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Summary 

Formation of 3D Micro- and 

Nanostructures using Liquid Crystals as a 

Template 

 

There are two main approaches to form structures in the nanotechnology field of 

research, top-down and bottom-up. The top down approach uses machines to create 

nanostructures without control at the atomic level. Examples of top down mechanisms 

are photolithography, two-photon lithography, holography, electron beam lithography 

photoembossing and techniques originally developed for imaging purposes such as 

scanning tunneling microscopy and atomic force microscopy. The bottom-up 

approach uses the self-assembling properties of some materials, starting with atoms 

and molecules as building blocks to build up nanostructures. Common materials used 

in bottom-up approaches are block-copolymers, colloids, amphiphiles and liquid 

crystals.  

The top-down approaches have the disadvantage of not achieving control at the 

molecular level while the bottom-up approaches fail when trying to assemble them in 

bigger and more complex structures because of the randomness of the self assembly. 



Summary 2 

This research focused on combining both types of approaches to overcome their 

limitations. We use liquid crystals (LCs) as self assembling materials and holography 

and lithography for the top-down techniques. The LC materials used contain reactive 

moieties which make them susceptible for polymerization. Usually the method of 

choice to polymerize LC is photopolymerization, because the temperature within 

certain limits can be freely chosen establishing that the molecular order associated to 

a particular LC phase is maintained during the process. A photoinitiator, a molecule 

that dissociates when exposed to light with the proper wavelength, is used to initiate 

the polymerization reaction. In common lithography a mask determines which areas 

will be exposed and thus polymerized. Our new technique, however, makes use of a 

new kind of material, a dichroic photoinitiator. The dissociation of this material is 

dependent of the polarization light that is used for excitation which must be parallel to 

the transition moment of the initiator molecule, i.e. for our rod-like shaped 

photoinitiator molecules parallel to their longitudinal axis. As the rod-like initiator 

molecules also align with their host LC molecules, polymerization can be controlled 

locally by LC orientation without the use of a mask or interference.  

Among other types of LC order the periodic orientation of cholesteric LC materials 

makes them perfect as a template for nanostructuring and microstructuring with a 

dichroic photoinitiator. The size of the created structures is determined by the 

cholesteric pitch and the cholesteric pitch can be easily modified by changing the 

concentration of its chiral dopant.  

This thesis presents an in depth characterization of the dichroic photoinitiators, as 

well as the creation of two and three dimensional microstructures by means of using 

the techniques previously mentioned. 

 



 

 

 

 

 

Chapter 1 

Introduction 

 

1.1     Nanotechnology 

In 1959, before the word nanotechnology existed, Richard Feynman gave a 

presentation at a Caltech-hosted American Physical Society meeting entitled “There is 

plenty of room at the bottom”.
1
 With this talk he introduced the concept (but not the 

actual term) of nanotechnology: “What I want to talk about is the problem of 

manipulating and controlling things on a small scale.” Feynman was foreseeing the 

enormous possibilities that exist at the smallest sizes, what we today know as the 

well-established and broad field of nanotechnology. 

Since Feynman’s presentation, there have been many efforts and achievements in 

the field, but the range of what can be further accomplished and the infinite number of 

potential applications is just beginning to come to light. Nature itself gives us many 

examples of nanotechnology: take a protein, for instance, a molecule that is able to 

perform specific biological tasks depending on its amino acid sequence, or look at the 

way a bacteria travels, a flux of protons provided by the conversion of ATP puts its 

cilia in motion in a controlled way allowing the bacteria to move. Looking closely, 
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hundreds of examples of natural nanomachines can be found, and one of the most 

desired things by scientist is to imitate Nature. 

The term nanotechnology was defined in 1974 by Norio Taniguchi
2
 as “production 

technology to get the extra high accuracy and ultra fine dimensions, i.e. the 

preciseness and fineness on the order of 1 nm in length”. Since then, the meaning of 

the term has been extended to included structures up to 100 nm scale. Some years 

later Eric Drexler published Engines of creation: The coming era of nanotechnology, 

unknowingly using the name invented by Taniguchi.
3
 In his book Drexler described 

what was later called molecular nanotechnology; machines built atom by atom. This 

is also known as the bottom-up approach. 

Since then, the field of nanotechnology has developed at an amazing rate, 

techniques such as scanning tunneling microscopy (STM), atomic force microscopy 

(AFM), e-beam, photolithography, and holography have made Feynman’s vision a 

fact. The rapid evolution in this field of creating smaller and more complex structures 

has resulted in an increasing market demand for the production of smaller and more 

effective devices. New techniques and methods are rapidly appearing to feed that 

demand; however, more research is necessary for further understanding and 

development. 

 

1.2     Top-Down and Bottom-Up 

1.2.1  Top-Down Structuring  

So-called top-down and bottom-up approaches are both used in nanotechnology to 

produce materials and devices. Top-down approaches use machines to create 

nanostructures, often without control at the atomic level, to introduce a structure at the 

nanoscale. Examples of top-down mechanisms are scanning tunneling microscopy 

(STM), atomic force microscopy (AFM), photolithography, holography, electron 

beam lithography, and photoembossing. 

The so called scanning probe methods of STM and AFM are sometimes considered 

a mixture between top-down and bottom-up methods, which will be discussed below, 
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because they can be used to generate patterns but are also able to manipulate single 

molecules and even atoms. STM was invented in 1981 by Gerd Binnig and Heinrich 

Rohrer, who won the Nobel prize for their invention in 1986.
4
 STM allows the 

creation of three-dimensional, atomic level pictures of surfaces by probing the 

electronic density of the atoms in the surface. The STM device consists of a finely 

sharpened tip (ideally the end of the tip is made of only one atom), the position of 

which is at a distance of approximately 2 nm from the sample surface. The tip is 

connected to a piezoelectric transducer that expands or contracts in response to an 

applied voltage. This allows the tip to move in three directions with nanometric 

precision. The short distance between the sample and the tip allows the electrons to 

“tunnel” through the vacuum gap, as explained by quantum mechanics. When a small 

voltage (bias) is applied to the sample, it generates a current, and the differences in 

electronic density cause the current to change along the sample surface. These 

variations in current are translated into an image with a resolution of 0.1 nm. STM 

can also be used to produce nanostructures by increasing the current applied to the tip, 

causing it then to become a really small electron beam. 

AFM was invented by Gerd Binning, Christoph Gerber and Calvin Quate.
5
 Like 

STM, it uses a sharp tip, but AFM positions the tip, which is attached to a cantilever. 

This cantilever is in direct contact with the sample and bends while moving through 

the sample. The variations on the surface are recorded by a finely tuned laser that 

reflects on the end of the cantilever. AFM, like STM, gives highly accurate three-

dimensional images of the sample surface, but it can also be used to create 

nanostructures. This technique allows the manipulation of nanoparticles in order to 

arrange them as desired, and also makes scratches (nanometer wide) of the surface-

generating nanopatterns. Although atomically precise, AFM and STM have a clear 

disadvantage: they are slow writing processes at the nanometer scale and thus are not 

suitable for mass production of most products (dimensions beyond 1 x 1 mm). As an 

example, Rosenblatt et al. proposed the use of patterned aligned layers, produced with 

an AFM, to manufacture LCD displays.
6
 The writing of a single substrate with line 

patterns in the range of a few hundreds of nanometers requires a production time of 

three months, a totally unrealistic and impractical option for actual production. 

Another commonly used top-down technique is photolithography.
7,8,9

 This 

technique is used to manufacture computer chips and other microelectronic systems. 
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In conventional photolithography, a thin photoresist layer is irradiated through a 

mask, creating regions of high and low light intensity. This mask is usually a quartz 

substrate with a chromium pattern written on it. When an ultraviolet (UV) light beam 

is directed to the mask, it passes through the gaps in the chromium. The light is then 

focused with a lens to reduce the size of the resulting structure. The sample is usually 

made of a layer of photoresist, being a light-sensitive organic material, which is 

coated onto glass. When exposed to UV the photoresist hardens and becomes 

insoluble. The non-exposed photoresist can be removed, leaving the miniature pattern 

on the sample. This is called a negative resist as it yields a negative image of the 

mask. There are also positive photoresist materials, in which the exposed part is 

removed by a photochemical change of the polarity or by a breakdown of the 

molecular weight and a consequent change in solubility. Photolithography is now 

widely used in industry because it can be used in mass production; however, there is a 

lower limit to the size of the structures that can be produced. The procedure becomes 

increasingly more complicated with decreasing dimensions because of the Rayleigh 

resolution criterion, which correlates the diffraction limited minimal half pitch (HP) 

which can be obtained from the numerical aperture (NA) and the wavelength of 

exposure:
10,11

 









=

NA
kHP

λ
1min  

where k1 is a constant between 0.25 and 1 depending on the illumination system and 

the optical response of the photoresist, λ is the wavelength of the light source used, 

NA is the numerical aperture lens system and equals n·sinα=d/2f with α being the 

acceptance angle of the lens used to focused the beam, n the refractive index of the 

medium, d the lens diameter and f the focal length. Typically NA is 0.9 for the present 

systems, and can be improved to 1.3 by water immersion lithography, thus increasing 

n, and the use of wavelengths in the UV ultimately provide HP values around 100 

nm;
12,13

 however, these processes are difficult and expensive. Momentarily so-called 

extreme UV lithography is under development using 13.5 nm light. This will improve 

HP further, however on the account of extremely complicated and expensive optics. 

There are also other lithographic techniques like electron-beam, ion-beam or soft 

lithography. In electron and ion-beam
14,15

 lithography a beam of electrons or ions is 

used to generate a pattern on a surface. These techniques beat the diffraction limits of 
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photolithographic techniques since electron- and ion-beams with nanometer size beam 

diameter can be obtained, resulting in extremely sharp features. Electron and ion-

beam are widely used for producing photolithography masks and for low-volume 

production of semiconductor components. The structures created with these processes 

can be in the nanometer range, but the lines have to be written one by one.  

Furthermore, the e-beam microscopes are very expensive. To a large extent, these 

processes are impractical for mass scale production for the same reasons that AFM-

writing is impractical.  

A different approach is soft lithographic techniques.
16

 This family of techniques 

uses an elastomeric stamp, usually made from PDMS, to print over a gold surface 

(microcontact printing) using thiol derivates as an ink. The stamp can also be used as 

a mold (micromolding in capillaries) by filling the gaps of the stamp with a liquid 

polymer flowing through the gaps and letting it solidify. The stamp itself is fabricated 

by pouring the liquid monomer onto a bas-relief master created by photo- or electron 

beam lithography, and then the monomer is cured and released from the master 

obtaining a stamp that matches the original. This technique shows a lot of potential in 

the nanostructuring field but is limited to special material combinations such as gold 

in combination with thiols or silicon with silanes. Also, the method does not give a 

full freedom in the design of the patterns, which is related to the mechanical stability 

of the siloxane mould. 

The same kind of photoresist materials used in conventional lithography can be 

used to create structures with holographic techniques, but instead of using a mask to 

produce a pattern, light interference is used.
17

 In classical intensity holography, two 

interfering beams of the same (linear) polarization are used to create an intensity 

modulation; only the areas with high intensity will make the photoresist polymerize. 

Due to their importance for this thesis research, holographic techniques will be 

explained in greater detail in the following chapters. 

A general omission of all techniques discussed, maybe with the exception of ion 

beam lithography and multibeam holography,
18

 is that only two-dimensional images 

are made whereas sometimes complex three dimensional structures are needed, for 

instance in integrated optics and/or microfluidics. A way-out is given by two-photon 

lithography which limits the reaction volume to sub µm
3
 dimensions but has again the 
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limitation of long writing procedures and is impractical for mass production of 

complex shapes. 

In summary, there exists an enormous variety of top-down approaches that are 

employed in the structuring of materials, as well as devices on almost all length scales 

ranging from micrometer range to the sub-nanometer range. However, especially at 

very small sizes, the actual production of these devices becomes problematic because 

of either the high cost of the required infrastructure or the extremely long production 

times, or both. The use of new systems that self-organize on the supra-molecular level 

can potentially help in this time-dimension paradox, which is discussed further in 

section 1.2.2 of this thesis. 

 

1.2.2   Bottom-up structuring by self-organization 

 Bottom-up structuring, sometimes also referred to as supramolecular engineering, 

usually make use of the self-assembly properties of materials, like block-copolymers, 

liquid crystals (LCs), or colloids. These materials organize themselves due to their 

chemical structure and the specific inter- and intra-molecular interactions, providing 

nanostructures with control even down to the atomic level. In some cases this is 

combined with the presence of reactive groups to which the structure can be fixed. 

 For example, block-copolymers can form micelles, lamella, tubular, or bicontinous 

structures, and so forth, depending on the conditions of their surrounding media.
19

 

This is due to the repulsive interactions of the connected homopolymer subunits, 

usually consisting of two parts of different nature (e.g.: hydrophilic and hydrophobic). 

To minimize the repulsion forces block-copolymers adopt complex forms like 

micelles, lamellae…,  and can for instance be used as selective drug delivery
20,21

 

systems or as nanomembranes.
22

 Block-copolymers show an amazing potential in 

bionanotechnology.  

Colloids are homogeneous mixtures consisting of both a continuous and a dispersed 

phase. The particles that compose the dispersed phase have sizes ranging from 1 to 

1000 nm in at least one dimension and are homogeneously distributed through the 

continuous phase. Because the dispersed phase is insoluble in the continuous phase, 

surface tension causes the particles to self assemble. The first colloidal systems were 
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discovered by Thomas Graham in 1861;
23

 this long-existing field of science is 

blending rapidly with the emerging fields of nanotechnology and biotechnology. 

Research is being focused on the development of new synthetic routes, and the 

modification and functionalization of surfaces to permit self-assembly of 

(nano)particles into organized functional structures.
24

 Researchers are focusing on 

colloids for use in drug delivery systems, biolabeling and biological screening 

purposes.
25

 When made of the right dimension stacks of these nanoparticles form 

bandgap materials that can be used for the manufacturing of optical components.
26

 

These nanoparticles can also self-assemble in two- and three-dimensional structures 

through the use of different techniques, like the employment of electrical charges,
27

 

and by nucleation followed by flow process,
28

 among others. 

Liquid crystal materials are in a state of matter between liquid and solid. They can 

flow like a liquid but exhibit a molecular organization as in a crystalline solid. The 

main properties of liquid crystal materials will be explained in detail in the following 

section. They are able to self-organize into defectless monolithic structures on the 

square-meter scale, which is the primary difference between liquid crystals and block-

copolymers and colloids. 

 In general one may conclude that the bottom-up materials form patterns and 

structures given by their chemical and physical nature. The degrees in freedom for 

choosing the pattern is not as diverse as for top-down patterning but in general they 

have a dimension not easily achievable by the top-down methodologies and they form 

on large areas at a timescale suitable for mass production. Moreover, the periodic 

structures are often also formed into the depth of the film, thus enabling the formation 

of nanometer scale three-dimensional nano-sculptures. 

 

1.3     Liquid Crystals 

In the middle of the nineteenth century the German physicist Lehman discovered 

that some substances did not crystallize directly in the isotropic phase but rather 

exhibited a mesophase in which some kind of order was present but in which particles 

were still flowing.
29

 In the same time period Reinitzer, an Austrian botanist, made a 

similar observation while studying cholesteryl derivates, stating that the substance had 
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two melting points.
30

 From then on, interest on the subject began to grow until a new 

field of research was established, that of liquid crystals (LC) or mesogens, materials 

that exhibit an intermediate phase between solid state and liquid state, possessing 

characteristics from each state. 

In the liquid crystal phase, these materials exhibit an intermediate order between 

solid and liquid states. Often this is observed for molecules with an anisotropic 

geometry, e.g. if one of the molecular axes of the molecules is much longer or shorter 

than the others. Upon melting from the crystalline state, the crystalline molecular 

organization converts into one in which the order is only partially lost, giving rise to 

the liquid crystal phase. If the heating continues, the order is completely lost, and the 

isotropic liquid phase arises. 

The molecules in a crystalline material present three-dimensional orientational and 

positional order; in an isotropic liquid no order is present. A liquid crystal phase can 

exhibit either both orientational and positional order or only orientational order. There 

are several liquid crystal phases with different degrees of orientational and positional 

order, depending of the way the molecules assemble themselves. First classified by 

Friedel,
31

 the liquid crystalline phases can be defined as nematic or smectic. A 

schematic representation of the most common LC phases is shown in Figure 1. 1. 

 

Figure 1. 1: Schematic representation of the most common phases for callamitic liquid crystals. The 

nematic phase presents only orientational order. The smectic phases present orientational and positional 

order. 

 

The nematic phase is usually the first one to appear upon cooling down from the 

isotropic state; it is the less ordered LC phases and only presents orientational order. 

If the material presents any smectic phases, they will appear after further cooling; 

these phases present positional in addition to orientational order. Consequently 

smectic materials are usually more viscous than nematics. There are numerous 

smectic phases,
32,33

 from SmA to SmK.  It is important to note that the letter does not 

    Nematic (N)                      Smectic A (SmA)                 Smectic C (SmC) 
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represent the order they appear upon cooling or the degree of order. The most 

important smectic phases are SmA and SmC represented above in the Figure 1. 1. 

When an asymmetric or chiral substituent is attached to the liquid crystal molecule, 

thus forming a liquid crystal enantiomer, a chiral liquid crystal phase is formed. In the 

nematic state this is called the chiral-nematic or cholesteric phase, named after the 

phases first observed by Reinitzer for the cholesteryl derivatives.
30

 This phase is 

characterized by a rotating common direction (director) of the molecules in the 

direction perpendicular to their axes. A chiral-nematic phase (Figure 1.2) can also be 

induced by the addition of a chiral molecule as a dopant to a nematic material.  

               

Figure 1.2: A) Schematic drawing of a cholesteric liquid crystal as twisted layers; this is the most 

realistic representation; however it is not visually clear. B) Cholesteric liquid crystal most common 

used representation although not most accurate; the molecules do not order themselves in perfect 

helixes. Despite this, B is the representation that will be used from now on to explain the processes in a 

clearer way. 

 

Chiral-smectic phases also exist which exhibit complex structures, unless frustrated 

into a controlled packing by a strong anchoring to their treated substrates. Chiral 

phases are sometimes used in liquid crystal displays and play an important role in this 

thesis research. As said, in a cholesteric liquid crystal the molecules are organized so 

that the director of the molecules in each plane rotates a certain angle with respect to 

the previous one, forming a macroscopic helix. The distance between two planes that 

present the same orientation is defined as a half pitch. The pitch depends on the chiral 

dopant, its concentration, enantiomeric excess and helical twisting power (HTP), as 

shown in Figure 1.3. This HTP is a measure for the effectiveness of a chiral dopant in 

producing the twist between the molecular planes. 

A                                                                       B 
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Figure 1.3: Cholesteric liquid crystal pitch (p), double of the distance between two layers with the 

same orientation. The pitch is inversely proportional to the helical twisting power (HTP), the 

concentration (C), and enantiomeric excess (ee) of the chiral dopant. 

 

All the above mentioned phases are valid for rod-like liquid crystal molecules, the 

so-called calamitic liquid crystals. Over time, other molecular shapes presenting 

liquid crystal behavior have been discovered, like the discotic
34,35

 molecules (disk-

like) or most recently the banana-shaped
36

 molecules and molecules with other 

sophisticated geometries such as those obtained with metallomesogens.
37

 

The most common discotic liquid crystal phases are nematic (ND), which only show 

orientational order like that seen in the calamitic nematic phase. Higher order phases 

can be found in discotics, like in the columnar phases.  

Banana-shaped liquid crystals, or nowadays better denoted as bent-core liquid 

crystals, because of the bend introduced in the rigid core, have restricted their rotation 

around their long axis and have adopted a directed order within the layers. Depending 

on the bending direction in adjacent layers, either antiferroelectric or ferroelectric 

smectic phases may result.
38

 

So far, the liquid crystal behavior described corresponds to thermotropic liquid 

crystal materials, which change phase as a function of temperature. In addition to that 

we may distinguish the so-called lyotropic liquid crystals. The term lyotropic liquid 

crystal applies to molecules or groups of molecules that form an ordered phase in 

solution. Phase transitions occur as a function of the concentration of the molecules 

involved as well as by temperature.
33

 

Apart from these classifications of liquid crystals concerning shape and phase, it is 

of both scientific and practical interest to quantify the degree of order by using the 

orientational order parameter S. 

Consider a nematic liquid crystal phase where the director, the average direction of 

the long molecular axes of all molecules, is pointing in a direction described by the 

Pitch (p) 
1)( −⋅⋅≡ eeCHTPp  
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vector n
r

. The orientation of the molecules can be described by an orientational 

distribution function ƒ(θ), where θ is the angle between the director and the long 

molecular axis of the individual molecule. Ultimately, this will lead to a series of 

Legendre polynomials:
39

 

...)(cos)(cos)(cos)( 442200 +++= θθθθ PSPSPSf  

The coefficient S2 is the most significant parameter and in its normalized form is 

referred to as the order parameter S:
40

 

( )
2

1cos3 2 −
=

θ
S  

In a perfectly oriented system S would have a value of 1, and in an isotropic 

situation S would be 0. Normally nematic phases at a temperature not too close to 

their transition to isotropic have an S value of around 0.7 which gradually decreases 

down to 0.3 to 0.4 close to the transition. At the clearing (isotropization) temperature 

there is the first order transition from liquid crystalline to isotropic where S suddenly 

drops to 0.  

 

1.3.1  Alignment in liquid crystal materials 

As stated above, the molecules in a liquid crystal self-organize; however, they do so 

in small domains, each of which has a different orientation of the molecular director. 

To obtain a homogeneous sample with a single domain it is necessary to apply an 

external stimulus. Applying an electric or magnetic field, the use of boundaries, the 

flow of the material, surface treatment or the use of an alignment layer can induce the 

alignment desired by the researcher.
41

 The monolithic order in liquid crystal displays 

represent a good example of some methodologies creating macroscopic order: a liquid 

crystal is placed between two transparent electrodes. For the so-called twisted-

nematic mode the electrodes are coated with alignment layers with orthogonal 

preferential axes, which result in alignment directions of the liquid crystals near the 

electrodes perpendicular to each other. To minimize their free energy the liquid 

crystal molecules in between the surface-enforced aligned molecules arrange 

themselves in a twisted way. When an electric field is applied between the electrodes, 
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above a certain threshold value the molecules align parallel to the field lines. In order 

to create optical switching in the case of a display, a polarizer film is placed at each 

side of the liquid crystal, of which their transmission axes perpendicular to each other. 

Because the liquid crystal material is birefringent in its planar aligned state, the 

polarization of the transmitted light is rotated by the liquid crystal, allowing it to pass 

through the second polarized filter (bright state). In the electrically addressed state the 

twist unwinds and the liquid crystal film becomes optically isotropic for the 

transmitting light, which is subsequently absorbed by the second polarizing film (dark 

state).
42

  

From this example it becomes clear that the use of alignment films is important for 

displays, something which is true for many LC based applications. A wide variety of 

methods can be used to produce alignment layers, but only those relevant for this 

thesis will be discussed in this section. 

The earliest discovered and still most widely used procedure to create alignment 

layers is the mechanical rubbing of a surface on which a liquid crystal is subsequently 

deposited.
43

 Usually, a polymer film (such as polyimide, PI, or polyvinylalcohol, 

PVA) between 20 to 30 nanometers thick is coated on a substrate and rubbed with a 

velvet cloth or brush, in order to orient the molecules in the outermost top layer and to 

create nanometer-sized grooves in the polymer surface. This serves as a guide for the 

liquid crystal molecules. The alignment obtained by this process is planar, parallel to 

the surface or, depending somewhat on the chemical nature of the polymer, slightly 

unidirectionally tilted.  

It is also possible to induce homeotropic alignment –that is, perpendicular to the 

surface –of the liquid crystal material by using alignment layers.
44

 This can be 

achieved by using surfactant type monolayers at the interface. But also specially 

prepared polymers can be used that contain hydrophobic side-chain units, thus acting 

as the surfactant. 

An alternative procedure to create liquid crystal alignment is by the use of so-called 

linear photopolymerizable material (LPP).
45

 These LPPs have photo-crosslinkable 

dichroic chromophores which respond to the state of polarization of UV light. Upon 

exposure only those chromophores lead to crosslinking that have their transition 

moments parallel to the electrical field vector of the light. Due to this crosslinking the 
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reacted chromophores are immobilized. The unreacted molecules can take another 

alignment until they also react by crosslinking. Then they become aligned with 

polarized light, thus populating a preferential orientation in the crosslinked polymer. 

The preferential orientation induces alignment in the liquid crystal when brought into 

contact with the LPP layer. These materials allow us to create multi-domain samples 

by using lithographic or holographic techniques.
46

 For example, it is possible to use a 

mask during the exposure, which then fixes part of the alignment layer with a certain 

orientation. Then, the mask is removed and the sample rotated, fixing the rest of the 

LPP with a different alignment. 

Another method that produces patterned alignment layers is the use of a self-

assembled monolayer on metal surfaces. The interaction between the surface and the 

specific functional groups of the adsorbed molecules is the driving force for the 

formation of a monolayer with a well-defined structure. The most frequently used 

materials are thiols and gold.
47

 The alignment obtained depends on the nature of the 

functional groups in the surface of the layer.
48

  

 

1.3.2  Polymerizable liquid crystals 

In order to use the self assembly feature of liquid crystal materials as a guide to 

create ordered polymeric structures it is necessary to polymerize them. This can be 

done by including polymerizable functional groups in the mesogenic molecules.
49

 

One or more reactive functional groups, most commonly acrylates, are attached to the 

rigid low molecular weight liquid crystal core through a flexible alkyl chain. The 

mesogens can then be polymerized into anisotropic polymer networks. 

Liquid crystalline polymers (LCP) have been widely studied in the past.
50

 The most 

common LCP designs are those where the rigid, mesogenic units are either attached as 

a side group to a polymer chain (side-chain LCPs).
51,52

 In the case that these polymers 

are not crosslinked they exhibit a mesophase between a crystalline melting 

temperature and the transition to the isotropic phase. As with the low molecular 

weight liquid crystals, LCPs can be classified as thermotropic and lyotropic and are 

correspondingly processed in the melt or in solution. The main-chain LCPs are often 

relatively intractable and high processing temperatures or aggressive solvents are 
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required to process them into the desired shape, often a fiber. It is especially difficult 

to process them into thin coatings or films with a controlled monolithic orientation. 

The side-chain polymers are somewhat more compliant with respect to their 

processing but exhibit their mesophase at elevated temperatures while being 

crystalline at room temperature. During crystallization the order is lost while 

spherulitic crystals form. An exception form the side-chain liquid crystal siloxanes 

which after crosslinking form so-called liquid crystal elastomers
54

 with their liquid 

phase around room temperature. Also for liquid-crystal elastomers it is not 

straightforward to form an oriented monolithic coating and often mechanically 

stretching procedures are necessary to create uniaxial alignment fixed by a 

simultaneous crosslinking. 

 It is for these reasons that the formation of thin, well-ordered films by the in-situ 

polymerization of liquid crystal monomers is attractive. Liquid crystal monomers are 

processed as low-viscous liquids. In their liquid crystalline state they are 

monolithically aligned where all methods known for the low molar LCs are available. 

In this aligned state the monomers are polymerized thus, locking the initial state of 

molecular order.  

Preferably the liquid crystal monomers used contain more than one reactive group 

thus forming a polymer network.
55,56,57

 Usually polymer networks are thermally stable 

and do not maintain the liquid crystalline properties from the original monomer, but 

preserve the liquid crystalline order up to their degradation temperature.  Despite the 

lacking LC properties they are known as liquid crystal networks. In some cases, 

commonly at lower crosslink density, the resulting polymer network does present the 

characteristic liquid crystalline transition and the order is altered by changing the 

temperature.  

The first polymerizations with reactive mesogens were thermally initiated.
58,59,60

 

This method presented certain inconveniences as the liquid crystalline phases exist in 

a limited temperature range for each liquid crystal material. Heating up the sample 

could lead to a loss of orientation during the polymerization process.
49

 To avoid this 

problem photopolymerization is used.
61,62,63

 This process is attractive for various 

reasons. First the polymerization proceeds fast and can be performed isothermally in a 

wide temperature range, although for full conversion in densely crosslinked networks 

sometimes a postcure at elevated temperatures is needed. Freedom to operate at a 
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variety of temperatures is beneficial as the liquid crystal phase often only occurs in a 

specific and narrow temperature range and, depending on the chemical nature of the 

liquid crystal molecule, at a variety of mostly elevated temperatures. The materials 

allow heating to the appropriate phase without premature polymerization and 

freezing-in eventual wrong phases. Moreover the use of photopolymerization enables 

patterning by lithographic procedures. This top-down patterning can then be used to 

position structures of lithographic dimension whereas the bottom-up self-organization 

of the liquid crystal provides the substructure down to molecular level.   

 

1.4     Objectives 

It is the top-down/bottom-up capability of the reactive liquid crystal that will be 

explored further in this thesis we will add yet another aspect to control the structure 

dimension and shape, even into the third dimension by the use of so-called dichroic 

photoinitiators. Dichroic photoinitiators are, as the liquid crystals, rod-like shaped and 

have the property that they preferentially absorb polarized UV light with the electrical 

field vector parallel to the long axis of the molecules, i.e. parallel to the distinct 

transition moment of the photoinitiator molecule. In films with complex director 

patterns, such as cholesterics, these photoinitiators together with polarized lithography 

address only those positions in the volume of the film where the photoinitiator and the 

electrical field of the transmitting UV beam are lined up. The axis of the 

anisotropically shaped photoinitiator tends to follow the orientation of the liquid 

crystal. Thus by modulating the director, preferably self-organized e.g. by introducing 

chirality or at specially prepared surfaces, also structure formation is modulated by 

localized photo-initiated network formation. Alternatively, the polarization of light 

can be modulated in the plane and in the depth of a uniaxially aligned film, thus 

modulating the photo-initiated network formation. It becomes especially interesting 

when both approaches are combined, i.e. a modulated polarization and a modulated 

director pattern. 

The prime objective of the research presented in this thesis is to produce 

nanostructured materials, which optionally are also structured at longer length scales, 

on the square meter scale for industrial processes. This combination of lithography, 
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liquid crystals and anisotropic photoinitiators is expected to result in experimental 

procedures to generate mass-produced relief structures with complex nanometer scale 

features. 

 

1.5     Outline of the Thesis 

  In this thesis, the dichroic photoinitiators play an essential role in the realization of 

nanometer features in reactive mesogens. Chapter 2 is completely dedicated to the 

description and characterization of these dichroic photoinitiators. The initiators are 

mixed with reactive mesogens, the performance of which is evaluated in terms of 

dichroism and anistropic polymerization initiation. 

Chapter 3 presents the production of microstructures by combining dichroic 

photoinitiators and liquid crystalline monomers with polarization holography. It 

provides a proof of principle, showing the capability of the dichroic photoinitiator to 

produce orientation selective polymerization. 

In Chapter 4 a new approach to create micro- and nanostructures is shown. 

Cholesteric liquid crystals serve as a template to align the dichroic photoinitiators. 

The periodic change of orientation allows the production of regular polymer 

structures with a pitch matching half the pitch of the original cholesteric sample. 

Chapter 5 shows an innovative way to structure in the third dimension. As in 

Chapter 3 on polarization holography, nematic liquid crystals and dichroic 

photoinitiators are combined to produce polymeric structures. The use of more 

complicated alignment layers results in the production of a polymerization gradient 

not only parallel to the substrate but also in depth of the sample.  

Chapter 6 is dedicated to the Maragoni effect at a cholesteric surface. This effect 

was discovered for some of our materials during the course of our research program 

and the principle is explored further for structure formation, in absence of or in 

addition to the presence of dichroic photoinitiator. The effect is based on surface 

tension variation throughout the liquid crystal-air interface in a planarly aligned 

chiral-nematic film containing amphiphilic molecules. 
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Chapter 2  

Dichroic Photoinitiators 

 

2.1     Introduction 

In order to use the self assembly feature of liquid crystal materials to form three-

dimensionally structured films or coatings, it is necessary to polymerize them in their 

liquid-crystalline state. Photopolymerization is usually the method of choice for liquid 

crystalline monomers, because it is possible to perform the polymerization over a 

wide range of temperatures relatively temperature independent. Therefore it allows us 

to have control, during the polymerization process, over the liquid crystalline phase, 

which normally occurs in a specific and relatively narrow temperature range. The use 

of light initiated polymerization also allows that the monomer can be heated to the 

appropriate phase without premature polymerization to occur as would be the case 

with thermally initiated polymerization. This prevents that polymerization takes place 

in an unwanted phase, e.g. smectic when nematic is desired, or before the appropriate 

molecular alignment has been established. 

Liquid crystalline monomers may have a variety of polymerizable groups. 

Examples in literature are epoxides, vinyl-ether, thiol-ene, etc. In this thesis we limit 

ourselves to the polymerization of liquid crystalline acrylates which are polymerized 
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through a free-radical chain-addition polymerization. The light-induced initiation of 

this polymerization proceeds via a light sensitive photoinitiator. These substances 

form their reactive species, often by photo-dissociation, when exposed to a specific 

range of wavelengths.
1,2

  Normally the selection of the appropriate photoinitiator is 

based on a number of criteria. The absorption band must match with the emission 

spectrum of the lamp system to obtain maximum efficiency, but the absorption should 

not give rise to yellowing in case of optical applications. Therefore an absorption 

band between 300 and 400 nm is often preferred as it matches with a number of 

emission lines of mercury lamps as well as with those of fluorescent UV lamps, while 

the sample being still colorless. Besides this the initiator must be soluble in the 

monomer system and in the case of a liquid-crystalline system not disturb the liquid 

crystal order or alignment.
3,4,5

 

The photoinitiators that are mostly used for free radical chain addition 

polymerization of acrylic monomers are those that undergo a Norrish type 1 

photodissociation reaction of an acryl carbonyl compound.
6,7

 

 

An efficient photoinitiator, well soluble in LC monomers, that is frequently used for 

the photopolymerization of liquid crystal acrylate monomers is α,α-dimethoxy-2-

phenyl acetophenone: 
8,9,10
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Other well known and often used photoinitiators are 2-hydroxy-2-methyl-1-phenyl-

1-propanone and 2-methyl-1-phenyl-2-(4-morpholinyl)-1-propanone, respectively 

having the following structures:
11
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Also these initiators yield their free radicals via a Norrish type 1 photodisscociation 

reaction. In general they are somewhat more polar than the α,α-dimethoxy-2-phenyl 

acetophenone
8,9,10

and are preferably used in combination in monomer systems with 

polar entities such as cyanobiphenyls.  

When added to a liquid crystal monomer host these photoinitiators are well-

dissolved but do not adapt a preferential orientation as far as this can be concluded 

from dichroic measurements of their absorption band. This can be easily understood 

from their calculated preferential conformation which is far from rod-like, as can be 

seen in Figure 2.1. 

 

Figure 2.1: Calculated preferential conformation from 2-hydroxy-2-methyl-1-phenyl-1-propanone. 

From left to right, front view, side view and top view of the molecule. 

 

 Consequently they tend to reduce the liquid crystalline transition temperature, an 

effect which can be limited by using only small relative amounts. Initiator 

concentrations around 1 w% normally provides fast polymerization without affecting 

liquid crystal behavior.
12

 

 

2.1.1  Dichroic photoinitiators 

By extending the aromatic part of the above mentioned free-radical photoinitiators 

at their para position with an aromatic group they may adapt a more rod-like 

conformation with a long molecular axis along the aromatic rings (Figure 2.2, 3, 4 

and 5). The conjugation of the carbonyl with the aromatic entities will be extended 

and the transition moment will be close to parallel to the long molecular axis. 

Consequently, the absorption will depend on their molecular orientation and the 
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molecules will become dichroic. As with the common photoinitiators, dichroic 

photoinitiators dissociate when exposed to the correct wavelength and will start 

polymerization reactions in the presence of monomers, the polymerization rate 

depending on the polarization of the incoming light.
13

  They possess the rare feature 

of being orientation selective, meaning they selectively dissociate when aligned with 

the electric field of the incoming light, a property that makes them very useful when 

working with liquid crystals. In general, the dichroic photoinitiators are not 

necessarily liquid crystalline by themselves, but when dissolved in small quantities in 

a liquid crystalline material, they follow its alignment  

When an oriented liquid crystal sample containing reactive mesogens and a dichroic 

photoinitiator is illuminated, only those locations where the orientation axis is planar 

and parallel with the electrical field vector of polarized light become polymerized. 

This property, employed to create complex structures, will be further discussed in the 

following chapters. In this chapter the properties of the dichroic photoinitiators will be 

discussed. More specifically, the dichroic ratio will be quantified in relation to the 

order parameter of a liquid crystalline host, and the polymerization rate is measured as 

a function of their alignment with the polarization of the UV light used for initiation 

of the polymerization. 

 

2.2     Experimental 

2.2.1  Materials 

The chemical structures of the studied dichroic photoinitiators 3, 4 and 5 are shown 

in Figure 2.2. They materials are not commercial and are kindly made available for 

this study by Merck under their internal code names IS11680, IS11681, BDH1468 

respectively. 
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Figure 2.2: 1) 5-PCH nematic liquid crystal host; 2) Components of the nematic mixture E7; 3, 4, 5) 

dichroic photoinitiators, IS11680, IS11681, BDH1468 respectively; 6) Reactive mesogens RM257 

(n=1, R=CH3), RM82 (n=2; R=CH) and C6H (n=2; R=H). 

 

Non-reactive low molar mass liquid crystals (1 and 2) are used as host for the 

photoinitiators to measure the dichroic properties. A reactive, polymerizable, liquid 

crystal (6) is used for determination of the polymerization kinetics.  Both the non-

reactive and the reactive liquid crystal host materials were obtained from Merck.  

 

2.2.2  Sample Preparation and Methods 

For the calculation of the isotropic extinction coefficient, ε, of the dichroic 

photoinitiators, solutions of each were made in THF. It is important to note that the 

solutions were highly diluted because of the high absorption of the photoinitiatiors. 

The exact concentrations of the solutions are specified in Table 2.1. 
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IS11680 (w%) IS11681 (w%) BDH1468 (w%) 

1.38·10
-3 

2.24·10
-3 

1.53·10
-3

 

6.92·10
-4 

1.12·10
-3 

7.65·10
-4

 

3.46·10
-4 

5.60·10
-4 

3.86·10
-4

 

1.73·10
-4 

2.80·10
-4 

1.91·10
-4

 

8.65·10
-5 

1.40·10
-4 

9.56·10
-5

 

4.33·10
-5 

7.00·10
-5 

4.78·10
-4

 

Table 2.1: Exact concentrations in weight% of the different dichroic photoinitiators in THF for UV 

absorption measurements to calculate the extinction coefficient.  

 

UV absorption was measured, using quartz cuvettes with a path length of 1cm, in a 

UV-Vis Spectrophotometer (SHIMADZU UV-3102 PC / MPC-3100). 

In order to measure the dichroic ratio and order parameter of the dichroic 

photoinitiators in a nematic liquid crystal, an aligned sample was required. The liquid 

crystals are aligned by using commercial liquid crystal cells (Linkam LCC) with 5 µm 

spacers and antiparallel rubbed polyimide planar alignment layer. The cells were 

capillary filled with mixtures containing one of the dichroic photoinitiators dissolved 

in a liquid crystal host (5-PCH). The exact composition of each of the mixtures is 

shown in Table 2.2. UV absorption was measured with the polarization parallel or 

perpendicular to the alignment of the liquid crystal using the UV-Vis spectrometer 

equipped with a UV polarizer set up. The two absorbances are measured by rotating 

the sample over 90
o
. 

 

 5-PCH  Photoinitiator 

Mix 1.1 100.00 0 

Mix 1.2 98.46 1.54 

Mix 1.3 98.50 1.50 

Mix 1.4 98.04 1.96 

Table 2.2: Concentration of the mixtures in weight% used for dichroic ratio and order parameter 

calculation. 
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The polymerization rate of the reactive mesogens provided with different dichroic 

photoinitiators was measured with FTIR and photo-DSC. Thereto mixtures containing 

the non-reactive nematic mixture, E7, the reactive mesogens, RM257 and RM82, and 

one of the dichroic photoinitiators were prepared. The composition of the blends is 

specified in Table 2.3. 

 E7 RM257 RM82 BDH1468 IS11680 IS11681 

Mix 2.1 49 30 20 1 0 0 

Mix 2.2 49 30 20 0 1 0 

Mix 2.3 49 30 20 0 0 1 

Table 2.3: Concentrations in weight% of the different components from the mixtures used to calculate 

the polymerization rate. 

 

The polymerization rate was measured using an IR Spectrophotometer coupled with 

a UV lamp. The mixture was dropcasted on top of the diamond crystal of a Specac 

Golden Gate
TM

 ATR, which was used in combination with a Biorad FTS3000 

Excalibur FTIR spectrometer. The sample was exposed to a UV lamp from Oriel 

Instruments (365 nm, 25 mW/cm2), and an IR spectrum was taken every two seconds. 

The polarization dependent photopolymerization of the monomer was studied with a 

Perkin Elmer DSC-2C apparatus modified for UV irradiation. Both the reference 

compartment containing an empty sample pan and the sample holder containing 0.70 

mg of monomer (film thickness = 40 µm) were irradiated with a 4 W fluorescent lamp 

(Philips TL08, length 20 cm). The lamp emits at 350 nm, the bandwidth at half 

intensity is about 45 nm. The intensity measured at the sample position with an IL 

Radiometer was 0,2 mW/cm2. The sample holders were flushed with nitrogen (2 ppm 

of oxygen). In order to remove the dissolved oxygen, the samples were stored in the 

sample holders of the DSC 20 min before the irradiation takes place. In order to 

induce orientation of the monomer mixture in the sample pans they were coated with 

a thin polyimide coating that is subsequently rubbed by means of a cotton bud. The 

molten samples were contact-covered with a thin quartz plate, also coated with rubbed 

polyimide, and aligned with the rubbing direction of the sample pan. The reference 

pan was also polyimide coated and provided with the coated quartz cover plate. 
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2.3     Results and Discussion 

All photoinitiators tested have an n-π* absorption band in the 300 to 400 nm region 

in THF. The overlap with the emission wavelengths of the light sources used for 

photopolymerization is relevant for their polymerization kinetics. Table 2.4 shows the 

respective wavelengths of maximum absorption and the corresponding extinction 

coefficients. Also the measured extinction coefficients at 351nm and 365nm are given 

which are the emission lines of the lamps that we are using for the 

photopolymerization process. The maximum absorption wavelengths as well as the 

extinction coefficients are in good agreement with those of the corresponding non-

dichroic photoinitiators. In that sense the polymerization kinetics are anticipated to be 

similar as well.   

 ε max ε 351 ε 365 

BDH1468 (λmax 308nm)   12000 1340 198 

IS11680 (λmax 315nm)   33300 3570 560 

IS11681 (λmax 310nm)   160000 4900 830 

Table 2.4: Extinction coefficients (w% cm)
-1

 for the three photoinitiators at the maximum of 

absorption, and the two wavelengths used for photopolymerization processes measured in a THF 

solution. 

 

The dichroic ratio and order parameter were measured using aligned samples. For 

the measurements we used the 5-PCH liquid crystal (1) as the host material, which we 

choose for its own low absorption in the wavelength area of interest. The absorption 

was measured using polarized light with the polarization parallel and perpendicular to 

the molecular director. The absorption spectra of the three photoinitiators shown in 

Figure 2.3 demonstrate that along the extraordinary axis (parallel to the molecular 

director), the absorption is larger than along the ordinary axis (perpendicular to the 

molecular director). 
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Figure 2.3: Absorption parallel (along the extraordinary axis) and perpendicular (along the ordinary 

axis)  to the molecular director of the three dichroic photoinitiators in 5-PCH, measured by polarized 

UV spectroscopy.  

 

 

1) Dichroic Photoinitiator IS11680 in 5-PCH 

2) Dichroic Photoinitiator IS11681 in 5-PCH 

 

3) Dichroic Photoinitiator BDH1468 in 5-PCH 
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It is possible to obtain a quantitative measure of the alignment of the photoinitiator 

in the LC by calculating the dichroic ratio and order parameter of the material using 

the following formulas: 

⊥= AADR / ||                  (1) 

⊥

⊥

+
=

AA

AA
S

2 

- 

||

||
                 (2) 

Where A|| is the absorption along the extraordinary axis, ⊥A is the absorption along 

the ordinary axis, DR the dichroic ratio, and S the order parameter. 
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Figure 2.4: The figure shows the wavelength-dependent dichroic ratio for the three photoinitiators.  

 

For the calculation of the order parameter we took the dichroic ratio at the 

absorption maximum. The order parameter of the three photoinitiators in 5-PCH is 

0.63 for BDH1468, 0.72 for IS11680 and 0.60 for IS11681. These values correspond 

with the order parameter of a nematic liquid crystal, estimated at around 0.7, which 

indicates that the photoinitiator follows the alignment of the materials on the LC host.  

From the measured dichroic ratios DR=5 to 6 (Figure 2.4), an estimation can be 

made of the ratio ⊥

pp RR ///  between the polymerization rates for parallel and 

perpendicular light. At the reaction onset, where polymerization is not hindered by 

mobility limitations of termination (auto-acceleration) or propagation in the 

solidifying medium (auto-deceleration), the polymerization rate is described by:
14
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 Φ
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tk

aI

cMpkpR
      (3) 

 

In this formula [Mc] is the monomer concentration, kp and kt are the reaction constants 

for propagation and termination respectively, φ is the quantum efficiency of initiation 

and Ia is the intensity of absorbed light. Termination is assumed to be based on 

disproportination. As the initial monomer concentration and the reaction constants are 

independent of the exposure conditions and the quantum efficiency is considered to be 

independent, only Ia depends on the polarization axis of the UV light and the 

polymerization rate ratio ⊥

pp RR /// is considered to be equal to DR
1/2

. This implies that 

the initial polymerization rate will be a factor of around 2.5 faster when exposed with 

parallel than with perpendicular polarized UV light. Of course the kinetic equation is 

only valid for polymerization of diluted monomer solutions in the absence of 

crosslinking. In our case this compares with the direct onset of the reaction.  

The polymerization behavior under conventional conditions, i.e. with a non-

dichroic photoinitiator (α,α-dimethoxy-2-phenyl acetophenone: 
8,9,10

 -see section 2.1) 

and unpolarized light, has been described before. Under these conditions 

polymerization enters the auto-acceleration state, induced by a suppressed termination 

rate upon gelation.  Already at low conversion and polymerization it proceeds to an 

end-conversion of around 90 mol-%. The end conversion is reached asymptotically as 

the reaction decelerates by increasing limitations for monomer diffusion when the 

sample passes the glass transition and attachment of monomer to the polymer main 

chains. In order to compare the polymerization kinetics of the three dichroic 

photoinitiators the conversion was first measured in a non-aligned liquid crystalline 

thin film by integrating the area of the acrylate signal in IR spectroscopy during 

polymerization using non polarized UV light. For these measurements the mixtures in 

Table 2.3 were used.  In all the cases, the conversion achieved approaches 80% as 

shown in Figure 2.5. The peak used for calculations was 1408 nm; its integration 

before polymerization was normalized to 0 % conversion.  
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Figure 2.5: Conversion of the acrylate groups vs. irradiation time. 

 

The polymerization rate was calculated at the first 6 seconds of the conversion 

graphs, being 6.05 mol%·s
-1 

for BDH1468, 14.78 mol%·s
-1

 for
 
IS11680, and 14.95 

mol%·s
-1 

for IS11681. In each of the three cases, the reaction happens extremely fast 

and reaches a limit within seconds. Initiator BDH1468 has a slower initiation, 

corresponding to a 4 times smaller extinction coefficient at 265 nm, resulting in a 

twice as low conversion rate in accordance with eq. (3). 

It has to be taken into account that thicker samples can contain some dissolved 

oxygen which acts as an inhibitor and therefore the exposure time needs to be 

extended.  

 Polymerization rate (mol% / s) 

BDH1468 6.05 

IS11680 14.78 

IS11681 14.95 

Table 2.5: Calculated polymerization rates of the dichroic photoinitiators 

 

To estimate the influence of the dichroic effects in combination with polarized 

UV light, photoinitiator BDH1468 (3) has been blended with nematic monomer C6H 

(6c). By means of photo-DSC, equipped with a polarized light source, the conversion 

was measured as a function of time.
15

 The sample pans of the DSC were provided 

with a thin film of a rubbed polyimide orientation layer to orient the monomer 
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uniaxially.  As Figure 2.6 demonstrates, the reaction of the sample exposed to 

polarized UV light with its polarization parallel to the average orientation axis of the 

liquid crystal monomer proceeds considerably faster than that exposed to polarized 

light perpendicular to the orientation axis. The ratio in polymerization rate ⊥

pp RR ///  at 

the onset is 2.6, well corresponding to the estimate originating from the dichroic 

ratios.  

 

Figure 2.6: Conversion as a function of time of uniaxially aligned monomer C6H with 7 mol% 

BDH1468 (3). The measurement is performed by photo-differential scanning calorimetry under a 

nitrogen blanket by exposing with a fluorescent lamp modified with a UV transparent polarizer filter ( 

0.2 mW.cm
-2

, 350 nm).  

 

With respect to the outcome of these measurements a few general remarks 

need to be made. The polymerization kinetics follow only the kinetic equation under 

ideal conditions, e.g. in the absence of oxygen, and only at the reaction onset. As soon 

as inhibitors are present, and for instance dissolved oxygen acts as an polymerization 

inhibitor, the contrast might be completely different. It is for instance known that in 

the case of dissolved oxygen an induction period can be observed where the free 

radicals generated from the photoinitiator preferentially react with the dissolved 

oxygen, thus preventing initiation of the polymerization. Only when the oxygen 

concentration has become low enough, the actual polymerization will start. As the 

length of this induction period depends on the rate with which the free radicals are 

produced, i.e. in our case depend on the efficiency of the absorption of light, it can be 

predicted that the induction period for exposure with perpendicular polarized light 
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( ⊥

indt ) extends the induction period for exposure of parallel polarized light ( //

indt ). In the 

time frame that ( ⊥<< indind ttt
// ) the contrast, ⊥

pp RR /// , is much larger than 2.5 and 

theoretically might even approach infinite.  

At higher conversions, when the polymerization has proceeded what decelerates 

because of mobility issues. The viscosity has increased and part of the monomer 

molecules has reacted with one of their acrylate groups reducing the reactivity of the 

remaining acrylate group at the same molecule. The result is that near the end of the 

reaction the polymerization carried out with perpendicular polarized light will catch 

up with the parallel polarized polymerization. The conclusion is that in order to create 

complex structures by modulating polarization and/or molecular orientation the 

optimum UV light intensity and UV light dose must be very carefully adjusted. At 

low dose and low intensity the contrast will be high, but the polymer might be not 

well enough developed to withstand solvent etching. On the other hand at a too high 

dose the polymer in the perpendicular areas will be formed to such an extent that they 

also are insolubilized.  

 

2.4     Conclusions 

All the dichroic photoinitiators presented here show a good alignment with the 

liquid crystal host. Because the order parameter of the sample is directly related to the 

dichroic ratio, liquid crystals with a higher order parameter are recommended for 

improving the absorption contrast of the photoinitiators. 

Based on the measured dichroic ratio of the photoinitiator an estimate of the 

polarization contrast of the polymerization rate at onset could be done, which was in 

accordance with the measured polarization–dependent ratio. It is predicted that for 

structure formation based on the polarization contrast of the photoinitiator there is a 

sensitive optimum with respect to UV dose and UV intensity. 
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Chapter 3  

Structuring with Dichroic Photoinitiators 

and Polarization Holography 

 

3.1     Introduction 

As mentioned in Chapter 1, the existing techniques for micro- and nano-structuring, 

cannot overcome the so called, Dimension-Time paradox, i.e., it is not possible to 

produce small structures over large areas in a reasonable amount of time. We explore 

a new technique to solve this problem based on the self-organization of liquid 

crystalline materials
1
 and the use of dichroic photoinitiators

2
. Control at molecular 

level is achieved thanks to the liquid crystal self-assembly features and nanostructures 

are created by selectively polymerizing with the help of a dichroic photoinitiator. The 

properties of these materials have been extensively explained in Chapter 2 and it was 

shown that photoinitiators with a high dichroic ratio and order parameter are 

available.
3
 In this Chapter we will explore the effectiveness of the dichroic 

photoinitiators to induce polarization-dependent and directional polymerization to 

create nano- and microstructures. A very elegant new method is used which uses 

polarization holography which is a rather new method, invented in 1984, to produce 

holograms and is explained further in the following paragraphs.
4,5,6,7,8
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Holography was invented in 1947 by Dennis Gabor who received the Nobel Prize in 

physics for it.
9
 He discovered that it was possible to record an object in 3D by making 

light shine through an object and a reference beam. The hologram is then recorded in 

a photosensitive material; by diffraction of light on the photosensitive film a 

reproduction of the original object can be seen.
10

 The further development of this 

technique however had to wait until 1960 when the laser was invented, i.e. coherent 

light was required for recording which was not available before the invention of the 

laser. To produce 3D holograms like the ones used in credit cards, a laser beam is split 

in to two beams; a reference beam that goes directly to the recording film and a 

second beam which is reflected from the object.
11,10

 When both beams meet, at the 

photographic film, the resulting interference is recorded as an image. Two types of 

holography can be distinguished, depending on the orientation of the photosensitive 

film with respect to the interfering laser beams.
12

 In reflection holography each 

incident beam hits at a different side of the sample (Figure 3.1 B). In transmission 

holography the beams go to the same side of the sample (Figure 3.1 A).
13

  

   

 

Figure 3.1: Laser beam holography setup for recording transmission gratings (A), and reflection 

gratings (B).  

  

 To produce grating holograms, such as those used for optical devices, no object is 

used. The interference pattern is produced by two plane light waves. As in the 

previous case, the laser beam is split in to two, but now both beams are immediately 

directed to the photosensitive film. The two coherent beams produce an interference 

pattern that is then recorded as an intensity profile. The period of the grating is 

determined by the angle and wavelength of the interfering beams and can be easily 

modulated. 

A                                                                                     B 
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By using appropriate monomers
10

 or polymers in the recording film it is possible to 

induce periodic polymerization or de-polymerization. In the case of a negative 

photoresist (monomers), the areas with high light intensity will polymerize (bright 

areas), and those with low intensity will remain in the monomeric state (dark areas). 

After etching, i.e., removal of the non polymerized part, a polymeric pattern is 

obtained, of which the periodicity matches that of the interference pattern. 

Polarization holography is a rather new holographic technique.
4,5,7,8,14

 As in 

classical intensity holography, this technique is used to record an interference pattern 

originating from two coherent laser beams. In classical intensity holography, two 

interfering beams consisting of parallel and linearly polarized light are used to create 

an intensity modulation (Figure 3.2). In polarization holography the interfering beams 

do not have the same linear polarization state and consequently the light intensity of 

the interference pattern deviates from sinusoidal. In the extreme cases where the two 

polarizations of the two beams are orthogonal, either in the case of linear polarized 

light or in the case of circular polarized light, the intensity of the projected beam is 

flat and place independent in the central part of the beam. Instead of the intensity, the 

polarization is modulated. (Figure 3.3). In the case of two beams with orthogonal 

linear polarized light, the projected beam exhibits a periodic interference pattern 

where the local polarization changes from linear via elliptical to circular as depicted 

in Figure 3.3A. When the beams have orthogonal circular the interference exhibits a 

periodic linear polarization modulation as shown in Figure 3.3 B.
15,16

    

 

Figure 3.2: Classical amplitude holography interference pattern. Linearly polarized light beams going 

though the sample. 
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Figure 3.3: Polarization holography interference patterns. A) Polarization pattern created by two 

orthogonal linearly polarized beams. B) Polarization pattern created by two orthogonal circularly 

polarized beams. 

 

Polarization holograms are formed when this diffraction pattern is recorded in 

photo-sensitive material e.g. azocompounds, LPP, etc., that recognize the state of 

polarization and react correspondingly.
7,17,18,19

 In turn, these polarization holograms 

diffract polarization-selectively.
16

 This allows the creation of polarized light more 

efficiently, with less light loss than the usual polarizers, what has demonstrated to be 

useful in a manifold of optoelectronic devices.
20

 Because the intensity remains 

constant it is not possible to record such a grating in a normal negative or positive 

photoresist as the whole film would polymerize at the same rate.  

Besides the above mentioned compounds we introduce a new way to use 

polarization holography. In our anisotropic samples containing a liquid crystal and a 

dichroic photo-initiator the polymerization is polarization selective (see Chapter 2). 

When the light polarization of the hologram matches the liquid crystal orientation, 

polymerization will occur (bright areas); in those areas where light polarization and 

alignment of the LC mismatch the monomers will not polymerize, or will do so with a 

much slower rate.
2,21
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In this chapter the creation of polymer gratings by using polarization holography, in 

combination with dichroic photoinitiators and liquid crystals, will be shown and the 

anisotropy of the resulting patterns studied. For the experiments we use orthogonal 

circular polarization states, which result in a polarization pattern as shown in Figure 

3.3B. Similar to amplitude holography the pitch of the interference pattern (Λ) is 

determined by the wavelength (λ) of light and the angle between the recording beams 

(θ), as shown in Equation 3.1.  

( )θ

λ

sin2
=Λ                                                      Equation 3.1  

The prime objective is to investigate the optimum conditions for the polymerization 

process, the mixture composition, intensity and exposure time. This will be very 

important for obtaining relief structures in chiral nematic, as it gives us a proof of 

principle before stepping into more complicated aligned systems. 

 

3.2     Experimental 

3.2.1  Materials 

All the polymer gratings were made by using mixtures containing a non-reactive 

liquid crystal host, E7; reactive mesogens, RM82 and RM257; one of the dichroic 

photoinitiators, (BDH-1468, IS11680 or IS11681); all kindly provided by Merck 

(Southamptom, UK); and an inhibitor, tert-butylhydroquinone, provided by Sigma-

Aldrich (Steinheim, Germany). The molecular formulas are shown in Figure 3.4. 
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Figure 3.4: 1) Dichroic photoinitiator BDH1468; 2) Components of the nematic mixture E7; 3, 4) 

dichroic photoinitiators, IS11680, IS11681 respectively; 5) Reactive mesogens RM257 (n=1) and 

RM82 (n=2); 6) Inhibitor, tert-butylhydroquinone. 

 

 

3.2.2  Sample Preparation 

The mixture used for the experiments contains approximately 30 w% reactive 

mesogens (5 with n=1 and n=2 in a 2:3 w/w ratio) and 69 % non-reactive liquid 

crystal E7 as well as a small amount (1 w%) of dichroic photoinitiator 1. The non-

reactive LC E7 is a blend of cyanobiphenyls and a cyanoterphenyl.  To make 

homogeneous blends, the components are dissolved in dichloromethane to a 

concentration of 50 %. Subsequently, the solvent is evaporated by heating the mixture 

to 80 
o
C

 
for approx. 90 minutes. 

 To obtain aligned samples, LC cells were used; the ones used in the first set of 

experiments were commercial Linkam cells with antiparallel alignment layer and a 

cell thickness of 5 µm. They were filled with the LC mixture using capillary action. A 

polarization holographic exposure was performed with an Argon laser at 351 nm for 
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five minutes. The intensity of the combined beams was 70 mW·cm
-2

 in the 

interference region. 

In the second set of experiments, the cells were manufactured by adhering two 2x2 

cm LPP coated glass plates at their edges and kept at a constant distance by means of 

10 µm spacers. LPP is a photoalignment layer provided by Rolic (Basel, Switzerland), 

which forms an anisotropic texture, capable to align liquid crystals which are brought 

in contact, by exposure to linear polarized light. An alignment pattern, as indicated in 

Figure 3.11B, was created in the LPP layer by a polarization holographic exposure of 

the already glued cell filled with ciclohexane to match the refractive indexes. The 

ciclohexane was then evaporated and the cell was subsequently capillary filled the LC 

mixture. The cell was then exposed to linear polarized light.   

In both experiments the etching procedure was performed by submerging the whole 

cells in THF over night, after which we let the solvent evaporate. The cells were then 

opened to study the polymeric structure.  

The polarization holography setup is as follows (Figure 3.5). The laser beam is 

reflected by a mirror that directs the light to a beam splitter that divides the beam into 

two beams of equal intensity. Each of the two beams now are directed by other 

mirrors towards two λ/4 waveplates with the optical axis oriented at +45º and -45º 

respectively to transform the linear polarized light into circular polarized light. 

Because of the different orientation of the optical axis in the filters, one of the beams 

becomes left handed and the other right handed. The grating period is given by 

Equation 3.1. 

 

Figure 3.5: Polarization Holography setup. 
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3.3     Results and Discussion 

In a first set of experiments, a mixture of reactive and non-reactive mesogens 

together with a small amount of dichroic photoinitiator was used. A mixture was used 

because the pure reactive mesogen is crystalline at room temperature while mixing it 

with E7 gives us a supercooled blend that remains in the liquid crystal (LC) state for 

days making the processing possible at room temperature. A Differential Scanning 

Calorimetry (DSC) thermograph was recorded which shows that the mixture is 

supercooled and crystallization is suppressed, see Figure 3.1. 
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Figure 3.6: DSC measurement of a mixture containing 30% of reactive mesogen and 70% of non-

reactive mesogen (E7). In the graph is represented the second heating and first cooling of the mixture. 

The peak at 76.87 ºC in the heating curve represents the transition from liquid crystalline to isotropic. 

The peak at 73.15 ºC in the cooling curve represents the transition from isotropic to liquid crystalline. 

At -62.90 a depression appears indicating the presence of a supercooled state.  

 

The mixture was brought into a cell to provide a monolithic and planar uniaxial 

orientation. Using polarization holography, the cell was exposed for four minutes to 

an interference pattern in which the orientation of linear polarization light rotates as 

depicted in Figure 3.3B.  
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We exposed three samples with a different orientation with respect to the grating 

vector (Figure 3.7), from now on denoted as the 0
o
, 45

o
 and 90

o 
cell,

 
respectively. 

 

 

 

 

 

 

Figure 3.7: Schematic picture of the LC cells with respect to the interference pattern created by 

polarization holography. The small rods simulate the LC molecules and the long grey arrows show 

where the molecules align with the polarization of the light, which are the areas where polymerization 

predominantly occurs.  

 

According to previous experiences
2
 and taking into account the results of Chapter 2 

we anticipate that the polymerization is preferentially initiated at the locations, where 

the photoinitiator is aligned parallel to the electrical field vector of the UV light. 

During this localized polymerization LC monomer is consumed and a concentration 

gradient is built up. This induces a diffusion of the LC monomer to the activated 

areas, where a relatively fast polymerization occurs. Due to this polymerization, 

monomer is depleted and the non-reactive LC counter-diffuses to the more slow 

polymerizing regions. In this way we obtain a pattern of polymer LC lines separated 

by non-reactive LC rich regions. The pitch of the polymeric pattern matches that of 

the interference pattern set by the polarization hologram. 
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Figure 3.8: A) Schematic picture of the exposed cells, in red the direction of the polymer lines in the 

different samples. B) Polarization optical microscope pictures of the samples observed with the 

molecular orientation at an angle of 45
o
 with the crossed polarizers. The arrows in the right corner 

indicate the molecular director. C) Polarization optical microscope pictures of the samples observed at 

an angle of 0
o
 with the crossed polarizers. The arrows in the right corner indicate the molecular director 

imposed by the rubbing. 

 

After the polymerization process the anticipated structures are indeed observed in 

the optical microscope, but because of the similar values of the refractive indexes of 

the polymer and the non reactive LC the contrast between polymerized areas and non 

polymerized areas is low. By removing the non reactive LC by dissolving in it in 

THF, the contrast is enhanced and the polymer lines are clearly visible in all the 

samples with the optical microscope (Figure 3.8). A special feature of the created 

polymer gratings is that within the lines the molecular orientation is controlled by the 

angle between the grating vector and the initial alignment of the initial reaction 

mixture as shown in Figure 3.7. All the cells were observed between cross polarizers 

with the molecular director at 0 and 45
o
 with respect to the analyzer in the optical 

microscope. At 0
o
 all the samples are black indicating that all the molecules in the 

polymer network are oriented parallel to the analyzer. At 45
o
 the polymer lines are 
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visible showing in all the samples a similar color. These facts indicate that the 

molecules forming the polymer have not changed their alignment during the 

polymerization process despite the diffusion effects.  

After removal of the non-polymerized components by etching with THF the 

samples were observed with the Scanning Electron Microscope (SEM). Independent 

of their orientation during exposure all three samples looked similar; an example is 

shown in the SEM picture in Figure 3.9. The relief is caused by the removal of the 

non-reactive LC from the areas where the degree of polymerization was restricted due 

to a limited absorption of the photoinitiator. Despite the limited absorption in this case 

polymerization also took place at the areas where the orientation of linear polarized 

light was orthogonal to the liquid crystal director. It is anticipated that this is related to 

the exposure dose. In Chapter 2 we already showed that in the orthogonally aligned 

regions also polymerization takes place, although at lower rate, and that upon 

prolonged exposure also full conversion will be reached. In that case the structuring 

effects will be mainly determined by polymerization-induced diffusion provided by a 

higher polymer concentration in the regions of parallel orientation to the UV light 

polarization. The contrast in local polymerization initiation rate can be drastically 

enhanced by the use of higher concentrations of inhibitor and an optimized UV dose 

as will be shown later in the chapter.  

The special feature of the surface relief as shown in Figure 3.9 is that the liquid 

crystal director can be freely chosen with respect to the grating vector. Consequently 

new polarization dependent diffraction optics are possible based on differences in 

refractive index modulation depending on the alignment direction of the molecules.  

 

Figure 3.9: SEM picture of a polymerized and etched sample. The observed wedge is a result of the 

shrinkage of the sample after removal of the remaining monomers and E7.  The polymer film breaks 

exactly along one of the low polymerized areas of the sample. 
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The height of the observed structures was quantified with an optical interferometer. 

All the samples, with 3 microns pitch and produced in a cell 5 µm thick cell, show a 

similar structure height of 600 nm, Figure 3.10. This aspect ratio is comparable to 

those obtained with techniques like photoembossing,
22,23,24,25

 making it a competitive 

technique in the microstructuring area but now in anisotropic media. 

 

Figure 3.10: Interferometer picture and profile of a different area of the sample shown in Figure 3.9. 

 

In a second set of experiments, we used home-made LPP cells. LPP stands for 

linear photo-polymerized polymer, this material is photo-patternable and can be used 

as an alignment layer. When a thin LPP layer is exposed to UV polarized light its 

molecules orient themselves with the polarization of the light by crosslinking of the 

preferentially aligned reactive moieties. As such the optical effects obtained by this 

process are limited but can be amplified by applying a layer of liquid crystals on top. 

The liquid crystals epitaxially adopt the orientation in the LPP layer. In our case the 

LPP was applied onto two substrates that were then glued together and subsequently 

exposed to a polarization hologram of two orthogonal circular polarized beams to 

create an alignment layer like the one shown in Figure 3.11A. The cell was 

subsequently filled with a liquid crystal mixture of reactive and non-reactive 

mesogens and a dichroic photoinitiator. An optical micrograph of the sample before 

polymerization is shown in Figure 3.11B. which illustrates that the director of the LC 

with photoinitiator rotates as expected from the holographically patterned alignment 

layer. The sample was then illuminated with linearly polarized UV light during four 

minutes.  

0 10 20 30 40 50

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

H
e
ig

th
 (

µ
m

)
Length (µ m)

 

Length (µm) 



Structuring with Dichroic Photoinitiators and Polarization Holography                                                                                                 51 

                      

Figure 3.11:  A) Schematic draw of an LPP alignment layer with the polarization hologram recorded 

on it. B) Optical micrograph of a cell with an LPP alignment layer (exposed to a polarization hologram) 

filled with LC. 

 

This experiment is almost equivalent to the previous one, the same process is taking 

place, however in this case the molecular director is rotated instead of the orientation 

direction of linearly polarized light. This experiment proves that the polymer lines are 

indeed a result of the selective polymerization triggered by the dichroic photoinitiator 

and not by an intensity interference pattern (resulting from any misalignment or 

mispolarization of the interfering laser beams and therefore an intensity modulation). 

In this case it is not possible to confirm the existence of polymer lines by using the 

optical microscope after polymerization. This is the case, because the rotation of the 

molecular director along the sample is already seen as color lines prior to 

polymerization. Therefore, to prove that selective polymerization has taken place, 

after removal of the non-reactive LC the samples were studied with the SEM. The 

image is shown in Figure 3.12, demonstrating the existence of a surface relief pattern.  

At first sight, it might look like that the gratings produced via the method 

previously explained (using uniaxially aligned samples) and this one (using LPP 

alignment layers) are completely equivalent. However, one should realize that the 

molecular orientation in these structures is different. In the former case the orientation 

of the molecules at the hills and in the valleys is the same. In the LPP case the 

orientation of the molecules in the valleys is orthogonal to the orientation at the hills, 

providing somewhat different polarization optics and an enhanced refractive index 

modulation for diffractive optics. 

A                                                             B 
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Figure 3.12: SEM image of a film created by using an LPP alignment layer with in-plane rotating 

orientation and a reactive LC polymerized with linearly polarized UV light.  

 

Although a relief structure is clearly visible, it is also noticeable that as in the 

previous case the sample is overexposed and polymerization has occurred even in the 

areas aligned perpendicular to the linear polarized light. In the next pages of this 

chapter the experiments performed to optimize the polymerization conditions and 

thus, obtain a better phase segregation and higher modulation will be detailed. 

The first parameter to optimize was the mixture composition. It was already argued 

in Chapter 2 that enlarging an induction period between lamp ignition and initiation of 

polymerization might increase the polarization contrast enormously. In the induction 

period free radicals are formed but they are inactivated by reaction with dissolved 

species as oxygen and inhibitors. The induction period will be shorter when more free 

radicals are produced per unit of time, i.e. in the case of exposure with parallel 

polarized UV light. To enhance this effect an inhibitor, tert-butylhydroquinone, was 

added to the blend with the dichroic photoinitiator. The amount of free radicals 

created in the areas where the molecules are misaligned with the polarization of light 

is lower than in the areas aligned with it, the action of an inhibitor will therefore be 

more effective in the zones with low polymerization rate. The pictures in Figure 3.13 

show the effect in the selective polymerization process for three samples, one 

containing no inhibitor, one with 0.5 w% and one with 1 w% inhibitor in them. All 

other conditions were the same as in the first set of experiments explained in this 

chapter, using uniaxially aligned samples and exposing the cells with the polarization 

hologram for four minutes. 
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Figure 3.13: SEM pictures of three polymerized and etched samples. Containing none, 0.5 w% and 1 

w% inhibitor (tert-butylhydroquinone). It is clear from the picture that the orientation selectivity during 

polymerization is enhanced by adding an inhibitor. The lower amount of radicals formed in the dark 

areas make the effectiveness of the inhibitor higher there. 

 

It is clearly visible from the pictures in Figure 3.13, that the effect of the inhibitor 

is beneficial for the selective polymerization process. In the left picture, the sample 

with no inhibitor, a surface relief is observed but there is not a clear separation 

throughout the film, i.e. between the areas with high polymerization rate and those 

with low polymerization rate. The middle picture, 0.5 w% inhibitor content, already 

shows an improvement with respect to the previous one, one of the polymer walls 

separates clearly from the adjacent ones, the breaking happens exactly in the areas 

where the polymerization rate was lower. The right picture, 1 w% inhibitor, shows the 

optimum as between the polymer walls, and for the first time voids are observed 

between the polymer walls. The voids seem to transverse the whole cross-section of 

the films, from top to bottom. In the SEM pictures the voids are empty but it is 

anticipated that directly after polymerization they are predominantly filled with the 

non-reactive E7 which is removed by the THF etching. Samples with higher inhibitor 

content failed to polymerize; with these results we concluded that the optimum was to 

add 1 w% tert-butylhidroquinone to the mixture to improve the contrast during 

polymerization. 

Secondly, besides the composition also the exposure time was optimized. Four cells 

containing a mixture of reactive and non reactive mesogen, a dichroic photoinitiator 

and an inhibitor were exposed to linear polarized UV light at the same intensity 

varying only the exposure time. In the previous experiments all the samples were 

exposed for 240 seconds resulting in overexposed samples, in this case the samples 

were exposed for 30, 90, 150 and 240 seconds, keeping this last value as a control 

sample. 
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Figure 3.14: SEM pictures of polymerized and etched samples. A) The sample was exposed for 30 

seconds; polymer walls clearly separated from each other appear. The observed ‘I’ shaped profile is a 

consequence of the affinity of the monomer for the glass substrates.
26

  B and C) The sample were 

exposed for 90 and 150 seconds respectively. The polymer walls, in I profile appear covered by a thin 

polymer film (caused by the affinity of the monomer with the glass) creating tunnels.  D) The control 

sample was exposed for 240 seconds. As expected the sample is overexposed and only a surface relief 

is observed. 

 

The pictures in Figure 3.14 show four samples polymerized for 30, 90, 150 and 240 

seconds respectively. The sample polymerized for only 30 seconds, Figure 3.14A, 

shows beautiful periodic polymer walls with an I-shaped profile, the height of the 

structures is approximately 3 µm and the width 0.5 µm. This result is extremely good 

as it gives us an aspect ratio of 6:1, which is very high compared with 

photoembossing
23,24

 and comparable to the aspect ratio of the microstructures 

obtained with lithography and holography using SU-8 photoresist.
27

 The ‘I’ profile is 

due to the affinity of the monomer to the substrate; this causes a thin polymer film to 

appear under and over the polymer walls.
26

 The effect can also be appreciated in 

Figure 3.14 B, C; the samples in this pictures were exposed for 90 and 150 seconds 

respectively. The thickness of the walls is bigger in these samples and also the 

polymer film covering them; in this case tunnels or channels appear. The sample 

exposed for 240 seconds, shows only a surface relief structure, as expected, the 

sample is overexposed as the ones in the previous experiments of this chapter.  

A                                                                                 B 

 

 

 

 

 

 

C                                                                                 D 
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These results clearly show that a short exposure time is the best choice in order to 

obtain separated polymer structures. 

All the experiments showed until now were performed by using the dichroic 

photoinitiator BDH1468, the slowest dichroic photoinitiator of the three studied in 

Chapter 2. In the next set of experiments we will compare the performance of the 

three photoinitiators that were available to us. Three mixtures were prepared each of 

them containing one of the dichroic photoinitiators (BDH1468, IS11680, and 

IS11681) and the same amount of reactive, non reactive mesogen and inhibitor. Three 

LC cells were filled with these mixtures and exposed to a polarization hologram for 

30 seconds. The following pictures, Figure 3.15, show the results of these 

experiments. 

 

Figure 3.15: SEM pictures of polymerized and etched samples. Picture A corresponds to the sample 

containing the dichroic photoinitiator BDH1468, the slowest photoinitiator; polymer walls were 

obtained. Pictures B and C, correspond to the samples containing the dichroic photoinitiator IS11680 

and IS11681 respectively. Both samples show only a surface relief structure; there is overexposure, 

even with an exposure time of only 30 seconds.    

 

The pictures clearly show that the slowest dichroic photoinitiator BDH1468 serves 

our purposes best, the polymer walls obtained are cleanly separated from each other. 

The other two dichroic photoinitiators IS11680 and IS11681, are faster initiating the 

polymerization reaction, as was shown in Chapter 2. The higher initiation rate of these 

two compounds presents a disadvantage to use them as the contrast between dark and 

bright areas is reduced; this can be ascribed to a reduction of the induction period. 

Polymerization occurs even in the zones where the molecules are perpendicular to the 

light polarization, resulting in a surface relief structure, but not in separated polymer 

walls. The reason is that the polymerization is still faster in the areas aligned with the 

light polarization. In view of these results the experiments in the following chapters 

will be performed using only the dichroic photoinitiator BDH1468. 

A                                                    B                                                     C 
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Importantly, we have now demonstrated by various means that the combination of a 

dichroic photoinitiator, a reactive liquid crystalline mixture and polarization 

holography enables polarization selective polymerization of acrylate monomers. The 

formation of polymer patterns, walls, tunnels, channels, surface relief structures 

indicates that the polymerization is indeed fastest in the areas aligned with the electric 

field of the polarized light. This confirms the principles discussed in Chapter 1 where 

it was postulated that anisotropic photoinitiation will be obtained by the selective 

dissociation of the dichroic photoinitiator as a function of its orientation towards the 

electrical field vector of a traversing light beam. In this chapter we exploited this 

principle to form structures in the plane of a film. However it seems obvious that in 

case of director patterns in the depth of the film even more complex structures may be 

formed. Also when the liquid crystal by its own nature follows complex director 

profiles across the film, these profiles will be templated in the polymer structures that 

will form. Thereto in the next chapter the dichroic photoinitiator is used in 

combination with cholesteric, or twisted nematic liquid crystals, the periodic 

orientational change of the molecules in these materials will serve as a guide for the 

selective polymerization of the dichroic photoinitiator. With this technique 

holography will no longer be needed, trying to make the process more suitable for 

large-scale production. 

 

3.4     Conclusions 

In conclusion, it has been shown in this chapter that the dichroic photoinitiators 

combined with the self-organization of LC and appropriate illumination conditions 

provide a new powerful microstructuring tool. Micro- and hopefully in the future 

nano-structures can be created, in particular gratings that exhibit well controlled 

molecular anisotropy in combination with a relief structure. In comparison with 

traditional lithographic methods this new method utilizing the state of polarization of 

light adds that not only intensity modulation, as created by masks or interference, can 

be used but that also the alignment of the liquid crystal host can be exploited. In 

occurring cases the use of masks can be omitted thus avoiding diffraction limitations 

for the formation of sub-micrometer structures. 
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 As a proof of principle for this type of polarization lithography it was essential to 

show that the polymerization predominantly occurs in the areas where the molecular 

director is parallel to the electric field of the incoming light (bright areas), due to the 

higher light absorbance of the dichroic photoinitiator in those areas. The presence of 

inhibitors in the mixture increases the contrast between the fast and slow reacting 

areas as imposed by the initiator orientation. The smaller amount of radicals in the 

orthogonally oriented areas of the initiator makes the action of the inhibitor more 

effective as it expands the difference in the polymerization induction periods. Related 

to this and to the characteristic dose-response of the reaction mixtures a short 

exposure time is beneficial for the creation of separated polymer structures. With a 

short exposure time fewer radicals are created in the sample, again enhancing the 

contrast between the polymerization rate in the dark and bright areas, as in the case of 

the inhibitors. 
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Chapter 4  

Microstructuring using Cholesteric Liquid 

Crystals and Dichroic Photoinitiators 

 

4.1     Introduction 

In the previous chapters it has been shown that it was possible to create orientation 

dependent polymerization by using a dichroic photoinitiator and polarized light. 

Complex structures can be achieved by using polarization holography
1,2,3,4

 in 

combination with these systems. This method, although new in the approach, still 

presents the problem of common holography, that is, the minimum size of the 

structures is limited by the wavelength of the laser, plus the sample size can only be 

as large as the laser beam used.
5,6,7

  

To achieve our goal, creating nanostructures over large surfaces, it is necessary to 

approach the problem in a different way. Instead of using the polarization hologram to 

produce a polarization modulation, we use a cholesteric liquid crystal
8
 to obtain a 

periodic orientation change. Cholesteric liquid crystals, also known as chiral nematic 

liquid crystals, present a layer-like order of which the molecular orientation of each 

layer has a slight angle which respect to the previous adjacent one (Figure 4.1 A). 

The resulting structure is a consequence of either the presence of a chiral center in the 

mesogenic molecules, or the addition of a chiral dopant
9
 to a nematic liquid crystal. 
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This chirality produces intermolecular forces that cause the molecular director to form 

a continuous helical pattern. 

               

Figure 4.1: A) Cholesteric liquid crystal schematically drawn as twisted layers with within each layer 

the molecular axes being distributed according to the local order parameter; this is the most realistic 

representation; however it is not visually clear. B) Cholesteric liquid crystal in most commonly used 

representation although not most accurate as the molecules do not order themselves in the perfect 

helixes as depicted. Despite this, B is the representation that will be used from now on to explain the 

processes in a clearer way. 

 

A cholesteric liquid crystal is characterized by its pitch, being the distance that it 

takes for the molecular director to make a 360 degree turn, as shown in Figure 4.2. So 

the distance between two layers with the same orientation is the half pitch. The pitch 

of a chiral nematic LC is inversely proportional to the concentration (c), the 

enantiomeric excess (ee), and the helical twisting power (HTP) of the chiral liquid 

crystal or the chiral dopant. The HTP is a measure from the efficiency of a chiral 

dopant to cause helical organization, it is given a negative sign if it produces a left 

handed helix and a positive one if the resulting helix is right handed. The cholesteric 

pitch can be easily tuned by adjusting the concentration of the chiral dopant.
8
 

                 

 

Figure 4.2: Cholesteric liquid crystal pitch (p), double of the distance between two layers with the 

same orientation. The pitch is inversely proportional to the helical twisting power (HTP), the 

concentration (C), and enantiomeric excess (ee) of the chiral dopant. 

 

By using different alignment layers it is possible to orient the helix axis parallel or 

perpendicular to the substrate. To obtain a parallel alignment of the helix, 

Pitch (p) 
1)( −⋅⋅≡ eeCHTPp  

A                                                                       B 
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homeotropic alignment layers are used.
10,11

 With this orientation, a typical fingerprint 

texture can be observed in the optical microscope between crossed polarizes (Figure 

4.3 A right). The visibility of the fingerprint texture is due to the different 

birefringence of the molecules as a function of their angle with the substrate, each 

color line belonging to a different molecular director orientation.
12

 The distance 

between two lines of the same color corresponds to half the cholesteric pitch. With 

homeotropic anchoring the boundary conditions of the cholesteric liquid crystal 

cannot be satisfied in any orientation, resulting in a frustrated mesophase, more so 

when decreasing the sample thickness. As a consequence, there is a strong 

dependence of the liquid crystalline texture on the confinement ratio Χ=h/p, where h 

is the film thickness and p is the cholesteric pitch.
8
 Below a value called the critical 

confinement ratio, Xc, no fingerprint is observed and the sample is completely 

homeotropic nematic. Above this value the “fingers” appear separated from each 

other by a homeotropic nematic domain. If the value of X keeps increasing the fingers 

adhere and the homeotropic nematic domains disappear completely (Figure 4.12). 

 It is easier to obtain a monodomain sample with planar alignment layers, because 

the boundary conditions of the cholesteric are satisfied by orienting the helical axis 

perpendicular to the surface
8
. In the optical microscope these samples present a 

uniform color when observed between crossed polarizers (Figure 4.3 B). For a 

specific value range of the pitch these types of aligned samples selectively reflect 

circularly polarized light of the wavelength corresponding to the product of the pitch 

and the average of the refractive index pn=λ  (Bragg reflection). The light of the 

same handedness as the cholesteric helix is reflected while, that of the opposite 

handedness is transmitted.
13,14
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Figure 4.3: A) Schematic representation of a cholesteric LC with its helical axis parallel to the 

substrate and optical micrograph of a sample so oriented showing the typical fingerprint texture. B) 

Schematic representation of a cholesteric LC aligned with its helical axis perpendicular to the surface 

and optical micrograph. 

 

If we add a dichroic photoinitiator to a cholesteric mixture (e.g. also containing 

reactive mesogens) the initiator will align with the mesogenic molecules as it happens 

with nematic alignment (see Chapter 2). The orientation of the photoinitiator is then 

different along the sample in a periodic way, following the cholesteric orientation. If a 

sample is now exposed to linearly polarized light only those areas oriented parallel to 

the electric field of the polarized light will polymerize (denoted further as bright areas 

referring to the areas where the initiator becomes excited), as the dichroic 

photoinitiator absorption is maximum at that orientation. The areas whose orientation 

is perpendicular to the electric field of the polarized light will remain unpolymerized 

or will have a much slower polymerization rate, as the absorption of the photoinitiator 

is minimum (further denoted as dark areas). 

In a sample with fingerprint alignment, the orientation dependent polymerization 

will result in a series of parallel polymeric walls with a pitch matching that of the 

cholesteric sample, as shown in Figure 4.4 left picture.  

A 

 

 

 

 

B 
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Figure 4.4: Cholesteric mixture with reactive mesogens and a dichroic photoinitiator. If exposed to 

polarized light, polymerization will preferentially occur in those areas aligned with the electric field of 

the incoming light. The left sample has the fingerprint alignment, that will result in polymer walls 

perpendicular to the film surface. The right sample with the helical axis perpendicular to the surface 

will result in polymer layers parallel to the film surface. The rectangles highlight the reactive areas. 

 

In the simplified representation of the fingerprint texture as shown in Figure 4.4 we 

assumed that we have a perfectly aligned sample (all the layers completely parallel to 

each other). But as explained before it is very difficult to obtain that kind of alignment 

in a fingerprint texture and the layers tend to adapt more complicate, worm-like, 

textures. Nevertheless the molecular orientation in the ‘worm’ describes a helix and 

there are vertical regions where the molecules are parallel to the surface (Figure 4.4 

Left). If we use collimated non-polarized light the polymerization will occur 

preferentially in these regions. After removal of the non-reacted species the result will 

be a polymeric structure similar to that of the previously described fingerprint 

structure. 

It is also possible to use a sample with its helical axis aligned perpendicularly to the 

substrate. In this case the resulting structure will consist of a number of parallel layers 

also parallel to the substrate, as shown in the right drawing of Figure 4.4. The basis 

for this principle has been laid in the thesis of Charlotte Kjellander at our university.
15

 

She proved that within an appropriate range of pitches the state of polarization of 

transmitted light with linear polarization hardly changes; only a slight rotation of the 

polarization takes place.  The maintenance of linear polarization is a prerequisite for 

our principle in the case of perpendicular alignment of the helical axis, as conversion 

to elliptical or even circular would result in a loss of contrast. 

Polymerizing 

areas 

 

hνννν hνννν 
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In this chapter we will show that the orientation in both types of cholesteric 

alignment can be utilized to create microstructures, with the attractive property that 

the structures are created by photochemical processes, as in traditional lithography but 

without the use of masks or interference.
16

  

 

4.2     Experimental 

4.2.1  Materials 

The materials used to produce the polymer structures were the same as the ones 

used in the previous chapter with the addition of a chiral dopant. In more detail the 

mixtures contained, a non-reactive liquid crystal host, E7; reactive mesogens, RM82 

and RM257; the dichroic photoinitiator, BDH-1468, and the chiral dopant Paliocolor 

LC756; the molecular formulas are shown in Figure 4.5. All materials are kindly 

provided by Merck (Southampton, UK), with the exception of the chiral dopant 

Paliocolor LC756 provided by BASF. 
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Figure 4.5: 1) Dichroic photoinitiator BDH1468; 2) Components of the nematic mixture E7; 3) 

Reactive mesogens RM257 (n=1) and RM82 (n=2); 4) Chiral dopant LC756. 
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4.2.2  Sample Preparation 

The mixture used for the experiments contains approximately 30 w% of reactive 

mesogens (3 in a 2:3 w/w ratio) and 69 w% of non-reactive liquid crystal E7 (2) as 

well as a small amount (1 %) of dichroic photoinitiator 1. To the mixture different 

amounts of chiral dopant were added (ranging from 0.1 w% to 6 w%) to obtain a 

variety of pitches. The chiral dopant is a diacrylate and is therefore part of the reactive 

fraction in the mixture.  To make homogeneous blends, the components are dissolved 

in dichloromethane to a concentration of 50 w%. Subsequently, the solvent is 

evaporated by heating the mixture to 80 
o
C

 
for approximately 90 minutes. 

To obtain cholesteric films with the helical axis perpendicular to the substrate, 

planar LC cells were used. They were commercial Linkam cells or were manufactured 

by coating clean glass substrates with polyimide (AL1454, JSR Corporation – Tokyo, 

Japan), subsequently cured and rubbed. In both cases the cell spacing was 5µm, they 

were filled with the mixtures by capillary action. UV exposure was performed with 

linearly polarized light with an intensity of 65 µW/cm
2
 (UV laser, Spectra Physics 

Beam Lok Argon Ion). 

For the determination of the confinement ratio the mixture used contained, 30 w% 

reactive mesogens (RM82 and RM257), 70% non reactive liquid crystal E7, and 

different concentrations of chiral dopant LC756. The confinement ratio was 

calculated for 3 different pitches, (1, 3 and 5 µm), to calculate an average value. For 

the experiment we prepared a cell with a glass substrate and a plano-convex lens, to 

perform a modified Grandjean-Cano wedge experiment.
17,18,19,20

 The plano-convex 

lens used, had a radius of 516.8mm. The lens and glass substrates used were coated 

with homeotropic polyimide (AL1211, JSR). A drop of the mixture was placed in the 

middle of the glass substrate and then covered with the plano-convex lens. The 

sample was studied using an optical microscope (Zeiss Axioplan 2 Imaging Leica 

DM6000M). 

To produce cholesteric fingerprints, substrates provided with homeotropic 

alignment layers were used. The first set of experiments was done by using 

manufactured LC cells with homeotropic alignment. They were made by coating 

clean glass with homeotropic polyimide (AL1211, JSR) or by just treating the glass 

surface in an UV-ozone photoreactor (UVP, PR-100) for 20 minutes, which makes the 
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surface hydrophilic. The cell spacing was approximately 5µm and they filled well 

using capillary forces. In the second set of experiments single substrates were used. 

To induce homeotropic alignment the glass surface was treated in an ozone 

photoreactor for 20 minutes. The mixtures were then spincoated (Karl Suss CT62) on 

the substrate at 1500rpm for 30 seconds. The UV exposure procedure was the same 

for cells and single substrates, using non-polarized collimated UV broad spectrum 

light, from 320 to 500 nm (OmniCure
TM

 EXFO Series 2000). The conditions used 

were 80-90 mW/cm² and exposure time 16.5 minutes. 

In all the experiments the etching procedure was performed by submerging the cells 

or substrates in THF or isopropanol over the night, after which we let the solvent 

evaporate. The cells were then open to study the polymeric structure. 

 

4.2.3  Characterization 

All the polymeric structures produced were studies with an optical microscope 

(Zeiss Axioplan 2 Imaging Leica DM6000M) between cross-polarizers. The samples 

were also observed with the environmental scanning electron microscope, (PHILIPS 

XL 30 ESEM-FEG) under high vacuum. Profiles of the samples were measured using 

an optical interferometer (Fogale Nanotech Zoomsurfer 3D). 

  

4.3     Results and Discussion 

This section is divided in two sub-sections, the production of polymeric layers 

parallel to the film surface and the production of vertical polymer structures. The 

principles for both experiments are the same, the self-organization of cholesteric 

liquid crystals and the orientation selective polymerization initiation caused by the 

dichroism of the photoinitiators. 

To produce layered structures parallel to a substrate we need the cholesterics to 

align with its helical axis perpendicular to the substrate. This can be achieved by 

using planar alignment layers, which force the mesogenic molecules to orient parallel 

to the substrate (Figure 4.7). The helical twisting power (HTP) of the chiral dopant in 

our reaction mixture was determined by measuring the cholesteric pitch as a function 
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of the concentration of chiral dopant.  To calculate the pitch the UV spectra of several 

mixtures with different amounts of chiral dopant were taken. The wavelength where 

transmission is minimum correlates with the cholesteric pitch as follows: 

P=λc/2n                                                           Equation 4. 1 

 Where P is the cholesteric pitch, λc, the wavelength of minimum transmission and n 

the average refractive index. n is calculated with Equation 4.2, where ne is the 

extraordinary refractive index and no is the ordinary refractive index. For the mixture 

of liquid crystals we are using the value of  n is 1.6.
21

  

6.1
3

2

3

22

≅+>=< oe nn
n                                 Equation 4. 2 

 

The HTP is characterized by Equation 4.3, where C the concentration of chiral 

dopant. Substituting here with Equation 4.1, the HTP can subsequently be expressed 

by Equation 4.4.  

cC

n
HTP

λ⋅
=

2

                                                 Equation 4. 3 

CP

n
HTP

⋅⋅
=

2
                                               Equation 4. 4 

 

We plot the inverse of the concentration of the chiral dopant versus the cholesteric 

pitch and the following graph is obtained (Figure 4.6). Using Equation 4.4 we obtain 

an HTP value for our mixture of 22 µm
-1

. 
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Figure 4.6: Graph representing the inverse concentration of chiral dopant as a function of the pitch. 

The pitch is represented in µm and the concentration in w%. 

 

In this way we obtain the desired orientation for our cholesteric LCs (Figure 4.7). 

From now on we will refer to this kind of cholesteric aligned sample as planar. 

 

Figure 4.7: Cholesteric liquid crystal with planar alignment. 

 

We use a liquid crystal cell instead of a single substrate because of the tendency of 

our samples to orient homeotropically at the LC-air interface due to the presence of 

the amphiphilic cyanobiphenyls and the cyanoterphenyl. This also could have been 

avoided by including a specific surfactant in the mixture, but the presence of this extra 

material might change dramatically the already optimized (see Chapter 3) 

polymerization process. Moreover the quality of the alignment is better by using an 

LC cell. 

The cholesteric liquid crystal mixture used contains reactive and non-reactive 

mesogens as well as a dichroic photoinitiator, an inhibitor and a chiral dopant.  The 

pitch of the cholesteric liquid crystal was 500 nm. It was brought into an LC planar 

cell to produce the above explained alignment and subsequently exposed with linearly 

polarized UV light. This results in selective polymerization of the layers with director 
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oriented in the same direction as the electric field of the incoming polarized light, 

(Figure 4.4 right). During the polymerization process the monomer in the dark areas, 

or non polymerizing areas, diffuses towards the bright, or polymerizing, areas. This 

gives rise to a periodic structure comprised of alternating polymer layers and layers 

which are rich in non-reactive liquid crystals. Since the chiral dopant is a diacrylate 

and therefore also a reactive compound, it is expected to concentrate also in the bright 

areas. Depletion of the chiral component in the dark areas will result in higher pitches 

in the remaining liquid crystal layer, in the extreme case, infinite pitch, even nematic 

texture.
15

  

To examine the samples SEM pictures were taken after removal of the liquid 

crystal. Clear polymer layers were observed confirming the expected results as shown 

in Figure 4.8. The period is approximately 200 nm, implying a cholesteric pitch of 

400 nm. The difference (the pitch before polymerization was 500 nm as determined 

from their wavelength of reflection) is due to the collapse of the layers after removing 

the non-reactive liquid crystal layers that acted as spacers. The thickness of the 

polymer film corresponds a solid state content of around 40 %, close to the initial 

concentration of reactive material in the reaction mixture (around 30 w%), suggesting 

that the polymer film contains predominantly polymer but is swollen somewhat by the 

presence of non-reactive E7 liquid crystal. 

 

Figure 4.8: SEM pictures of the polymeric layer structures after removal of the non reactive liquid 

crystal from the polymerized samples. The thickness of the layers is approximately 200 nm. Pictures by 

Shabnam Zakerhamidi. 
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In the experiments to produce vertical structures the principles used are the same as 

those to produce the layers parallel to the film surface, but the method used is 

somewhat different. First of all, the helical axis has to be aligned parallel to the 

surface. To achieve that, we use a cell with homeotropic alignment layers. The 

direction of the cholesteric twist occurs parallel to the substrate surface but without a 

preferential direction in that plane, and the previously described fingerprint texture 

appears (Figure 4.9). The second difference between the process to produce walls and 

the one to produce layers is a consequence of the fingerprint alignment. To induce the 

selective polymerization with the help of a dichroic photoinitiator, polarized light is 

not required or even desired in this case. 

 

Figure 4.9: In the left picture: cholesteric fingerprint texture micrograph. The pitch of this cholesteric 

is close to 200 µm. In the right, schematic picture of how the molecules are oriented in one of the 

fingerprint defects. 

 

This is because the molecules along the helical axis are periodically changing their 

orientation from parallel to perpendicular to the substrate. When the sample is 

illuminated from the top the absorption of the dichroic photoinitiator molecules is 

minimum when they are oriented with their molecular director perpendicular to the 

substrate, independently of the polarization of the light, which makes the use of 

polarized light unnecessary. In Figure 4.10 right picture we see how all the planar 

molecules independently of their orientation along the plane start polymerizing with 

non-polarized light. Moreover, as in a random fingerprint the planar areas are not 

parallel to each other, polarized light will cause the dichroic photoinitiator to 

dissociate only in the planar areas aligned with the electric field, as shown in Figure 

4.10. For all these reasons the experiments to create vertical structures were 

performed with non-polarized light (flood exposure). The UV source used has to be 
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collimated and at a perpendicular incidence in order to obtain an optimum result with 

the selective dissociation of the dichroic photoinitiator.  

 

Figure 4.10: Pictures of a sample exposed to polarized light (left) and a sample exposed to non 

polarized light (right). The areas with the red molecules are those where polymerization will occur. In 

the sample illuminated with polarized light, not all the molecules oriented parallel to the surface are 

polymerizing as their orientation does not match with the polarization. In the sample illuminated with 

non polarized light all the areas with planar orientation will polymerize. 

 

As said before, despite of these experimental differences, the principles for the 

creation of vertical structures or layers are the same. A schematic picture of the 

process can be seen in Figure 4.4 left picture. The resulting relief structure mimics 

the fingerprint, having a periodicity of half the cholesteric pitch. 

The changes in the process imply new optimization of the mixture and 

polymerization conditions that will be detailed below. 

To expose the sample we used a UV lamp, the light is not coherent and less 

collimated than the light of the laser, also the wavelengths used are further away from 

the maximum absorption of our photoinitiator; all this contributes to slow down the 

reaction. The use of an inhibitor that has proven beneficial in the production of 

polymer layers and in the experiments performed using polarization holography, is 

problematic here. The polymerization rate is already so slow that further decreasing it 

with an inhibitor completely prevents the polymerization to happen. Therefore 

samples without inhibitor were used for these experiments. The exposure time also 

had to be dramatically increased up to 16 minutes; less exposure time resulted in a 

complete loss of the polymer during etching. 

An important issue to take into consideration is the confinement ratio (Χ=h/p), as 

the fingerprint only appears in a limited range of Χ. The optimum texture for the 

selective polymerization is a fingerprint with cholesteric fingers separated by 
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homeotropic nematic domains, as shown in Figure 4.12 left picture. Therefore we 

studied the kind of texture obtained as a function of the confinement ratio. To do so a 

plano-convex lens, with known radius, was placed over a glass substrate (Figure 

4.11).  

 

Figure 4.11: Drawing of the setup used for the modified Grandjean-Cano experiment. This experiment 

was performed to measure the confinement ratio X. 

 

Both were coated with homeotropic polyimide and then a cholesteric mixture of 

known pitch was placed in between. When the system was studied under the optical 

microscope, a gradual texture change could be observed (Figure 4.12), starting with a 

completely nematic texture at thickness ~ 0; with increasing thickness different 

textures appear in the following order: separated fingers, adhering fingers and finally 

focal conic texture. Knowing the radius of the lens we can calculate the height were 

the texture changes occur by using Equation 4.5: 

)( 22
dRRh LL −−=                                          Equation 4. 5 

 

Where h is the distance between the plano-convex lens and the substrate, RL the 

radius of the lens and d the distance from the center of the lens to the point were a 

texture change occurs. Subsequently the confinement ratio was calculated. The results 

show that the desired fingerprint was obtained for values of Χ between 0.77 and 1.32, 

for higher values the fingers were adhering, no nematic homeotropic domains appear. 

For this mixture then the critical confinement ratio Xc is 0.77, which means that below 

that value the whole sample is homeotropic nematic. 
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 Figure 4.12: Cholesteric textures. A) Fingerprint with fingers separated by homeotropic nematic 

domains. B) A fingerprint with adhering fingers. C) A focal conic cholesteric texture. 

 

The following SEM pictures, Figure 4.13, are a clear example of the different 

results obtained with two samples with different confinement ratios. They were taken 

after removal of the non reactive liquid crystal by submerging the cells in THF. The 

picture on the left corresponds to a sample with an X value of 1.16, that is with the 

fingers separated by nematic homeotropic domains. The fingerprint is clearly 

reproduced in a polymeric relief structure with a height of 500nm. The right picture 

corresponds to a sample with an X value of 3.87, a fingerprint with adhering fingers 

similar to the one in Figure 4.12 middle picture. However the SEM picture shows 

clearly that the different oriented layers are not straight but curved though the depth of 

the sample, giving as a result a random fingerprint in the volume of the sample. Due 

to the use of non-polarized light and the randomness of the sample in all directions 

there was no selective dissociation of the dichroic photoinitiator though the sample, 

that results in a homogeneously polymerized sample.  

 

Figure 4.13: SEM pictures of two samples polymerized with a UV lamp in a homeotropic cell and 

etched in THF. The picture on the left corresponds to the top view of a sample with a value of C=1.16, 

and the picture on the right corresponds to the side view of a sample with a value of C=3.87.  

 

A                                                    B                                                     C 
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The limited Χ working range does not present a big problem, but there are some 

other issues to take into account related with the working range of our mixture. The 

main goal of these experiments was to develop a new technique for the production of 

nanostructures over large areas in a fast and cost effective way. To reach the 

nanoscale, it is necessary to work with extremely small cholesteric pitches. The 

problem now is the film thickness, as it has to be right in the range of 0.77< X <1.32. 

That means that to make a sample with a pitch of, for example, 1 µm, the cell 

thickness has to be smaller than 1.32 µm, which is extremely difficult to achieve in 

combination with the cell-based approach. To solve this problem we approached it 

from another point of view: we will not use a cell but a single substrate. The 

previously mentioned tendency of the amphiphilic non-reactive component to be 

homeotropic at the LC-air interface works in our favor now, and no alignment layer is 

needed on top of the sample as the desired orientation is naturally achieved. The 

thickness of the sample is controlled by spin-coating the mixture (previously 

dissolved in xylene to make it less viscous) onto a substrate at a certain speed and 

time. The use of a single substrate makes this procedure even more suitable for large 

scale production. The results of these experiments are shown in the following pictures 

(Figure 4.14).  

  
 

Figure 4.14: SEM pictures of polymer structures mimicking the original fingerprint. The picture on the 

right is a magnification of the left picture. The cholesteric mixture was spincoated onto a substrate and 

then polymerized with a UV lamp;, the pictures were taken after washing the samples with propanol to 

remove the non-reactive components. 

 

The polymerized part corresponds to the planar areas of the fingerprint, as those are 

the zones where the dichroic photoinitiator absorption is maximum. It is clear from 

the pictures that further optimization of the washing procedure is needed, since some 

of the polymerized areas have been removed by the solvent together with the non-
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reactive component. While etching the sample in a cell is a much slower procedure, 

the polymer is more mechanically stabilized and thus, protected against the solvents 

used; washing a single substrate needs a more careful choice of the solvent. The non-

reactive component cannot be removed with THF in a single substrate as it removes 

also the polymer completely; propanol-2 proved to be a better choice but still removes 

part of the polymer as can be seen in the pictures of Figure 4.14. 

 

Figure 4.15: SEM pictures of a cholesteric fingerprint after polymerization with UV light in the 

presence of a dichroic photoinitiator. As expected the polymerization occurs in the planar areas of the 

sample due to the dichroic photoinitiator orientation dependence. The polymer spheres observed in the 

pictures are a consequence of phase separation during polymerization. 

 

Another issue encountered during these experiments was that globular phase 

separation occurred. The long exposure time combined with the slow polymerization 

rate resulted in phase separation of the reactive and non-reactive components during 

polymerization in some of the samples, as shown in the SEM pictures in Figure 4.15. 

This problem was solved by performing the polymerization under nitrogen 

atmosphere. Because we are using a single substrate instead of a cell the oxygen in the 

air acts as an inhibitor, hindering the polymerization process and making it even 

slower than when we use a cell. By putting the samples under nitrogen atmosphere the 

effect of the oxygen is minimized and the polymerized samples have the smooth 

texture observed Figure 4.16 which is very similar to the texture observed in Figure 

4.13. 
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Figure 4.16: SEM image of a single substrate sample after polymerization and etching. The sample 

was polymerized in nitrogen atmosphere to avoid oxygen inhibition. 

 

4.4     Conclusions 

The combination of dichroic photoinitiators with cholesteric liquid crystals has 

proven to be an excellent tool to produce small structures over large areas and into 

three dimensions. This technique allows both the production of periodic polymer 

layers parallel to the substrate surface as well as vertical structures perpendicular to 

the substrate.  

The process to produce polymer layers parallel to the film is simple and clean. We 

used an Argon-ion laser for the polymerization process in order to create high-quality, 

single wavelength, collimated UV light. This might hinder our initial objective to 

create a method for large scale production. For that the step to conventional lamps, 

such as medium or high pressure mercury lamps, needs to be made and effort is 

needed to understand the influence of deviation from multiple wavelengths.   

The production of vertical structures is done by using an UV lamp and a single 

substrate making it perfectly suitable for large scale production. In this case, the 

combination of lamp and absorption profile of the initiator was far from optimum 

which made the polymerization very slow. Therefore further optimization of the 

contrast by using inhibitors, as suggested in Chapter 3, could not be employed here as 

that made the polymerization not to occur within reasonable time scales for an 

experiment. Although the desired templated polymerization proved to be feasible, the 

formed structures were washed away easily by the solvent used for the development 

step. Therefore further optimization is needed to improve the washing procedure 

and/or the adhesion of the structures to the substrate. Also it would be extremely 
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interesting to perform the experiments without the non-reactive component of the 

mixture, to completely avoid the phase separation problem.  
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Chapter 5  

Single-exposure 3D Structure Formation 

 

5.1     Introduction 

The creation of complex three-dimensional structures has been, and still is, the 

objective of many research groups and for a variety of applications. A number of 

groups report on lithographic techniques that have this feature.
1,2,3,4,5

 For example 

electron beam lithography
6,7

 (EBL) is able to create grey-scale profiles by 

modification of the exposure dose. Holographic techniques can be used for 3D 

structuring processes by doing multiple exposures at tilted angles
8
, as can be done 

with X-ray lithography (XRL)
9
. Other techniques like two photon lithography

5,10
 or 

glancing angle deposition (GLAD)
11

 are even capable of performing direct 3D 

sculpturing. But all these techniques have in common that they are relatively complex 

and difficult to translate to production technologies that form these structures over 

large areas.  

In the previous chapters we have demonstrated that we can create complex 

polymeric structures based on the self-organization of liquid crystals
12

 and the 

lithographic response of a dichroic photoinitiator.
13

 The latter having the special 

property that it is polarization-selective, i.e. that it responds to the specific state of 

polarization of light while it is relatively insensitive for others. As a result the 
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polymerization takes place preferentially at regions with a specific molecular 

orientation selected by the polarization direction of the UV light used to address the 

dichroic photoinitiator. We proved this function of the dichroic photoinitiator at thin 

films of liquid crystal by forming polymerized structures in the plane of the film (2D) 

or in the case of the planar cholesteric film also into the third dimension. The use of 

polarization holography
14,15,16

 in the LPP alignment layer created a complex planar 

director profile in which the appropriate orientation could be addressed by exposure 

with polarized UV light. However from previous work in our group we know that we 

can create even more complex director profiles over the cross-section of thin films 

such as splayed and twisted films.
17

 So now we have access to control the director in 

the plane of the film, in the depth of the film, and on top of this we can modulate the 

state of polarization of the UV light also in the film plane and on its path while it 

propagates through the film. It is the objective of this chapter to explore the 

possibilities that this give for instance in conjunction with polarized holography to 

sculpture three-dimensional polymer structures. 

 

5.2     Experimental 

5.2.1  Materials 

The materials used to produce the 3D polymer structures were the same as the ones 

used in the previous chapters. In more detail the mixtures contained, a non-reactive 

liquid crystal host, E7; reactive mesogens, RM82 and RM257; the dichroic 

photoinitiator, BDH-1468; the molecular formulas are shown in Figure 5.1. All 

materials are kindly provided by Merck (Southampton, UK). 
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Figure 5.1: 1) Dichroic photoinitiator BDH1468; 2) Components of the nematic mixture E7; 3) 

Reactive mesogens RM257 (n=1) and RM82 (n=2). 

 

5.2.2  Sample Preparation 

The mixture used for the experiments contains approximately 30 w% reactive 

mesogens (5 in a 2:3 w/w ratio) and 69 % non-reactive liquid crystal E7 as well as a 

small amount (1 %) of dichroic photoinitiator 1. To make homogeneous blends, the 

components are dissolved in dichloromethane to a concentration of 50 %. 

Subsequently, the solvent is evaporated by heating the mixture to 80 
o
C

 
for approx. 90 

minutes. 

To obtain nematic LC splays LC cells were produced. One of the substrates was 

coated with planar polyimide (AL1454, JSR), subsequently cured (180ºC for two 

hours) and rubbed, the other substrate was coated with homeotropic polyimide 

(AL1211, JSR) and also cured. The cell spacing was 5 µm, they were filled with the 

mixtures by capillarity. UV exposure was performed with polarization holography 

using two circularly polarized beams of opposite handedness (UV laser, Spectra 

Physics Beam Lok Argon Ion). The exposure time was 100 seconds at an intensity of 

54 mW/cm
2
. 

A second type of cells were made to produce the polymeric 3D structures with 

complex geometry. One of the substrates was coated with the linear 

photopolymerizable material (LPP) from Rolic (Zug, Switzerland). It was then heated 

for 10 minutes at 90ºC and subsequently exposed to a polarization hologram created 

with two orthogonal circularly polarized beams for 100 seconds at an intensity of 61 

mW/cm
2
 (UV laser, Spectra Physics Beam Lok Argon Ion) to create an alignment 
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layer with rotating orientation along one of the axes of the substrates plane. The other 

substrate from the cell was coated with homeotropic polyimide (AL1211, JSR) and 

cured for two hours at 180ºC. The cell spacing was 5 µm and they were filled with the 

nematic mixture by capillarity. Finally UV exposure was performed again with 

polarization holography during 100 seconds with an intensity of 54mW/cm
2
. 

In all the experiments the etching procedure was performed by submerging the cells 

or substrates in THF or isopropanol over the night, after which we let the solvent 

evaporate. The cells were then open to study the polymeric structure. 

 

5.3     Results and Discussion 

The objective is to work out an approach for the structuring of a polymer film in the 

third dimension based on the techniques we developed in the previous chapters. We 

therefore will employ a polarization-selective dichroic photoinitiator to induce 

orientation-selective polymerization of a reactive liquid crystal. The alignment of 

liquid crystals can be easily modified by a variety of techniques such as external field 

(electrical, magnetic), the use of alignment layers or simply by using surface energy. 

The versatility of alignment layers makes them the perfect tool for our purposes.  In 

Figure 5.2 a number of alignment possibilities are represented. In the first row three 

nematic uniaxially aligned samples appear, the first one between planar alignment 

layers, the second one between homeotropic alignment layers, and the third one at an 

angle. In the row below, we see the already explained chiral nematic between planar 

alignment layers, a sample with an LPP alignment layer and even as the third example 

a nematic LC with a planar alignment layer on the bottom and an homeotropic one on 

top, creating a molecular splay. 
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Figure 5.2: A number of liquid crystals possible alignments. A,B,C represent a nematic mixture 

uniaxially aligned. The alignment layers are planar, homeotropic and at an angle respectively. D 

represents a cholesteric liquid crystal between planar alignment layers. E is the representation of a 

nematic liquid crystals with an LPP alignment layer exposed to a polarization hologram. F represents a 

nematic LC with a planar alignment layer on the bottom and a homeotropic alignment layer on top. 

 

To demonstrate the potential of the process the following example is worked out. 

Consider we have a nematic splay like the one shown in Figure 5.2F. The sample is 

then exposed from the top with polarized light with its electrical field vector parallel 

to the molecules at the bottom of the sample. The orientational change in the depth of 

the sample causes a light absorption gradient of the dichroic photoinitiator. At the top 

of the sample where the photoinitiator is homeotropically aligned it does not absorb 

and therefore not dissociate into initiating species, while at the bottom the molecular 

director is parallel to the light and therefore the dichroic photoinitiator dissociates. 

This situation is schematically shown in Figure 5.2A.  In this situation a polymer film 

would appear at the bottom of the film. If the exposure is stopped just when full 

conversion is obtained at the bottom of the film, the monomer conversion will 

gradually decrease from bottom to the top and a dimensional change might be 

expected after removal of non-reacted monomer. This dimensional change as such 

will not directly lead to structure formation; it will lead to stresses or to film bending 

when adhered to a flexible substrate.  In order to generate structures we have to go 

even one step further. Instead of using linear polarized light to expose the sample, we 

use polarization holography (Figure 5.3B), as we did in Chapter 3. As in the previous 

example there will be a light absorption gradient in the depth of the sample due to the 

changing orientation of dichroic photoinitiator, at the same time and caused by the 

           A                                          B                                             C 
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polarization holography technique we are using, there will also be a light absorption 

gradient in the sample plane in lateral direction. The combination of these two 

gradients creates a triangular absorption pattern as shown in Figure 5.3B.  

 

Figure 5.3: A) Liquid crystalline nematic splay exposed to polarized light. Because of the orientational 

splay the dichroic photoinitiator absorbs more at the bottom of the sample where the molecular director 

is parallel to the electric field of the polarized light. A polymer film appears at the bottom and the top 

remains unpolymerized. B) LC nematic splay exposed this time to a polarization hologram. Due to the 

molecular orientation and the light polarization modulation, we have an absorption gradient in depth 

and another one along the sample creating wedged polymer lines.  

 

As a result of that absorption pattern we will obtain a pattern of wedged polymer 

lines. This is demonstrated by an experiment done in accordance with these alignment 

and exposure conditions (Figure 5.3B). Indeed the SEM picture in Figure 5.4 shows 

the expected pattern formed by wedged polymer lines after etching. The structure 

dimensions were measured by optical interferometry, Figure 5.4B. The height of the 

lines is approximately 2 µm and the pitch of the structure 3 µm.  These results 

demonstrate that this technique is capable to perform 3D structuring by design in an 

effective and easy way using a single exposure step.  
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Figure 5.4: A) SEM image of a pattern formed by wedged polymer lines. The alignment prior to 

polymerization was a cholesteric splay. For the polymerization polarization holography was used. The 

circular lines are a consequence of the presence of dust on the beam path. B) Profile of the same sample 

measured by optical interferometry. 

 

To demonstrate the versatility of the technology further we designed a methodology 

to create polymer pyramids. The LC alignment in this case is more complex, we used 

an LPP alignment layer patterned by polarization holography, (see Figure 5.5A and 

also Chapter 3), in the bottom substrate and a homeotropic alignment layer in the top 

substrate. The cell is then filled with the reactive liquid crystal mixture and expose it 

to the same polarization holography interference pattern as the one used to create the 

alignment layer but with the grating vector rotated 90º in the plane of the film (Figure 

5.5B). The absorption gradient of the dichroic photoinitiator in the depth of the film is 

the same as in the previous example, but along the sample we have a two dimensional 

absorption gradient. In the picture of Figure 5.5B the areas with maximum absorption 

are encircled. With this and the absorption gradient in depth we obtain a three 

dimensional maximum absorption area shaped as a pyramid. 

A 

B 



Chapter 5 86 

 

Figure 5.5: A) Representation of the LC alignment in an LPP alignment layer exposed to a polarization 

hologram. B) Schematic draw of a filled LC cell with an LPP alignment layer and exposed to a 

polarization hologram, rotated over 90º with respect to the alignment layer, to induce polymerization of 

the LC material. The areas encircled represent the maximum absorption zones. 

 

The results of these experiments are shown in the SEM pictures  

(after etching) shown in Figure 5.6. The first sample is slightly overexposed (120 

seconds) and therefore the pyramids edges are connected, sample B on the other hand 

seems to be underexposed and the pyramids are blurred. As in the previous chapter, 

further optimization is needed to create sharper structures.   

 

Figure 5.6: SEM pictures of the polymer pyramid structures. They were created by exposing an LC 

cell with an LPP alignment layer at the bottom substrate and a homeotropic alignment layer at the top 

substrate to a polarization hologram. Sample (A) is slightly overexposed and the pyramid edges are 

connected. Sample (B)   

 

        
A 

Sample rotation 90º and 

subsequent exposure to 

polarization hologram 

A                                                                                    B 
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5.4     Conclusions 

The production of 3D complex structures by using dichroic photoinitiators and LC 

as a template proves to be an efficient and fast method. It is possible to design and to 

create a wide variety of geometries by changing the alignment or the light 

polarization. This method is especially attractive because the structure can be formed 

by a single exposure step, where alternative technologies often require either multiple 

exposure steps or in-depth writing procedures as in two-photon lithography or 3D 

lithography. 
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Chapter 6  

Marangoni Effect in Cholesteric Liquid 

Crystals 

 

6.1     Introduction 

As stated in the introduction (Chapter 1), the existing micro- and nanostructuring 

techniques fail to overcome the so called dimension-time paradox, i.e., to generate 

small structures over large surfaces in a reasonable amount of time for mass 

production. Presently a number of methodologies to solve this problem are being 

investigated,
1-5

 many of them based on a combination of lithography
6,7

 and self-

organization
8-13

 via so-called top-down (lithography) and bottom-up (self-

organization) approaches. The previous chapters of this thesis show the first results of 

a new approach that we introduced based on the use of dichroic photoinitiators and 

the self assembling features of liquid crystals. During the research towards this new 

structuring method we came across a new element of structure formation by self-

organization that to our knowledge has not been explored yet in literature other than 

by publications of own origin.
14

 It is based on the observation that the periodicity of a 

fingerprint cholesteric liquid crystal, e.g. as described in Chapter 4, in the presence of 

an amphiphilic liquid crystal may lead to periodic surface (relief) structures. The 
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assumed mechanism in the formation of relief structures is the so-called Marangoni 

effect. The Marangoni effect is a surface tension effect, already discovered in the 

middle of the nineteenth century by Weber,
15

and later described by Thomson
16

 when 

studying the so called “tears of wine”. Finally the effect was named after the Italian 

physicist Carlo Marangoni
17

 who made it the subject of his thesis. The Marangoni 

effect states that when in a fluid layer there are surface tension differences, they 

induce stress at the interface giving rise to a material flow towards the regions of high 

surface energy. In other words the areas with high surface tension rise with respect to 

those of low surface tension. Theoretical descriptions of the effect can be found in 

literature.
18-21

 

To explain the Marangoni effect in thin films of our material we adapted the model 

that the fingerprint cholesterics exhibit a different surface tension in the areas where 

they are aligned parallel to the film surface in comparison to the areas where they are 

aligned perpendicular. It is the objective of this chapter to exploit this effect for the 

formation of surface relief structures 

 

6.2     Experimental 

6.2.1  Materials 

Materials and mixture preparation: The non-reactive material is E7, provided by 

Merck. It was chosen because of its amphiphilic behavior. E7 consists of a mixture of 

cyanobiphenyl and cyanoterphenyl based liquid crystals with their polar cyano group 

at one side and the non-polar alkyl tail at the other side of the molecule. As reactive 

mesogens we use two rod-like diacrylates RM 82 and RM 257 also from Merck. The 

structures are shown below in Figure 6.1. To obtain a cholesteric LC, a chiral dopant 

is added to the mixture which in our case is the diacrylate LC756, obtained from 

BASF. The photoinitiator that we used is Irgacure 396 from Ciba. 



Marangoni Effect in Cholesteric Liquid Crystals 91 

O

O O

O
O OOO

OO
n n

N

N

O N

N

2a

2b

2c

2d

3

1

4

O

O

O

O
O

O
O O

O

O

O
O

O
OO

O

O

O

O
O

O N C

O

N

 

Figure 6.1: 1) Photoinitiator Irgacure 369; 2) Components of the amphiphilic nematic mixture E7; 3) 

Reactive mesogens RM257 (n=1) and RM82 (n=2); 4) Chiral dopant LC756. 

 

6.2.2  Sample Preparation 

For the various experiments we made a base mixture with the following 

composition:  50w% E7, 20 w% RM 82, 29 w% RM 257 and 1w% Irgacure 396. To 

this base mixture various amounts of chiral dopant were added in order to obtain 

different cholesteric pitches. The glass substrates are cleaned and then coated with 

polyimide, which will become the alignment layer. A polyimide thin layer was spin-

coated, at 5000 rpm during 30 seconds. The polyimide is then thermally cured in a 

vacuum oven at 180 °C for 2 hours. The cured film is firmly rubbed with a polyester 

cloth to favor planar the alignment of the cholesteric LC.  

The cholesteric mixture previously prepared is then spin-coated or drop cast over 

the glass substrate. It is then cured with UV light for half an hour. After the 

polymerization, the non-reactive material and the remaining monomers were removed 

by dissolving them in THF. 

 To analyze the samples optical microscope pictures were taken in the different 

stages of the procedure, when the LC film was coated, after polymerization and 

finally after etching with THF. Interferometry analysis where performed to analyze 

the existing structure (Fogale Nanotech Zoomsurfer 3D) in the same three cases, the 

measurements were performed in white light scanning mode. 
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6.3     Results and Discussion 

When a cholesteric liquid containing amphiphilic molecules, for example E7 in 

Figure 6.4, is coated onto a substrate, often a fingerprint texture appears.
22

 This 

fingerprint manifests itself as an optical effect in a polarization microscope and relates 

to the differences in optical retardation depending on parallel or perpendicular 

alignment of the molecules with respect to the polarizer axes. As already explained in 

Chapter 4, in a cholesteric liquid crystal this structure is further promoted at a 

substrate surface with homeotropic anchoring. This results in a frustrated mesophase, 

as the boundary conditions of the chiral phase cannot be satisfied by any 

orientation.
23,24

  

N

N

O N

N

 

Figure 6.2: Components of E7, all amphiphilic liquid crystalline molecules. 

 

 What we now found is that for our samples made on a single substrate the surface 

towards air is corrugated following the pattern of the optical effects. We explain this 

by the tendency of the amphiphilic molecules to orient homeotropically to the 

interface, with their apolar, low energetic alkyl tail directed towards air to minimize 

the surface tension as shown in (Figure 6.3).
25,26
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Figure 6.3: The amphiphilic molecules present in the cholesteric mixture, generate a surface energy 

gradient due to their orientational change across the surface of the film. As predicted by the Marangoni 

effect, this surface energy gradient causes material to flow from the areas of low surface tension 

towards to areas of high surface tension, which for this reason rise. 

 

 

Figure 6.4: Cholesteric liquid crystal under homeotropic boundary conditions. It results in a cholesteric 

fingerprint texture (B). 

 

In the fingerprint surface we have a periodic change of orientation from planar to 

homeotropic to the interface (Figure 6.4). 

In the planar areas this is not possible and therefore the surface energy is supposed 

to be larger. This creates a surface tension gradient that results in the Marangoni 

effect taking place, i.e. the area with the low surface energy tends to expand on the 

expense of the area with the high surface energy causing the surface corrugation.  

The liquid crystal film, and thus the corrugated surface, can be fixed by 

polymerization. Thereto we composed a mixture containing reactive and non-reactive 

mesogens, a non dichroic photoinitiator and a chiral dopant. The non-reactive 

components are chosen such that they exhibit amphiphilic behavior. Typically the 

A                                                                                B 
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ratio between reactive, polymerizing components and non-reactive components is 

chosen to be 1:1 wt/wt. More details on the composition are given in the Experimental 

Section. The pitch of the cholesteric helix is controlled by the amount of chiral 

dopant.  

We coated the mixture on a glass substrate provided with a firmly rubbed planar 

polyimide layer. This induces a cholesteric splay as the one schematically drawn in 

Figure 6.5A. The helix axis is oriented perpendicular to the surface at the bottom of 

the film due to the planar polyimide alignment layer, and gradually tilting until it is 

completely parallel to the substrate at the LC-air interface because of the interaction 

of the amphiphilic molecules in the air. This was confirmed observing samples which 

reflected in the visible range; they show the typical cholesteric reflection (Figure 

6.5B) for planar samples (helical axis perpendicular to the substrate) but when studied 

with the optical microscope between crossed polarizers a fingerprint texture is clearly 

observed (Figure 6.5C). The striped pattern shows the periodicity that corresponds to 

a π rotation of the molecules in the plane of the film, i.e. to half of the pitch of the 

cholesteric material.  In this case the pitch is measured from the microscope picture to 

be 1 µm. 

 

 

Figure 6.5: A) Schematic picture of the direction of the helixes on a cholesteric splay. B) Picture of a 

cholesteric film with a reflection at λ 500 nm half-pitch coated on a substrate with rubbed planar 

polyimide. The reflective color suggests that the orientation of the helix is perpendicular to the 

substrate. However a picture of the same sample in the optical microscope (C) shows the existence of a 

fingerprint texture. For this reason we suggest that the cholesteric adopts a splay orientation, the helix 

being perpendicular to the substrate at the bottom of the film and gradually tilting until it is parallel to 

the substrate at the surface. 

 

It has to be noted, that in Chapter 4 we used homeotropic alignment layers as we 

were interested in obtaining fingerprints from top to bottom of the LC film, for the 

dichroic photoinitiator to be effective. In this case it is only necessary to have the 

A                                                          B                                             C 
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fingerprint on the top of the sample to observe the Marangoni effect. In the course of 

our experiments it was observed that with single substrates, planar alignment layers 

provide the previously mentioned cholesteric splay that results in better aligned 

fingerprints on top of the film than the ones obtained with homeotropic alignment 

layers; for that reason planar alignment layers were used in this experiments. An 

example of this nice alignment can be observed in Figure 6.6.  

 

Figure 6.6: Micrographs of cholesteric fingerprint textures. The LC was coated onto a substrate with 

planar polyimide firmly rubbed. As it can be appreciated from the pictures the alignment of the 

fingerprint is very good in comparison with the fingerprints shown in Chapter 4.  

 

The surface profile of the cholesteric film, still in the non-polymerized state, is 

measured by interference microscopy as shown in Figure 6.7. It is obvious that the 

film surface has a periodic structure corresponding to the dimensions of half of the 

pitch of the cholesteric helix. The free surface energy is assumed to be lower at the 

location where the molecules are aligned perpendicular to the interface with air in 

comparison with the areas where the molecules are oriented in a planar way. The 

periodically lower surface tension initiates a surface deformation corresponding to the 

Marangoni effect. This is caused by the director profile of the liquid crystal at the 

interface as schematically shown in Figure 6.3. The proposed mechanism for the 

formation of the surface profile is further supported by the fact that it is absent when 

the amphiphilic liquid crystal is exchanged for a more symmetric molecule that, by its 

own nature, does not give a surface tension periodicity.  

There is some debate whether the tops of the structures are filled with 

homeotropically oriented liquid crystals or planarly aligned liquid crystals. Following 

the traditional handling of the Marangoni effect the liquid flows from the low 

energetic area to the high energetic area. Based on this we may assume that the hills 

A                                                                                    B 
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are filled with planarly aligned liquid crystal molecules. However in our case we have 

an additional restriction, i.e. the periodicity is pinned by the cholesteric helix making 

that the low energetic are cannot freely expand. This leads to some arguments that the 

low energetic area will expand itself by deforming the surface. Another way of saying 

this is that the system minimizes its free energy by accumulating more molecules in 

the low energetic area which therefore increases in volume. The result is the opposite 

effect as shown in Figure 6.3 with the homeotropic molecules in the hills. Attempts to 

prove either of the models, homeotropic molecules in the hills or the vales, failed until 

now because of difficulties with the correlation of the interference microscope and 

AFM data with those obtained by optical microscopy.  This is still the object of 

further research.   

 

 

Figure 6.7: Interferometer 3D representation and profile of a cholesteric fingerprint texture. The 

differences in surface energy along the film due to the amphiphilic character of the molecules induce 

stress at the interface giving rise to a material flow towards the regions of high surface energy. The 

planar areas of the fingerprint rise as can be observed on the interferometer measurements. 
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In a next step following the formation of the Marangoni structures in the wet film 

we exposed the sample to UV light to initiate the photopolymerization process of the 

reactive mesogen. The reactive molecules create a polymer network that preserves the 

relief structure. Pictures taken with the optical microscope confirm that the pitch of 

the cholesteric is the same before and after polymerization, see Figure 6.8. 

 

Figure 6.8: Optical micrographs of a cholesteric sample with fingerprint texture before (left) and after 

(right) the photopolymerization process. The pitch does not change after polymerization. 

 

In a last step of the process we removed the non reactive molecules as well as the 

non polymerized liquid crystal monomers from the substrate. We use then a chemical 

etching procedure, consisting in washing the sample with THF. AFM pictures of the 

sample confirm then the existence of a surface relief (Figure 6.9), which periodicity 

is the same as half the pitch of the cholesteric. The height of the relief structure is 50 

nm approximately, this value is half of that measured before polymerization by 

interferometry. This decrease of 50 % is the expected value taking into account that 

the initial composition contained 50 % non-reactive material. The results from the 

interferometer and the AFM values do not always correlate. In general the AFM data 

are considered to be more reliable, but they cannot be generated from the wet 

samples.   

10 µm 10 µm 
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Figure 6.9: AFM 3D picture of a polymerized and etched sample.  In the Z axis each division 

corresponds to 200nm, while in the X axis they correspond to 2 µm. The roughness of the surface is 

higher after removing the non reactive LC because of  shrinkage of the polymer.  

 

Having access to a method to create pitch controlled surface profiles it is of interest 

to study how small they can be made and how the profile depth depends on the pitch. 

Taking into account that the pitch of a cholesteric liquid crystal is directly 

proportional to the concentration of chiral dopant, one could think that by going to 

really small pitches we could enter in the nanometer range easily; however additional 

problems appear when going to small periodicities. Below approximately 1 µm the 

interface does not present a fingerprint texture anymore. The reason for that is the 

strong dependence of the cholesteric order with the confinement ratio X=h/p, where h 

is the film thickness with homeotropic alignment and p the cholesteric pitch. The use 

of alternative alignment methods, such as the use of an electric field may be sufficient 

to solve this problem; however, that makes the process less applicable for large scale 

production.    

 

6.4     Conclusions 

We have presented a new lithographic technique to create corrugated surfaces with 

the potential to overcome the problem of the dimension time paradox by making use 

of the self-assembly feature of liquid crystals. This technique intrinsically has the 

potential to be applied on large surface areas. The driving force for the creation of the 

surface relief structure is the Marangoni effect. This effect takes place in the 
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cholesteric samples because of the surface tension gradient caused by the different 

orientations of the amphiphilic LC molecules along the surface of the sample.  Using 

this effect fingerprint textures with random orientational order can be introduced in 

polymeric films. In order to make more aligned periodic structures, often more 

desired in applications such as optical gratings, the use of a firmly rubbed alignment 

layer is needed.  

The periodicity of the structures that we make is half of the pitch of the cholesteric 

helix. As such the cholesteric helix can be made relatively small, i.e. of the order of 

several tens of nanometers. However the lower limit size for this technique is 500 nm 

which is related to a lesser control on the planar alignment. Below that value no 

fingerprint appeared on the surface on the sample. 
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Chapter 7  

Technology Assessment 

 

Nowadays the fabrication of almost all optoelectronic, lab on chip and many other 

devices is done by photolithography.
1,2

 Photolithographic techniques are currently 

able to produce structures smaller than 100 nanometers in dimension.
3,4

 The 

processes, however, are extremely complicated and require expensive and complex 

equipment and large amounts of time, making them extremely inconvenient for large 

scale production. In the world of microelectronics there has been since its beginning a 

constant trend towards smaller dimensions.
5
 New techniques are required that not 

only can create smaller structures but do so in an inexpensive and fast way. 

In the last decades an increasing number of new techniques have appeared with the 

objective of satisfying the new necessities of the market.
6,7,8

 Some of these techniques 

are aiming not only towards smaller sizes but also to create more complex structures 

(i.e., three dimensional). Their objective is to replace the actually used layer by layer 

lithographic process to produce devices that combine two or more functions for 

electronics and optics. The layer by layer technique consists of multiple lithographic 

steps, in each one of them a new layer is deposited and structured. For each 

lithographic step annealing and/or etching procedures are required making this 

technique very slow. Moreover a defect in any of the layers would mean the lost of 

the sample, making it an inefficient technique for mass production. 
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As an alternative to layer by layer deposition and structuring, two photon 

lithography
9
 for example is able to create three dimensional structures. Instead of 

using one UV photon as in classic photolithography, it uses two photons of lower 

energy, red-infrared spectral region. The material polymerizes when is simultaneously 

hit by two photons, and it only occurs in the focal zone. Because of the low absorption 

of most polymers in the infrared region, polymerization can be performed in depth of 

the sample without altering the rest of the sample. The resolution of this technique is 

in the order of 100 nm, however, it is not possible to produce this structures over large 

areas.  

We propose a new technique based on the self-assembly feature of liquid crystals
10

 

in combination with dichroic photoinitiators.
11

 Liquid crystals can be easily aligned 

forming monodomains over large areas by using external stimuli, such as electric or 

magnetic fields, alignment layers, flow or boundaries.
10

 These materials can also be 

made into monomers by introducing reactive moieties, most commonly acrylates, as 

side chains of the molecules. In addition we introduced the concept of dichroic 

photoiniators. These molecules preferentially absorb (and therefore preferentially 

dissociate to start the polymerization process) UV polarized light when their 

molecular director is aligned with the electric field of the light. Dichroic 

photoinitiators align with the liquid crystal material because of the similarity of their 

shapes, rod-like. We use the liquid crystals as a template to align the photoinitiator in 

the desired way. Subsequently the sample can be polymerized, the polarization of the 

light is chosen so that only some of the areas of the sample are aligned with it. It is 

possible to create light absorption gradients in all three spatial directions by 

combining different LC alignments and light polarizations. In this way is possible to 

produce complex 3D structures over large areas with a single exposure step. 

The structures created can be used as channel for microfluidics applications (Figure 

7.1A). It would also be possible to create structure controlled membranes, eventually 

integrated in a microfluidic channel (Figure 7.1B): 
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Figure 7.1: A) Schematic drawing of microchannels. B) Schematic drawing of a nanomembrane 

integrated in a microchannel. Both are examples of possible appications from our new structuring 

technique. 

 

For optical applications that require gradient properties, as antireflective gratings 

(Figure 7.2A), or as multilayer optical devices, reflective gratings (Figure 7.2B). 

 

Figure 7.2: A) Schematic drawing of an antireflective grating created by using our new structuring 

technique. B) Schematic drawing of a reflective grating (multilayer optical device). 

 

The structures made could also be used for biomedical purposes, e.g. for use as 

scaffold for tissue engineering where the nature of the 3D structure influences the 

differentiation of stem cells. In this case it would be required that the materials will be 

made suited for cell interaction and become biodegradable. 

Another step further if the LC monomer is selected to be a hole conductor the 3D 

structure can be refilled with an electron conductor to make an effective solar cell. 
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Samenvatting 

3D Micro- en Nano-structureren met 

Vloeibare Kristallen als Patroon. 

 

Op het gebied van nanotechnologie zijn er globaal twee methoden om structuren te 

vormen; de “top-down” en de “bottom-up” benadering. De “top-down” benadering 

maakt gebruik van apparaten om structuren te maken zonder dat er controle is op 

atomaire schaal. Voorbeelden van deze methode zijn fotolithografie, twee-fotonen 

lithografie, holografie, elektronenbundel lithografie, foto-embossen en technieken die 

in eerste instantie ontworpen zijn om afbeeldingen te maken, zoals scanning tunneling 

microscopie en atomaire kracht microscopie. De “bottom-up” aanpak gebruikt de 

zelfordenende eigenschappen van sommige materialen om nanostructuren op te 

bouwen, beginnend met atomen en moleculen als bouwstenen. De gebruikelijke 

materialen die toegepast worden in deze “bottom-up” benadering zijn blok-

copolymeren, colloïden, amfifielen en vloeibare kristallen. 

De “top-down” benadering heeft als nadeel dat er geen controle is op de ordening 

op moleculaire schaal, terwijl de “bottom-up” benadering problematisch wordt bij het 

structureren van grote oppervlakten en complexe patronen vanwege de willekeur die 

typerend is voor zelfassemblage. 
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Dit onderzoek heeft tot doel deze beperkingen te overwinnen door beide methoden 

te combineren. Er wordt gekozen voor vloeibare kristallen (LC) als zelfordenend 

materiaal en holografie en lithografie als technologieën voor de “top-down” 

benadering. De gebruikte vloeibare kristallen bevatten reactieve eenheden, waardoor 

ze geschikt zijn voor polymerisatie. Voor de polymerisatie van het LC wordt er 

gebruik gemaakt van een foto-initiator, een molecuul dat dissocieert wanneer het licht 

van een bepaalde golflengte absorbeert. Op deze manier kan de 

polymerisatietemperatuur zo gekozen worden dat het LC de gewenste moleculaire 

ordening behoudt tijdens de polymerisatiereactie. In de huidige lithografie wordt er 

gebruik gemaakt van een masker om te bepalen welke gebieden belicht, en dus 

gepolymeriseerd, worden en welke niet. Onze technologie maakt echter gebruik van 

een nieuw type materiaal: een dichroïtische foto-initiator. Dit materiaal dissocieert 

alleen als de polarisatie van het geabsorbeerde licht parallel is aan het transitiemoment 

van het initiatormolecuul. Voor onze cilindrisch gevormde initiatormoleculen wijst dit 

transitiemoment parallel aan hun lengterichting. Omdat de cilindrisch gevormde 

initiator moleculen zich ordenen met hun LC omgeving, wordt de polymerisatie 

bepaald door de plaatselijke oriëntatie van het LC. Op deze manier treedt er dus locale 

polymerisatie op zonder gebruik te maken van een masker of interferentie patroon. 

Verschillende ordeningen van het vloeibaar kristal kunnen gebruikt worden als 

patroon voor het nano- en microstructurering met behulp van een dichroïtische foto-

initiator. De cholesterische ordening is hiervoor zeer geschikt; de grootte van de 

gemaakte structuren wordt namelijk bepaald door de lengte van de cholesterische 

spoed. Deze kan op zijn beurt weer eenvoudig worden aangepast door de concentratie 

van de chirale component te veranderen. 

In dit proefschrift wordt zowel een uitgebreide karakterisatie van dichroïtische foto-

initiatoren beschreven als de vorming van twee en drie dimensionale microstructuren 

door middel van de genoemde technieken. 
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