E,��� = π 2⁄ . Equation 4.5.1 then 

becomes 

� !� = sin 
E,��QR° + λΛ (4.5.2) 

with �!�' set to 1. This simple expression allows us to determine the refractive index � !� of 

the material without knowledge of its thickness or of parameters of the substrate. Only the 

quantities λ, Λ, and 
E,��QR°  must be known to the desired accuracy. 

 

Figure 4.5.1: Sketch of a light beam incident onto a film carrying a periodic surface pattern. 

Only one diffraction order � is shown for clarity. 

An alternative access to � !� is obtained by writing down an expression analogous to 

Equation 4.5.2 for the second diffraction order and subtracting it from Equation 4.5.2, 

λΛ = sin 
E,��QR° − sin 
8,��QR°  (4.5.3) 
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Inserting Equation 4.5.3 into Equation 4.5.2 finally yields 

� !� = 2 sin 
E,��QR° − sin 
8,��QR°  (4.5.4) 

The refractive index � !� can be calculated either from Equation 4.5.2 or Equation 4.5.4, 

depending on which experimental parameters are known to higher accuracy. Equation 4.5.2 

requires the knowledge of the periodicity Λ, which can be obtained, e. g., from AFM or SEM 

investigations, and of the wavelength λ of the probing laser according to Equation 4.5.3. If the 

grating is inscribed holographically, its period can easily be calculated by                                             

Λ = λwl2 sin5} 2⁄ 9o~E.12 In the case of Equation 4.5.4, the error margin depends solely on 

the accuracy of angle measurements. 

The refractive index in Equation 4.5.2 is calculated from two terms, the sine term and the ratio 

λ Λ⁄ . If λ Λ⁄  is chosen too small (i.e., Λ too big), large values of � !� cannot be measured, since 

the first term contributes a maximum value of 1. However, this constitutes no limitation to 

our approach. In a more general form, one can write the condition which an arbitrary 

diffraction order � has to fulfill in the form � λ Λ⁄ < � !� < 1 + � λ Λ⁄ . If we assume, for 

example, that the refractive index is to be determined near a typical wavelength of 500 nm 

and Λ is chosen as 1000 nm, one can measure refractive indices within the range � !� < 1.5 

with an angular measurement of the first propagating order (� = 1). The second order (� = 2) 

allows determination of refractive indices between 1 and 2, and the third order (� = 3) 

between 1.5 and 2.5. Hence, there is always the possibility to measure any refractive index 

with an appropriate choice of the diffraction order. Similar arguments apply to the 

determination of the refractive index with Equation 4.5.4. 
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4.5.4. Experimental 

 

We demonstrate our method on a cast film of PDMS. The periodic surface grating was 

prepared in a way similar to the procedure described in Ref. 13. First a thin film of a photo-

addressable molecular glass, a spirobischroman-based 6,6’,7,7’ tetraester, containing four 

azobenzene moieties per molecule14 was prepared by spin-casting from a 7 wt% THF solution 

on a glass substrate. The substrate was spun at 700 rpm for 60 s, resulting in a film thickness 

of approximately 1 μm as determined by a step profiler. The film was annealed at 80 °C for 1 h 

under nitrogen atmosphere to remove residual solvent. Subsequently, it was exposed to 

holographic illumination with two coherent p-polarized laser beams (λ� = 489 nm, diameter 

ca. 2 mm) of equal intensity (1W/cm2 per beam). The angle between the beams was adjusted 

to } = 28.3°, resulting in a grating period Λ of 1000.6 ± 1.7 nm. During 100 s of exposure, an 

SRG with a height of approximately 400 nm (minimum to maximum) is developed. SRGs were 

inscribed at different spots across the film surface to verify reproducibility. 

In a second step 1 g of Sylgard® 184 cast resin (siloxane/curing agent = 10:1 (w/w)) was placed 

on top of the azobenzene film with the inscribed grating and pressed to a film with a second 

glass slide from above. Its thickness was adjusted with two spacers of Scotch tape on both 

sides of the substrate. In this way, the negative pattern of the SRG was imprinted on the PDMS 

film. Curing of the PDMS was performed at room temperature overnight, followed by a 

thermal curing step at 80 °C for 2 h. After curing, the two films on their substrates could easily 

be separated from each other. The resulting sample for the refractive-index measurements 

was a glass slide carrying a flat transparent PDMS coating of about 100 μm thickness with 

several negative type SRGs at different spots. 

The PDMS sample was placed on a rotation stage and illuminated with collimated laser beams 

of 9 different wavelengths. A multi-color He-Ne laser provided lines at 593.932, 604.613, 

611.802, and 632.816 nm, while different diode and diode-pumped solid-state lasers were 

used for the wavelengths 489.20, 532.06, 660.3, 671.8, and 688.4 nm. All lasers were                     

s-polarized. The sample was rotated about the z axis as indicated in Figure 4.5.1 to measure 

the angles 
d,��QR° to an accuracy of 0.025°. The diffracted orders passed PDMS film and glass 

substrate and were totally reflected at the back side of the substrate. The angle of incidence, 

for which a given diffraction order just does not reach the boundary between PDMS film and 
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substrate, is the angle 
d,��QR°. These angles could be determined for the first two diffraction 

orders (� = 1 and 2); for higher orders, Equation 4.5.1 had no solution. 

The results of the refractive index are compared with data measured with an Abbe 

refractometer (Zeiss Abbe-Refraktometer Modell A). A PDMS strip of size 4 x 1 cm2 and 

thickness 2.5 mm was prepared to perfectly fit its prism size. Owing to the softness of the 

material and its adhesion to the prism, no immersion fluid was needed. For dispersion 

measurements, the internal scale of the refractometer had to be re-calculated for each 

wavelength at the neutral position of the compensator as described by the manufacturer. All 

experiments were conducted at room temperature. 

 

4.5.5. Discussion 

 

Figure 4.5.2 shows the wavelength-dependent refractive-index data of the PDMS elastomer 

as obtained by the different measurement procedures. The data of the Abbe refractometer 

are represented by open squares; their error bars result from the precision of its internal scale. 

With increasing wavelength, the refractive index decreases from 1.421 to 1.412, as is expected 

for a transparent, colorless material (normal dispersion). The refractive-index values 

measured with our approach are shown as open circles (calculated with Equation 4.5.2) and 

open triangles (Equation 4.5.4). All data points were obtained with light diffracted off the same 

imprinted surface pattern. They show a similar behavior, yet, with subtle deviations from the 

refractometer results. Most of them have systematically lower values. Whereas the deviation 

is roughly constant (ca. −0.002) when determined with Equation 4.5.4, the refractive index 

increases in the case of Equation 4.5.2 for wavelengths larger than 650 nm to a value slightly 

above the last refractometer point. No anomalous dispersion is observed here, because the 

sample is a transparent, colorless solid. This finding is confirmed by the dispersion data 

obtained with the Abbe refractometer. 
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Figure 4.5.2: Wavelength-dependent refractive index of the Sylgard® 184 PDMS elastomer as 

obtained by different techniques. Open squares: Abbe refractometer data; open circles: As 

calculated from Equation 4.5.2; open triangles: As calculated from Equation 4.5.4. 

The data calculated with Equation 4.5.2 and Equation 4.5.4 are affected by different 

experimental error sources. Equation 4.5.4 is sensitive only, but to a larger extent, to 

inaccurate determination of the angles of incidence, whereas Equation 4.5.2 suffers also from 

errors of the light wavelength λ and the grating periodicity Λ (as indicated by the larger error 

bars). Specifically, if Λ is not known exactly, an offset is caused in the whole data set. Hence, 

an inaccurate grating constant Λ cannot introduce errors only at longer wavelengths. Similarly, 

errors in the angle determination cannot be responsible for the increase of the refractive 

index, since the data calculated with Equation 4.5.4 would be affected as well. This indicates 

that the inserted wavelengths λ of the laser sources are responsible for the effect. 

If three decimal digits of the refractive index are to be determined, the wavelength of the 

probing light must be known to an accuracy of about 1 nm. Also, its spectral width is 

important, since the angle 
E,��QR°  is determined by the experimental criterion that the first 

diffraction order does not propagate into the substrate. If the light source has a non-zero 

spectral width, Equation 4.5.1 implies that the shortest wavelength of its spectrum becomes 

evanescent for the largest angle 
E,��QR° . Hence, inserting the peak wavelength into 

Equation 4.5.2 gives rise to a systematic error if the spectral width is comparable to, or larger 

than, the error margin of 1 nm mentioned above. In our experiment, this is the case for the 
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diode lasers providing the long wavelengths 660.3, 671.8, and 688.4 nm. Their spectral width 

(FWHM; full width at half-maximum) was measured as 2.8 nm in a spectrometer, whereas all 

other laser sources have spectral widths below 0.1 nm. 

A possibility to correct for this systematic error consists in replacing the peak wavelength λ of 

the laser in Equation 4.5.2 by a wavelength λ′ close to the blue edge of its spectrum. Since the 

spectral profile of the diode lasers is Gaussian, it is reasonable to choose λ′ as the wavelength 

at which the intensity has decreased to 1 e8⁄  of its peak value. This leads to wavelengths λ′ of 

658.8, 669.9, and 686.9 nm, respectively, for the three diode lasers. Inserting them into 

Equation 4.5.2 (with all other data unchanged) yields the refractive indices shown in 

Figure 4.5.3. Now their values decrease monotonously as expected and are in good agreement 

with the data calculated with Equation 4.5.4. The error bars are quite large for the 

wavelengths above 650 nm, however. 

 

Figure 4.5.3: Same as Figure 4.5.2, but with the corrected wavelengths 658.8, 669.9 and 

686.9 nm inserted into Equation 4.5.2 instead of the peak wavelengths 660.3, 671.8, and 

688.4 nm, respectively. 
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The refractive indices calculated with both Equation 4.5.2 and Equation 4.5.4 are 

systematically smaller than those of the Abbe refractometer. The data obtained from 

Equation 4.5.2 become slightly larger when the grating period Λ determined from the 

parameters of the holographic inscription is replaced by Λ = 999.7 ± 1.0 nm, the average of 

the Λ values calculated from Equation 4.5.3. This gives only rise to a minor change and affects 

only Equation 4.5.2, so the data are not shown. 

To further investigate possible error sources, the influence of the laser polarization was 

checked. No difference of the refractive indices was found in measurements performed with 

s- and p-polarized light, so no anisotropy or birefringence was present in the PDMS sample. 

Furthermore, the measurements were repeated with gratings of different spots. All these 

experiments yielded identical data. Rotating the sample in the opposite direction and 

measuring 
~E,��QR°  and 
~8,��QR°  for the negative diffraction orders also resulted in the same 

refractive-index values. This demonstrates the robustness of our method with respect to slight 

variations of the surface quality of the sample. 

We were not able to determine a clear origin of the offset between the refractometer data 

and those obtained with our method. Taking the error bars into account, the offset is almost 

negligible. The only quantity which enters in both Equation 4.5.2 and Equation 4.5.4 is the 

angle 
E,��QR°  of the first diffraction order. Hence, one possibility is that the offset of the data is 

due to a small systematic error in determining this angle. There is always some degree of 

ambiguity in the decision, at which position the intensity of a diffracted beam can be 

considered exactly zero, so the angles might be slightly larger than measured. In our 

experiments, the angles were determined by the criterion that the respective diffracted orders 

were just invisible to the human eye. If each angle 
E,��QR°  is increased by as little as 0.05°, our 

refractive indices coincide with the refractometer data within the error margins. 
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4.5.6. Conclusion 

 

We have presented a method for measuring the refractive indices of solids, which is precise 

to about three decimal digits. Two different approaches of data evaluation were discussed 

which are sensitive to different experimental error sources. Our method is based on the 

diffraction of monochromatic laser light off a periodic surface pattern which must be present 

on a spot of the material. The profile of the grating (sinusoidal, rectangular, etc.) is not 

important, nor is the thickness of the material. Only the wavelengths and/or angles of 

incidence of the light must be known or measured precisely. Because periodic patterns can be 

obtained with various techniques (e.g., holographic inscription, embossing, imprinting, or 

others) the method offers a broad scope of applications. 
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Gradient photonic materials consisting of a 1D polymer photonic crystal attached to an 

elastomer with a defined gradient in stiffness are able to change their color upon strain. 

Tuning the stiffness and the architecture of the gradient elastomer allows the formation of 

tailored reflectance patterns. 
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4.6.1. Front cover 

 

 

  



4. Publications | 161 

 
 

4.6.2. Abstract 

 

In nature, animals such as chameleons are well-known for the complex color patterns of their 

skin and the ability to adapt and change the color by manipulating sophisticated photonic 

crystal systems. Artificial gradient photonic materials are inspired by these color patterns. A 

concept for the preparation of such materials and their function as tunable mechanochromic 

materials is presented in this work. The system consists of a 1D polymer photonic crystal on a 

centimeter scale on top of an elastic poly(dimethylsiloxane) substrate with a gradient in 

stiffness. In the unstrained state, this system reveals a uniform red reflectance over the entire 

sample. Upon deformation, a gradient in local strain of the substrate is formed and transferred 

to the photonic crystal. Depending on the magnitude of this local strain, the thickness of the 

photonic crystal decreases continuously, resulting in a position-dependent blue shift of the 

reflectance peak and hence the color in a rainbow-like fashion. Using more sophisticated hard-

soft-hard-soft-hard gradient elastomers enables the realization of stripe-like reflectance 

patterns. Thus, this approach allows for the tunable formation of reflectance gradients and 

complex reflectance patterns. Envisioned applications are in the field of mechanochromic 

sensors, telemedicine, smart materials, and metamaterials. 

 

4.6.3. Main text 

 

Living organisms with an amazing variety of colors are found in nature. The various coloration 

effects may arise due to pigments, bioluminescence, or periodic structure.1 The colors arising 

due to periodic structure, structural color, exhibit a large variety of color tones and can change 

color if subjected to external stimuli.2 In nature, the reflecting colors of butterfly3 or beetle 

wings,4 peacock feathers,5 tropical fish scales,6 and the chameleon skin demonstrate 

nonresponsive and responsive optical phenomena based on structural color.7 Motivations for 

such color changes include camouflage, warning, exhibition, and communication.8 

Fulfilling certain requirements, photonic crystals will give rise to structural color.9 The principle 

of photonic crystals was explained by John and Yablonovitch in the late 1980s.10,11 It is based 

on the periodic arrangement (1D, 2D, or 3D) of regularly shaped, mostly transparent materials 

with different dielectric constants.12 One of the major characteristics of a photonic crystal is 
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the photonic band gap, which forbids light within a certain wavelength range from 

propagating within the periodic arrangement.13 If the photonic band gap is in the visible 

region, structural color due to Bragg diffraction of the decoupled light is observed. 

Applications for photonic crystals are found in the fields of sensors,14-17 light-emitting 

diodes,18-20 photovoltaics,21 and lasers.22 

Responsive photonic crystals can undergo a color change if subjected to external stimuli.23 A 

well-known example from nature is the remarkable color shift of chameleon skin that is based 

on a lattice of guanine nanocrystals embedded in dermal iridophores.7 Deformation of the 

skin rapidly alters the spacing of the nanocrystals within the lattice that in turn causes a 

reversible color change. 

A 1D photonic crystal (1DPC) — often also called a Bragg mirror — is the simplest geometry of 

a photonic crystal and possesses a periodicity in one direction.12 It consists of alternating 

layers of high and low refractive index layers, resulting in an enhanced reflection due to 

constructive interference. Optical properties of 1DPCs depend on the refractive index 

contrast, the number and thickness of layers, and the angle of incident light. The thickness, 

and therefore the reflectance of certain wavelengths, can be tuned via the strain.24 Most 

publications on responsive photonic crystals are limited to systems that reveal only a discrete 

color change in response to an external stimulus.25,26 

In this work, we demonstrate the preparation and function of a gradient photonic material 

that reveals a gradient color change upon application of an external stimulus. The composite 

material consists of a polymer-based 1DPC that is attached on top of an elastomer with a 

longitudinal stiffness gradient (Figure 4.6.1). The 1DPC has been designed to reveal a uniform 

reflectance in the red region of the visible spectrum in the unstrained state. Application of a 

strain leads to a gradient color shift in the reflectance along the sample. This effect is caused 

by the stiffness gradient of the substrate that transfers a gradient in local strain to the 1DPC 

upon deformation. The magnitude of this local strain influences the local thickness of the 

refractive index layers and hence the magnitude of the local color shift. In this manner, a 

position-dependent gradient in reflectance with a strain-tunable wavelength range is formed. 

A strain of 25% yields a rainbow-like gradient in reflectance from red to blue. 
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Figure 4.6.1: Gradient photonic material with a 1DPC on top of a longitudinal gradient 

elastomer substrate. The unstrained sample (top) reveals a uniform reflectance at one 

wavelength over the entire sample surface during illumination with visible light. Application 

of a strain (bottom) leads to a position-dependent gradient in reflectance along the sample. 

To fabricate a gradient photonic material, a strain-tunable 1DPC was prepared in a first step 

from a photo-curable slidering elastomer resin in a manner similar to that of Howell et al. 

(cf. SI 4.6.7.1 for experimental details).24 The crosslinks in such an elastomer consist of 

functionalized, figure-of-eight shaped cyclodextrin rings that are freely movable along 

polyethylene glycol chains.27 This allows a very homogeneous stress distribution within the 

elastomer upon loading, since the cross-links can act like pulleys. Additionally, this elastomer 

system has the potential to be highly filled with nanoparticles, by that different refractive 

indices can be realized. The 1DPC film was prepared via sequential spincoating and UV-curing 

of alternating high and low refractive index layers on top of a polyvinylalcohol-coated silicon 

wafer (Figure 4.6.2). Polyvinylalcohol was used as a sacrificial layer for the later film transfer. 

The low refractive index layer consists exclusively of the UV-cured slide-ring elastomer. The 
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high refractive index layer is composed of the slide-ring elastomer that is additionally highly 

filled with functionalized and well-dispersed zirconium oxide nanocrystals with an average 

diameter of 6 nm. ZrO2 is well-known to increase the refractive index of composite 

materials28,29 and was dispersed very well in this resin at a percentage of 70 wt%. 

 

Figure 4.6.2: Preparation steps to a gradient photonic material: A) Polyvinyl alcohol is spin 

coated on top of a silicon wafer. B) A high refractive index layer is spin coated and UV-cured. 

C) Subsequently, a low refractive index layer is deposited on top and UV-cured. D) The 1DPC 

is built up by repeating these two steps multiple times. e) Finally, the 1DPC is floated and 

placed on top of a plasma-activated PDMS substrate with a gradient in stiffness to yield a 

gradient photonic material. 

Utilizing this procedure, reversible strain-tunable 1DPCs with defined layer structures can be 

prepared. An analysis of the cross section of that 1DPC system as well as a cycling analysis at 

a strain of 10% was reported previously.24 Ellipsometric measurements revealed thicknesses 

of 110 nm for the high refractive index layer and 125 nm for the low refractive index layer. 
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Refractive indices at 750 nm were determined as rlow = 1.50 and rhigh = 1.66 that gives a 

difference in refractive index of 0.16. 

The substrate for the gradient photonic material was prepared utilizing a high-precision 

syringe pump setup (cf. SI 4.6.7.2 for a detailed description of the elastomer preparation and 

characterization). This setup allows the preparation of longitudinal polymer gradient 

materials.30-34 In this study, a poly(dimethylsiloxane) (PDMS) substrate with a gradient in 

stiffness was prepared from a “hard” and a “soft” silicone resin that differ in the concentration 

of curing agent. The siloxane/curing agent ratio was 10:1 for the “hard” resin and 25:1 for the 

“soft” resin. The two silicone resins were mixed with the syringe pump setup and extruded 

with a flow profile into a moving mold. After cross-linking via thermal curing, substrates with 

a longitudinal hard-soft gradient in Young’s modulus from 0.6 to 1.3 MPa were obtained. The 

surface of the PDMS elastomer substrate was then activated via O2 plasma. This step is 

necessary to ensure an optimal adhesion of the 1DPC on the substrate. 

The 1DPC was then transferred to the gradient PDMS substrate (cf. SI 4.6.7.3 for a detailed 

experimental description). For that, both components were immersed in water. After 

dissolving the sacrificial PVOH layer, the 1DPC floated on the water surface and was 

transferred to the gradient PDMS substrate. After draining the water and drying, a gradient 

photonic material was obtained. 

In an unstrained state, the entire surface of the 1DPC appears red (Figure 4.6.3). Reflectance 

was measured at five different positions (cf. SI 4.6.7.4 for experimental description) with 

distances of 1 cm in the unstrained state. The maximum reflectance peak occurs at 616 ± 5 

nm and does not vary significantly over the entire sample surface. Upon stretching to 25%, 

the intrinsic stiffness gradient causes a gradient in local strain (cf. S2, Supporting Information). 

This local strain is transferred to the 1DPC, resulting in a rainbowlike gradient color shift of the 

reflected wavelength. The maximum reflectance peak here is shifted down to 524 ± 5 nm that 

indicates a color shift of 92 nm compared to the initial reflectance in the unstrained state. 
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Figure 4.6.3: Influence of strain on the reflectance of a 1DPC on PDMS with a hard-soft 

gradient. A) The unstrained sample (0% strain) reveals a uniform reflectance over the entire 

surface. B) Upon application of a strain (25%), a gradient in reflectance with smaller 

wavelengths is obtained. Reflectance spectra were normalized to the maximum peak height 

for better visualization of the color shift effect. 
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To demonstrate the versatility of our approach, even more complex gradient structures can 

be realized beside the hard-soft gradient. Figure 4.6.4 depicts a 1DPC attached to a hard-soft-

hard-soft-hard gradient PDMS elastomer. The stiffness is also controlled via the 

siloxane/curing agent ratio of the resins and is 50:1 in the soft parts and 5:1 in the hard parts. 

The Young’s modulus ranges from 0.038 ± 0.004 MPa in the soft part and 2.3 ± 0.1 MPa in the 

hard part. Reflectance was measured at nine different positions with distances of 0.5 cm in 

the unstrained state. The maximum of the reflectance peak in the unstrained state occurs at 

612 ± 6 nm and is comparable to the hard-soft gradient sample. Straining to 25% leads to a 

stripe-like appearance. The initial red appearance is shifted towards smaller wavelengths 

whereby the softer regions reveal a larger color shift than the harder regions. 

We have demonstrated a facile preparation of gradient photonic materials consisting of a 1D 

polymer photonic crystal on a centimeter scale on top of an elastic PDMS substrate with a 

gradient in stiffness. In the unstrained state, this system reveals a uniform red reflectance over 

the entire sample. Upon deformation, a gradient in local strain of the substrate is formed and 

transferred to the photonic crystal. Depending on the magnitude of this local strain, the 

thickness of the photonic crystal decreases continuously, resulting in a position-dependent 

blue shift of the reflectance peak and hence the color in a rainbow-like fashion. Using more 

sophisticated hard-soft-hard-soft-hard gradient elastomers enables the realization of stripe-

like reflectance patterns. We envision applications in the field of mechanochromic sensors, 

telemedicine, smart materials, and metamaterials. 
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Figure 4.6.4: Influence of strain on the reflectance of a 1DPC on PDMS with a hard-soft-hard-

soft-hard gradient. A) The unstrained sample reveals a uniform red reflectance over the entire 

surface with only slight deviations to the edges. B) Upon application of a strain (25%), the 

1DPC reveals a gradient reflectance pattern with smaller wavelengths. 
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4.6.7. Supporting Information 

4.6.7.1. Preparation and characterization of the one-dimensional polymer photonic crystal 

 

1DPCs were prepared via alternating stacking of high and low refractive index layers using an 

approach similar to that reported by Howell et al.1 A silicon wafer (5 cm x 5 cm) was 

hydrophilized via UV/ozone (UVO cleaner 342, Jelight Company, USA) for 7 min. A sacrificial 

layer of polyvinyl alcohol (Mowiol 4-88, Sigma Aldrich, 10 wt% in water, filtered with a Nylon 

syringe filter 0.45 µm) was spin coated on the silicon wafer (3000 rpm, 60 s, acceleration: 

1500) and baked at 80 °C for 1 min to remove residual water. Then, 6 high refractive index 

layers and 5 low refractive index layers were deposited alternatingly, whereat the high 

refractive index layer was the first and the last deposited layer. 

The solution for the high refractive index layer was prepared from toluene solutions of the 

slide-ring elastomer SA2400C (Soft Materials Inc., 5 wt%), photoinitiator (10 wt%) and 

zirconium oxide nanocrystals (5 wt%). The as-prepared solution contained 3 wt% of the 

photoinitiator Irgacure 819 (BASF) with regard to the SA2400C content and 70 wt% of ZrO2 

nanocrystals (PCNI-50-TOL, Pixelligent) with regard to solids. Spin coating of this solution 

(1700 rpm, 15 s, acceleration: 1500) on top of the PVOH layer, followed by UV-curing at 

254 nm for 5 min gave a high refractive index layer film with a thickness of about 100 nm.  

The solution for the low refractive index layer was prepared from toluene solutions of 

SA2400C (4 wt%) and the photoinitiator Irgacure 819 (10 wt%). The as-prepared solution 

contained 3 wt% of the photoinitiator with regard to SA2400C content). Spin coating of this 

solution on top of the high refractive index layer (2700 rpm, 15 s, acceleration: 2700), followed 

by UV-curing at 254 nm for 5 min gave a low refractive index layer film with a thickness of 

about 100 nm. 

 

 
1
 I. R. Howell, C. Li, N. S. Colella, K. Ito, J. J. Watkins, ACS Appl. Mater. Interfaces 2015, 7, 3641, 

”Strain-tunable one dimensional photonic crystals based on zirconium dioxide/slide-ring 

elastomer nanocomposites for mechanochromic sensing”. 
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4.6.7.2. Preparation and characterization of gradient elastomers 

 

1. Preparation of gradient elastomers via syringe pump setup 

Hard-soft (hs) and hard-soft-hard-soft-hard (hshsh) gradient materials were prepared from a 

“hard” and a “soft” silicone resin component. These components were prepared from the 

elastomer resin Sylgard 184 (Dow Corning) and consist of a mixture of siloxane and curing 

agent with defined mixing ratio (Table 4.6.1). Mixing of each component was done using a 

SpeedMixer™ DAC 150 SP (Hauschild, Germany) with a rotational speed of 2000 rpm for 2 min. 

Table 4.6.1: Ratio of siloxane : curing agents used for preparation of hard and soft components 

for the hs gradient and the hshsh gradient. 

Gradient Hard component Soft component 

 siloxane : curing agent siloxane : curing agent 

hs gradient 10:1 25:1 

hshsh gradient 5:1 50:1 

The hs gradient material was prepared with a high-precision syringe pump system (Cetoni 

neMESYS). Glass syringes with the two components were mounted on the pump and 

connected via PVC tubing to a custom-made mixing head with an attached disposable static 

mixer (Sulzer Quadro 5.3/16 PP). Mixing of both components was controlled via a flow profile 

(Figure 4.6.5). The so-prepared compositional gradient was extruded into a Teflon mold 

(dimension: 60 mm x 10 mm x 2 mm) which was attached to a linear motion slide. The samples 

were cured at room temperature overnight and then post-cured at 80 °C for two hours. 
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Figure 4.6.5: Flow profile which was used for processing the hard-soft gradient on a syringe 

pump setup. First, only “hard” component is filled into the static mixer, then the “soft” 

component is given into it. After thorough mixing in the static mixer, more “soft” component 

is used to extrude the pre-mixed gradient into a mold on a linear motion slide. 

 

The hshsh gradient material consists of an oscillating gradient profile with very steep gradients 

between hard and soft areas. Since such steep gradients cannot be prepared with the mixing 

unit of the syringe pump setup, this material was prepared with a manual casting technique 

from a “hard” and a “soft” component (Table 4.6.1) in a Teflon mold (dimension: 

60 mm x 10 mm x 2 mm) with polystyrene spacers (Figure 4.6.6). These spacers reduce the 

initial diffusion of hard and soft components. 
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Figure 4.6.6: Design of the mold (top view) used for the hard-soft-hard-soft-hard gradient. 

The “hard” and “soft” component were filled alternatingly in the separated zones. After an 

initial curing at room temperature for 30 min, the spacers were removed to allow a diffusion 

of the now more viscous components. The sample was cured at room temperature overnight 

and post-cured at 80 °C for two hours. 

 

2. Optimization of the flow profile for the hard-soft gradient 

 

The hard-soft gradient elastomer was prepared from two viscous silicone resin components. 

The optimization of the corresponding flow profile was done with the help of a sensitive 

fluorescence dye (Fluorescence red, CAS-Nr. 123174-58-3, Kremer Pigments, Germany) which 

was added in small amounts of only 0.02 wt% to the “soft” component. By that, the gradient 

can be visualized by measuring the UV-absorption position-dependently with a FLASHScan 530 

(Analytik Jena AG, Germany). Figure 4.6.7 depicts the position-dependent UV-absorption of a 

dyed hard-soft gradient sample after curing. The measurements were done on a 384-well 

microplate with a distance between each measuring spot of 4.7 mm. UV-Vis spectra were 

recorded between 375 and 900 nm and set to zero at 650 nm for comparison. The reported 

values for the absorption maxima at 560 nm were determined from 4 equally prepared 

samples (each sample was measured twice) and averaged. 

After optimizing the flow profile with the fluorescent dye, an undyed gradient sample was 

prepared accordingly with that flow profile. This gradient sample was then used for the 

preparation of the gradient photonic material. From both ends of the 6 cm long sample, a 

length of 1 cm each is necessary for clamping. This allows a preparation and characterization 

of the photonic gradient over an effective length of 4 cm. 
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Figure 4.6.7: Visualization of the gradient via dyed reference samples. A fluorescent dye was 

added to the soft component. Position-dependent UV-Vis spectroscopy detects the dye 

absorption and indicates a continuous gradient from the hard to the soft end. The reported 

values are based on 8 measurements on 4 equally prepared gradient samples. The blue 

rectangle indicates the area which is used for the preparation and characterization of the 

gradient photonic material. 
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3. Mechanical characterization of gradient elastomers 

 

The Young’s Modulus was measured with an Instron 5565 universal testing machine (Instron, 

USA) coupled with a video extensometer. Sample thickness was determined at 5 positions 

using a caliper and averaged. 5 black adhesive dots (diameter: 3 mm) were attached to the 

surface of longitudinal PDMS samples (6 cm x 2 cm x 0.2 cm) in distances of 10 mm, resulting 

in 6 segments. The two outer segments were used for clamping. Testing was done at a test 

speed of 2 mm/min up to a strain of 3%. The extension of each of the 4 interior segments was 

recorded with the video extensometer between two dots. The Young’s Modulus was 

determined from the initial slope of the stress-strain curve. 

 

The hard-soft gradient material reveals a gradient in stiffness with a steadily increasing 

Young’s modulus from 0.6 to 1.3 MPa (Figure 4.6.8). 

 

Figure 4.6.8: Variation of the Young’s modulus within a hard-soft gradient material. 
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Figure 4.6.9 depicts the local strain within a hard-soft gradient photonic material upon 

application of an overall strain of 25%. The stiffness gradient within the substrate causes a 

linear gradient of local strain from 41.1% at the soft end down to 7.0% at the hard end.  

 

Figure 4.6.9: Variation of the local strain within a hard-soft gradient material upon application 

of an overall strain of 25%. 

The hard-soft-hard-soft-hard gradient material reveals several steep stiffness gradients which 

could not be characterized utilizing the video extensometer. The Young’s modulus was 

therefore determined from discrete samples with uniform composition. This gave a Young’s 

modulus of 0.038 ± 0.004 MPa for the soft part and 2.3 ± 0.1 MPa for the hard part. 
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4.6.7.3. Transfer of the photonic crystal on top of the gradient elastomer 

 

1DPCs were built up on a gradient PDMS elastomer via film transfer. PDMS is treated with O2 

plasma (PDC-32G, Harrick Plasma) for 5 min at high intensity to hydrophilize the surface. The 

hydrophilized PDMS elastomer and the silicon wafer with the 1DPC were fixed in a Petri dish 

and immersed in water to dissolve the PVOH sacrificial layer and float the 1DPC on the water 

surface. The 1DPC film was then transferred to the PDMS surface, the floating medium was 

drained, and the sample was dried under nitrogen flow to remove residual water from the 

interface between the 1DPC and PDMS. 
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4.6.7.4. Reflectance measurements on gradient photonic materials 

 

Reflectance spectra on gradient photonic materials were measured with a Filmetrics F40-UV. 

A custom-made stage was used to strain the sample to defined values. Strain values were 

determined via a caliper. After recording a baseline using a silicon wafer, reflectance 

measurements were conducted at defined strains and defined positions of the sample. For 

each strain and position, at least three measurements were conducted. 
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5. Extended summary 

 

This thesis focuses on the preparation, characterization and application of gradient 

topographies and gradient functional materials. For that, polydimethylsiloxane elastomers are 

surface-modified in different manners by three methods controlled wrinkling, formation of 

surface relief gratings, and preparation of responsive photonic crystals. 

The motivation for the work arises from nature. In nature, well-defined hierarchical structures 

and gradients to create functional materials with advanced surface topography and tailored 

mechanical properties can be found. Examples in nature for tailored surface topographies are 

colorful butterfly wings and shark skin with improved hydrodynamics. Examples for responsive 

functional surfaces are the impressive skin color variations of chameleons and the brilliant 

appearance of tropical fish, both based on photonic crystals. Often, nature must connect 

materials with an extreme difference within their properties, e. g. stiffness. However, sharp 

transitions are often vulnerable for failure. Nature utilizes a strategy to bypass the fracture 

susceptibility by employing a gradient to mediate between the materials to be connected. An 

example for improved mechanical properties can be found in the sea mussel which uses a 

byssus to connect the soft interior of the mussel to the surface of a hard rock. Each byssus 

thread possesses a gradient in composition which in turn causes a gradient in stiffness. This 

stiffness gradient provides an improved connection and shock absorption within the rough 

environment of the sea. The natural concepts of these functional materials and surfaces can 

be transferred to technical systems. This is subject of this thesis. 

In this context, the introduction of this thesis gives a brief overview about tailored materials 

and surfaces in nature and their corresponding functionalities. Furthermore, methods to 

artificially prepare surface topographies and functionalities are presented with respect to the 

state of the art. The first method is controlled wrinkling which is a comparatively simple 

technique to form surface patterns. The principle is based on a hard surface film which is 

attached to a soft elastomer substrate. Compression of such a composite material leads to the 

formation of wrinkled patterns. Hereby, the wavelength can be tuned via the Young’s moduli 

and Poisson ratios of film and substrate, respectively, as well as the thickness of the hard film. 

The second method is the optical inscription of surface relief gratings in azobenzene films 

utilizing a holographic technique. This technique allows the inscription of gratings with a 
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sinusoidal wave pattern. Compared to patterns obtained by controlled wrinkling, these 

patterns are highly defect-free. The third approach utilizes photonic crystals. These materials 

reveal a photonic band gap and decouple a certain wavelength upon illumination with visible 

light. 

This cumulative thesis consists of five topics which result in five publications. An overview of 

the thesis as well as a summary of the major achievements is presented in a synopsis. 

The first and the second topic focus on the formation of gradient surfaces via controlled 

wrinkling. In the first topic, the formation of such gradient surfaces is based on a continuous 

gradient in the Young’s modulus of the polydimethylsiloxane elastomer substrate. Embedding 

of such a stiffness gradient material in a matrix allows the systematic formation and 

investigation of hierarchical line-defects at the interface. The investigations on these line-

defects as well as the developed prevention strategy contribute essentially to the 

fundamental understanding of controlled wrinkling. 

The second topic covers the formation of gradient surfaces via controlled wrinkling by 

variation of the thickness of the hard film. For that, thin metal films with a gradient in film 

thickness were deposited on polydimethylsiloxane substrates using a combinatorial vapor 

deposition technique. Gold, chromium, and indium were investigated with respect to 

wrinkling behavior and surface morphology. An important achievement was the introduction 

of intermediate bonding layers to solve the issue of adhesion between the metal film and the 

polydimethylsiloxane substrate. The formed wavelength of the obtained gradient wrinkles can 

be explained well with theoretical considerations. The technique is a powerful approach to 

efficiently screen metal wrinkles with respect to their wavelengths on one substrate. 

The third and the fourth topic cover the preparation of functional materials with sinusoidal 

surfaces via surface relief gratings. These gratings were inscribed optically in azobenzene films 

with a holographic technique. The third topic demonstrates the non-destructive grating 

transfer to polydimethylsiloxane and two thermoplastic polymers. Replicas with surface relief 

gratings with varying grating height were used as confinement templates for the guided self-

assembly of nanoparticles. It is possible to align 1D, 2D and 3D hierarchical structures of 

polystyrene latex nanoparticles in dependency of the grating height. This represents a very 

elegant and efficient technique to screen assemblies of colloidal nanoobjects in one single 

experiment. 
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The fourth topic presents a novel technique to determine the refractive-index from 

transparent solids based on surface relief gratings. The principle is based on the angle-

dependent investigation of the first and second order diffraction of monochromatic light on 

these gratings. Refractive-index determination is demonstrated for polydimethylsiloxane 

replicas of surface relief gratings. Results are compared to values obtained by an Abbe 

refractometer for various laser wavelengths. The developed technique is a powerful 

alternative to refractive-index determination via an Abbe refractometer or spectral 

ellipsometry. 

The fifth topic focuses on the preparation of gradient photonic materials inspired by the 

chameleon skin. These materials consist of a strain-tunable one-dimensional photonic crystal 

which is attached on top of a polydimethylsiloxane elastomer substrate with a gradient in 

stiffness. The photonic band gap of photonic crystal causes the reflection of a certain 

wavelength. Unstrained samples reveal a uniform reflectance over the entire surface of the 

photonic crystal. Upon strain, a blueshift with a gradient in reflectance occurs. The reflectance 

pattern can be controlled by tailoring the architecture of the polydimethylsiloxane substrate. 

A rainbow-like reflectance pattern is formed by utilizing a hard-soft gradient substrate. The 

principle is also transferable to more complex substrate architectures as shown for a hard-

soft-hard-soft-hard gradient revealing a stripe-like reflectance pattern. The presented 

gradient photonic materials are models for the development of nature-inspired 

mechanochromic sensors. 

The gradient topographies and functional gradient materials presented in this thesis offer high 

potential for use in various applications. Envisioned fields are surface structuring, 

metamaterials, optics, electro-optics, metrology and sensors. 
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