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Abstract

The rich photophysics of azobenzene-functionalized molecular glasses and polymers makes
them a fascinating material class with a large scope of applications. When exposed to UV
or blue light, the covalently attached azobenzene moieties perform repeated trans-cis-trans
isomerization cycles. Depending on the polarization of the light and the molecular structure
of the functionalized compounds, the azobenzene chromophores can either reorient at a
fixed location or, in addition, migrate over macroscopic distances. Molecular orientation
is useful for the storage of holographic volume gratings since it causes the refractive index
to become anisotropic. To observe migration, the material must become photofluidic. This
state is a peculiarity of azobenzene-functionalized glass formers and denotes their capability
to flow like a viscous liquid without raising their macroscopic temperature when exposed
to light. By means of external forces, such as optical gradients or adhesive forces, shaping
of the material surface is possible. As a consequence, azobenzene-functionalized molecular
glasses and polymers are suitable for different fields of application, which are discussed in
this thesis. They comprise the holographic storage of data, the lithographic manufacturing
of micrometer- and nanometer-sized structures, and the optical generation of surface relief
patterns. In addition, a new method for the determination of refractive indices is presented
and characterized.

The first part of this thesis constitutes a guide on how to improve the holographic perfor-
mance of azobenzene-functionalized block copolymers. These compounds consist of a mi-
crophase-separated azobenzene-functionalized minority and a polystyrene majority block.
They can be prepared with a low optical density, which is required for holographic data
storage. Different homo- and block copolymers were blended with an azobenzene-func-
tionalized molecular glass and holographic gratings were inscribed into them. From their
diffraction behavior it could be concluded that cooperative interactions exist between the
chromophores of the molecular glass as well as those of the molecular glass and the photo-
addressable polymers. Thus, the molecular glass acts as a plasticizer and speeds up the
alignment of the chromophores of the surrounding polymer matrix. Moreover, the addition
of molecular glass allows for the storage of holograms of higher quality. In block copoly-
mers, the molecular glass mainly accumulates in the photo-orientable minority phase. This
concentration is further enhanced by annealing. Adding an amount of 15 wt% molecular
glass to a block copolymer with stabilizing mesogenic units in its photo-addressable block
results in a long-term-stable refractive-index modulation. Furthermore, the inscription time
is reduced by a factor of more than 15 as compared to the neat block copolymer.
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In the second part, a new method for the determination of the refractive index of solids
based on diffraction gratings is developed, characterized, and tested. More specifically, two
different criteria are derived from the grating equation. They allow for the calculation of
the refractive index from first- and second-order critical diffraction angles. Both approaches
apply in the Raman-Nath regime to arbitrarily shaped surface-relief, refractive-index, or ab-
sorption gratings. Moreover, no information about the thickness of the material below the
grating is required. To study the applicability of the method, the refractive-index dispersion
of polydimethylsiloxane was measured and compared to that determined with an Abbe re-
fractometer. The results of the combined experiments show that the refractive index can be
calculated with an accuracy of about three decimal digits. Possible error sources include
the spectral width of the laser and the angular resolution of sample orientation. They can
be eliminated either by correcting the wavelength accordingly or by using an approach that
involves the determination of two critical diffraction angles. Finally, the new technique is
applied to determine the refractive indices of different azobenzene-functionalized molecular
glass formers.

The third part discusses a novel lithographic method which allows for the precise repli-
cation of micrometer- and nanometer-sized structures. It is dubbed “azobenzene-based na-
noimprint lithography” (Azo-NIL) and uses the well-known concept of transferring patterns
from a rigid master to a resist with a flexible mold. Unlike other imprint methods, the re-
sist material is an azobenzene-functionalized molecular glass or homopolymer which can
be switched to the photofluidic state with visible or UV light. The method has the advan-
tage that it can be performed without thermal treatment or crosslinking reactions, so it is
not affected by issues associated with material shrinkage. Coherent and incoherent light
sources in the UV and blue spectral range can be used to photofluidize the azobenzene-
functionalized resists. The filling speed depends on both the intensity of the light and the
initial thickness of the resist. More precisely, it is proportional to the fluence at short il-
lumination times. As soon as the cavities of the mold are completely filled, the material
transport is terminated. For film thicknesses above 500 nm, complete filling is achieved at
a constant rate. If the photofluidizable resist is thinner, both the filling rate and the filling
height decrease. Capillary flow occurs in cavities smaller than 300 nm, which causes the im-
printing time to increase for molds with finer features. Different azobenzene-functionalized
low-molecular-weight compounds and a homopolymer were investigated for their suitability
for Azo-NIL. Molecular glasses based on a spirobichromane core turned out to be the most
efficient resist materials. The introduction of perfluorinated substituents at the azobenzene
chromophores reduces both the filling speed and the imprint quality, whereas for methoxy
groups the imprinting speed increases. In preheated films, the thermal barriers for azoben-
zene isomerization attempts are lowered, so the imprinting speed increases, but so does also
the number of release-induced defects.

In part four, the surface-relief patterns formed by two different spirobichromane-based
molecular glasses upon prolonged illumination with a p-polarized optical grating are ana-
lyzed and characterized. As long as the fluence stays below a critical value, the developing
surface relief resembles the interference pattern, so its profile is essentially sinusoidal. For
higher fluences, i. e., after the first-order diffraction efficiency has reached its maximum, the
sinusoidal surface relief grating decays and rounded cones develop. The latter finally fuse
into complex superstructures. They consist of irregular zigzag-shaped lines which run per-
pendicular to the interference fringes of the optical grating. The zigzag-shaped lines reach
heights up to several micrometers and the resulting final pattern resembles a grating with a
periodicity of ∼ 4µm. Surprisingly, at high fluences the material transport occurs predom-
inantly in a direction with negligible optical gradients. If the azobenzene moieties feature
methoxy substituents, the formation of gratings or complex superstructures is accelerated.



Kurzdarstellung

Aufgrund ihrer reichen Fotophysik stellen azobenzolfunktionalisierte molekulare Gläser
und Polymere eine faszinierende Materialklasse mit einem großen Anwendungsbereich dar.
Wenn die kovalent gebundenen Azobenzoleinheiten UV- oder blauem Licht ausgesetzt sind,
führen sie wiederholt trans-cis-trans-Isomerisierungszyklen durch. Je nach der Polarisa-
tion des Lichts und der Molekülstruktur der funktionalisierten Verbindungen können die
Azobenzolchromophore entweder an einem festen Ort umorientiert werden oder darüber
hinaus über makroskopische Distanzen wandern. Die molekulare Orientierung ist für die
Speicherung von holographischen Volumengittern nützlich, da sie bewirkt, daß der Bre-
chungsindex anisotrop wird. Um Migration zu beobachten, muss das Material fotofluidisch
werden. Dieser Zustand ist eine Besonderheit von azobenzolfunktionalisierten Glasbildnern
und bezeichnet ihre Fähigkeit, wie eine viskose Flüssigkeit zu fließen sobald sie Licht aus-
gesetzt sind, ohne dabei ihre makroskopische Temperatur zu erhöhen. Durch äußere Kräfte,
wie optische Gradienten oder Adhäsionskräfte, ist eine Formgebung der Materialoberfläche
möglich. Aufgrund dessen sind azobenzolfunktionalisierte molekulare Gläser und Polymere
für verschiedene Anwendungsgebiete geeignet, welche in dieser Arbeit diskutiert werden.
Sie umfassen die holographische Speicherung von Daten, die lithografische Herstellung von
mikrometer- und nanometergroßen Strukturen sowie die optische Erzeugung von Oberflä-
chenreliefmustern. Des Weiteren wird ein neues Verfahren zur Bestimmung von Brechungs-
indizes vorgestellt und charakterisiert.

Der erste Teil dieser Arbeit stellt einen Leitfaden dar, wie die holographische Leis-
tungsfähigkeit von azobenzolfunktionalisierten Blockcopolymeren verbessert werden kann.
Diese Verbindungen bestehen aus einem mikrophasenseparierten azobenzolfunktionalisier-
ten Minoritäts- und einem Polystyrolmajoritätsblock. Sie können mit einer geringen opti-
schen Dichte hergestellt werden, welche für die holographische Datenspeicherung erforder-
lich ist. Verschiedene Homo- und Blockcopolymere wurden mit einem azobenzolfunktional-
isierten molekularen Glas gemischt und holographische Gitter wurden darin eingeschrieben.
Aus deren Beugungsverhalten konnte geschlossen werden, dass kooperative Wechselwir-
kungen zwischen den Chromophoren des molekularen Glases sowie denen des molekularen
Glases und der fotoadressierbaren Polymere bestehen. Somit wirkt das molekulare Glas als
Weichmacher und beschleunigt die Ausrichtung der Chromophore der umgebenden Poly-
mermatrix. Darüber hinaus ermöglicht die Zugabe von molekularem Glas die Speicherung
von Hologrammen höherer Qualität. In Blockcopolymeren akkumuliert sich das molekulare
Glas hauptsächlich in der fotoorientierbaren Minoritätsphase. Diese Konzentrierung wird
durch Tempern weiter gefördert. Die Zugabe einer Menge von 15 wt% molekularem Glas
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zu einem Blockcopolymer mit stabilisierenden mesogenen Einheiten innerhalb des foto-
adressierbaren Blocks führt zu einer langzeitstabilen Brechungsindexmodulation. Weiterhin
verringert sich die Einschreibzeit gegenüber dem reinen Blockcopolymer um einen Faktor
von mehr als 15.

Im zweiten Teil wird ein neues Verfahren zur Bestimmung des Brechungsindexes von
Feststoffen auf Basis von Beugungsgittern entwickelt, charakterisiert und getestet. Insbe-
sondere werden zwei verschiedene Kriterien aus der Gittergleichung abgeleitet. Sie er-
lauben die Berechnung des Brechungsindex aus den kritischen Beugungswinkeln erster
und zweiter Ordnung. Beide Ansätze gelten im Raman-Nath Regime für beliebig geformte
Oberflächenrelief-, Brechungsindex- oder Absorptionsgitter. Darüber hinaus ist keine Infor-
mation über die Dicke des Materials unter dem Gitter erforderlich. Um die Anwendungs-
möglichkeiten des Verfahrens zu untersuchen, wurde die Brechungsindexdispersion von Po-
lydimethylsiloxan gemessen und mit derjenigen verglichen, die mit einem Abbe-Refrakto-
meter bestimmt wurde. Die Ergebnisse der kombinierten Experimente zeigen, dass der Bre-
chungsindex mit einer Genauigkeit von etwa drei Dezimalstellen berechnet werden kann.
Mögliche Fehlerquellen sind die spektrale Breite des Lasers und die Winkelauflösung be-
züglich der Probenorientierung. Diese können eliminiert werden, indem entweder die Wel-
lenlänge entsprechend korrigiert wird oder durch die Verwendung eines Ansatzes, bei dem
zwei kritische Beugungswinkel bestimmt werden. Schließlich wird die neue Technik an-
gewendet um die Brechungsindizes verschiedener azobenzolfunktionalisierter molekularer
Glasbildner zu bestimmen.

Der dritte Teil diskutiert ein neuartiges lithographisches Verfahren, das die genaue Re-
plikation von mikrometer- und nanometergroßen Strukturen ermöglicht. Es wird als „Azo-
benzolbasierte Nanoimprintlithographie“ (Azo-NIL) bezeichnet und verwendet das bekann-
te Konzept der Übertragung von Mustern von einem starren Master auf einen Resist mit Hil-
fe einer flexiblen Gußform. Im Gegensatz zu anderen Prägeverfahren ist das Resistmaterial
ein azobenzolfunktionalisiertes molekulares Glas oder Homopolymer, das mit sichtbarem
oder UV-Licht in den fotofluidischen Zustand geschaltet werden kann. Das Verfahren hat
den Vorteil, dass es ohne thermische Behandlung oder Vernetzungsreaktionen durchgeführt
werden kann, so dass es nicht von Problemen betroffen ist, die mit Materialschrumpfung
verbunden sind. Für die Fotofluidisierung der azobenzolfunktionalisierten Resiste können
kohärente und inkohärente Lichtquellen im UV- und im blauen Spektralbereich eingesetzt
werden. Die Füllgeschwindigkeit hängt sowohl von der Intensität des Lichts als auch von
der ursprünglichen Dicke des Resists ab. Genauer gesagt ist sie bei kurzen Belichtungszeiten
proportional zur Fluenz. Sobald die Hohlräume der Gußform vollständig gefüllt sind, endet
der Materialtransport. Bei Schichtdicken über 500 nm wird eine vollständige Füllung mit
konstanter Geschwindigkeit erreicht. Wenn der fotofluidisierbare Resist dünner ist, nehmen
sowohl die Füllrate als auch die Füllhöhe ab. In Hohlräumen kleiner als 300 nm tritt Ka-
pillarströmung auf, was bewirkt, daß die Prägezeit für Gußformen mit feineren Strukturen
zunimmt. Verschiedene azobenzolfunktionalisierte niedermolekulare Verbindungen und ein
Homopolymer wurden auf ihre Eignung für Azo-NIL untersucht. Molekulare Gläser auf der
Basis eines Spirobichromankerns erwiesen sich als die effizientesten Resistmaterialien. Die
Einführung perfluorierter Substituenten an den Azobenzolchromophoren reduziert sowohl
die Füllgeschwindigkeit als auch die Prägequalität, wohingegen die Prägegeschwindigkeit
für Methoxygruppen zunimmt. In vorgeheizten Filmen verringern sich die thermischen Bar-
rieren für Azobenzol-Isomerisierungsversuche, so dass sich die Prägegeschwindigkeit, aber
auch die Anzahl ablöseinduzierter Defekte, erhöht.
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In Teil vier werden die Oberflächenreliefmuster, die von zwei verschiedenen spiro-
bichromanbasierten Molekulargläsern bei längerer Beleuchtung mit einem p-polarisierten
optischen Gitter gebildet werden, analysiert und charakterisiert. Solange die Fluenz unter
einem kritischen Wert bleibt, ähnelt das sich entwickelnde Oberflächenrelief dem Interfe-
renzmuster, so dass dessen Profil im Wesentlichen sinusförmig ist. Für höhere Fluenzen,
d. h. nachdem die Beugungseffizienz der ersten Beugungsordnung ihr Maximum erreicht
hat, zerfällt das sinusförmige Oberflächenreliefgitter und es bilden sich abgerundete Kegel.
Diese verschmelzen schließlich zu komplexen Superstrukturen. Sie bestehen aus unregel-
mäßigen, zickzackförmigen Linien, die senkrecht zu den Interferenzstreifen des optischen
Gitters verlaufen. Die zickzackförmigen Linien erreichen Höhen bis zu einigen Mikrome-
tern und das resultierende Endmuster ähnelt einem Gitter mit einer Periodizität von 4 µm.
Überraschenderweise erfolgt der Materialtransport bei hohen Fluenzen überwiegend entlang
einer Richtung mit vernachlässigbaren optischen Gradienten. Wenn die Azobenzoleinheiten
Methoxysubstituenten aufweisen, wird die Bildung von Gittern oder komplexen Superstruk-
turen beschleunigt.
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1
Introduction

The era in which we live is the information or digital age. Its beginning can roughly be
traced back to the advent of the first personal computers in the 1970s and it continues until
today. Similar to the preceding industrial age, the digital age is characterized by rapid sci-
entific and technological progress. The industrial age, however, required almost 150 years
to evolve its associated technological achievements, such as chemical fertilizers, radio, tele-
vision, jet planes, cars, or modern medicine. Nowadays, this progress occurs on a much
shorter timescale. Modern daily-life technologies such as the internet, e-mail, mobile com-
munication, or computers have been developed and brought to market within less than a few
decades.

The main reason for the accelerated technological progress in the past half century is
the steadily increasing capability of humankind to store, communicate, and process infor-
mation. According to Hilbert and López, [1] the world population stored about 300 exabytes
(300×1018 bytes) of digital and analog information in the year 2007. This is equivalent
to the storage capacity of more than 400 billion CD-ROMs, enough to pile up a stack that
is higher than the distance between the earth and the moon. For comparison, the globally
stored information in 1986 was only 16 exabytes, which is about 20 times less. Simultane-
ously, the digital revolution lead to the replacement of analog technology, and digital data
processing began to dominate the consumer electronics market near the turn of the millen-
nium. Storage media changed from vinyl long-play records, audio cassettes, and video tapes
to compact discs (CD), digital versatile discs (DVD), Blu-ray discs (BD), hard-disk drives
(HDD), and flash drives. In 1986, an amount of about 430 exabytes was transferred to the
most common technological receivers used at that time, which were mainly analog devices
such as mobile and fixed-line phones. This number increased to about 2 zettabytes (2×1021

bytes) in 2007, where 97 % of the communicated information was transmitted by the inter-
net. The global computational power increased from approximately 3×1015 instructions
per second in 1986 to about 6.4×1018 instructions per second in 2007 and it shifted from
stationary computers to mobile devices such as smart phones, tablets, cars, or even watches.
The important statement is that the demand for higher storage capacity, data transmission
rates, and computational power is immense and that it increases until today, one decade
later in the year 2017. Moreover, this trend will persist during the next decades. Cisco, a
developer and manufacturer of networking hardware and telecommunication equipment, for
example, states that the global IP traffic in 2016 was 1 zettabyte and predicts that it will
more than double to 2.3 zettabytes in 2020. [2] Another forecast is made by the International
Data Corporation (IDC). They state that the amount of digital data created worldwide will
increase by a factor of ten from 4.4 zettabytes in 2013 to 44 zettabytes in 2020. [3]
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2 CHAPTER 1: INTRODUCTION

The key process which drives the above technological development is miniaturization.
For example, continuous downsizing of digital circuits allowed engineers to preserve Moore’s
law during the last decades. The latter states that the density and, thus, the performance of
transistors in an integrated circuit increases exponentially over time. [4] Since 1970, the areal
density of electronic components on a chip has been doubling roughly every two years. As
a consequence, the semiconductor market and its associated technologies have been grow-
ing exponentially as well. The economical effect of this development is a deflationary drop
in prices for electronic components. In 1954, the price per transistor was 5.52 $, whereas
in 2005 the cost per bit of dynamic random access memory decreased to a marginal one
nanodollar. [5] In addition to reducing costs, the miniaturization of logical circuits and their
denser arrangement caused the chip size to stay within practical limits and enhanced both
computational speed and power efficiency. [6,7] Today, the field-effect transistors in Intel’s
latest i5 and i7 chips have a size of about 50 nm and feature 14 nm wide fins as conducting
channels (Fin-FET technology). [8] Samsung pushes this technology further to its limits and
announced the mass production of a new mobile processor that comprises structures as small
as 10 nm. [7]

To enable the fabrication of such fine patterns, large technological effort is required.
State-of-the-art chip manufacturing is based on photolithography. With this method, cir-
cuit patterns can be imaged from a transmission photomask to a silicon waver by projection
optics. The waver is coated with a photoresist that reacts upon illumination and the re-
sulting resist pattern is transferred during further processing steps to the substrate below.
Deep-ultraviolet light sources at a wavelength of 193 nm are used to image the patterns.
To inscribe structures significantly smaller than this wavelength, a number of sophisticated
techniques have to be applied. They include, for example, immersion lithography, optical
phase control, exotic photochemistry, and multiple patterning. A further aspect is that the
conventional concept of two-dimensional transistor design has already reached its limits. To
prevent current leakage effects, the gates of nanometer-sized transistors must have a certain
height, so the fabrication of an operational circuit requires a three-dimensional patterning
approach. [9,10] For the above reasons, the costs entailing chip design and fabrication be-
come excessive for transistor sizes below 50 nm and the validity of Moore’s law may run
into serious danger during the next years.

In order to prevent this from happening, the semiconductor industry focuses on new
patterning concepts. The status of the most promising lithographic techniques is specified
in the International Technology Roadmap for Semiconductors (ITRS). [11] It lists four po-
tential candidates which are expected to meet the resolution and patterning requirements
within the years between 2014 and 2028. One technique currently under development is
extreme ultraviolet light lithography (EUVL). It largely corresponds to photolithography,
but uses a light source with a shorter wavelength of 13.5 nm. Therefore, EUVL has a much
higher resolution. The drawback of existing EUVL systems is that up to now they lack sta-
ble high-power ultraviolet light sources, which limits their throughput. Furthermore, resist
chemistry and resist post processing have to be improved and the availability of defect-free
masks and higher-numerical-aperture optics has to be increased. E-beam lithography (or
maskless lithography) offers a high resolution, but common devices are rather slow since
they use a single electron beam to pattern an electron-sensitive resist. To increase throug-
put, parallel writing with a large number of electron beams is required. Respective devices
are currently under development. Directed self-assembly (DSA) is a conceptually different
patterning technique. It enables patterning by making use of the micro-phase separation of
block copolymers. Block copolymers consist of two or more covalently connected poly-
mers each made of a different monomer. Due to the chemical equality of the monomer units
within each block and due to the spatial constraints of the polymer backbone, block copoly-
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mers are capable of forming different morphologies with nanometer-sized domains. These
domains can be arranged on a waver such that they form the intended pattern. To achieve
this, the waver has to be pretreated with demanding epitaxial processes. Moreover, this
technique faces different challenges, which include a low number of defects, the increase of
pattern complexity, and the accurate pattern placement.

Probably the most promising alternative to photolithograpy is nanoimprint lithography
(NIL). The principal idea behind NIL is to prepare a master with a high-resolution relief
pattern first and to transfer it via imprinting. For this purpose, a casting mold is prepared
from the master. Subsequently, this mold is immersed into a suitable resist that is coated
onto a waver. Depending on the resist, the pattern can either be fixed by curing with UV
light or by cooling. When the mold is released, the resist assumes the shape of the master
and the pattern can be transferred to the waver in a further etching step. The advantage of
this technique is that it is significantly cheaper as compared to other methods. After prepar-
ing the master once, multiple copies of the relief pattern can easily be transferred. Since the
mold is in direct physical contact with the resist, release-induced defects constitute a major
issue. A straightforward approach is to optimize the resist properties such that the defects
can be reduced. This concept is also proposed by the ITRS, which states: “Historically,
patterning has made as much resolution progress through the introduction of new materials
and processes as it has through the introduction of new tools. We expect this trend to con-
tinue.” [11] A fascinating class of materials which come into question as patterning resists are
azobenzene-functionalized compounds.

Before going into detail about the potential applications of azobenzene-based materials
in photolithograpy and NIL, another aspect emphasizing the impact of miniaturization on
present technologies shall be discussed. With increasing ability to modify matter on the
nanometer scale, mass storage devices have made a huge progress during the last half cen-
tury. The most successful techniques developed for non-volatile data storage can roughly be
divided into three categories. They comprise optical, magnetic, and, more recently, solid-
state storage systems.

Non-volatile solid-state storage technology is mainly used in solid-state drives (SSDs),
memory cards, and USB flash drives. In these devices, digital information is stored elec-
trostatically by trillions of floating-gate metal-oxide-semiconductor field-effect transistors
(FG-MOSFETs). A MOSFET is a voltage-controlled switch that consists of a source, a
drain, and a gate electrode. The electric current between the source and the drain can be
turned on or off by means of the applied gate voltage to represent the binary states “0” and
“1”. FG-MOSFETs have a second, insulated gate which stores the electric field permanently,
so the data is not lost when the device is turned off. As mentioned before, the market matu-
rity and competitiveness of solid-state storage devices is a consequence of the growth of the
semiconductor market. Downsizing and cost reduction of logical circuits were the prerequi-
site for the feasibility of this storage type. Solid-state storage devices have many advantages.
First, they are very power-efficient. Second, SSDs have no moving parts and, thus, data can
be written to, or accessed from, them very fast with rates up to several Gbit s−1. [12] Third,
the data capacity of SSDs is very high, similar to that of the magnetic hard-disk drives dis-
cussed below. Nevertheless, solid-state storage devices are more expensive than magnetic
ones, so both types share the market almost equally with each other.

The most common magnetic storage device used today is the hard-disk drive (HDD). It
stores digital data in a magnetic medium along concentric tracks on a spinning disk. More
precisely, a HDD consists of multiple aluminum or glass disks sputtered with magnetic lay-
ers. The disks are stacked above each other and are sealed in a protective atmosphere. To
store digital data, an inductive write element locally modifies the magnetization within a
small area on one of the magnetic disks. The magnetization direction of such a cell repre-
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sents the two possible states of a digital bit. Read-out of the magnetization and conversion
back to digital data is realized with a giant magnetoresistive sensor. Both the inductive
element and the magnetoresistive sensor are mounted in a row on a slider and form the
read and write head. To access or write data, the magnetic disk is rotated and the slider
moves the head in radial direction. The technological innovations during the last 60 years
enabled downsizing and denser arrangement of the magnetic domains, so the storage ca-
pacity of HDDs has increased by almost nine orders of magnitude during this time. The
first HDD presented by IBM in 1956 allowed for the storage of only 2×10−3 Mbit in−2, [13]

whereas the storage density of modern HDDs is over 1 Tbit in−2. [14] Although heat assisted
techniques promise slightly higher data densities, the limits of magnetic storage devices are
almost exhausted. The reason for this is that thermal instabilities may cause a random flip
of the magnetization if the grain size in the magnetic layer becomes too small. This effect is
also known as superparamagnetism and inhibits the reduction of the size of a bit cell. Yet,
HDDs constitute a cheap way to store large amounts of information and to access them with
transfer rates as high as 1.5 Gbit s−1. [15]

The most successful representatives of optical storage media brought to market are CD,
DVD, and BD. All three formats store digital information as a single spiral track of pits and
lands on a polycarbonate disc. In pre-recorded discs, the pits are stamped with a master via
imprint lithography. To enable optical readout, a reflecting metal layer is deposited on the
generated pattern. A final lacquer layer protects the stored information from environmen-
tal impacts. Access to the stored information is gained by focusing a laser beam onto the
data track and converting the reflected light back into digital bits. Also, optically recordable
(write once) and rewritable (re-recordable) discs exist. They comprise an additional layer
that consists of a light-sensitive organic dye (write-once discs) or a metal alloy (re-record-
able discs). [16] Depending on the format, different laser sources are used for inscription and
readout. In CD systems, the wavelength is 780 nm, in DVD systems it is 650 and 635 nm,
and in BD systems it is 405 nm. The shortening of the wavelength allows for a better fo-
cusing of the laser beam, which enhances the optical resolution. This allows for a denser
arrangement of the data-representing pits and lands. For example, on a CD the pits have a
width of 830 nm and the track distance is 1.6 µm, whereas on a BD the corresponding values
are 150 nm for the pit width and 320 nm for the track distance. [17–19] Hence, the storage
density and the data transfer rates of modern BD systems are significantly higher than those
reached in CD devices. A single layer of a BD can store up to 33.4 GB of data, which cor-
responds to an approximate data density of 20 Gbit in−2 and the data can be accessed with
almost 600 Mbit s−1. For comparison, a CD has a storage capacity of about 0.7 GB, its data
density is below 1 Gbit in−2, and the data transfer rates are on the order of 11 Mbit s−1. Ob-
viously, the above optical storage systems cannot compete with the high data densities of
magnetic or solid-state storage devices. Yet, they are widely used, since they are cheap and
allow for an easy exchange of the storage medium.

The capacity of optical storage media can be further increased by stacking multiple
recordable layers within a single disc. For more than two superimposed layers, however,
the signal-to-noise ratio becomes very low and this approach becomes impracticable. [20] A
conceptually different optical storage technique is holographic data storage (HDS). In a HDS
system, a spatial light modulator (SLM) is illuminated with the light of a coherent laser.
The SLM basically is a liquid-crystal display with a resolution up to several megapixels.
Each of these pixels acts as a microscopic shutter for the incident laser light. Thus, the
SLM translates a data array of logical bits into a two-dimensional light pattern consisting of
bright and dark spots. The data page displayed by the SLM is projected onto a CCD camera.
At the focus of the optical path, a holographic storage medium is placed. A second beam,
referred to as the reference beam, passes through the storage medium at a different angle
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and interferes with the first beam bearing the digital information. The latter is denoted the
object or the signal beam. The holographic storage medium is photosensitive and changes
its optical properties in the areas exposed to the laser light, so a hologram of the SLM image
is recorded. To read-out the hologram, the storage medium is illuminated with the reference
beam and the reconstructed object wave is processed by the CCD camera.

If the medium is much thicker than the writing wavelength, a Bragg or thick hologram
develops. This type of hologram can be reconstructed only when the reference beam sat-
isfies the Bragg condition, i. e., its wavelength, direction, and wavefront profile must be
the same as during the inscription process. In this way, multiple holograms can be stored
within the same volume of the storage medium and accessed individually by simply varying
the angle of incidence of the reference beam. This technique is dubbed “angular multi-
plexing” and allows for the three-dimensional storage of digital information. Therefore,
HDS systems reach significantly higher storage capacities and transfer rates than the cur-
rently available optical storage devices. [20,21] Since millions of bits of digital information
are stored or reconstructed simultaneously with a single flash of light, data transfer rates up
to 1 Gbit s−1 are possible. [22] For a 1.5 mm thick medium, which corresponds approximately
to the thickness of a BD, the theoretical limit for the holographic storage density is as high
as 40 Tbit in−2. [20] So far, data densities up to 663 Gbit in−2 have been demonstrated. [23]

Furthermore, an experimental consumer HDS drive with BD downward compatibility has
been developed by the company InPhase. It allows for the storage of up to 2 TB on a disc
with the same size as a BD and features transfer rates up to 400 Mbit s−1. [20] However, this
device has not yet attained marketability. A reason for this is that the individual components
such as the SLM, the CCD camera, or the imaging optics are very expensive. In addition,
the materials requirements for holographic storage media are highly demanding. They in-
clude volumetric stability (i. e., absence of material shrinkage or thermal expansion), low
scatter, easy manufacturability, high photosensitivity for recording, long-term stability of
the inscribed holograms, and, ideally, rewritability.

A materials class which can be used for the inscription of holograms are photorefractive
materials such as inorganic ferroelectric crystals (e. g., iron-doped LiNbO3) or organic pho-
toconductors. In these compounds, the holographic interference pattern is converted into
a modulation of the refractive index due to the electro-optic effect. [24–26] The latter occurs
when the incident light excites the electrons of donor impurities into the conduction band.
These electrons diffuse into areas of low light intensity and create a space-charge field which
leads to the formation of a refractive-index grating. Although photorefractive storage media
feature volumetric stability, reasonable refractive-index contrast, and rewritability, they do
not meet important other requirements for HDS. Their main drawback is that without ther-
mal aftertreatment the inscribed holograms are erased when exposed to light again. Since
thermal fixing requires the medium to be heated to a temperature over 150 ◦C, [27] photore-
fractive materials become impracticable for consumer HDS drives. Another materials class
suitable for HDS are photopolymer systems which consist of a photoreactive, polymerizable
system dispersed in a polymer host. [28,29] During inscription of a hologram, polymerization
takes place in the bright areas of the interference pattern, whereas the monomer units re-
main unaffected in the dark areas. This leads to a concentration gradient, whereby the
unreacted species diffuses into regions of higher intensity. With ongoing polymerization,
the refractive index is modulated according to the holographic interference pattern. Since
the polymerization is not reversible, photopolymer systems are most suitable for write-once-
read-many (WORM) applications. The disadvantage of photopolymer systems is, however,
that they rarely meet the criterion of volumetric stability. [28,30] A promising alternative are
photoaddressable systems such as azobenzene-functionalized polymers. Their suitability as
holographic storage medium will be discussed below.
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The previous discussion revealed that azobenzene-functionalized materials have a huge
area of application including both lithography and holography. The different possibilities of
use originate from the rich photophysics of the azobenzene chromophore, which constitutes
the functional group of all compounds investigated in this thesis. As will be described in
detail in Chapter 3, azobenzene exists either in the rodlike trans configuration or in the bent
cis form. Both states can be converted into one another by the irradiation of visible light.
These photoinduced isomerization cycles can either lead to a purely rotational motion or, in
addition, to a translational movement of the azobenzene moieties. While the former is rele-
vant for holography, the latter allows for the use of azobenzene-functionalized compounds
as resist materials in lithographic applications.

The most widely used approach for the molecular design of a photoaddressable holo-
graphic storage medium is to functionalize a suitable polymer with azobenzene-containing
side chains. When exposed to linearly polarized light, the azobenzene moieties begin to
orientate and eventually align perpendicular to the electric light field due to a statistical se-
lection process. This results in an optical anisotropy of the medium and, therefore, in the
desired refractive-index modulation. For HDS applications, the translational motion must
be suppressed since, otherwise, surface-relief patterns emerge which superimpose the holo-
gram stored in the volume. First experiments were conducted on liquid-crystal side chain
polymers by Wendorff and Ringsdorf in 1987. [31,32] In the following years, various other
liquid-crystalline polymers were the subject of intense research. [33] In these compounds,
the light-induced orientation of the azobenzene chromophores is stabilized by non-photoac-
tive mesogenic units attached to the polymer backbone. Although this allows for the storage
of long-term-stable holograms with a high refractive-index contrast, the possible applica-
tions of liquid-crystalline polymers in HDS are limited. The reason is that they tend to
form a polydomain texture, which causes light scattering. [17] Furthermore, in order to be
rewritten, the inscribed holograms have to be erased through heating first. [33] Photoinduced
birefringence in amorphous azobenzene-functionalized homopolymers was first reported in
1992. [34,35] These pioneering experiments demonstrated that anisotropy can be induced by
light without the necessity of liquid-crystallinity. Moreover, the generated birefringence
could be erased optically. Since the optical density of amorphous homopolymers is very
high, the incident light is completely absorbed within a layer of less than a few hundred
nanometers. [36] Therefore, the inscription of thick holograms is not possible. Blending
with photoinert polymers does not provide a satisfactory solution, since this would result
in macrophase separation and, thus, in strong light scattering. To reach the optical density
required for HDS, block copolymers represent a promising alternative. [37–39] They typically
consist of a photoinert majority and an azobenzene-functionalized minority block. In such
block copolymers, the azobenzene phase forms nanometer-sized domains embedded in the
inert phase. Thus, both the optical density and the light scattering remain low. In addi-
tion, the formation of surface patterns is efficiently suppressed [40] and the spatial proximity
of the chromophores is maintained, which allows for the storage of long-term-stable holo-
grams. [41] Finally, the azobenzene chromophores can be reorientated repeatedly by light, so
optical erasure and frequent rewriting is possible. As a drawback, fairly long writing times
are required to inscribe holograms into block copolymers, so their sensitivity is lower than
that of inorganic ferroelectric crystals. [37] This issue is addressed in one of the main sec-
tions of this thesis. It will be shown that the holographic performance of block copolymers
can be significantly improved by blending them with azobenzene-functionalized molecu-
lar glasses. The latter are a class of organic, low-molecular-weight compounds capable of
forming a stable amorphous phase (cf. Chapter 5).
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As stated earlier, the second important scope of application for azobenzene-functional-
ized materials is photo- and nanoimprint lithography. This possibility of use arises from the
fact that a large number of azobenzene-functionalized amorphous glass formers turn into
the so-called photofluidic state when exposed to light. [42–46] Simply speaking, photofluidiz-
ation denotes the light-induced softening of amorphous azobenzene compounds that results
from the repeated isomerization of the chromophores. In particular, photofluidizable ma-
terials have the ability to flow like a liquid without raising their macroscopic temperature.
Chapter 3.3 is devoted to a detailed explanation of the underlying mechanism. A second
important peculiarity of azobenzene-functionalized glass formers is that they migrate over
macroscopic distances when exposed to an intensity or a polarization gradient. This effect
was first described by the groups of Natansohn and Kumar in 1995. [47,48] They found that
the surface of azobenzene polymers can be reshaped by holographic exposure and that the
resulting height profile resembles the intensity distribution of the interference pattern. Later
experiments revealed the high sensitivity of this process to the polarization of the incident
light. [49–52] Despite large experimental and theoretical efforts, details of the driving force of
the pattern formation remain unresolved until today. [42,53] Although numerous models ex-
ist, [54–60] none of them covers all the reported observations. In any case, photofluidization
is required to enable the flow of the material below its glass transition temperature.

Surface structuring by means of optical gradients is most efficient in azobenzene-func-
tionalized homopolymers [33,40,61,62] and molecular glasses. [50,63–67] Since surface-relief grat-
ings (SRGs) can be generated easily with holographic methods, their formation has been
investigated most widely so far. Different parameters such as the grating periodicity and
the modulation height can be controlled simply by the polarization, the light intensity, or the
irradiation time. For this reason, SRGs can be used for multiple applications, which include,
e. g., diffractive elements, [68] structural motifs for integrated electronic [69] and energy de-
vices, [70–72] or etching masks for substrate patterning. [73,74] The use of light-structurable
azobenzene-functionalized compounds as resist materials in photolithography has also been
demonstrated [75] and promises different advantages as compared to micro- or nanopattern-
ing methods based on conventional chemical etching. On the one hand, the surface defor-
mation is completely reversible, i. e., relief patterns can be erased either by heating or light.
Hence, multiple gratings can be superimposed to generate complex regular patterns. [62,64,76]

On the other hand, no cleaning step is required to remove unreacted agents after the expo-
sure.

As discussed previously, the drawback of optical patterning methods is that the mini-
mum structure size is limited by the wavelength of the light source. This restriction can
be partially circumvented by using demanding methods that involve either the fabrication
of proximity-field masks [77] or the prepatterning of the resist. [42] A different concept is to
use azobenzene-functionalized compounds as resist materials in NIL instead. [78,79] Since
the former can flow like a liquid without considerable heating when exposed to light, they
do not suffer from issues associated with thermal expansion. Furthermore, due to the in-
trinsic hydrophobicity of the azobenzene moieties, azobenzene materials are well suited for
the fabrication of molding templates [67,76,80] or, vice versa, for patterning by elastic poly-
dimethylsiloxane stamps. [78,79] Therefore, photofluidizable materials promise to be efficient
patterning resists in NIL. The quantification of their suitability for imprinting is the subject
of a main section of this work.
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In the present thesis, both the holographic properties and the light-driven surface shap-
ing of azobenzene-functionalized molecular glasses and polymers are investigated. The
previous discussion illustrates the high demand for these applications and emphasizes the
important role azobenzene-based compounds play for them. To understand the photophysics
and to emphasize the application scope of azobenzene materials, the outline of this thesis is
as follows.

Since holography and imprint lithography relate to different contents, the theoretical
part is divided into three chapters. The relevant aspects of the theory of holography are
described in Chapter 2. The properties and physics of azobenzene-functionalized materials
and the associated phenomena such as SRG formation and photofluidization are discussed in
Chapter 3. The concept of azobenzene-based NIL is developed in Chapter 4, which also in-
cludes theoretical considerations about the liquid transport in confined channels. A detailed
characterization of the azobenzene polymers and molecular glasses used in the experiments
is given in Chapter 5. Imprinting of micro- and nanometer-sized features is performed with
flexible, adhesive stamps. Hence, Chapter 6 is devoted to their fabrication and their physi-
cal properties. The setups used for the holographic and NIL experiments are the subject of
Chapter 7.

The experimental findings are thematically divided into four different parts. Chapter 8
provides a guide on how to improve the holographic performance of photoaddressable block
copolymers by blending them with an azobenzene-functionalized molecular glass. The lat-
ter acts as a photoplasticizer and accumulates mainly in the minority phase of the block
copolymers, so only molecular reorientation occurs during light exposure. A significant
improvement of the holographic performance is achieved already at low molecular-glass
content and the important characteristics of the block copolymer such as low optical density
and long-term stability can be retained. A new method for the determination of refractive
indices is developed and characterized in Chapter 9. It is based on measuring the critical
diffraction angles of the different orders that emerge behind a grating. As compared to
other methods, its advantage is that no information about the thickness of the medium is re-
quired. This topic relates to both holography and lithography, since the investigated surface
relief gratings are first generated optically on an azobenzene-functionalized resist and then
transferred to a transparent polymer film by molding. The usability of azobenzene-func-
tionalized molecular glasses and homopolymers for imprinting nanometer-sized structures
is investigated in Chapter 10. After preparing films of these compounds and generating their
photofluidic state by light exposure, adhesive stamps are imprinted into them. The influence
of the light wavelength, the external pressure, the temperature, and the molecular substituent
of the azobenzene moieties on the imprinting process is analyzed in detail. From these basic
experiments, the optimum experimental parameters and materials properties for high im-
printing speed and quality are derived. Finally, Chapter 11 discusses important aspects of
the optically induced mass migration in azobenzene-functionalized molecular glasses upon
holographic illumination. Whereas the material is transported in the direction of the opti-
cal gradient for low light exposure, migration also occurs in the perpendicular direction for
higher doses.
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Theory and Basic Concepts of Holography

The concept of holography involves a two-step procedure, the recording and reconstruction
of optical wave fronts. Recording a hologram denotes the process of storing the electric-field
distribution of at least two interfering electromagnetic waves inside a photo-active medium.
Unlike conventional photography, the stored pattern has no similarity to the object from
which the light is emitted. The reason is that the interference pattern does not only contain
information about the amplitude of the light wave, but also about its phase. The spatial infor-
mation can be restored in a subsequent reconstruction step, generating a spatial impression
identical to the one of the original image.

It was D. Gabor who invented the technique in 1948 [81] and suggested the term “holo-
graphy”, which originates from Greek and means writing the complete information. His idea
was to improve the resolution of transmission electron microscopy, but different problems
arose, e. g., the missing of coherent light sources with sufficient intensity. It took until
the invention of the laser in the 1960s when holography was revived by E. N. Leith and
J. Upatnieks. [82] Although Gabor did not solve the problem he originally intended, he finally
was awarded the Nobel Prize in 1971 “for his invention and development of the holographic
method”. [83]

Half a century later, holography has developed to an extensive area of research. Differ-
ent techniques have evolved, starting from Gabor’s inline holograms to the now common
off-axis method. Theories have been developed to describe the diffraction off volume and
surface-relief gratings. Depending on the physical properties of the storage medium, either
the Raman-Nath or Bragg diffraction regime applies. A summary of important aspects is
given in the following.

2.1 Plane-Wave Holography

In general, the interference of a plane wave and the coherent light emitted from an extended,
three-dimensional object yields a complicated field distribution in the hologram plane. In
the special case of the superposition of two coherent plane waves of equal wavelength,
a simple sinusoidal interference pattern results. The latter is used for the inscription of
volume or surface relief gratings. Both grating types contain all essential information about
the suitability of a material as a holographic storage medium. Holographic reconstruction
with a plane wave corresponds to grating diffraction in this case.

9
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2.1.1 Field Distribution of Interfering Plane Waves

Superimposing an object and a reference plane wave ~Eobj and ~E ref with equal frequency ω
yields the total field

~E tot(x,z, t) = ~Eobj +~E ref = ~E0,obj ei(~kobj~r−ωt) +~E0, ref ei(~k ref~r−ωt+∆ϕ) . (2.1)

If both waves are coherent, they have a fixed phase relationship and the common time-
dependent phase factor exp(−iωt) can be dropped for simplicity. The phase shift ∆ϕ in
Eq. (2.1) corresponds to the difference in travel time in this case. In the coordinate system
depicted in Fig. 2.1 the wave vectors become

~k ref =
2πn0

λw

−sinθ ref
0

cosθ ref

 ,~kobj =
2πn0

λw

sinθobj
0

cosθobj

 and ~K =~k ref−~kobj

with λw being the vacuum wavelength of the incident writing waves and n0 the refractive
index of the medium. The vector sum of the object and reference wave vector results in the
grating vector ~K. The above assumptions imply that the waves already propagate inside the
medium (n = n0 for z < 0). The boundaries can simply be taken into account by calculating
the angles of the plane waves inside the medium according to Snellius’ law.

d0

Λ

Φ
θref

~K

z

x

~k ref

~k obj

θobj

Figure 2.1: Schematic diagram of the sinusoidal interference pattern generated by two interfering
plane waves in a medium of thickness d0. The y-axis is perpendicular to the x-z-plane. Λ: Grating
period, ~K: grating vector, Φ: slant angle.

If the angles of incidence are equal (θ ref = θobj = θ ), the grating is unslanted, i. e.,
Φ = 90° (cf. Fig. 2.1). In this case the total electric field becomes

~E tot(x,z) =

E0x,obj eiπx/Λ +E0x, ref e−iπx/Λ · ei∆ϕ

E0y,obj eiπx/Λ +E0y, ref e−iπx/Λ · ei∆ϕ

E0z,obj eiπx/Λ +E0z, ref e−iπx/Λ · ei∆ϕ

 · ei2πn0 cosθz/λw (2.2)

with

Λ =
λw

2n0 sinθ
. (2.3)
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Without specification of the polarization state of object and reference wave, the total
field is an unknown function of x and z. It can be seen, however, that the z dependency
just describes the propagation of the wave, while the x dependency is responsible for the
formation of a grating with grating period Λ.

Basically a large number of polarization states is conceivable, but only few of them
are of practical importance. Without loss of generality, the phase difference can be chosen
to be ∆ϕ = 0. For equal amplitudes |~Eobj| = |~E ref| = E0 and some selected polarization
states of the reference and object wave, the electric field in the x-y-plane at z = 0 takes the
form shown in Table 2.1. The oscillation of ~Etot perpendicular to the plane of incidence
is denoted as ss polarization, while the single letters indicate the polarization states of the
individual waves. Accordingly, the oscillation of ~Etot in the x-z-plane is the pp-polarization
state. The ±45°-state is generated by using waves with polarizations rotated to an angle of
±45° with respect to this plane. The term rlcp describes the interference of a left and a right
circularly polarized wave also denoted as “orthogonal” polarization. Further polarization
configurations can be found in the literature. [62,84,85]

Table 2.1: Electric field of two interfering plane waves of equal amplitude and angle of incidence
in the x-y-plane at z = 0. The arrows indicate the direction and time-dependent amplitude of the
field for small angles of incidence, i. e., θ → 0. Red dots indicate the direction of ~E tot at t = 0,
while black dots mean zero intensity. The coordinate system corresponds to the one shown in
Fig. 2.1. A prefactor i denotes an optical phase shift by π/2.

z

y

x
Field ~Etot(x,z = 0) x = 0 Λ/4 Λ/2 3Λ/4 Λ

ss 2E0

 0
cos(πx/Λ)

0



pp 2E0

cosθ cos(πx/Λ)
0

isinθ sin(πx/Λ)



sp E0

cosθe−iπx/Λ

eiπx/Λ

sinθe−iπx/Λ



±45°
√

2E0

 cosθ cos(πx/Λ)
i sin(πx/Λ)

−i sinθ sin(πx/Λ)



rlcp
√

2E0

 cosθ cos(πx/Λ)
−sin(πx/Λ)

−i sinθ sin(πx/Λ)


The superposition of two waves with equal linear polarization, i. e., ss or pp, results in

a sinusoidal variation of the intensity with the same polarization. Pure polarization gratings
with constant intensity are obtained by mixing different states of polarization, such as in
the sp, ±45°, and rlcp configuration. It is worth to mention that only rlcp illumination
generates a completely linearly polarized electric field with a rotating polarization vector.
Other polarization gratings change from linearly to circularly polarization and, therefore,
the transition areas are exposed to elliptical polarized light. The formulas listed in Table 2.1
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for the total field are exact expressions. They imply, that except for the ss-polarized field,
the plotted arrows become tilted if θ strongly deviates from zero. [86] The black arrows
also indicate an oscillation of ~E tot as time proceeds, while the red dots represent its initial
direction. As the interaction of a photo-active material with the electric field only depends
on the field amplitude but not on its sign, the periodicity of the inscribed grating is given by
Λ.

2.1.2 Grating Diffraction

As mentioned above, a photo-active medium placed at the plane of interference interacts
with the electric field distribution. This interaction changes the optical parameters (refrac-
tive index, absorption or sample thickness) in the illuminated areas and, ideally, results in
a permanent storage of the interference pattern. An off-axis hologram is generated, if ref-
erence and object beam have different propagation directions while they enter the medium
from the same side. If the object beam contains information about a three-dimensional ob-
ject its reconstruction would appear on the other side of the sample, suggesting the term
“transmission hologram”. Since there is no object present in the case of plane-wave holo-
graphy, the storage of the interference pattern of object and reference beam results in a very
simple hologram, i. e., a diffraction grating.

nair ≈ 1

n0 > 1

x

z

y

θl, trans

θ r

Λ

H

θl, refl

Tl

Rl

Figure 2.2: Diffraction of a plane wave off a grating with arbitrary periodic shape. Reflected
orders appear under angles θl, refl, transmitted ones under θl, trans. The maximum height of the
grating is H.

Three types of diffraction gratings may be distinguished, i. e., absorption, refractive-
index and surface-modulated gratings. A schematic diagram of the latter is shown in Fig. 2.2.
To provide access to the theory of grating diffraction in a more general manner, the surface
of the depicted grating is assumed to be modulated periodically but the shape may, for the
time being, be given by any function that fulfills d(x) = d(x+mΛ) with m ∈ N. Analo-
gous expressions shall be valid for absorption or refractive-index gratings. Here the surface
stays flat and the grating constitutes a periodic modulation of the respective parameter in
the volume of the material. Figure 2.1 of the preceding chapter provides an illustration of
the situation in this case. From the assumption that refractive index n, absorption α , or
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thickness d of the material are periodic, it follows that they can be represented as Fourier
series:

n(x) = n0 +∆n(x) = n0 +
∞

∑
m=1

[
ncm cos

(
2πmx

Λ

)
+nsm sin

(
2πmx

Λ

)]
α(x) = α0 +∆α(x) = α0 +

∞

∑
m=1

[
αcm cos

(
2πmx

Λ

)
+αsm sin

(
2πmx

Λ

)]
d(x) = d0 +∆d(x) = d0 +

∞

∑
m=1

[
dcm cos

(
2πmx

Λ

)
+dsm sin

(
2πmx

Λ

)] (2.4)

The diffraction off the grating can be measured either by illumination with one of the writing
beams or a plane wave at a different wavelength λ r. The latter has the advantage that λ r can
be chosen such that it does not influence the process of grating formation. If any of the
three material parameters α , n, or d satisfies Eq. (2.4), the diffracted field E ′tot(x,z) becomes
pseudo periodic, [87,88] i. e., E ′tot(x+Λ,z) = E ′tot(x,z)exp(ik rΛsinθ r) with k r = 2πnair/λ r
and θ r being the angle of incidence of the reading wave. Based on this assumption it can be
shown, [88] that for the situation depicted in Fig. 2.2 the diffracted electric field of an incident
s-polarized plane wave takes the form

E ′tot(x,z) =


exp(iβ0x+ iγ0z)+

+∞

∑
l=−∞

Rl exp(iβlx− iγlz) if z <−H

+∞

∑
l=−∞

Tl exp(iβlx+ iδlz) if z > 0

(2.5)

with βl = k r sin(θ r)+2πl/Λ, γl =
√

(k2
r −β 2

l ) and δl =
√
(4π2n2

0/λ 2
r −β 2

l ).

To simplify matters, the amplitude of the incident field has been set to one in Eq. (2.5).
The diffracted and the incident beam have the same polarization, therefore ~E ′tot(x,z) is s-
polarized (~E ′tot(x,z) = E ′tot(x,z)êy). As can easily be seen, the diffracted field before and
behind the grating resembles a plane-wave expansion and various diffracted orders can
emerge. For the sake of clarity, only the l th transmitted and reflected order have been plot-
ted in Fig. 2.2. It is an important result that arbitrary grating types (surface relief or volume
gratings) of arbitrary shape (sinusoidal, rectangular, etc.) follow Eq. (2.5) as long as they
do not meet the requirements of the Bragg regime, which are discussed later. The reason
for this is the assumption of the pseudo-periodicity of the diffracted wave, which is affected
by Λ only and not by the exact grating geometry. However, the grating type and shape will
affect the amplitudes Rl and Tl , which need to be derived for the special physical situation.

Additionally, the famous grating equation results from Eq. (2.5) in a more general way
than in the case of a geometrical consideration of the optical paths. From βl = k r sin(θl, refl)
= 2πnair sin(θl, refl)/λ r for z <−H and βl = 2πn0 sin(θl, trans)/λ r for z > 0 it follows that

nair sinθl, refl = nair sinθ r + lλ r/Λ if z <−H (2.6)

n0 sinθl, trans = nair sinθ r + lλ r/Λ if z > 0. (2.7)

For simplicity, the above results were derived from the assumption that an s-polarized
plane wave is diffracted. The analysis for p-polarized light is similar.

The surface relief gratings discussed in this thesis emerge due to the unique photo-
physical properties of the azobenzene functionalization of the storage medium. As discussed
later, these materials allow for a macroscopic, photo-induced material transport if they are
exposed to an intensity or polarization gradient. The modulation of the thickness of SRG
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forming materials can, in the simplest case, be approximated by d(x) = d0+d1 cos(2πx/Λ)
with d0 being the initial sample thickness before the illumination. Here, the modulation
amplitude d1 is related to the grating height by H = 2d1. SRGs inevitably feature an in-
phase absorption modulation, since the writing waves are absorbed more strongly in the
hills than in the valleys of the grating. The contribution of the absorption grating to the
diffracted field becomes negligible if λ r of the readout beam is chosen to be outside the
absorption of the photo-active medium.

Volume gratings, on the other side, are based on a local, molecular reorientation, which
results in a periodic modulation of the refractive index. As long as the material response
is linear, the refractive index reads n(x) = n0 + n1 sin(2πx/Λ) with all other Fourier com-
ponents being zero. Again, the absorption stays unmodulated for the readout beam and
α(x) in Eq. (2.4) reduces to α(x) = α0, being the absorption of the material at the readout
wavelength. The interpretation of ∆n in photo-orientable materials is slightly different for
gratings generated with intensity or polarization modulated fields. In the former case, ∆n
simply corresponds to the difference of the refractive index between illuminated and dark
regions. For the polarization gratings, however, the whole medium is homogeneously illu-
minated with constant intensity. Hence, ∆n is a measure of the optically induced anisotropy,
which is defined as the difference between the ordinary and the extra-ordinary refractive
index. Unlike in uniaxial crystals, the optical axis is not predefined here; instead it is photo-
induced with its orientation depending on the polarization azimuth of the incident light.
This distinction is important, since the theoretical description differs for the various grating
types.

To characterize the holographic performance of the investigated materials, the intensities
of the diffracted orders need to be analyzed. A suitable quantity for this purpose is the
diffraction efficiency

ηl =
Il

I tot
, (2.8)

defined as the ratio of the light intensity diffracted into the l th order and the total incident
intensity I tot. The theoretical description in the next chapters will focus on the determination
of the diffraction into the 1st order. Two diffraction regimes are introduced and the difference
between scalar, polarization and surface relief gratings is discussed in detail.

2.2 Diffraction Regimes of Gratings

The diffraction behavior of a holographic volume grating depends on the physical properties
of the storage medium. Depending on whether the grating is of the Raman-Nath or Bragg
type, the theoretical description of the diffraction differs strongly. To assign a grating to one
of the two diffraction regimes, the parameter

Q ′ =
2πλ rd0

n0 Λ2 cosθ r
(2.9)

and the modulation
γ =

πn1d0

λ r cosθ r
(2.10)

are decisive.
The requirements of the Raman-Nath or multi-wave diffraction regime are met if Q ′� 1

or Q ′γ ≤ 1. [89] In this case, light incident at arbitrary angles is diffracted into several dif-
ferent orders, which emerge behind the grating. Their diffraction efficiency is given by the
Fourier coefficients of the refractive-index modulation. [90] If ρ = Q ′/2γ ≥ 10, the grating
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shows Bragg diffraction. [91] A Bragg grating can diffract light solely into the 0th and 1st

order, the intensity of the other orders being negligibly small. The light has to be incident at
a certain angle, i. e., the Bragg angle; otherwise no diffraction can be observed at all. If the
modulation decreases to values γ � 1 the diffraction efficiency of the 1st order is described
equivalently in both regimes. [89]

It should be noted that ρ is independent of the thickness of the grating. Earlier definitions
of the Bragg regime only claim that Q ′ needs to be larger than 10, and Q ′ is a thickness-
dependent parameter. [92,93] Therefore, the term “Bragg diffraction” usually is taken as being
a synonym for the diffraction off “thick” gratings. In the context of holographic data storage
the equivalent use of both terms is correct, since high angular selectivity is achieved only
by increasing the sample thickness to at least hundredfold of the grating period (see Chap-
ter 2.5). However, one should keep in mind that Bragg-like behavior can be observed if both
parameters Q ′ and γ are sufficiently small at the same time. [91] Gratings of the Raman-Nath
type are “thin” by definition.

The above definitions are easily applicable to volume gratings but need to be modified
for the characterization of SRGs. To estimate values for Q ′ and γ one needs to replace
d0, n0 and n1 by their corresponding parameters. The film thickness d0 corresponds to the
SRG amplitude d1, which is typically on the order of a few 100 nm. The refractive index
modulation n1 becomes the difference between the refractive index of the SRG former and
air (∆n ≈ 0.5), while n0 has to be substituted by an average value which is on the order of
1 to 1.5. Substitution of the experimental parameters yields Q ′ and γ values slightly below
1, which assigns the investigated SRGs to the Raman-Nath regime. [89] As will be discussed
later, the diffraction behavior of the SRGs yields further evidence for this. An exception
are lithographically prepared subwavelength SRGs fulfilling Λ < λ r, which actually show
Bragg-diffractive behavior. [43,94]

2.3 Raman-Nath Diffraction off Thin Scalar Gratings

The theoretical description of scalar refractive-index and surface-modulated phase gratings
is almost identical in the Raman-Nath regime. In both cases a transmittance function is de-
fined for the reading wave, which is only sensitive to differences in the phase. The diffraction
efficiency of many different shapes of thin refractive-index gratings (sinusoidal, rectangular,
sawtooth, etc.) can be calculated analytically. [90] The 1st order diffraction efficiency of a si-
nusoidal, scalar refractive-index grating has been calculated by Magnusson and Gaylord. [89]

For an s-polarized incident wave they derive the expression

η1 = J 2
1 (2γ) · e−2α0d0/cosθ r ≈ J 2

1

(
2πn1d0

λ r cosθ r

)
, (2.11)

with J1 being the Bessel function of the first kind of first order. If the reading wavelength is
chosen such that the absorption in the medium is negligibly small, the exponential term can
be omitted. The theoretical model assumes that the grating is already present in the sample.
Thus, it neglects the influence of the vector character of the electric field of the writing
beams on the photo-orientable medium. The latter is subject to the theory of polarization
holography, which is briefly discussed in Chapter 2.4.

For Raman-Nath SRGs, the analogous expression to Eq. (2.11) reads: [70,84,95]

η1 = J 2
1

(
2π∆nd1

λ r cosθ r

)
(2.12)
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The surface of the medium is assumed to be sinusoidally modulated, the grating height
being 2d1. The difference between the refractive indices of the material and air is denoted
by ∆n = n0−nair.

In the Raman-Nath regime, a sinusoidal phase grating diffracts an incident plane wave
into multiple orders. For the first order, Eq. (2.11) and (2.12) predict a maximum achiev-
able diffraction efficiency of 33.8 %. The diffraction efficiencies of orders with |l| ≥ 2 are
calculated from Bessel functions of higher orders and have negligible intensities as long as
γ is sufficiently small. [90] In this case, J1 can be Taylor-expanded and replaced by

η1 = J2
1 (2γ)≈ γ2 =

(
πn1d0

λ r cosθ r

)2

. (2.13)

The error of this approximation is less than 1 % for γ < 0.3 or η1 < 0.1, respectively. Usually
this limit is valid for refractive-index modulated phase gratings with small n1. For SRGs, the
value of γ can become quite high and significant power is diffracted into higher orders. [96]

The exact determination of the argument of the Bessel function is accomplished in this case
by applying Newton’s method for finding roots.
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Figure 2.3: Diffraction efficiency of the first order as a function of the writing time for a volume
grating.

An idealized curve for the temporal evolution of the diffraction efficiency of a thin vol-
ume grating is shown in Fig. 2.3. Due to the spatially varying electric-field distribution of
the writing beams, a sinusoidal phase grating develops in the volume of the photo-active
medium. After an initial steep increase, η1 passes through a maximum denoted by η1,max
and decreases afterward. For scalar gratings stored in the volume of the storage medium, the
decay of η1 at long illumination times usually can be attributed to the overexposure of the
hologram. While the induced anisotropy in the bright areas reaches its maximum value first,
the less exposed areas become oriented after longer illumination times. It should be noted
that Eq. (2.11) and (2.12) are not valid in the region of overexposure, since the additional
Fourier coefficients in Eq. (2.4) cause the diffraction behavior of the grating to be altered.

To characterize the holographic suitability of a material, the maximum achieved refrac-
tive-index modulation and the writing time can be specified. The former can be calculated
from η1,max and is, therefore, denoted by n1,max. It is important to realize, that for exceed-
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ingly high values of γ the maximum of the Bessel function and the maximum caused by
overexposure may overlap. The exact position of η1,max is difficult to determine because the
maximum is usually much broader than in the idealized case depicted in Fig. 2.3. To reduce
the uncertainty of measurement, t90% is introduced, which is the time required to reach 90 %
of the maximum diffraction efficiency. Because the slope of η1(t) has a value significantly
different from zero there, t90% is well defined.

As a final remark, it should be noted that refractive-index and surface relief gratings
can develop in the medium at the same time. Both gratings are not necessarily in phase.
A deeper analysis is required to describe their overall diffraction efficiency. [84,97–99] The
largest contribution, however, usually originates from the SRG, while the diffraction off
the refractive-index grating is negligibly small, except for very short writing times. Thus,
Eq. (2.12) can also be applied for superimposed gratings.

2.4 Raman-Nath Diffraction off Thin Polarization Gratings

The holographic storage media investigated in this thesis are functionalized with photo-
orientable azobenzene moieties (cf. Chapter 3.1). Upon illumination with polarized light
they preferably align perpendicular to the electric field, whereby the refractive index of the
material becomes anisotropic. The diffraction behavior of gratings stored in such materi-
als can strongly deviate from that of the scalar type. For their theoretical description, the
concept of polarization holography has to be applied, which is based on the Jones-matrix for-
malism. [100] Within this approach the polarization state of a plane light wave is represented
by a two-dimensional vector, the Jones vector. Hence, the electric field of a polarization or
an intensity grating has a Jones-vector representation with spatially varying entries, resem-
bling the polarization states depicted in Table 2.1 in Chapter 2.1. Assuming that the medium
is photo-orientable, its refractive index becomes spatially modulated when illuminated with
the optical grating. Therefore, the transmission function of the holographic medium turns
into a Jones matrix, which can be applied to the Jones vector of the readout wave. The in-
tensities of the diffracted orders and, moreover, the polarization state of the wave behind the
grating can then be calculated easily. A more detailed description of the Jones formalism is
given in the book of Azzam and Bashara. [101]

The situation is illustrated in Fig. 2.4 for the example of an ss-polarized intensity grating,
illuminating a photo-orientable medium. The molecules are assumed to orient perpendicular
to the polarization direction of the light, while the degree of orientation changes proportion-
ally to the spatially varying intensity. A polarized readout wave propagating along the z axis
will see two different refractive-index modulations n1,‖ and n1,⊥ depending on whether its
polarization is parallel or perpendicular to the light-induced optical axis in the illuminated
areas. A variation of the diffracted intensity is expected if the polarization of the incident
light is rotated by an angle ϑ in the xy plane.

The results presented in the following are a summary of theoretical considerations found
in the literature. [84,96,102] It is assumed that the writing beams have equal intensity and that
the angle between them is small. Furthermore, no absorption shall be present in the sample.
For the sake of simplicity, the readout wave is incident perpendicular to the surface normal
of the medium, i. e., θ r = 0.
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ss polarization during writing
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Figure 2.4: Sketch of the molecular alignment in a photo-orientable material upon illumination
with an ss-polarized grating. Light waves of different polarization see different refractive-index
modulations n1. The rotation of the polarization direction of the readout wave in the xy plane is
denoted by ϑ .

2.4.1 Diffraction off a Grating Generated by ss Illumination

The 1st order diffraction efficiency of an anisotropic grating generated by an ss-polarized
intensity grating is

η1 = J 2
1

(
2πn1,‖d0

λ r

)
cos2 ϑ + J 2

1

(
2πn1,⊥d0

λ r

)
sin2 ϑ , (2.14)

if it is illuminated with a linearly-polarized plane wave. Equation (2.14) and the formula
for the diffraction efficiency of a scalar grating (Eq. (2.11)) become equivalent if n1,‖ =
n1,⊥ = n1. The dependence on ϑ vanishes in this case, which is the expected behavior
for a scalar grating. If such a grating is illuminated with s-polarized light, the diffraction
efficiency looks similar to the one of a scalar grating because the second term in Eq. (2.14)
becomes zero (ϑ = 0). However, the refractive-index modulation is n1,‖ in this case, while
one would measure n1,⊥ if the hologram were illuminated with a p-polarized wave. This
detail is often ignored in the literature and gratings generated with s-polarized writing beams
are frequently referred to as being scalar. In general, the polarization of the reconstructed
wave is a complicated function of n1,‖ and n1,⊥ for this grating type. For the special case
of a scalar grating it can be shown that incident beam and diffracted orders have the same
polarization.

2.4.2 Diffraction off a Grating Generated by sp Illumination

If an sp polarization grating is stored in the photo-orientable medium, the 1st order diffrac-
tion efficiency of a linearly-polarized plane wave reads

η1 = J2
1

(
2πn1d0

λ r

)
(2.15)

with n1 = n1,⊥−n1,‖. Obviously, there is no dependence on the polarization angle ϑ of the
incident wave. The diffraction behavior of the grating is the same as the one of an ordinary
scalar grating, provided that n1 is interpreted as discussed in Chapter 2.1. The polarization
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of the diffracted wave shows an interesting behavior. For the odd orders it is rotated by an
angle of 2ϑ in the xy plane and the grating acts as a λ/2 plate. The even orders, on the other
hand, have the same polarization as the incident light.

2.4.3 Diffraction off a Grating Generated by rlcp Illumination

The rlcp polarization grating has the special characteristic to be polarized linearly through-
out the whole interference plane. This results in remarkable properties of the grating stored
in a photo-orientable medium. Light of arbitrary polarization is diffracted into maximally
three orders, namely the orders 0 and ±1. As a consequence, the diffraction efficiency into
the ±1st orders becomes higher than in the previous cases. For a linearly-polarized readout
wave it can be shown that

η1 = η−1 =
1
2

sin2
(

2πn1d0

λ r

)
. (2.16)

Irrespective of the polarization direction, the +1st order is right-handed and the −1st order
is left-handed circularly polarized. The maximum diffraction efficiency is as high as 50 %.
This value can be increased even further if the readout wave is circularly polarized. In
this case, Eq. (2.16) becomes η1 = sin2 (2πn1d0/λ r) and the diffraction into the −1st order
completely vanishes. Hence, the first-order diffraction can be as high as 100 % even for a
thin Raman-Nath grating. The diffracted orders switch their role depending on whether the
incident light is left- or right-handed circularly polarized. This finding impressively illus-
trates the potential of photo-orientable materials as holographic writing media as compared
to conventional scalar storage media.

2.5 Bragg Diffraction off Thick Scalar Gratings

The 1st-order diffraction off a thick Bragg grating is discussed based on the theory of Kogel-
nik. [92] In his model a homogeneous, scalar grating with straight fringes is already present
in the volume of the sample. Hence, the dynamics of grating formation are not taken into
account. If photo-orientable materials are used, their capability of real-time recording usu-
ally results in self-diffraction. [84,86,103] Both the phase difference between the writing beams
and their intensities become a function of the coordinate z along the depth of the material
in this case. Thus, the writing beams transfer energy between each other if a thick sample
is placed in the plane of interference (two-beam coupling). This is a typical indicator for
the dynamic formation of curved grating fringes. [84] Still, Kogelnik’s theory represents a
well-established model for the description of the Bragg diffraction off thick samples.

As stated in Chapter 2.2, diffraction occurs only if the light is incident at a certain angle,
i. e., the Bragg angle θB. It is defined by the Bragg condition, which reads

2Λn0 cos(Φ−θB) = λ r . (2.17)

Here θB refers to the angle inside the medium. As a consequence of Eq. (2.17), all diffracted
orders except the 1st one vanish behind the grating. For small deviations from the Bragg
angle, and under the assumptions that an unslanted phase grating (Φ = π/2) with homoge-
neous absorption (α = α0) and small amplitude (n1 � n0) is present in the volume of the
sample, the first-order diffraction efficiency is calculated as

η1 =
sin2

√
(ν2 +ξ 2)

1+ξ 2/ν2 · e−2α0d0/cosθ r (2.18)
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with

ν =
πn1d0

λ r cosθ r
(2.19)

and

ξ =
πd0 cosθB∆θ

Λcosθ r
. (2.20)

The angle ∆θ is the deviation from the exact Bragg angle. They are related to each other by
the angle of incidence θ r:

∆θ = θ r−θB (2.21)
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Figure 2.5: Angular dependence of the diffraction efficiency in the Bragg regime for different
sample thicknesses d0 and refractive-index modulations n1. The values Φ = π/2, λ r = 685nm,
Λ = 1µm and n0 = 1.5 apply to all curves.

Eq. (2.18) is plotted in Fig. 2.5 for three different combinations of the parameters d0
and n1. For the sake of simplicity, it has been assumed that the exponential term is one,
i. e., no absorption is present in the sample (α0 = 0). Increasing the value of n1 results in
an increased maximum diffraction efficiency. Note that diffraction into higher orders may
recur in thick gratings if the refractive-index modulation n1 exceeds a certain value. [104] If
the grating thickness is decreased, the width at half-maximum of the peak becomes signif-
icantly broader until the restrictions of the Bragg equation do not apply anymore. Hence,
thick volume holograms diffract light only if it is incident exactly under the Bragg angle.
This allows for a technique denoted by “angular muliplexing”. Multiple holograms can
be stored in the same spot of the medium, if the sample is rotated between each writing
cycle. Upon illumination with the readout beam, the Bragg condition cannot be fulfilled
for two holograms at the same time. By simply rotating the medium, the holograms are
reconstructed individually.

The principle of angular selectivity can be applied to more complex gratings as well. In
holographic data storage applications, the expanded object wave is spatially modulated with
bright and dark areas, representing the information of a binary data field. As the intensity
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distribution of the object beam can be decomposed into plane waves, the stored data fields
show angular selectivity as well. The number of separately accessible holograms is propor-
tional to the thickness of the medium. Therefore, angular multiplexing is the only technique
known so far which realizes true three-dimensional data storage. [20]

If the readout beam is incident under the Bragg angle (∆θ = 0), the diffraction efficiency
becomes

η1 = sin2 ν · e−2α0d0/cosθ r ≈
(

πn1d0

λ r cosθ r

)2

. (2.22)

The approximations made in the last term of Eq. (2.22) are valid if the argument of the sine
function is sufficiently small and if the absorption term can be neglected. From Eq. (2.22)
one can see that the diffraction efficiency of a thick, scalar phase grating can reach values as
high as 100 %.
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3
Azobenzene Physics

The materials used for the holographic and imprint experiments in this thesis are photoaniso-
tropic polymers and photofluidizable amorphous glass formers. They have in common, that
their photophysical behavior arises from azobenzene-functionalized moieties with different
substitution patterns. Photoinduced motion of azobenzenes and azobenzene-functionalized
materials occurs at different length scales. Depending on their interaction with the optical
field, their motion can be divided into two classes. Molecular reorientation upon absorption
of a photon is a mainly rotational effect. It involves the motion of a single molecule and its
nearest neighbors at the nanometer scale. On the other hand, mass transport can occur over
macroscopic distances up to several micrometers, which is a translational rearrangement of
the chromophores in the bulk. The latter requires a photoplastification or photofluidization
of the solid matrix. This chapter addresses these effects and illustrates the significance of
azobenzene-functionalization in holographic and mass migration experiments.

3.1 Molecular Motion — Rotational Effects

The behavior of azobenzene-functionalized materials upon illumination with visible light
can best be understood by means of the basic azobenzene molecule depicted in Fig. 3.1. It
is composed of two phenyl rings separated by an azo group and exists in either the trans or
the cis form. In contrast to the trans isomer, which has a planar structure, [105] the phenyl
rings in cis azobenzene are twisted symmetrically relative to the C−N−−N−C plane. [106]

The permanent electric dipole moment of the trans isomer is zero, whereas it is approxi-
mately 3 D in the cis state. [107] The trans isomer is thermodynamically more stable by about
50 kJ mol−1 [108,109] and, therefore, is the preferential state if stored in the dark. Isomerization
can occur after the absorption of a photon or, in the case of the cis form, by thermal activa-
tion. The energy barrier for the latter process is on the order of 90 to 100 kJ mol−1. [110,111]

Optically induced isomerization takes place on a picosecond timescale, whereas thermal
back relaxation usually occurs within days. [110] The isomerization is completely reversible
and free from any side reactions. [53]

23
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Figure 3.1: The trans and cis isomerization states of azobenzene. The isomerization is reversible
and can be induced by UV light, visible light, or thermal activation.

The absorption spectra of the azobenzene isomers differ strongly, but both of them
show two well separated bands in the UV and in the visible region due to a π → π∗ and
a n→ π∗ transition, respectively. [112] For trans azobenzene, the π → π∗ transition is found
to cause a strong absorption band with a maximum near 320 nm. [113] The second band has
its maximum near 440nm and is much weaker because the n→ π∗ transition is symmetry-
forbidden. [114] For cis azobenzene, the n→ π∗ transition is allowed. Thus, its absorption is
higher in the visible region than that of the trans isomer. The UV absorption decreases at the
same time and shifts to shorter wavelengths (λmax ≈ 260nm). [110] As a result, azobenzene
is a photochromic material, i. e., its absorption changes during illumination. This is illus-
trated by the schematic azobenzene absorption spectra in Fig. 3.2 a) and b). The solid black
lines indicate the azobenzene absorption in the photo-stationary state upon illumination with
different light sources. If illuminated with UV light, a cis-rich state is formed, whereas a
trans-rich state develops from illumination with visible light. The dashed line in Fig. 3.2 a)
with the highest π→ π∗ absorption peak corresponds to trans azobenzene stored in the dark.
All other curves are superpositions of cis and trans azobenzene absorption spectra. After
UV illumination, the initial shape of the trans absorption spectrum can only be restored by
thermal relaxation in the absence of light. In Fig. 3.2 b) it has been assumed that the sample
is prepared in a cis-rich state initially.
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Figure 3.2: Schematic azobenzene absorption spectra upon illumination with a) UV and b) vis-
ible light. The illumination time increases along the arrows. The solid lines represent the absorp-
tion in the photo-stationary states.
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The exact dynamics of the isomerization mechanism have been discussed controver-
sially for more than half a century. [110,115–118] Isomerization is believed to predominantly
follow one of two possible reaction pathways. The first one is rotation, which requires that
the N−−N double bond be ruptured such that the phenyl rings can move freely around the re-
maining single bond. The other mechanism is inversion. It denotes the planar change of one
of the C−N−−N angles. In this case, the double bond stays intact during the whole isomeriza-
tion process. Thermal or photochemical relaxation from the cis to the trans state is accepted
to occur via rotation. [53,110,119] Different opinions exists about the isomerization pathway
from the trans to the cis state. This is aggravated by the fact that the inner-molecular dy-
namics can be altered by both the environment [120,121] and the substitution pattern. [110] Most
results indicate, however, that either inversion [120,122] or concerted inversion occurs. [110,119]

The latter involves a simultaneous planar increase of both C−N−−N angles.
Azobenzene can be used as a doping material to create photochromic “guest-host” sys-

tems. [121,123] Both rotation and inversion require a small free volume below 0.4 nm3, [117,124]

which explains why the isomerization of azobenzene molecules can take place even in rigid
matrices. Azobenzene moieties are often covalently attached to other materials such as
molecular glasses or polymers to obtain materials with customized photophysical proper-
ties. [53,125] A large variety of azobenzene-functionalized materials has been developed in the
past decades, comprising liquid-crystalline [117,126] or amorphous polymers [33] and molec-
ular glasses, [50,127] to mention but a few. Azobenzene derivatives can be categorized into
three spectroscopic classes, denoted as azobenzenes, aminoazobenzenes and pseudo-stil-
benes. [128] Depending on the substitution pattern of the phenyl rings, their absorption be-
havior differs strongly. The materials investigated in this thesis belong to the first class, the
azobenzenes. Their characteristics are similar to those of the basic azobenzene molecule.

Azobenzene-functionalized materials are suitable holographic storage media because
they become birefringent if exposed to polarized light with a wavelength that excites both
the n→ π∗ and the π → π∗ transition. Since the electronic transition dipole moment of azo-
benzene is parallel to the long axis of the molecule, the probability of absorbing a photon
is higher for chromophores which are aligned parallel to the polarization of the incident
light. Excitation occurs less frequently for chromophores with a different orientation. In
a material with an initially isotropic angular distribution of chromophores about one third
of the azobenzenes are aligned such that they can absorb. These chromophores repeatedly
perform trans-cis-trans isomerization cycles until they eventually revert from the cis to the
trans form with an orientation perpendicular to the direction of the electric field. In this
case, the chromophores stop absorbing and, thus, cannot participate in the isomerization
process anymore. The underlying statistical selection process causes the molecular order
to increase in the illuminated areas, whereby the refractive index of the material becomes
anisotropic. As a further consequence, azobenzene-based media are capable of storing both
intensity and polarization gratings. Moreover, they are rewritable, because the molecular
order can be erased thermally or with circularly polarized light. An important parameter
for holographic storage applications is the good long-term stability of the generated grating.
Illumination with UV light increases the isomerization rate, but a large number of randomly
relaxing cis isomers remains in the storage medium after the inscription. To convert them
back to the trans state and inscribe stable gratings, the wavelength of the interfering writing
beams has to be close to the n→ π∗ absorption band.
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3.2 Macroscopic Motion — Translational Effects

In 1995, the groups of Rochon/Natansohn and Tripathy/Kumar independently observed an
unexpected effect, which occurred during the illumination of azobenzene-functionalized ho-
mopolymers with different interference patterns. [47,48] Surprisingly, the surface profile of
the polymers changed in such a way that it reproduced the spatial modulation of the inci-
dent light field. A non-contact patterning technique with great potential for the fabrication
of micrometer- or nanometer-sized structures was discovered. Since then, photo-generated
patterns in azobenzene-functionalized materials have been subject to intense fundamental
and applied research. [33,42,43,49,53,129]

Upon holographic illumination with two plane waves, the resulting pattern is a sinu-
soidal surface relief grating (SRG). An example of such a grating is shown in Fig. 3.3. It
was inscribed into an azobenzene-functionalized molecular glass based on a spirobichro-
mane core, which is described in detail in Chapter 5. SRG formation is profoundly inter-
related with the ability of a material to perform repeated isomerization cycles. [125,130] Non-
isomerizable absorbing materials do not show this effect. Experiments with amorphous
azobenzene-functionalized polymers and molecular glasses demonstrate that macroscopic
mass transport occurs already at room temperature, significantly below the glass transi-
tion temperature Tg. [43,50,51] The gratings reach a height of several 100 nm and, depending
on the intensity and the polarization of the incident light, usually require only a few min-
utes to reach their maximum modulation. [50,51,67] Even low intensities on the order of 1 to
10 mW cm−2 are sufficient to initiate the SRG formation. [53,131] The grating formation is
usually reversible and the initial film surface can be restored either by heating the mate-
rial above Tg or illuminating it homogeneously. [132,133] This is an important finding since it
proves that the formation of SRGs is not due to material ablation.

5 µm

5 µm
460 nm

Figure 3.3: Section of the surface profile of a sinusoidal SRG inscribed into an azobenzene-
functionalized molecular glass based on a spirobichromane core as determined by AFM. The
grating was formed by holographic pp illumination for 90 s at a total intensity of 2Wcm−2.

The direction of the material transport strongly depends on the polarization and the in-
tensity gradients of the optical field. In amorphous azobenzene-functionalized materials the
SRGs are usually 180° out of phase with the intensity grating. [52,56,134] Thus, the material
accumulates in the dark areas. Interestingly, this behavior is inverted at very high inten-
sities (∼300 W cm−2). [135] In-situ atomic force microscopy experiments of Yadavalli et al.
demonstrated that sp illumination causes the material to be transported into areas where the
light is polarized linearly. [51,52] As a consequence, SRGs with half the spatial periodicity
of the optical grating develop (cf. Tab. 2.1). For ±45° illumination, the material migrates
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from p-polarized regions to those with s polarization, whereas the opposite is true for rcpl
illumination. The maximum amplitude and the formation speed of SRGs strongly depend
on the polarization of the writing beams. Usually, SRGs of weak amplitude are formed
upon ss or sp illumination, whereas pp, rlcp, and ±45° illumination leads to the formation
of pronounced gratings. [50,62,131] If the illumination time is sufficiently long, some materials
develop SRGs for all discussed illumination types. [51]

The underlying mechanism leading to SRG formation remains unresolved until today. [42,53]

Various models have been suggested to explain the origin of the driving force, involving
thermal considerations, [54] models of gradient forces induced by isomerization pressure [55]

or optical fields, [56,57] mean-field theory, [58] and diffusion-based approaches. [59,60] None of
them explains all the experimental findings of SRG formation. In the thermal model, SRGs
result from gradients in temperature, which turn out to be negligibly small for the applied
optical fields (∼10−4 K). Moreover, part of the theoretical considerations apply to any ab-
sorbing material and do not require the isomerization of azobenzene. Pressure gradients
may arise during the isomerization process because the cis and trans form occupy a dif-
ferent amount of free volume. The polarization dependence is not predicted correctly in
such a model for all the optical fields of the various grating types. The optical-field gra-
dient force model seems to solve this problem, since it reproduces experimentally found
polarization features. Based on the assumption that the photoisomerization induces a spa-
tially varying electric polarization, it suggests that the optical field exerts a force onto the
medium. Saphiannikova et al. pointed out that the optically induced force density at a typi-
cal writing intensity of 100 mW cm−2 is about two orders of magnitude smaller than that of
gravity. [136] Moreover, arguments exist that the forces exerted on polarizable media should
depend on gradients in the light intensity and not on polarization. [33] Attractive forces be-
tween the dipoles of aligned chromophores are taken into account in the mean-field ap-
proach. Because it predicts an accumulation of the material in bright areas, it does not
describe the phase shift of the optical and the surface relief grating observed in amorphous
systems. Instead, the model can be applied to certain liquid-crystalline side chain poly-
mers in which the interaction between chromophores is so strong that they form an in-phase
relief grating. [137,138] Diffusion models are based on the assumption that the azobenzene
chromophores perform an inchworm-like motion along their long axis. This describes the
polarization dependency correctly and predicts a higher formation speed for systems with
smaller molecules. SRG formation in polymers is excluded from these models, since the
random motion of the backbone-connected moieties is not expected to allow for any net
transport. Eventually, it is conceivable that more than one of the models applies, adding
even more complexity to the mechanism of SRG formation.

Without further specification of the origin of the molecular force leading to SRG for-
mation, the material transport can be described successfully with fluid-mechanics mod-
els. [139,140] One has to assume, however, that the material is in a liquid or liquid-like state.

3.3 Athermal Photofluidization

A prerequisite for SRG formation or any other photo-induced macroscopic motion is the
ability of an amorphous azobenzene-functionalized glass to flow like a liquid. A tempera-
ture increase of the material caused by optical heating can be excluded as a source of such
a phase transition. Even at intensities as high as 2 W cm−2, the photothermal temperature
increase in azobenzene glass formers has been found not to exceed 15 K. [54,67,141] This is
negligibly small as compared to the high Tg of many glass formers. Instead, the liquid-like
flow behavior can be attributed to another peculiarity of azobenzene-functionalized materi-
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als, denoted by “photoplasticizing effect” or “athermal photofluidization”. The latter term
has entered the discussion about the flow mechanism of azobenzene-functionalized glass
formers very recently. [79,142,143] Its existence was debated controversially in the early time,
which can mainly be attributed to the discrepancy between the physical and the descriptive
definition of the term “fluid”. [45] A reasonable definition of a photofluid will be given after
briefly summarizing the underlying physics according to the current state of knowledge.

Upon absorption of a photon, an excitation energy of 2 to 3 eV is stored in an azobenzene
moiety. In an isolated azobenzene molecule (in vacuum), most of this energy is dissipated
into its low-frequency vibration modes upon electronic relaxation and isomerization within
∼0.4 ps, [142] raising its internal temperature to ∼1150 K. [112] In solution, the isomeriza-
tion is hindered by intermolecular forces and the conversion takes place on a much longer
timescale (&10 ps). [144] Here, the process is too slow to excite molecular vibrations and
the energy can be transferred into cooperative motion of the adjacent molecules. Fang et al.
showed that in an azobenzene-based tethered self assembled monolayer a similar interaction
allows for the activation of 30 degrees of freedom at 800 K, which are distributed over the
nearest neighbors of the absorbing molecule. [142] Even though the situation changes in bulk
materials, such high temperatures clearly exceed the Tg of polymers or molecular glasses.
At the same time, the above temperature value does not correspond to an average temper-
ature increase because the absorption events of single photons are separated in space and
time even for high intensities. However, local barriers hindering the reorientation of the
molecule can be overcome, resulting in a local glass transition. At ambient light conditions
the efficiency of local fluidization stays below a critical value. Thus, the viscosity remains
that of a solid.

The photofluidization of azobenzene-functionalized homopolymers and molecular glass-
es in the bulk has been investigated by Vapaavuori et al. [45] They found that illumination
with visible light leads to a strong band shift of the vibrational modes of the azobenzene
moieties without affecting the Tg of the material. The changes in the molecular environ-
ment of the azobenzene moieties upon illumination are similar to those measured during
conventional heating of the material above Tg in the absence of light. However, the optically
induced motions and, therefore, the generation of free volume is very heterogeneous, occur-
ring predominantly close to the azobenzene moieties. Consequently, the amorphous phase is
maintained by the polymer backbone or the core of the molecular glass former, whereas the
azobenzene-functionalized part experiences an effective temperature of up to 530 K. [45] This
temperature is derived by means of comparing vibrational modes and does not correspond
to the actual temperature of the material, which is essentially that of the photo-inactive bulk.
It is an effective quantity to indicate that the mobility of the photo-active groups is increased
to such a degree that the amorphous glass former behaves like a liquid.

In summary, athermal photofluidization denotes the light-induced process of turning an
azobenzene-functionalized material into a photomobile state, in which it has the properties
of both a glass and a fluid. Although the macroscopic change in temperature is negligibly
small, the viscosity decreases by many orders of magnitude. [44,142] Depending on the inten-
sity of the incident light and the molecular structure of the material, amorphous azobenzene
systems show either viscoelastic [44,143] or viscous [46] flow behavior. The interaction of the
azobenzene moieties with the optical field is so efficient that even crystalline systems can
be converted into photofluidic melts. [145] The capability of azobenzene materials to form
SRGs at room temperature impressively proves the existence of the photofluidic state. In
contrast to thermal melting, photofluidization occurs quasi-instantaneously throughout the
whole illuminated volume.
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From Photofluidization to Lithography —

Concept and Theory

Switching azobenzene systems into the photofluidic state grants access to unexpected areas
of application. The fabrication of coatings or resists with patterns of high complexity is
of great importance for the lithographic manufacturing process of various devices. Optical,
contact-free patterning of azobenzene-based resists, also denoted by “directional photofluid-
ization lithography” (DPL), may even become an alternative to common optical lithographic
techniques. [42] A new and different concept is introduced here, following the concept of
well-established imprint techniques. It utilizes photofluidizable systems and the adhesive
properties of flexible molds to replicate predefined structures from a master. The theoretical
background discussed in this chapter addresses the flow characteristics of viscous fluids in
confined geometries.

4.1 Introduction to Nanoimprint Lithography

Nanoimprint lithography (NIL) is a replication technique developed to overcome the draw-
backs of high-resolution patterning methods. [146] For instance, e-beam lithography is capa-
ble of generating structures with features as small as 5 nm, but its throughput is rather low.
Photolithography is fast, but its resolution is limited to ∼30 nm and high facility costs arise
from circumventing the optical diffraction limit. [147–149] The idea of NIL is to transfer a pat-
tern from a rigid master — e. g., prepared from one of the techniques mentioned above —
to a resist by molding. For this purpose, a resist material, which either cures upon UV-light
irradiation or softens upon heating, is coated onto a suitable substrate. [150] Subsequently,
the master is brought into contact with the resist and the pattern of the master is imprinted
in the resist. In a final step, the master is removed and the imprinted structures are etched
into the substrate. High costs are avoided because neither an expensive equipment nor a
great amount of time is needed. These advantages in combination with the high resolution
of more costly techniques makes NIL a good candidate for nanoscale mass production. [151]

In the early stages, NIL was also referred to as the “mold mask method”. [152] This is due
to the fact that often a less rigid polymer mold is prepared from the master, which is used for
the imprinting process instead. The advantage of this approach is that the master suffers less
stress and that a larger number of materials becomes available for the imprinting process.
Despite the fact that the mold carries the inverse pattern, the principle does not differ from
imprinting the master.

29
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Because NIL is a direct contact method, problems can emerge from the interaction of
the mold or the master with the resist, e. g., partial mold filling or breaking, sticking of the
resist layer, or material shrinkage. To minimize such defects, various techniques have been
developed in the past. [42] Three of the most important ones are discussed in the following.

T-NIL UV-NIL

etching

p ≈ 20 to 100 bar
heating above TG

mold

substrate

liquid resin

mold

solid polymer

substrate

viscous polymer

solid polymer crosslinked polymer

p ≈ 0 to 5 bar
UV- exposurecooling

liquid resinliquid resin

Figure 4.1: Scheme of the T-NIL (left) and UV-NIL (right) process. Both techniques transfer
the profile of a mold to a thin polymer film on top of a substrate. Etching transfers the structure
to the substrate below.

Thermal Nanoimprint Lithography (T-NIL) is based on the characteristic of thermo-
plastic materials to have a significantly decreased viscosity when heated above Tg. Initially,
a thermoplastic is prepared as a thin, homogeneous film on a substrate, to which the relief
pattern of the mold needs to be transferred (cf. Fig. 4.1). After placing the mold on top of
the solid film, the resist is heated above Tg and the thermoplastic begins to fill the cavities
of the mold. Typical values for the resist viscosity during this step are 103 to 107 Pa s. [153]

The mold is removed as soon as the resist layer has cooled down sufficiently to maintain the
imprinted surface profile.

A clear advantage of this method is that a large number of polymers can be used. This is
important, e. g., for the fabrication of optical elements. [154] However, the cooling step takes
a crucial amount of time, which can be partially compensated by decreasing the processing
temperature. Robust, rigid molds withstanding high pressures have to be used in this case.
The imprints are prone to mold-sticking defects due to the differing thermal expansion co-
efficients of mold and resist. Yet, T-NIL has made a lot of progress, starting from the initial
work of Chou et al. [155] in 1995 to now being capable of producing high-quality micro- and
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nanostructures. [156–160] High throughput can be realized with sophisticated techniques such
as roll-to-roll imprint lithography. [161]

Ultra-Violet Nanoimprint Lithography (UV-NIL) is a process similar to T-NIL. Apart
from usually being carried out at ambient temperature, a photo-curable resin is used instead
of a thermoplastic. As illustrated on the right side of Fig. 4.1, the mold is placed on top of a
resin-wetted substrate. Due to the low viscosity of the resin (10−2 to 10−3 Pa s), [153] the mold
cavities fill even under moderate pressure. After crosslinking the resin with UV light, the
mold can be removed and a structured, solid polymer layer remains on top of the substrate.
As in the case of T-NIL, pattern transfer to the substrate is realized by etching.

UV-NIL has many advantages compared to T-NIL. Because neither heating nor cooling
is required, the imprinting speed is significantly higher and the polymer shrinkage during
curing is much smaller. The low viscosity of the resin improves the quality of the imprint and
the absence of high pressures results in a more homogeneous filling of larger areas. [162] Fur-
thermore, the release can be facilitated by using flexible molds with low surface energy (e. g.,
polydimethylsiloxan (PDMS), perfluoropolyether (PFPE) derivatives, or thiol-ene function-
alized systems). [163] Because the crosslinking reaction is initiated by UV-irradiation, either
the mold or the substrate must be transparent.

Capillary Force Lithography (CFL) can be considered an extension of T-NIL. From
capillary-flow theory it is known that a wetting liquid tends to fill micrometer- or nanometer-
sized pores or channels even in the absence of externally applied pressure. [164,165] The rea-
son is that the hydrostatic pressure drop across the curved surface of the liquid pushes the
resist into the mold cavities. Usually thermoplastic polymers are used for CFL, which must
be heated above Tg until they become liquid. [166,167] The principle is also applicable to UV-
curable resins, but the difference to UV-NIL is marginal. The molds for this process are
prepared from polymers of low Young’s modulus and low surface energy. [48,153,166]

Due to the absence of high pressures, imprints prepared by CFL have high quality. [166]

A major drawback of this method is the large thermal expansion and shrinkage of both the
mold and the resist during processing. Moreover, the imprinting speed of CFL is quite low
due to the high viscosity of the liquefied thermoplastics. For example, Suh et al. reported
that a void of 600 nm height and 400 nm width takes as long as 30 min to be filled with an
styrene-butadiene-styrene (SBS) block copolymer at a process temperature of 100 ◦C. [167]

4.2 Athermal Azobenzene-Based Nanoimprint Lithography

Athermal azobenzene-based nanoimprint lithography (Azo-NIL) is a new method, which
adopts the basic concepts of CFL without suffering from thermally induced shrinkage de-
fects. Like the NIL techniques discussed before, it can be applied to replicate the micro- and
nanometer-sized features of a mold, which preferably consists of a low-surface-energy ma-
terial of low Young’s modulus (e. g., PDMS). In this case, the mold adheres to the substrate
without externally applied pressure and the number of defects upon release is significantly
reduced. As depicted in Fig. 4.2, the mold is brought into contact with a thin, solid film
of an azobenzene-functionalized, amorphous glass former coated onto a substrate. If stored
under ambient light conditions, the isolated isomerization events of the azobenzene moieties
cannot photofluidize the resist and no material transport is observed. This situation changes
as soon as the resist is irradiated through the mold or the substrate with UV or visible light
of sufficiently high intensity. Once in the photofluidic state, capillary forces pull the resist
into the cavities. At the same time, the macroscopic optical heating of the resist is negli-
gibly small (cf. Chapter 3.3). When the irradiation source is turned off, the resist becomes
solid again. Subsequently, the mold is removed while its profile remains imprinted in the
azobenzene-functionalized resist.
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Figure 4.2: Scheme of the Azo-NIL process. Upon irradiation with UV or visible light the
azobenzene-functionalized resist becomes photofluidic and fills the cavities of the mold due to
capillary forces.

Experiments with photofluidizable azobenzene materials concentrated on migrating mass
by intensity or polarization gradients in the past. [42,43,77] The DPL concept is a promising
approach since it is a contact-free, single-step patterning method. [42] However, as in the
case of photolithography, the spatial resolution of optically generated patterns is limited by
diffraction and their preparation is highly demanding. Azo-NIL has the advantage that it is
a cheap method and combines the non-diffraction-limited replication of arbitrary structures
with the absence of material shrinkage. The latter is expected to significantly reduce defects
caused by mold sticking. Photofluidization takes place immediately upon light irradiation
and, therefore, the processing is faster than with CFL. Azo-NIL can also be used to study
the flow behavior of photofluids under the influence of externally applied forces in confined
geometries. The latter is relevant, e. g., to understand the formation process of SRGs.

4.3 Filling Characteristics of Cavities — A Comparison of Two
Models

An idealized model of a mold used for NIL is the periodic arrangement of infinitely extended
rectangular protrusions of height hm and width s separated by the distance w as shown in
Fig. 4.3. A vertical shift of the mold caused by an externally applied pressure p results in
a squeezed flow of the viscous or fluid resist into the cavities of the mold. The external
pressure is assumed to be constant during the whole imprinting process with no air being
trapped between the protrusions and the resist. During this process the initial thickness d0
of the resist decreases and a residual layer of thickness df remains below the protrusions. By
solving the Navier-Stokes equation for an ideal incompressible, viscous liquid with no-slip
boundary conditions at the protrusion and substrate surfaces, one can derive an expression
for the imprinting time

tf =
η0 s2

2p

(
1

df
2 −

1
d0

2

)
, (4.1)

also known as the Stefan equation. [153,165] The imprinting time depends on the viscosity
η0 of the resist. Hence, tf can vary by many orders of magnitude if the temperature of
the resist material is changed or, in the case of azobenzene-functionalized glass formers, if
the photofluidizable film is exposed to light. It should be noted that the assumptions made
to derive Eq. (4.1) are quite restrictive. Not all of them are necessarily fulfilled in real
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systems. [168] Yet, the Stefan equation has successfully been used to explain the imprinting
characteristics of viscous, polymeric liquids. [153,169,170]

substrate
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Figure 4.3: Schematic diagram of a mold with rectangular protrusions, being completely inserted
into a resist. The arrows indicate the flow profile during imprinting.

The parabolic flow profile indicated by the black arrows in Fig. 4.3 shows that the mass
transports occurs mainly in the lateral direction in this model. Sinking of the mold virtually
stops as soon as it is completely inserted into the resist, since afterward the material transport
has to occur over large distances towards the outer borders. The flow rate of transported fluid
is higher for thicker films and the imprinting time decreases with increasing d0. Improving
the imprinting speed by increasing the thickness of the resist comes at the cost of a thick
residual layer, which deteriorates the quality of the pattern transferred to the substrate after
etching. Provided that the volume of the resist is conserved, the residual film thickness
becomes df = d0−νhm for a completely inserted mold. For the simple rectangular mold
geometry discussed above, the fill factor ν can easily be calculated according to ν =w/(w+
s). A consequence of the Stefan equation is that narrow protrusions sink faster than wide
ones if the same pressure is applied to them. This has to be considered when complex
patterns with features of varying size are imprinted. To accomplish homogeneous sinking
of the mold, it is advantageous to keep the fill factor constant over the whole imprint area.

Eq. (4.1) requires a pressure to be applied to the mold, otherwise it predicts an infinite
imprinting time. Most of the imprint experiments discussed in this thesis, however, have
been conducted without externally applied pressure. Instead, the pressure arises from the
adhesion of the elastic mold as soon as it comes into contact with the resist. The spatial
distribution of the adhesion-induced pressure below the mold protrusions is rather complex
but can be calculated analytically for certain periodic surfaces. [171,172] Without going into
further detail, one can easily understand that the mold protrusions encounter an average
pressure even if no additional load is applied to them. In this case, the Stefan equation is
applicable without the requirement of externally acting pressure.

An interesting result is obtained if the liquid transport is assumed to be caused by
Poiseuille flow inside the small capillaries of the mold. In a narrow, circular tube capil-
lary action causes a perfectly (contact angle θ = 0°) or partially (0° < θ < 90°) wetting
liquid to form a hemispherical meniscus with radius R as depicted in Fig. 4.4 a). The liquid
is pulled into the capillary without externally applied pressure due to the Laplace pressure
drop pL across the curved liquid-air interface. The latter can be calculated as

pL =
2γ cosθ

R
, (4.2)



34
CHAPTER 4: FROM PHOTOFLUIDIZATION TO LITHOGRAPHY —

CONCEPT AND THEORY

with γ being the surface tension between liquid and air.
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Figure 4.4: Liquid transport in confined geometries caused by the Laplace pressure drop under
capillary action. A similar situation arises for a liquid confined by either a) two parallel plates or
b) a mold with rectangular protrusions. For the sake of clarity, the mold is drawn lifted above
its real position in part b).

Washburn demonstrated in 1929 that the rise time of the meniscus of a wetting liquid in a
vertically or horizontally aligned cylindrical capillary can be calculated analytically. [173] His
theory has been proven to be valid for capillaries as small as 100 nm [174] and was expanded
to the arrangement of two parallel plates by Oliva and Joye. [175] Their findings can simply
be adapted to the periodic, rectangular mold geometry discussed before because the liquid
transport inside each cavity occurs independently of its neighbors. If gravity is neglected
and no external pressure is present, the time tCF required to rise the menisci in the mold
cavities to the height h min is

tCF =
3η0

wγ cosθ
h min

2 . (4.3)

In contrast to the squeezed flow-model discussed before, Eq. (4.3) assumes that the flow
profile develops inside each cavity, i. e., the mass transport occurs predominantly into the
vertical direction (cf. Fig. 4.4 a)). Consequently, the filling time is quite different from the
one predicted by the Stefan equation. One can see this by solving Eq. (4.2) for γ and substi-
tuting it into Eq. (4.3). The cavity width is on the order of R, which allows the approximation
R≈ w. Equation (4.3) then reads

tCF = 6
η0

pL

h2
min

w2 , (4.4)

which has some common features with Eq. (4.1). Despite the fact that p and pL are different
quantities, Eq. (4.1) and (4.4) imply that both a lower viscosity and a higher pressure speed
up imprinting. The filling time, however, now increases with decreasing feature size of the
mold (without loss of generality, one can assume that the cavities and protrusions of the
mold have equal size, i. e., w = s). This behavior originates from the strong dependency of
the volume flow on the cavity diameter in the Poiseuille flow model.

Depending on the mold geometry, either of the two models, squeezed or capillary flow,
predicts the formation speed of line patterns during imprinting. For w = s and if hm <w or s,
liquid transport occurs mainly in lateral direction and squeezed flow becomes the dominant
mechanism. As a consequence, the imprinting time decreases for larger mold features. On
the other hand, the capillary-flow model applies for very high cavities (hm� w), resulting in
increased imprinting times for smaller structures. The transition to the capillary-flow regime
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already occurs if hm and w are on the same order of magnitude. [168] A detailed classification
into squeezed, Poiseuille, or mixed flow for other ratios of w and s can be found in the review
of Cross. [168]

In contrast to long, open capillaries, the liquid flow is terminated early inside mold
cavities of finite height and, therefore, effects of gravity can be neglected. Figure 4.4 b)
shows a generalized scheme of a resist profile as it can be obtained from imprinting a flexible
or rigid mold with rectangular protrusions with Azo-NIL. If the light is switched off before
the mold is filled completely, the rising menisci “freeze” inside the cavities. Their profiles
can be measured with AFM after removing the mold. For molds of moderate elasticity,
an ordinary meniscus profile evolves. This means that the resist surface stays flat below
the protrusions, whereas a meniscus rises in each of the mold cavities (solid line). If both
Young’s modulus and aspect ratio of the mold are rather low (hm�w+s), one observes that
the profile below the protrusions resembles the one inside the cavities for short imprinting
times (dashed line). This material displacement does not correspond to a snapshot of the
flow profile. Instead, it is caused by the adhesion-induced deformation of the mold, which
occurs when it comes into contact with the photofluidic resist (see Chapter 6.2.1). In both
cases, a maximum, a minimum, and an average imprint height, h max, h min, and h avg, can
be defined to characterize the meniscus-shaped surface. As depicted in Fig. 4.4 b) by the
solid and dashed arrows, their definition slightly changes depending on the exact form of
the resist profile. Owing to the rectangular geometry of the mold, h avg is a direct measure
for the overall transported resist volume.
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5
Materials

The material requirements for holographic data storage, SRG formation, and Azo-NIL differ
strongly. Even though all three concepts are based on the photophysics of the azobenzene
molecule, neither of them is feasible in the neat, crystalline state. Consequently, the mate-
rials used for the experiments in this thesis are azobenzene-functionalized molecular glass
formers and amorphous polymers. Depending on their chemical design, they are capable of
both storing optically induced anisotropy or material transport over large distances. Their
chemical structures and preparation, as well as their thermal and optical properties are the
subject of the following discussion.

All materials presented in this chapter have been synthesized and prepared at the chair
of Macromolecular Chemistry I (Prof. H.-W. Schmidt) at the University of Bayreuth.

5.1 Azobenzene-Functionalized Molecular Glasses

The term “molecular glass” was introduced by Shirota [176] and denotes a class of organic,
low-molecular-weight materials capable of forming a stable, amorphous phase. A prerequi-
site for this is a molecular design which inhibits the crystallization of the small molecules
in the bulk. According to Shirota et al., [131,177] a non-planar molecular structure with a
large number of conformers impedes the easy packing of the molecules and, therefore, is
essential for the formation of an amorphous phase. Linear, branched, X-shaped, or star-
shaped molecular topologies constitute successful concepts. [178] The introduction of bulky
or heavy groups in general reduces translational and rotational motions and increases the Tg
of the molecular glass. Strong intermolecular interactions caused by van der Waals forces
or hydrogen-bonds have similar effects, but may also promote crystallization.

The azobenzene functionalization of such molecular glass cores enables their appli-
cation in various fields, e. g., storage of holographic volume gratings, [179,180] inscription
of SRGs, [50,67,181,182] or photolithographic [42] and nanoimprint [79] processes. Apart from
their easy preparation as homogenous, thin films, azobenzene-substituted molecular glasses
show excellent optical properties, including absence of light scattering and high stability
against photobleaching. In contrast to photoactive, amorphous polymers, they have the
advantage that they feature a uniform molecular structure without ill-defined side groups.
Stable holographic gratings can be stored in the volume of a neat molecular glass if the
azobenzene-functionalized moieties are decoupled from the rigid core such that they have
a mesogenic character. [127,180] Molecular glasses show good miscibility with photoinac-
tive polymers, [127,179] and act as photoplasticizing additives in azobenzene homo- or block-
copolymer systems to improve their overall holographic performance. [183] Depending on

37
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the polarization of the illumination source, molecular glasses have a strong tendency to
form SRGs even if they are confined by a rigid polymer matrix. [181,184] SRG formation in
neat molecular glasses is faster than in polymers, which can be attributed to the absence of
entanglements. With all the above features combined, this class of materials constitutes the
ideal candidate for Azo-NIL as well.

The feasibility of the above-mentioned applications depends on the chemical structure
of the molecular core, the attached azobenzene moieties, and their linkage. [64,67,127,180] The
molecular glasses used in this thesis feature star-shaped topology with three or four iden-
tical azobenzene moieties connected to a central core unit. As depicted in Fig. 5.1, both
types comprise the same basic components, i. e., a central core (open circle) and a photoac-
tive part, consisting of azobenzene (gray boxes) and an optional terminal substituent (filled
black circles). Linkage group (open ellipses) and substituent are located opposite to each
other at the para positions of the azobenzene (cf. inset in Fig. 5.1). Whereas characteristic
values of the amorphous phase such as its Tg are predominantly determined by the cen-
tral core, optical properties and wetting behavior are adjusted by proper substituents of the
azobenzene chromophores.
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azo azo
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Figure 5.1: Schematic diagram of the molecular glass structure. They are star-shaped with four
or three azobenzene-functionalized moieties attached to the core.

A total number of twelve different molecular glasses were investigated in this thesis,
i. e., compounds 1a-e (four arms) and 2a-d, 3a-b, and 4e (three arms). The chemical struc-
ture of the cores (1-4) and their azobenzene-functionalized substituents (a-e) are shown in
Fig. 5.2 and Fig. 5.3, respectively. Glass formers based on cores 1, 2, and 3 efficiently form
SRGs and have been used for mass migration experiments and patterning methods based
on photofluidization. Due to its good miscibility with polymers, compound 4e served as
a photoplasticizer for volume holography. In contrast to the threefold-branched molecular
cores, compounds based on core 1 are intrinsically non-planar due to their central spiro link-
age. In addition, spirobichromane-based molecular glasses (1a-e) have a more rigid core as
compared to triphenylamine-based compounds (3a-b). In trisamide compounds (2a-d) the
central core features amide moieties, which stabilize the amorphous phase by intermolecular
H-bond formation. [185]
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chromophore a and its para-substituted derivatives b-e.
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The optical properties of a molecular glass in the visible and near-UV spectral range
are mainly determined by the para-substituted azobenzene chromophores and can be dis-
cussed independently of the central core. As compared to unsubstituted azobenzene, the
π → π∗ absorption peak of a methoxy-functionalized chromophore is shifted towards longer
wavelengths. Thus, it overlaps more strongly with the n→ π∗ absorption band and the light
sources used in the experiments, which leads to an enhanced efficiency of the cis-trans in-
terconversion. Since the viscosity of the photofluid is expected to decrease more strongly
in this case, shorter processing times should result for SRG and Azo-NIL experiments.
The introduction of the perfluoroalkyl substituents addresses the mold release problem in
NIL. [153] When the structures are very small, hydrogen bonds or van der Waals interactions
may cause sticking of the mold, which damages the imprint upon release. Fluorination of
the molecular-glass chromophores increases the hydrophobicity of the resist and does not re-
quire additional anti-adhesive coatings of the mold. Although the perfluoroalkyl substitution
has minor influence on the chromophore absorption, it affects the film and SRG formation
properties of the molecular glass. [61]

5.1.1 Synthesis of Azobenzene-Substituted Molecular Glass Formers

Azobenzene-functionalized molecular glasses were synthesized by C. Probst [186] (molecular
glasses based on cores 1 and 2) and R. Walker [187] (molecular glasses based on cores 3 and
4). Their preparation comprises three important steps, viz., synthesis of the azobenzene side
groups, synthesis of the molecular core, and the covalent assembly of both. This modular
system has the advantage that a large variety of compounds becomes easily accessible. The
main focus of this chapter is on the synthesis of the side groups, since the other processing
steps have largely been discussed in the literature. [67,85,127,187] To give only a basic overview
about the reaction products, specific details such as processing temperature, surrounding
atmosphere, or purification steps are omitted.
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Figure 5.4: Reaction scheme of the synthesis of the azobenzene moieties used for the function-
alization of the molecular glass cores.

The synthesis of the azobenzene side groups is based on the so-called Mills reaction,
which involves the condensation of a nitrosobenzoic acid with an aniline derivative. Fig-
ure 5.4 shows that the reaction routes differ depending on the para substituent of the fi-
nal azobenzene derivative. Para-methoxy- or para-trifluoromethyl-substituted (phenylazo)-
benzoic acids were obtained from the Mills reaction directly, since the O−CH3 and CF3
moieties are the para substituents of commercially available aniline derivatives. Function-
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alization with the perfluorinated moieties C3F7 and C6F13 required a separate coupling re-
action. Reacting an 4-iodoaniline during the Mills reaction step instead, resulted in a para-
iodine-substituted azobenzene derivative. In a second step, the respective perfluoroalkyl
iodide derivative was coupled to the product by a copper-catalyzed Ullmann reaction. It
also involved an acid to ester conversion of the benzoic acid molecular part as well as the
inverse process, which is not shown in Fig. 5.4. For further processing, the products of both
reaction routes were subjected to chlorination.

To obtain molecular glasses 1a-e, the azobenzoic derivatives were attached to a com-
mercially available 6,6′,7,7′-tetrahydroxy-4,4,4′,4′-tetramethylbis-2,2′-spirobichroman core
via an esterification reaction. [127,179] The synthesis of the azobenzene-derivative reactants
for the preparation of molecular glasses 2a-d was equivalent to the one of the spirobichro-
mane derivatives. Core and azobenzene moieties were linked by amidation of the 1,3,5-
benzenetrisamine core in this case. [127] A similar synthetic route was chosen for the molec-
ular glasses 3a and 3b based on the triphenylamine core and 4e based on the cyclohexane
core. [67,187]

5.1.2 Thermal and Optical Properties of Azobenzene Molecular Glasses

Differential scanning calorimetry (DSC) measurements were performed on a Perkin-Elmer
DSC DIAMOND or METTLER DSC II under constant flow of liquid nitrogen (50 mL min−1)
at a scan rate of 10 K min−1. Crucibles of 40 µL (Perkin Elmer) or 50 µL (METTLER) vol-
umetric capacity were filled with 3 to 12 mg of the respective compound and the phase
transitions were determined from the first and second heating and cooling thermograms.
The first thermogram was taken from initially crystalline molecular glass as obtained from
purification during synthesis. After erasing its thermal history during first heating, the crys-
tallization temperature Tc was determined from first cooling. Glass transition temperature
Tg, melting temperature Tm, and recrystallization temperature Trecr. were measured during
the second heating step. Molecular glasses with strong crystallization tendency, such as
compounds 1b-c and 2a-d, did not show a glass transition in the second DSC thermogram.
Therefore, materials 1b and 2a were prepared in the amorphous state by quenching them
with liquid nitrogen from melt prior to DSC measurements. In this case, the Tg was deter-
mined from the first heating run. Glass transition temperatures of the remaining materials
1c-d and 2b-d could not be resolved by this procedure. For compound 2b, however, it could
be estimated from polarization optical microscopy (POM). A summary of the characteristic
thermal and optical properties and the molar weights of the materials is given in Table 5.1.

Materials based on cores 1-3 feature high glass transition temperatures ranging from
90 to 140 ◦C. As expected, the glass transition temperature depends on the molecular de-
sign of the core. While molecular glasses 3a-b feature the lowest Tg, it increases for the
spirobichromane compounds with the more rigid core and exhibits its highest value for the
trisamide derivatives due to the formation of intermolecular H-bonds. The core unit of com-
pound 4e is similar to that of the trisamides, but due to the absence of H-bonds in the ester
sequence, its Tg is as low as 58 ◦C. Whereas a high Tg is ideal to protect imprints at high
processing temperatures during etching, the low value of material 4e is advantageous to
enhance photoplastification in blend systems. As compared to the influence of the inter-
molecular interactions, the dependence of the glass transition temperature on the molecular
weight (ranging from approximately 750 to 2500 g mol−1) is small. All materials except for
the neat molecular glass 3a show a tendency to crystallize at the moderate scanning rate
of the DSC. A polymorphic phase arises for the methoxy and some of the perfluoroalkyl-
substituted compounds, as evidenced by the presence of multiple crystallization peaks in the
DSC thermograms (cf. Table 5.1). In general, the introduction or lengthening of the perflu-
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oroalkyl chains promotes crystallization. Despite increasing Tg, the formation of H-bonds
between the molecular glasses based on core 2 has the same effect. However, all materials
can be quenched into the amorphous phase by spin coating from solution or rapid cooling,
which is confirmed by POM investigations. The decomposition temperatures of all mate-
rials are between 350 and 400 ◦C as determined by thermogravimetric analysis. CF3- and
C3F7-substituted molecular glasses have a characteristic melting temperature close to this
temperature range, while the other compounds melt at temperatures below 275 ◦C. Addi-
tionally, compound 1d shows polymorphic melting.

Table 5.1: Thermal and optical parameters of the molecular glasses. M: molar weight, Tg:
glass transition temperature, Tm: melting temperature, Tc: crystallization temperature, Trecr.:
recrystallization temperature, –: not existing. Estimated values are shown in parentheses.

compound M Tg Tm Tc Trecr.

max. of
π → π∗

transition

max. of
n→ π∗

transition
[g mol−1] [◦C] [◦C] [◦C] [◦C] [nm] [nm]

1a 1205 108 b) 249 – 215 327 (460)
1b 1477 126 a) 314 329 326 315 (457)
1c 1877 – 322 240 – 312 (456)
1d 2492 – 227, 260, 270 210, 222, 269 – 311 (458)
1e 1325 107 b) 239 – 170, 190 347 (475)
2a 748 136 a) 252 214 – 326 (438)
2b 952 128 c) 315 343 – 322 (465)
2c 1252 – – – – 323 (467)
2d 1702 – 275 250 – 324 (468)
3a 918 92 b) 174 – – see text (449)
3b 1122 100 b) 146 119, 143 – see text (444)
4e 847 58 b) 180 – 108, 150 346 (435)

a) determined from first heating DSC b) determined from second heating DSC c) determined with
POM

Optical properties of the molecular glasses were determined from thin solid films of
20 to 50 nm thickness after measuring their absorption spectra with a standard spectrometer
(JASCO V-670). Either ester or amide linkages largely decouple the functionalized moieties
from the core, reducing the π conjugation of the electronic system over the entire molecule.
Therefore, the optical properties of all molecular glasses are mainly defined by the individ-
ual azobenzene chromophores and the absorption spectra of all compounds show a strong
π → π∗ transition in the UV and a much weaker n→ π∗ transition in the visible region. The
influence of the para substituent of the chromophores can be discussed by means of the ab-
sorption spectra of compounds 1a, 1b, and 1e, as depicted in Fig. 5.5. All spectra have been
normalized to the optical density (OD) at the π → π∗ transition maximum. The methoxy
substituent as an electron-donating group shifts the spectral position of both transitions sig-
nificantly to the red (cf. compound 1a with the unsubstituted azobenzene chromophore).
The trifluoromethyl substituent on the contrary, causes a blue shift of the π → π∗ transition
without strongly affecting the n→ π∗ band. Because of the decoupling of core and chro-
mophore, the above statements apply to the other molecular glasses as well, even though the
absolute shifts in absorption are much smaller (cf. Table 5.1). Molecular glasses based on
C3F7- or C6F13-substituted chromophores have a similar absorption as their trifluoromethyl-
substituted counterparts. The π → π∗ transition of the azobenzene side groups in materials
3a and 3b strongly overlaps with the absorption of the molecular core, resulting in an ab-
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sorption maximum at a wavelength of ∼365 nm. By fitting two superimposed Gaussians,
the π → π∗ transition of the compounds based on the triphenylcore turns out to be in a
similar spectral range as in molecular glasses with the same substituent.
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Figure 5.5: Normalized absorption spectra of thin films of molecular glasses 1a,1b and 1e.

In all materials, the n→ π∗ transition is weak and overlaps strongly with the π → π∗ tran-
sition, such that the position of its maximum is difficult to determine. Fitting two Gaussians
yields the approximate positions of the n→ π∗ transition listed in Table 5.1. Closer inspec-
tion reveals that the absorption comprises more than two components, however.

5.2 Azobenzene-Functionalized Polymers

Azobenzene-functionalized homopolymers and block copolymers have been shown to be
suitable materials for the storage of long-term-stable holographic Raman-Nath or Bragg-
selective gratings. [37,40,41] In contrast to molecular glasses, the azobenzene side chains are
connected via a spacer to a polymer backbone and the amorphous phase is further stabi-
lized by the presence of entanglements. In azobenzene-functionalized homopolymer films,
trans-cis-trans isomerization can take place in a cooperative manner, since the azobenzene
chromophores are in spatial proximity. As a result, the holographic volume gratings show in-
creased writing speed and enhanced stability. [33,181] On the other hand, the high optical den-
sity of functionalized homopolymers prevents their use for the inscription of Bragg-selective
volume holograms. Blending of these polymers usually causes macro-phase separation and,
therefore, scattering increases, which is detrimental to holographic applications. Instead of
homopolymers, statistical copolymers with much lower optical density can be used. Yet, the
cooperative effect between the azobenzene chromophores is lost in these materials and the
inscribed gratings lack long-term stability. [181]

A different material class are block copolymers, which are composed of an azobenzene-
containing minority and a photo-inactive majority block. In these systems uniform micro-
phase separation occurs, leading to the formation of different morphologies (e. g., lamel-
lae, cylinders, or spheres) with the photo-active domains typically below 50 nm in size. [40]

Consequently, the optical density is significantly reduced and scattering of visible light is
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avoided. At the same time, the spatial proximity of the photo-orientable azobenzene moi-
eties is preserved. The majority block usually shows a good miscibility with a homopolymer
of the same kind, allowing further dilution of the minority phase without changing the mor-
phology. [37,188] Although most block copolymers are found to meet the stability criterion,
the azobenzene moieties in the confined domains usually lack high reorientation rates. [41]

SRG formation is prevented in block copolymers but can occur in homopolymers and sta-
tistical copolymers, where the azobenzene moieties are not confined by an amorphous, op-
tically inert majority block. [40,42,43]
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Figure 5.6: Chemical structures of methoxyazobenzene-functionalized homopolymer 9 and block
copolymers 10 and 11.

The chemical structures of the polymers used for holographic grating inscription or
Azo-NIL experiments are depicted in Fig. 5.6. Homopolymer 9 and block copolymers 10
and 11 show good miscibility with molecular glass 4e as they share the same (methoxy-
substituted) azobenzene moieties. DSC measurements revealed a glass transition for each
polymer (cf. Table 5.2), meaning that they can easily be prepared as amorphous thin films
or thick samples. In block copolymers, glass transitions exist for both minority and major-
ity block. Often, DSC is not sensitive enough to detect the former but previous holographic
measurements have shown that the Tg of the minority block of block copolymer 10 is around
34 ◦C. [38] Polydispersity index (PDI) and number-average molecular weight Mn further char-
acterize the polymers. The PDI is defined as the weight-average molecular weight divided
by the number-average molecular weight. It is a measure for the length distribution of poly-
mer chains, whereby values close to one indicate a narrow molecular-weight distribution.

In addition to photoactive, azobenzene-functionalized polymers, polystyrene (BASF
165 H) was used as an optically inert blending material as received from BASF SE. Its
important characteristics are listed in Table 5.2.
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Table 5.2: Polymer specification. Mn: number-average molar weight, PDI: polydispersity index,
wPS, wazo, and wmesogen: weight fractions of the polymer blocks, n. d.: not determined, –: not
present.

compound Tg Mn PDI wPS wazo wmesogen

max. of
π → π∗

transition
[◦C] [g mol−1] [wt%] [wt%] [wt%] [nm]

PS 97 124 000 1.9 100 – – –
9 (i) 47 200 000 1.4 – 100 – 327a)

9 (ii) 74 375 000 n. d. – 100 – 333
10 34b);103 59 000 1.04 82.5 17.5 – 346a)

11 n. d.;106 127 000 1.05 72 11 17 361a)

a) from ref. [85] b) from ref. [38]

Homopolymer 9 is a methoxy-azobenzene-based side chain polymer with a poly(1,2-
butadiene) backbone and was synthesized as described in literature. [40] It exists in two types
9 (i) and 9 (ii), which differ in their degree of polymerization and, hence, their Tg. For the
sake of comparability to previous results, homopolymer 9 (i) was used for volume holo-
graphy. The higher molecular weight of homopolymer 9 (ii) is expected to have significant
influence on the photo-induced mass transport; hence, it was used for Azo-NIL. As com-
pared to the methoxyazobenzene-substituted molecular glasses, the π → π∗ absorption of
the homopolymers is blue-shifted, which can be attributed to the formation of H-aggregates
between the chromophores. Obviously, the mechanical constraints of the polymer backbone
increase the spatial proximity of the azobenzene moieties.

Materials 10 and 11 are AB-type block copolymers with a poly(1,2-butadiene) back-
bone. Detailed information about their synthesis can be found in the literature. [40,41] Both
block copolymers have a polystyrene majority block but differ in the percentage and the
composition of their minority block. Whereas the minority block consists solely of me-
thoxyazobenzene-functionalized side chains in 10, it is functionalized statistically with me-
thoxyazobenzene and non-photoactive mesogenic side chains (46 mol % : 54 mol %) in 11.
The introduction of photoinactive, rigid mesogenes results in a long-term stable refractive-
index modulation, which is not the case for gratings stored in block copolymer 10. [41] Yet,
block copolymer 10 is an interesting system because its blocks correspond to either the PS
(polystyrene) or the azobenzene-functionalized homopolymer discussed above. It is known
from literature, that block copolymer 10 has a cylindrical morphology. [40] For block copoly-
mer 11, data are available only for similar compounds with comparable block weight ratios
but different molecular weights. [41] Since the latter has minor influence on the polymer
morphology, compound 11 is expected to have a cylindrical morphology as well. The spec-
tral position of the π → π∗ transition of 10 does not significantly deviate from that of the
methoxyazobenzene moiety in the molecular glasses. In 11, however, it is shifted to the red,
which may be attributed to the presence of the mesogenic units.
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5.3 Preparation of Amorphous Thin Films

The method used for the preparation of the above materials as thin, photoactive films is
crucial for the formation of the amorphous phase and for their behavior during holographic
and Azo-NIL experiments. If prepared from solution in a volatile solvent, molecular glasses
or polymer blends are frozen in a glassy state due to the quick evaporation process. Unless
otherwise stated, amorphous, homogeneous films of high optical quality free from light
scattering were obtained for all materials by applying the techniques discussed below.

Thin films for the inscription of holographic volume gratings were prepared on commer-
cial microscope slides by spin coating or doctor blading. For spin coating, a small amount
of filtered THF solution, comprising a total amount of 4 wt% of a blend of polymer and
molecular glass, was dropped onto the glass substrate. The mixing ratio of polymer and
molecular glass was chosen according to the intended total composition. By rotating the
substrate at a speed of 1000 rpm, the solution homogeneously spread under the influence
of the centrifugal force. Since the solvent quickly evaporated during the coating process, a
uniform, amorphous film formed within a spinning time of 60 s. For doctor blading, a blade
was positioned with a predefined gap above a glass slide. While constantly adding the same
4 wt% THF solution as used for spin coating, a blade moved at a fixed speed of 20 mm s−1

over the substrate and distributed the material homogeneously. After evaporation of the sol-
vent, a solid film remained. Subsequent to the above coating techniques, residual solvent
was removed by annealing the freshly prepared films for 3 h at a temperature of 70 ◦C. The
final films had thicknesses between 0.3 and 2.0 µm, as measured with a profilometer (Dektak
Veeco 3300ST auto remote control stage profiler).

Neat molecular glass or homopolymer films used for SRG formation or Azo-NIL were
prepared by spin coating a filtered solution of 7 to 11 wt% of the respective compound in
the following solvents, cyclopentanol for compounds 1a and 1e, N-methyl-2-pyrrolidone for
compound 2a, and tetrahydrofuran (THF) for the remaining materials. Prior to coating, the
glass substrates were cleaned with THF and compressed argon. After coating at a rotational
speed of 700 to 1000 rpm for 60 s, the films had an approximate thickness of ∼500 nm. For
the preparation of films with thicknesses ranging from 50 to 1000 nm, the rotational speed
was adjusted accordingly (500 to 1500 rpm), while the coating time stayed constant. To
remove any residual solvent, all films were annealed for 1 h at temperatures between 70 and
110 ◦C.

Compounds 1d and 2d crystallized directly after spin coating. Films of these materials
have poor optical quality due to light scattering and their inhomogeneous surface.



6
Fabrication and Properties of Molds

6.1 Fabrication of Flexible Molds

Rigid quartz or chromium masters are expensive to produce and, due to their size, difficult
to handle. To avoid damage to the master, direct use as a mold is not recommended. Fur-
thermore, rigid masters lack sufficient adhesion for Azo-NIL. Hence, prior to imprinting,
flexible molds should be prepared from the master by common UV-curing techniques. For
holographically prepared SRGs, molding is a convenient concept to obtain optically stable
gratings.

6.1.1 Molds with Features on the Micrometer Scale

A standard lithographic photo mask for an EVG® 620 automated alignment system (com-
pany EVG) was used as a master for the preparation of molds with micrometer-sized fea-
tures. It is made of transparent fused silica covered with a chromium layer of 100 nm thick-
ness featuring grooves of varying width. A small section of the master containing a field
with L-shaped grooves is shown in the microscope image on the left side of Fig. 6.1. The
grooves have a rectangular profile and are arranged such that line patterns of different pe-
riodicity result. The width and spacing of the lines of each pattern are 1, 1.5, 2, 2.5, 5,
and 10 µm, respectively. Thus, their periodicity corresponds to twice these values. Because
cavities and protrusions have equal size, the filling factor remains constant over the whole
field, viz., ν = 0.5. The length of the structures in horizontal and vertical direction is large
as compared to their width.

To obtain a transparent, flexible PDMS replica, the whole master was cast from a
temperature-curable two-component system (Elastosil® 601). A Hausschild SpeedMixerTM

DAC 150 SP was used to mix prepolymer and thermal initiator in a ratio of 9 : 1. After
casting the mixture onto the master, crosslinking took place first at room temperature for
12 h and, subsequently, at 150 ◦C for another two hours. When the cured PDMS mold was
removed it had a thickness of approximately 5 mm with the inverse structures of the master
on its top.
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1 µm 5 µm

10 µm

Figure 6.1: A PDMS mold with various L-shaped line patterns of different sizes was obtained
from casting the master shown on the left. Available line widths are 1, 1.5, 2, 2.5, 5, and 10 µm.
Replica perfectly match the inverse profile of the master as shown by the AFM images on the
right side. Differences in height between bright and dark areas are 100 nm and 99±1 nm for
master and mold, respectively.

The master has a diameter of ∼ 10cm and contains several hundred of the fields shown
in Fig. 6.1, as well as an inverse version of the pattern. The final PDMS molds were obtained
from the large replica by cutting it into the separate fields. Hence, a large number of molds
were simultaneously prepared from casting the master once. Each of them has a quadratic
shape with dimensions 2.5×2.5mm2 and contains all the L-shaped line patterns discussed
above. The molds feature depth profiles with the same height as the master, which was
verified by AFM measurements as shown on the right side of Fig. 6.1. The height difference
between bright and dark regions is 99±1 nm, which is close to that of the master of 100 nm.
The AFM data were measured at different spots on one of the PDMS molds. Their positions
are indicated by the highlighted areas in the left panel of Fig. 6.1.
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6.1.2 Molds with Features on the Nanometer Scale

Molds for imprinting structures with features on the nanometer scale were prepared by cast-
ing a so-called 65 standard fused-silica master (Stamp ID: 65SS_V1) from NIL Technology
ApS. As illustrated in the AFM images in Table 6.1, the master features different pattern
types of pillars or lines (top to bottom) with protrusion sizes 300, 150, and 100 nm (left to
right). These numbers represent target values for the manufacturing process of the master.
The actual values for all pattern types are listed in Appendix A. For clarity, the protrusion
sizes are categorized according to the three numbers presented above, disregarding small
deviations of less than 15 %. Detailed information about the arrangement of the patterns
and the available types is given within the discussion of the mold properties. The height
difference between bright and dark regions in the AFM images of Table 6.1 is 105±1 nm
for all patterns, which is in good agreement with the specification of the manufacturer of
103 nm.

Table 6.1: AFM images of nine different pattern types present on the NIL-Technology ApS
master. It features three different geometries (lines, rectangular and hexagonal arrangement of
pillars) with protrusion widths of 300, 150, and 100 nm. Dark areas indicate lower regions, while
bright areas represent elevated regions of 105 nm height. The distance between the protrusions
is twice their width (type II pattern).

pillar or line width / spacing pattern
300 nm / 600 nm 150 nm / 300 nm 100 nm / 200 nm

hexagonal
arrange-
ment of
pillars

rectangular
arrange-
ment of
pillars

lines
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Prior to molding, approximately 10 ml hexamethyldisilazane were heated up to reflux
(160 ◦C, 2 h) and condensed at the surface of the master to reduce adhesion (silanization).
A UV-curable fluorinated polymer kit distributed by EVG® was used for casting. First, the
EVG® prepolymer and 2 wt% UV initiator were mixed for 30 min at ambient conditions in
the dark. Subsequently, this mixture was poured over the silanized master and exposed to
UV light at a wavelength of 365 nm for 100 s. The light was provided by the mercury lamp
of an EVG® 620 mask aligner, ensuring uniform illumination at an intensity of 20 mW cm−2

and homogeneous crosslinking of the resin. Casts were also prepared from Elastosil® 601
resin under different curing conditions. Detailed information about their preparation and
properties is given in Chapter 6.2.2.

After release, the EVG® cast has an approximate thickness of 1 mm with eight spatially
separated fields on top of it as schematically depicted in Fig. 6.2 (top left). In a final step
these fields were cut apart. Thus, eight EVG® molds were fabricated from casting the mas-
ter once. Each of them has a size of 2.5×2.5mm2 and is subdivided into nine individually
patterned quadratic sections of 200×200µm2 area. The enlarged section of Fig. 6.2 illus-
trates the different geometries, comprising hexagonal and rectangular patterns of punches
(inverse pillars) and lines (top to bottom) with cavity sizes w = 300, 150, and 100 nm (left
to right). The definition of the protrusion and cavity width s and w, respectively, depends on
the pattern type as indicated by the white arrows. Two spacings are available on the different
fields of the uncut mold. For type I the ratio of s and w is 1 : 1, whereas for type II it is 2 : 1.
Within one of the fields, the spacing does not change; thus, four identical molds, each of
type I or II, are prepared from a single cast. The above procedure was repeated accordingly
to obtain the number of molds required for the Azo-NIL experiments.

200 µm

type IItype I

≈ 2.5mm
300 nm
orth.

punches

150 nm
orth.

punches

100 nm
orth.

punches

150 nm
hex.

punches

300 nm
hex.

punches

100 nm
hex.

punches

300 nm
lines

150 nm
lines

100 nm
lines

w

s

s

w

s s

w

s

w

s

w

w

type I type II type II type I

type I type II type II type I

Figure 6.2: The enlarged section shows the schematic diagram of an EVG® mold used for
nanopatterning. It contains nine fields with different patterns (lines, rectangularly and hexagonally
arranged punches) and feature sizes of 300, 150, and 100 nm. Dark areas indicate elevated
regions, while bright areas represent cavities. The master features two different spacings such
that the molds can be of type I or II with w : s being 1 : 1 and 1 : 2, respectively.
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6.1.3 Sinusoidal PDMS Surface Relief Gratings

Sinusoidal gratings in PDMS were prepared by casting SRGs, which have been generated
holographically on a thin film of molecular glass 1a. A homogeneous, flat film was ob-
tained by spin coating a 7 wt% THF solution of 1a on a glass substrate similar to the pro-
cedure described in Chapter 5.3. The solvent THF, however, resulted in a film thickness
of approximately 1 µm after spinning the glass slide at a rotational speed of 700 rpm for
60 s. Residual solvent was removed in this case by annealing the film at 80 ◦C for 1 h under
nitrogen atmosphere.

The holographic setup was used to inscribe SRGs with a diameter of∼ 2mm at different
spots on the film. For efficient grating generation, the polarization of the writing beams was
adjusted to pp. The intensity of each beam was 1.0 W cm−2. After illumination for 100 s, a
SRG of ∼ 250nm amplitude with a grating period of 1000.6±1.7 nm developed. The latter
was calculated from the wavelength and the angle of incidence of the writing beams outside
the medium according to Eq. (2.3).

≈ 1 µm

≈ 100 µm

SRG-forming molecular glass

PDMS prepolymer

glass slide

glass slide

1 µm

PDMS grating
500 nm

glass slide

Figure 6.3: Preparation of a sinusoidal PDMS grating by casting a holographically written SRG.
Left side: Assembly during curing. Right side: PDMS grating after removal of the SRG master.

To transfer the grating, 1 g of Sylgard® 184 cast resin (siloxane/curing agent = 10:1
(w/w)) was placed on top of the holographically processed film. Subsequently, a glass slide
was positioned approximately 100 µm above it, the distance being determined by Scotch
tape spacers which were attached to both sides of the molecular glass master (see Fig. 6.3).
During this procedure the resin spread homogeneously over the entire film surface and filled
the voids between molecular glass and upper substrate. Thermal curing was performed by
first storing the assembly at ambient conditions overnight and, in a second step, at 80 ◦C for
2 h. After this procedure, the glass slides were separated from each other and a homoge-
nous, transparent PDMS layer on top of a glass substrate with the negative SRG patterns
transferred to its surface was obtained. Because PDMS and molecular glass 1a are easily
separable, no cleaning was required. Height and periodicity of the imprinted PDMS gratings
matched the values of the holographically generated SRG master.
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6.2 Properties of Flexible Molds

Unlike rigid masters, adhesive molds which are prepared from polymers of low Young’s
modulus deform upon interaction with the resist material or with themselves. Depending
on the mold geometry, collapse of the mold roofs or lateral deformation can occur. The
description of these effects is important to understand the behavior of the flexible molds
when applied in Azo-NIL experiments. In particular, the instructions given below constitute
a guideline for the preparation of defect-free molds.

6.2.1 Roof Collapse of PDMS Molds

Roof collapse denotes an effect which is observed when an elastic mold with a low Young’s
modulus and critical profile dimensions comes into contact with a solid substrate. This
situation is illustrated in Fig. 6.4 for a mold with protrusion and cavity width s and w and
height hm. The initial profile of the PDMS mold is assumed to be rectangular in shape
as indicated by the dashed lines. Obviously, the cavity roofs of a flexible material bend
if external pressure is applied or if gravitational forces act on the mold. [189] Moreover, if
adhesive forces exist between PDMS polymer and substrate, neither gravity nor pressure is
required to induce lowering of the roofs. [190,191] For sufficiently strong adhesion, the roofs
either jump into contact with the substrate below spontaneously or stay collapsed after the
mold is pressed against the substrate initially. In both cases, roof collapse is stable even if
gravitational forces act in a direction away from the substrate.

hm

ws

substrate

PDMS-mold

Figure 6.4: Schematic diagram of the roof collapse of a soft PDMS mold caused by adhesion.

It is easy to see that the presence of large cavities with w/s� 1 favors sagging. Further-
more, the roofs are able to touch the substrate more easily if w is significantly larger than
hm. Analytical solutions for the adhesion-induced pressure distribution below arbitrary, soft
periodic structures in contact with a substrate can be found in the literature. [171] A more spe-
cific solution for the exact deformation of a rectangular PDMS mold was derived by Zhou et
al. [192] The criterion for the stable roof collapse of a periodic rectangular structure derived
by Huang et al., [191] however, is of more practical use. It reads

wcrit =
0.29
ln2
· Eh2

m

Wadh
(6.1)

if s and w are assumed to be equal. For s or w > wcrit, the PDMS roofs are predicted to
collapse towards the substrate.

The Young’s modulus E of PDMS is usually in the range of 1 to 5 MPa and depends
on the curing conditions. [193,194] In the case of the Elastosil® 601 molds discussed in Chap-
ter 6.1.1, Young’s modulus is expected to be approximately E = 1.4MPa. [194,195] The work
of adhesion Wadh can only be estimated roughly, since it is calculated from different sur-
face energy terms, which depend on the interaction with the substrate. A value of Wadh ≈
50.6mJm−2 is available from a roof collapse experiment conducted with the more common
Sylgard® 184 PDMS polymer on a native silica glass layer by the group of Huang. [191] This
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value is reasonable since it is approximately twice the critical surface tension γc of PDMS,
which is in the range of 22 to 24 mJ m−2. [196] From the above values and a mold height of
100 nm, the critical protrusion width is calculated to be wcrit = 0.12µm.

To investigate the deformation behavior of PDMS molds with features on the micrometer
scale, their diffraction was monitored with a 489 nm laser (cf. Chapter 7.1) before and after
bringing them into contact with different solid surfaces. Roof collapse occurred for all L-
shaped line patterns, as soon as the molds came into contact with any of the photo-active
films or a fused-silica substrate even without applying any external pressure. This finding
is in good agreement with Eq. (6.1) because all patterns present on the molds fulfill the
criterion w > wcrit (width of the smallest cavity: w = 1µm). Obviously, sagging is facilitated
by the low aspect ratio (10≤ w/hm ≤ 100).

Even though the voids below a roof-collapsed mold are quite small, the feasibility of
Azo-NIL is not impaired. As will be shown in Chapter 10, imprints with the inverse profile
of an uncollapsed mold can easily be prepared. It is known from literature that roof collapse
can be reversed if the voids between mold and sample are filled with a liquid. [191] In this
case Wadh decreases up to an order of magnitude. With azobenzene-functionalized systems,
a similar behavior may arise from the interaction with the resist, once it is in the photofluidic
state. If, for example, Wadh decreases by a factor of ten, wcrit assumes a value of 1.2 µm. In
this case, roofs of smaller cavities are expected to rise, while bigger structures stay collapsed.

6.2.2 Lateral Stability of PDMS Molds

In contrast to roof collapse, the deformation mechanism discussed here is not based on
the interaction of the mold with the surface of a substrate. Instead, the elastic behavior of
the mold material in combination with the adhesive forces between the protrusions causes
the imprinted profile to differ from the one of the rigid master. The lateral collapse of the
mold protrusions is depicted schematically in Fig. 6.5. As soon as their strain energy is
sufficiently low to be overcome by adhesion, neighboring protrusions spontaneously jump
into contact. For this to happen, the lateral collapse requires that hm be at least on the order
of w. Therefore, this effect is not observed on the molds with indentations on the micrometer
scale (cf. Chapter 6.1.1).

w

hm

PDMS-mold

s

Figure 6.5: Schematic diagram of laterally collapsed line patterns of an elastic mold (cross-
sectional view). The collapse is induced by the adhesive interaction of neighboring protrusions.

A quantitative stability criterion has been derived by Hui et al. based on a model of two
isolated plates clamped at one end. [197] According to their theory, lateral collapse of line
patterns occurs for cavity widths w < w̃crit, with

w̃crit =
5

√
γs h4

m

Eζ 3 (6.2)

and ζ = s/w.
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Due to their good adhesive properties, first attempts to produce molds with features
on the nanometer scale from the NIL-Technology master were carried out with the PDMS
polymers Elastosil® 601 and Sylgard® 184. The surface energy γs of PDMS is on the or-
der of 20 mJ m−2. [196,198] By inserting a typical modulus of E Elastosil = 1.4MPa and a height
of hm = 100nm into Eq. (6.2), one obtains w̃crit = 68nm for ζ = 1 (type I pattern) and
w̃crit = 45nm for ζ = 2 (type II pattern). Young’s modulus is chosen to be the one of
Elastosil® 601, which is lower than that of Sylgard® 184 (E Sylgard ≈ 1.8MPa). [195,199] From
the above results, lateral collapse is not expected to occur for any of the line patterns on the
molds prepared from both PDMS polymers.

However, while the 150 and 300 nm line patterns kept their lateral line profile after re-
lease from the master, the 100 nm line patterns were found to collapse for both polymers.
These values denote the cavity width w and are valid for both type I and II molds. The
deformation caused by lateral collapse is illustrated in Fig. 6.6 a) and 6.6 b) for 100 and
300 nm line patterns of type I molds prepared from Elastosil® 601, respectively. For de-
creasing values of w, the periodic arrangement of parallel lines transforms into a compli-
cated Y-branched pattern. Consequently, the true value of w̃crit turns out to be in the range
100nm < w̃crit < 150nm.

a) b) c)

Figure 6.6: AFM pictures of line patterns of molds prepared from different UV-curable polymers.
a) Laterally collapsed 100 nm line pattern prepared from Elastosil® 601 (type I). b) 300 nm line
pattern prepared from Elastosil® 601 (type I). c) 100 nm line pattern prepared from EVG®

(type II).

Deviations from theory can be attributed to the fact that the stability criterion in Eq. (6.2)
is based on the assumption that two isolated plates protrude perpendicularly from a rigid
substrate. Obviously, this applies here only partially, since the protrusions are located on a
flexible underground which can bend itself. The derivation of Eq. (6.2) then overestimates
the strain energy required to deform the structures and w̃crit is predicted to be smaller than
the measured value. Nevertheless, Eq. (6.2) yields valuable information about the influence
of changes in specific mold parameters on the lateral stability.

The absence of Y branches for 150 nm line patterns suggests that even a slight increase in
Young’s modulus of the polymers may be sufficient to prevent lateral collapse. For PDMS
polymers, E is known to be almost doubled if curing is performed at elevated tempera-
tures. [193] Thus, Elastosil® 601 and Sylgard® 184 molds were cast from the master under
different curing conditions. In procedure 1 (P1), curing was performed overnight at room
temperature and, subsequently, the polymer was stored at 80 ◦C for 14 h. For molds prepared
according to procedure 2 (P2), the resin was heated up to 150 ◦C within 20 min immediately
after it had wet the master and was kept at this temperature for 12 h. The latter preparation
method is expected to increase Young’s modulus of the PDMS polymers as a consequence
of a higher degree of cross-linking caused by the higher curing temperature.
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First, the profiles of line patterns of type I and II molds with w = 300nm prepared from
the two PDMS polymers under the above curing conditions were investigated. Three re-
presentative profiles measured with AFM are shown in Fig. 6.7. After release, the surface
tension deforms the elastic PDMS molds, until an equilibrium state is reached. Thus, flex-
ible molds generally develop rounded corners at their edges, even if cast from a perfectly
rectangular shaped master. A lower limit for the radius of curvature is R≈ γs/E, which is on
the order of 50 nm in PDMS. [196] Since the Elastosil® 601 molds have the lowest Young’s
modulus, their profiles show the strongest deviations from the rectangular profile. The pro-
file of an Elastosil® 601 mold with 1 : 1 spacing prepared with P1 looks almost sinusoidal
due to the spatial proximity of the protrusions (Fig. 6.7, bottom). The higher curing tem-
perature of P2 produces line patterns with slightly sharper edges although the profile of the
investigated mold with 2 : 1 spacing reveals slanted sidewalls (Fig. 6.7, middle). Preparing
Sylgard® 184 molds with P2 results in a significantly improved reproduction of the edges
(Fig. 6.7, top). As compared to Elastosil® 601 molds, however, the transferred cavities are
clearly narrower. In sum, adjustment of the annealing procedure has a much smaller influ-
ence on the mold quality than varying the polymer type.
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Figure 6.7: AFM profiles of 300 nm line patterns of PDMS molds prepared under different
curing conditions. Bottom: Profile of an Elastosil® 601 mold (type I) prepared from P1. Middle:
Profile of an Elastosil® 601 mold (type II) prepared from P2. Top: Profile of a Sylgard® 184
mold (type II) prepared from P2.

The lateral collapse of the 100 nm structures could not be avoided, neither by curing
the molds at higher temperatures nor by preparing them from Sylgard® 184. Unlike roof
collapse, the shape of the mold does not change during imprinting. Instead, the Y-branched
patterns are transferred to the azobenzene resist material. Laterally stable line patterns with
w = 100nm for type I and II molds were obtained only after changing the mold material to
the EVG® polymer and applying the preparation method discussed in Chapter 6.1.2. The
reason is that the cured EVG® polymer features an increased Young’s modulus. In addition
it is functionalized with fluorine, whereby its surface energy is significantly lower than that
of PDMS. The profile of a 100 nm EVG® line pattern (type II) is shown in the AFM image
of Fig. 6.6 c), revealing homogenous, uncollapsed lines. As a drawback, adhesion of an
EVG® mold to an arbitrary substrate decreases as well, which affects the imprinting speed.



56 CHAPTER 6: FABRICATION AND PROPERTIES OF MOLDS

For comparability of imprinting times, molds used for the fabrication of micrometer- or
nanometer-sized structures should preferably consist of the same material. Hence, using
Elastosil® 601 molds is reasonable for imprinting uncollapsed 150 and 300 nm line patterns
as well as for rectangular and hexagonal arrangements of punches.



7
Experimental Section

7.1 Holographic Setup

Inscription of holographic gratings was performed with the setup shown in Fig. 7.1. It has
been built and improved during several PhD works. [85,184,200,201]

P

λ/2 P

λ/2 P
BS

PD
PD

sample
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λw

EOM

PD

PD

L

Figure 7.1: Setup for the inscription of plane-wave holographic gratings. BS: beam splitter,
λ/2: half-wave plate, P: polarizer, PD: photodiode, EOM: electro-optical modulator, L: lens.

Coherent light for the inscription of the holographic gratings is provided by an argon-
ion laser (Coherent Innova 307) at a wavelength of λw = 488nm or by an optically pumped
semiconductor laser (Coherent Genesis™ MX SLM Series) at λw = 489.2nm. Owing to
the system change during the PhD work, the wavelengths of the two laser systems differ
slightly. The influence on the efficiency of the azobenzene isomerization, however, is neg-
ligible. In both cases, the n→ π∗ transition of the azobenzene-functionalized samples is
excited, giving rise to a trans-rich state during illumination. Since this reduces the num-
ber of randomly relaxing cis isomers after the inscription process, the long-term stability of
volume holograms is fostered. The writing beam first passes a lens (see discussion below).
Subsequently, it is divided into two beams by a beam splitter. Either of them is deflected
by a mirror, such that they interfere at the sample position. Their intensity and polarization
can be adjusted individually by an arrangement of a half-wave plate and a polarizer. Unless
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stated otherwise, the intensity of each beam was 1.0 W cm−2. The polarization configuration
was either pp or ss, depending on whether SRG formation was desired or not. In both cases,
sinusoidal intensity gratings are generated at the interference region.

The temporal evolution of a grating is monitored with an s-polarized diode laser (Laser
2000 PMT24). Since its peak wavelength of λ r = 685nm is outside the azobenzene absorp-
tion band, it does not affect the development of the grating. The reading laser is adjusted to
hit the center of the grating with an optical power of 87 µW. The intensities of the 0th and
1st diffracted order emerging behind the sample are measured with photodiodes (Thorlabs
PDA-55). Their signals are processed with lock-in amplifiers (Stanford Research Systems
SR830) operating with an integration time of 10 ms. For this purpose, the intensity of the
reading laser is modulated at a frequency of 10 kHz. This measurement method results in a
high signal-to-noise ratio with the lower detection limit of the diffraction efficiency as low
as 1×10−6.

To generate gratings with constant periodicity throughout the entire interference region,
the wave fronts of the writing beams have to be highly planar. For a laser with Gaussian
intensity profile this requirement is best fulfilled near its beam waist. Hence, the writing
beams are focused onto the sample surface by placing a lens ( f = 150cm) between the laser
head and the beam splitter. Depending on the laser system used for inscription, the resulting
beam diameter at the sample position is 1.4 mm (488 nm) or 1.1 mm (489.2 nm). Grating
diffraction theory further assumes that the probing light be a plane wave. Focusing of the
reading beam onto the sample is achieved by adjusting a lens integrated in the laser module.

Samples are mounted on a rotational stage. It is used to vary the angle of incidence of
the reading beam for either angular multiplexing or the determination of critical diffraction
angles (cf. Chapter 9). The stage is driven by a stepper motor which provides an angular
resolution of 1×10−2 degrees.

The angle between the writing beams is 28.30° in air, resulting in a grating period of
approximately 1µm. During grating inscription, the angle of incidence of the reading wave
is θ r = 19.85°. It is adjusted such that the Bragg condition is fulfilled for thick holograms.
To calculate the refractive-index or surface modulation from the diffraction efficiency of
Raman-Nath and Bragg-selective gratings, the angle of incidence of the readout beam inside
the medium has to be determined. It can be derived from Snellius’s law if the refractive
index of the photo-active material is known. Assuming that n0 is about 1.5, the angle of the
reading beam inside the medium becomes 13.2°.

An extension of the plane-wave setup has been implemented by installing an electro-
optic modulator (EOM, Gsänger LM0202) in the object beam path. The EOM is oriented
such that the phase of the object beam shifts proportionally to an externally applied DC
voltage. Thus, it can be used to spatially shift the intensity grating relative to a previously
inscribed grating. In standard holographic experiments, the EOM is switched off and has
no effect. The phase shift between the light intensity and the refractive-index grating man-
ifests itself in a difference of the intensities of the writing beams behind the sample, also
referred to as “photo-refractive effect” or “asymmetric two-beam coupling”. [202,203] In thick
azobenzene-based polymer samples, this energy transfer can be observed even without the
EOM. To measure the intensities of the writing beams behind the sample, two additional
preamplified photodiodes (Thorlabs PDA-55) are used. Conversion to a digital voltage sig-
nal is achieved by processing their output with a DAQ computer card (Keithley DAS-1700
Series).

Holography requires interferometric stability to warrant a constant phase relationship
between object and reference beam. To protect the experimental setup from external vibra-
tions or air draft, it is mounted on an optical table with air suspension and is surrounded
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by a closed box. Holographic experiments were conducted at room temperature, which is
regulated by an air-conditioning system.

Some of the results presented in Chapter 8 are based on data measured by H. Audorff
in a slightly modified version of the setup. [85] It does not have an EOM installed, which
allows for a more compact arrangement of the optical components. Furthermore, the writing
beams have a diameter of 1.9 mm at the sample position and the overall optical power of the
reading laser is 130 µW. All other experimental parameters remain the same. Since the
measured diffraction efficiencies are not affected by the modifications, both setups yield
identical results.

7.2 Imprinting Setup for Azo-NIL

The profiles of the molds discussed in Chapter 6.1 were transferred to the azobenzene-func-
tionalized films with two different setups. In a first step, the PDMS or EVG mold was
placed on top of a glass slide coated with the azobenzene-functionalized material. Both
sticking of the mold and filling of the cavities (during UV or visible light irradiation) is
caused by adhesion. Thus, no further preparation steps were required for standard imprint
experiments. Yet, the influence of pressure acting onto the mold is of great interest. For this
reason, experiments have also been conducted with a small magnet placed behind the mold.
It is attracted by a ring washer positioned on the opposite side of the glass substrate. The
resulting external pressure pmag is about 0.34 bar.
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Figure 7.2: Two different configurations of the Azo-NIL setup. a) The azobenzene film is
aligned vertically and illuminated through the glass substrate. b) The azobenzene film is placed
on a hot stage and illuminated from the opposite direction (horizontal alignment). Illumination
is realized by either two focused high power LEDs (λUV = 365nm and λ blue = 455nm) or a laser
at λw = 489.2nm. P: polarizer, λ/2: half-wave plate, L: lens, ~g: direction of the gravitational
force.

In the first setup shown in Fig. 7.2 a), the substrate with the film and mold on top of it is
fixed in a vertical position such that its surface normal is perpendicular to the direction of the
gravitational force and sinking of the mold due to its weight cannot contribute to the imprint-
ing speed. Different illumination sources are used to irradiate the film below the mold. An
UV LED (Thorlabs High-Power LED M365L2) with a peak wavelength of 365 nm (FWHM:
7.5 nm) provides light near the π → π∗ transition of the azobenzene-functionalized ma-
terials. A blue LED (Thorlabs High-Power LED M455L3, FWHM: 18 nm) with a peak
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wavelength of 455 nm excites the n→ π∗ transition. Both LEDs are focused with quartz
lenses to a spot with the same size as the mold. Near the sample surface, the UV and
the blue LED have an intensity of 0.30 W cm−2 and 0.42 W cm−2, respectively. Further-
more, s-polarized light at a wavelength of 489.2 nm is generated by the optically pumped
semiconductor laser (Coherent Genesis™ MX SLM Series) used in the holographic setup
discussed before. After passing through a half-wave plate and a polarizer, the intensity of
the laser light is 1.0 W cm−2. All three light sources are arranged such that they illuminate
the mold from the side of the glass substrate through the photoactive film. Each of them can
be switched on individually with a computer-controlled shutter or LED driver. Experiments
are conducted at room temperature in this setup.

In the configuration depicted in Fig. 7.2 b), only LED sources are used for illumination.
The glass slide with the coated film and the mold on top of it is placed on a hot stage
(Harry Gestigkeit GmbH Präzitherm PZ 28-2 SR) to keep the sample at a constant elevated
temperature during illumination. Hence, the gravitational force acts parallel to the surface
normal of the film. Imprinting has to be performed by illuminating the film through the
transparent PDMS and EVG molds in this case, which also requires the optical components
to be rearranged. They are positioned such that the LED intensities at the film surface are
identical as above. If the hot stage is switched off, the filling speed of the mold cavities is
identical in both experimental setups. This further indicates that the weight of the molds has
negligible influence on the imprinting experiments.

7.3 Atomic Force Microscopy

Information about the surface profile of molds and imprinted or holographically prepared
structures was obtained via atomic force microscopy (AFM). This technique is based on the
determination of the vertical displacement of a flexible cantilever, which has a sharp tip at its
end that interacts with the specimen placed below (cf. Fig. 7.3). In “contact mode”, the tip is
in direct physical contact with the sample and the cantilever behaves like a spring. Due to the
adhesive and repelling forces between tip and sample, the cantilever is bent. Simultaneously,
the deflection of a laser beam focused onto the cantilever is detected with a four-quadrant
photodiode. Its output is processed by a feedback control, driving a piezo actuator. To keep
the pressing force constant, it readjusts the z position of the sample accordingly. Thus, the
z displacement of the actuator directly corresponds to the actual sample height. To obtain a
relief map of the sample surface, the sample has to be raster-scanned in horizontal direction.
This is accomplished with an additional xy piezo stage mounted below the specimen.

Direct contact with the tip can permanently damage the investigated structures if the
induced stress during scanning exceeds the yield point of the sample. For this reason, most
atomic force microscopes can be operated in a “tapping” or “noncontact” mode. Here,
the cantilever oscillates slightly above the sample with a frequency near its resonance. As
a consequence, the tip approaches and retracts from the sample several times within one
height measurement. The amplitude of the oscillation, which is affected by the tip-sample
interaction, serves as a measure for the actual height. Additional information about the
surface features is gained in this mode from the phase shift between the driving oscillator
signal and the response of the tip. The basic operation of the feedback control is similar to
that in contact mode. More information about the AFM working principle can be found in
the textbook of G. Haugstad. [204]

All profiles were measured with a commercial atomic force microscope (Digital Instru-
ments NanoScope Dimension 3100) equipped with a Nanoscope IV Controller and a Closed
Loop XY Dimension Head in noncontact mode. The tip is located on a silicon cantilever
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Figure 7.3: Schematic diagram of an atomic force microscope.

(type OTESPA-R3) with a typical spring constant of 26 N m−1 and a tip radius ranging from
7 nm (nominal value) to 10 nm (maximum value).

7.4 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is an imaging technique with a high spatial resolu-
tion. Information about the specimen is obtained by focusing an electron beam onto its
surface and counting the elastically scattered or emitted secondary electrons. Depending on
the type of electron source and the objective coil, the electron beam diameter at the sample
position is as small as a few nanometers. For field emission (FE) sources it can be reduced
down to 1 nm, which defines the maximum spatial resolution of the SEM. [205] The topogra-
phy of the specimen is recorded by deflecting the electron beam into different directions. A
highly enlarged raster scan is obtained by adjusting the size of the scanned area and count-
ing the number of the detected electrons for each scattering center. To avoid blurring, the
SEM components and the sample are placed in vacuum. Furthermore, the accumulation
of electrostatic charges must be avoided, which is, in general, accomplished by grounding,
provided that the sample or its surface is electrically conducting.

SEM measurements were carried out by C. Probst and M. Heider at the Bayreuth Insti-
tute of Macromolecular Research (BIMF) at the University of Bayreuth. Images were taken
with a commercial Zeiss Ultra plus FE-SEM (Schottky-field-emission cathode; SE2 (45°)
or in-lens (90°) detector) with an accelerating voltage of 2 to 3 kV. Prior to the SEM mea-
surements, the patterned molecular glass films were sputtered with a conductive platinum
layer of 1.3 to 2 nm thickness, using a Cressington 208HR sputter coater with an MTM20
thickness controller. After cutting the substrate into pieces of appropriate size, the fragments
were mounted either on a 45° or a 90° sample holder and grounded by a conductive adhesion
graphite-pad (Plano).
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8
Holographic Writing Performance of

Azobenzene-Functionalized
Polymer and Molecular-Glass Blends

The results presented in this chapter are partially based on data measured by H. Audorff,
which were also used in the discussion part of his thesis. [85] Within this work, remaining
questions could be settled by carrying out additional experiments. Analysis and interpreta-
tion of the combined data resulted in the substantial new insights leading to publication # 1
(cf. Appendix B).

A suitable medium for the storage of holographic volume gratings is capable of saving
long-term-stable gratings within a small amount of time. In order to meet this demand,
various azobenzene-functionalized materials have been synthesized and investigated in the
past. Advantages and disadvantages of diverse polymer types have already been discussed in
Chapter 5.2. Among them, azobenzene-functionalized block copolymers can be considered
to be one of the most promising materials. They can be designed to have the low optical
density required for holographic data storage and to fulfill the criterion of stable grating
inscription. [206–211] Yet, they lack sufficiently high orientation speed. Recently molecular
glasses became the subject of intense research and their suitability as long-term-stable holo-
graphic medium was investigated (cf. Chapter 5.1). As a result, birefringence was found
to build up faster than in polymers. [131,179,212,213] In fully amorphous molecular glasses,
however, the orientation of the azobenzene moieties is not stable and the gratings tend to
decay.

The explanations below constitute a guide of how to combine the above material prop-
erties to create a new, improved storage medium for holographic applications. For this
purpose, two different azobenzene-functionalized block copolymers, block copolymers 10
and 11, were blended with molecular glass 4e. Compound 4e is an amorphous molecular
glass former and, thus, holograms inscribed into the neat material are not long-term sta-
ble. However, 4e can be used as a photo plasticizer, accelerating the reorientation of the
azobenzene moieties of the polymers during illumination. Plastification immediately stops
as soon as the writing beams are switched off, similar to the photofluidization in Azo-NIL
experiments (cf. Chapter 10). As will be shown later, the long-term stability of the surround-
ing matrix may be retained in this case. This approach substantially differs from blending
azobenzene polymers with non-photoactive low-molecular-weight plasticizers. Sasaki et al.
showed that the latter method shortens the required inscription time by a factor of 3. [214] In-
formation about the long-term stability of their system, however, does not exist. Because the
photophysical behavior of block copolymer blends is rather complex, blends of polystyrene
and homopolymer 9 (i) with 4e were also analyzed. These homopolymers correspond to the
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photoinactive and -active domains of block copolymer 10, respectively. Figure 8.1 illustrates
this for the different polymer blends. Owing to the similarity of the azobenzene moieties
of 4e and the minority phase of the block copolymers, accumulation of the molecular glass
is expected to occur mainly in the photoactive block. To provide evidence for the above
statements, build-up times, induced anisotropy, and long-term stability of the blends will be
discussed.

a) b)

c) d)

Figure 8.1: Blends of a) polystyrene, b) homopolymer 9 (i), c) block copolymer 10, and d)
block copolymer 11 with molecular glass 4e. Orientable domains are highlighted with orange
color, photoinert domains are grey (molecular glass located in the polystyrene phase becomes
immobilized). Note that block copolymers 10 and 11 show microphase separation.

A brief summary of the experimental conditions and the conventions applying for this
chapter shall be provided. Volume phase gratings were inscribed in thin films of the blends
or neat materials with the holographic setup presented in Chapter 7.1. For all experiments,
ss-polarized writing beams with a total intensity of 2 W cm−2 (sum of both beams) were
used. At this polarization configuration, the formation of surface relief gratings is efficiently
suppressed. [63,179] The maximum diffraction efficiency η1,max and the writing time t90% to
reach 90 % of it were determined as discussed in Chapter 2.3. Refractive-index modulations
were calculated from the diffraction efficiencies according to Eq. (2.13). This requires the
readout laser to be s-polarized such that the theoretical description for scalar and polarization
gratings becomes equivalent (cf. Chapter 2.4). For the sake of clarity, the nomenclature of
the scalar gratings is used in the discussion. Thus, n1,‖ and n1,max,‖ are denoted by n1 and
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n1,max, respectively. All values, however, refer to the refractive-index modulations measured
with s-polarized light. Prior to grating inscription, the films were annealed according to the
procedure described in Chapter 5.3. Neat materials are indicated by open symbols and
blends are indicated by filled symbols in the figures.

8.1 Holographic Inscription Speed in Polymer Blends

The writing times in blends of 4e with non-photoactive and photoactive homopolymers are
investigated first. As mentioned before, polystyrene and homopolymer 9 (i) correspond to
the compounds, which form the majority and minority phase of block copolymer 10, re-
spectively. Analysis of the photophysical behavior of each individual homopolymer upon
blending is a prerequisite to understand the experimental observations made in the more
complex systems composed of block copolymer 10 or 11 and molecular glass 4e.

Figure 8.2 a) shows t90% as a function of the concentration of 4e in PS and in the neat
molecular glass. Films were spin-coated from solution and had a thickness of ∼1.5 µm for
the blends, whereas for the sample consisting of neat 4e the thickness was 300 nm. All
blends showed good optical quality, which indicates that the molecular glass is homoge-
neously distributed in the polystyrene matrix. The required inscription time remains below
1 s over the large concentration range of 20 to 100 wt% of 4e, which is on the order of the
value of the neat molecular glass indicated by the open square (t90% = 0.35s). At lower
concentrations, t90% increases by more than two orders of magnitude up to 211 s in the
6 wt% sample. This implies that cooperative interactions exists between the azobenzene
chromophores. Upon dilution in the PS matrix they are significantly reduced, leading to a
nonlinear decrease of the writing speed.
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Figure 8.2: Time to reach 90% of the maximum diffraction efficiency as a function of the con-
centration of molecular glass 4e in a) polystyrene and b) azobenzene-functionalized homopoly-
mer 9 (i). The data of the neat materials are indicated by open symbols. Note the logarithmic
ordinate scale in a).

In the next step, azobenzene-functionalized homopolymer 9 (i) was blended with weight
fractions of 4e ranging from 1 to 80 wt%. Films of the blends and the neat homopolymer 9 (i)
were prepared by doctor blading. Their thicknesses varied between 250 and 650 nm. As in
the case of PS, all blends were highly homogeneous and did not show light scattering. The
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corresponding writing times are plotted in Fig. 8.2 b). Since this blend series contains two
photoactive species, t90% is a superposition of the inscription times of the individual neat
materials, i. e., 0.35 s for neat molecular glass 4e and 7.3 s for neat homopolymer 9 (i). Sim-
ilar to the polystyrene series, the writing times at concentrations above 40 wt% are largely
dominated by the molecular glass. For the 10 wt% blend, t90% is still as short as 3.6 s, which
is half the writing time in PS. This strongly suggests that cooperative interactions are present
between the azobenzene moieties of homopolymer 9 (i) and molecular glass 4e. This finding
is further supported by the work of Audorff, [85] who showed that decreasing the concentra-
tion of 4e in blends with either PS or homopolymer 9 (i) results in a red or blue shift of the
azobenzene π → π∗ transition, respectively. The first result was attributed to the disappear-
ance of H-aggregates formed by the molecular glass, whereas the second one was explained
by the increasing disorder caused by 4e as it disturbs the light-induced liquid crystalline
order in homopolymer 9 (i). In both cases, the azobenzene moieties interact strongly with
each other, resulting in a photoinduced plastification of their surrounding matrix during illu-
mination. The faster molecular glass can be regarded as the plasticizer, while the polymer is
the material to be plasticized. Upon dilution in PS, the spatial proximity of the azobenzene
chromophores is gradually lost and the glass molecules become trapped in the photoinac-
tive matrix. In homopolymer 9 (i), however, a cooperative effect is obviously present for all
concentrations of 4e. Thus, the writing times of the blends with the photoinactive and the
photoactive homopolymer at low concentrations of 4e differ substantially from each other
and from that of the neat molecular glass.
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Figure 8.3: Time to reach 90% of the maximum diffraction efficiency as a function of the
concentration of molecular glass 4e in a) blockcopolymer 10 and b) blockcopolymer 11. The
data of the neat materials are indicated by open symbols.

As mentioned before, the homopolymers correspond to the minority and majority phase
of block copolymer 10. In contrast to homopolymer 9 (i), holograms inscribed into neat
block copolymer 10 are not long-term stable. [38] This behavior is already known from a
similar block copolymer in which the liquid-crystalline order of the photoactive minority
phase has been found to be reduced as compared to that of the respective homopolymer. [215]

To investigate the photoplastification effect of the molecular glass on the block copolymer,
blends of 10 with concentrations of 4e ranging from 0.25 to 40 wt% were prepared as amor-
phous films of 1.5±0.3 µm thickness. A film of neat block copolymer 10 with a thickness
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of 1.7 µm serves as a reference. Fig. 8.3 a) shows the respective writing times. All blends
feature shorter writing times as compared to neat 10, which has a t90% value similar to neat
homopolymer 9 (i). An amount of 4e as small as 5 wt% causes t90% to decrease by a factor
of 2, which demonstrates that the concentration of the molecular glass cannot be high in the
PS matrix of 10. In this case, t90% would be significantly longer like in the blends with the
PS homopolymer (cf. Fig. 8.2 a)).

The concentration of 4e in the minority phase appears to be significantly higher than
one would expect for a homogenous distribution of the molecular glass in both blocks. This
can be seen from a rough estimate of the amount of molecular glass located in the photo-
orientable minority block. The weight fraction of PS to azobenzene block in compound 10
is approximately 5 : 1. For a random distribution, only one sixth of the molecules of 4e
would sit in the functionalized minority block. At an overall content of 5 wt% molecular
glass in 10, for example, a writing time corresponding to below 1 wt% molecular glass in
homopolymer 9 (i) would be expected. Hence, the shortening of t90% in block copolymer 10
should be significantly smaller than the observed factor of almost 2, which shows that the
molecular glass preferably accumulates in the minority block. It should be stressed, how-
ever, that this argument applies only if the minority and majority block have similar densities
and if the content of 4e is small. At higher concentrations, the molecular glass located in the
PS block will more and more contribute to the diffraction efficiency, since the cooperative
effect between its molecules leads to a strong decrease of the writing time (cf. Fig. 8.2 a)).

Finally, molecular glass 4e is added as a plasticizer to block copolymer 11, which is the
most promising candidate for holographic data storage. The content of molecular glass in
the block copolymer ranges from 0.5 to 15 wt%. Films of the blends, as well as a film of
neat 11, were prepared by doctor blading and had an average thickness of 750±100 nm. As
before, all films showed good optical quality. A study of Häckel et al. demonstrated that the
refractive-index modulation in thin films of neat block copolymer 11 is stable for more than
one year. [41] As compared to compound 10, t90% is significantly higher, however. Whereas
it is only 5 s in neat 10, it has a value of 206 s in neat 11 (cf. open triangle and open diamond
in Fig. 8.3). The reason is that the orientation of the non-photoactive mesogens requires
additional writing time. With increasing concentration of 4e, the writing time shortens sig-
nificantly. The gain in speed is even more pronounced than in block copolymer 10. For
an addition of only 15 wt% of 4e, the writing time of 11 improves by a factor of over 15.
Similar arguments as in the case of block copolymer 10 apply for the distribution of the
molecular glass. Due to the chemical similarity of the azobenzene chromophores, 4e is ex-
pected to migrate into the photoactive block of 11. Furthermore, the maximum amount of 4e
in the investigated blends is only 15 wt%. Thus, due to the lack of spatial proximity of the
molecular-glass chromophores located in the PS matrix, their contribution to the shortening
of the writing time is negligible. Further evidence for the accumulation of the molecular
glass in the photoactive block is provided in the following sections.

As indicated by the error bars in Fig. 8.3, blending with molecular glass 4e improves
the reproducibility of the writing times in both block copolymers. A possible explanation is
that the accumulation of the molecular glass in the minority phase of the block copolymers
improves micro phase separation. Also a complete change of the block copolymer morpho-
logy, e. g., from cylindrical to lamellar, is conceivable. This observation is advantageous for
holographic applications.

8.2 Photoinduced Anisotropy in Polymer Blends

While short inscription times are important on the one hand, holographic applications also
require n1 to be sufficiently high. Apparently, the maximum achievable anisotropy depends
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on the density of azobenzene chromophores. This is illustrated in Fig. 8.4 for the concentra-
tion series of PS blended with 4e, in which only one photo-orientable species is present. As
expected, the maximum refractive-index modulation n1,max increases with the amount of 4e.
The ordinate scale is logarithmic and the increase of the generated anisotropy as a function
of the concentration of 4e is nonlinear. The maximum refractive-index modulation in neat
4e is found to be n1,max = 7.5×10−3.
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Figure 8.4: Maximum refractive-index modulation n1,max (left ordinate) and its normalized value
ñ1,max (right ordinate) for different concentrations of molecular glass 4e in polystyrene. The data
of the neat material are indicated by the open symbols. Note the logarithmic ordinate scale.

To analyze the blends with azobenzene-functionalized polymers, it is reasonable to in-
troduce the quantity ñ1,max, which is calculated as

ñ1,max = n1,max/(OD488/d0). (8.1)

The denominator is the optical density at the inscription wavelength, OD488, divided by
the sample thickness d0. Thus, it is proportional to the concentration of azobenzene chro-
mophores in the illuminated volume. Since no proportionality constant is introduced, the
unit of ñ1,max is micrometer. This normalized refractive-index modulation is a measure for
the contribution of each individual chromophore to the maximum achieved refractive-index
modulation. It is unaffected by the variable number of azobenzene moieties in the different
blends and, therefore, better suited to compare the different concentration series. This is
demonstrated for the example of the blends of PS with 4e in Fig. 8.4 . Unlike the maximum
refractive-index modulation, ñ1,max stays almost constant throughout the whole concentra-
tion series. The blends behave as one would expect for a purely amorphous molecular glass.
Increasing its concentration gives neither rise to additional stabilization nor to higher order.
Hence, the average contribution of each photo-orientable moiety to the induced anisotropy
is the same for all concentrations. This finding slightly deviates from the conclusions drawn
in the work of Audorff in which the data of the neat molecular glass was not taken into
account. [85]

The holographically induced anisotropy in blends of the photo-orientable polymers 9 (i),
10, and 11 with 4e is discussed in Fig. 8.5. At high concentrations of 4e, both n1,max and
ñ1,max approach the respective values of the neat molecular glass for all concentration series.
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Figure 8.5: a) Maximum refractive-index modulation n1,max for different concentrations of
molecular glass 4e in homopolymer 9 (i) (solid circles), block copolymer 10 (solid triangles), and
block copolymer 11 (solid diamonds). b) Same as in a) but for the normalized refractive-index
modulation ñ1,max. The data of the neat materials are indicated by open symbols.

Fig. 8.5 a) shows that n1,max is basically a linear combination of the refractive-index
modulations of neat 4e and the respective photo-orientable polymer. Neat homopolymer 9 (i)
features the highest n1,max of all materials, approximately 2×10−2. Hence, the maximum
achieved refractive-index modulation decreases with increasing amount of 4e. The opposite
behavior is observed for block copolymers 10 and 11. Here, the maximum refractive-index
modulation of the neat compounds is below that of the neat molecular glass. It has a value of
n1,max = 2×10−3 in neat block copolymer 10 and increases throughout the whole concen-
tration series. In neat 11 it is about 5.5×10−3, which is similar to the maximum refractive-
index modulation of 4e. Therefore, n1,max depends only slightly on the amount of molecular
glass present in the blends. The refractive-index modulations measured in the homopoly-
mer blends are generally higher than in both block copolymers. This is plausible because
the azobenzene chromophores are densely packed in the neat homopolymer. With respect
to the maximum achievable anisotropy, the addition of molecular glass 4e is beneficial for
both block copolymers.

The normalized refractive-index modulation in Fig. 8.5 b) reveals that the photoinduced
anisotropy in the photoactive polymers is significantly higher than in the molecular glass.
For neat 4e it has its smallest value of 3.4×10−2 µm. The highest ñ1,max of 1.6×10−1 µm
is achieved in neat homopolymer 9 (i), while in the neat block copolymers 10 and 11 it is
1.1×10−1 and 1.0×10−1 µm, respectively. The difference between the values measured
in the homopolymer and the block copolymers further indicates that the confinement in the
microphase-separated block copolymers impedes the alignment of the photo-orientable moi-
eties. Since the optical density in Eq. (8.1) is only sensitive to absorbing chromophores, it
does not take the alignment of the mesogenic moieties into account. In block copolymer 11,
however, they constitute over 50 mol % of the minority phase and, thus, their orientation
contributes to n1,max. Nevertheless, blends of 10 and 11 with 4e feature similar normalized
refractive-index modulations. Apparently, the underestimation of the number of oriented
moieties cancels out in the calculation of ñ1,max. The reason is that the maximum refractive-
index modulation of neat 11 is approximately twice the one of neat 10.
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8.3 Influence of Annealing

The spatial distribution of the molecular glass in the microphase-separated block copolymer
blends can be further improved. As shown before, the molecular glass tends to accumu-
late in the azobenzene-functionalized block. To remove residual solvent, all blends were
annealed at a temperature of 70 ◦C for 3 h. This temperature is above the glass transition
temperature of the molecular glass (Tg = 58 ◦C), but below that of the PS block of the block
copolymers (Tg & 100 ◦C). Hence, the accumulation takes place only during the formation
of the amorphous phase in the short period before the annealing. Some of the molecular
glass, however, remains trapped in the PS matrix. Because annealing at elevated temper-
atures allows the molecular glass to diffuse through the PS block, it is expected to further
equilibrate the blend systems and to enhance their microphase separation.
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Figure 8.6: Writing time t90% as a function of the highest annealing temperature for neat
block copolymer 11 (open diamonds) and a blend of 11 with 10wt% of molecular glass 4e (filled
diamonds). The glass transition temperature of the polystyrene block is indicated by the dashed
line at 106 ◦C.

The influence of annealing is investigated by comparing films of neat block copoly-
mer 11 and a blend of 11 with 10 wt% of molecular glass 4e. As before, both films were
annealed at 70 ◦C for 3 h. Afterward, they were cooled down to room temperature for the in-
scription of volume gratings. This procedure was repeated in 10 ◦C intervals of the annealing
temperature between 70 and 130 ◦C. Each annealing step took 3 h and involved subsequent
cooling to room temperature prior to the inscription of the next set of holographic gratings.
The individual gratings were written at different spots on the samples. Finally, t90% and
n1,max were determined as a function of the highest annealing temperature.

As indicated by the open diamonds in Fig. 8.6, the writing times in neat block copoly-
mer 11 become gradually shorter at higher annealing temperatures and, at the highest tem-
peratures, better reproducible. Both observations are ascribed to the homogenization of the
film as a consequence of its improved micro phase separation. The writing time begins
to decrease even before the annealing temperature exceeds the glass transition temperature
of the PS block (Tg = 106 ◦C). As discussed in Chapter 8.1, the increase in speed is a
clear indication of enhanced cooperative effects between the azobenzene moieties. Still,
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the magnitude of the writing time reduction is unexpectedly high. Within the investigated
temperature range, t90% decreases from 315 to 150 s by more than a factor of 2.

In the blend with 10 wt% of 4e, the reproducibility of the writing times is considerably
better even at the lowest annealing temperatures (filled diamonds in Fig. 8.6). This indi-
cates that the addition of molecular glass 4e influences the micro phase separation already
in freshly prepared films. The writing times decrease from 23 to 13 s, which is a factor of
almost 2, similar to the case of neat block copolymer 11. In this situation, t90% does not pro-
vide enough information to clarify the mechanism of the homogenization. The gain of writ-
ing speed in the blend can either be a consequence of stronger cooperative effects between
the azobenzene chromophores due to molecular glass accumulation in the minority block
of 11 or a more favorable morphology of the block copolymer. To associate the improved
writing times with the diffusion of 4e, the information obtained from the refractive-index
modulation needs to be taken into account as well.
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Figure 8.7: Maximum refractive-index modulation n1,max as a function of the highest annealing
temperature for neat block copolymer 11 (open diamonds) and a blend of 11 with 10wt%
molecular glass 4e (filled diamonds).

As for the writing times, the maximum refractive-index modulation of both samples is
studied as a function of their highest annealing temperature. The results for neat 11 (open
diamonds) and its blend with 10 wt% of 4e (filled diamonds) are shown in Fig. 8.7. Since the
average number of azobenzene moieties in the illuminated volume does not change during
grating inscription, n1,max is roughly constant in the neat block copolymer. The error bars
are quite large in this case. In contrast to the neat material, n1,max slightly decreases in the
blend at temperatures above 90 ◦C and its overall behavior resembles that of the writing
times (cf. Fig. 8.6). This is consistent with the results presented in Chapter 8.2 and can be
attributed to the increasing disorder in the photo-orientable block caused by the diffusion
of the molecular glass. Hence, the previously discussed decrease in writing time cannot be
solely due to enhanced microphase separation of the block copolymer. Apparently, heating
sufficiently softens the PS matrix to enhance the diffusion of the molecular glass even at a
temperature 15 ◦C below the Tg of the PS majority block.
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8.4 Long-Term Stability of Holographic Gratings

All materials discussed so far show a post-development of the inscribed volume gratings
as soon as the writing beams are switched off. [38,41,85,179] The slope of the refractive-index
modulation as a function of the readout time of the purely amorphous materials glass form-
ers, however, differs from that of the polymers with liquid-crystalline properties. Molecular
glass 4e and block copolymer 10 belong to the former class. Because the chromophore
alignment is not stabilized by molecular interactions in these systems, the photoinduced
anisotropy thermally decays in the neat compounds, which is detrimental to holographic
data storage. The photo-orientable polymers 9 (i) and 11, on the other hand, feature a pos-
itive slope of n1. For holographic data storage, this is favorable because their diffraction
efficiency increases further. Blending compounds with a negative and a positive slope of n1
represents a suitable approach to create real long-term-stable materials with no or largely
reduced post-development.

Figure 8.8: Temporal evolution of the normalized refractive-index modulation in blends of
molecular glass 4e with homopolymer 9 (i) as a function of the content of 4e and the time after
hologram inscription. The time axis is logarithmic. Each refractive-index modulation has been
normalized to n1(t = 0), its value immediately after switching the writing beams off. The black
line indicates the blending ratio with the lowest post-development at 25wt% molecular glass 4e.
The plot has been reproduced from previously reported data. [85]

To illustrate this concept, Fig. 8.8 has been reproduced from the data presented in the
thesis of Audorff. [85] It depicts the temporal evolution of the refractive-index modulations
measured in blends of homopolymer 9 (i) with molecular glass 4e, normalized to their val-
ues directly after switching the writing beams off. The data covers a concentration range
between 10 and 40 wt% of 4e and the long-term stability is measured for a time period up
to 12 h. All gratings were inscribed until their 1st order diffraction efficiency reached its
maximum. The post-development was monitored with the readout laser. Due to the liquid-
crystalline properties of homopolymer 9 (i), n1 increases in the blends with low content of
4e. On the contrary, the amorphous characteristics of the molecular glass are found to dom-
inate at higher concentrations of 4e, which leads to a decay of n1. For the above definition
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of long-term stability, the black line at 25 wt% of 4e indicates the optimum molecular-glass
concentration in the homopolymer. The refractive-index modulation resumes its initial value
in this blend after approximately 12 h, whereas all other concentrations give rise to a stronger
post-development. Furthermore, t90% is as low as 1 s and the maximum refractive-index
modulation is on the order of n1,max ≈ 1×10−2. Although the optical density in a 25 wt%
blend of 4e in 9 (i) is too high for holographic data storage, it constitutes a suitable medium
for the inscription of long-term-stable, thin volume gratings in the Raman Nath regime.
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Figure 8.9: Temporal evolution of the normalized refractive-index modulation in neat block
copolymer 11 and its blends with molecular glass 4e after hologram inscription. Each refractive-
index modulation has been normalized to n1(t = 0), its value immediately after switching the
writing beams off. The time axis is logarithmic.

To obtain a long-term-stable material for holographic data storage applications, one can
blend block copolymer 11 with molecular glass 4e. This is illustrated in Fig. 8.9, which
shows the post-development of the refractive-index modulation in all investigated blends
of 11 with 4e. Here, n1 is measured for times up to 28 h. The inscription and readout proce-
dure are identical to that discussed for homopolymer 9 (i). Again, each data set is normalized
to the maximum refractive-index modulation directly after switching the writing laser off.
From literature it is known that n1 shows a strong post-development in neat 11. [41] Hence,
the normalized refractive-index modulation of the neat film shows the expected behavior
(cf. Fig. 8.9). As compared to the homopolymer blends, however, the magnitude of the
post-development is smaller. An amount of up to 2 wt% of 4e does not significantly change
the post-development. For higher concentrations of 5, 10, or 15 wt% of 4e, however, the
normalized refractive-index modulation initially decreases. The fast decay within the first
second is similar to that in the homopolymer blends (cf. Fig. 8.8) and, therefore, seems to
be characteristic for the relaxation of the molecular glass in the photoactive block. A slower
decay following in the first hundred seconds is observed in the 15 wt% sample. It can be
attributed to the molecular glass located in the PS segment of the block copolymer. At this
concentration its orientation speed during inscription is sufficiently high to contribute to
the overall refractive-index modulation (cf. Fig. 8.2). Gratings written in blends of PS and
4e, however, are not long-term-stable. [179] As time proceeds, the contribution of the decay
decreases and becomes superimposed by the characteristic post-development of the block
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copolymer. After a period of 28 h, the initial refractive-index modulation is restored in the
15 wt% blend.

In summary, the blend of 15 wt% of 4e with 11 constitutes the most promising material
for holographic data storage of all investigated systems. Although the addition of molecular
glass increases the optical density of the block copolymer, it is still much lower than in
homopolymer 9 (i). The 15 wt% blend features a short, reproducible writing time on the
order of 10 s, which is an improvement by a factor of more than 15 compared to the neat
block copolymer. Furthermore, its maximum refractive-index modulation is similar to that
of the neat molecular glass and it is a medium with a good long-term stability.



9
Refractive-Index Determination
from First- and Second-Order

Critical Diffraction Angles

The refractive index and its wavelength dispersion are among the most important optical
parameters of transparent substances. Extensive lists of applications requiring the exact
knowledge of n0 can be found in the literature. [216,217] In the case of solids, for instance, they
include thin-film coatings, fiber optics, and optical elements. Holographically generated
SRGs represent another good example. Since the refractive index enters in Eq. (2.12), the
exact value of n0 is required to calculate the modulation amplitude d1 of the surface from
the diffraction efficiency of the grating. In volume holography, one needs to apply Snellius’s
law in order to obtain the angle of incidence inside the medium. Because the solid films used
for holographic inscription are prepared from novel, azobenzene-functionalized materials,
their optical properties and, thus, n0 are basically unknown.

Many techniques for the determination of n0 have been developed in the past and also in
recent years. [218–220] While most of them are easily applicable to liquids, the determination
of n0 in solids becomes demanding. For example, if an Abbe refractometer is applied to
measure the refractive index of an azobenzene-functionalized molecular glass or polymer
film, a refractive-index matching fluid is required to couple film and prism. Usually, these
contact liquids tend to be chemically or physically aggressive, which results in a deterio-
ration of the film homogeneity. The scale of a common refractometer is calibrated for the
sodium-D line at 589 nm and, therefore, the exact dispersion of the prism has to be known
to calculate n0 for other wavelengths. A method more suited for the investigation of thin,
solid films is spectral ellipsometry. However, their dispersion is calculated from theoreti-
cal models, which require information about the thicknesses of all optical layers (including
the substrate). The accuracy of the results depends on the model and the analysis becomes
rather complex if absorption is involved or if the thickness in the illuminated area varies. [221]

Similar arguments apply to refractive indices determined from reflectance or transmittance
spectra.

The method for the determination of the refractive index of solids or solid films pre-
sented in this chapter is novel and makes use of holographically or lithographically prepared
SRGs. It requires no additional information besides the angle of incidence of the reading
laser to calculate n0. Hence, the method is independent of the sample thickness and the
determination of n0 could easily be accomplished with the holographic setup. To demon-
strate that it can be applied to any transparent solid, the sinusoidal profile of an SRG was
transferred to a PDMS film. Its dispersion was measured and the precision of the predicted
refractive indices was analyzed by comparing all data to Abbe refractometer measurements.
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Finally, the method was applied to find the refractive indices of SRG-forming molecular
glasses.

9.1 Principle

To determine the refractive index n0 of a transparent, solid film, one can use the diffrac-
tion off a scalar, Raman-Nath type grating, which is assumed to be present at its surface
(see Fig. 9.1). The surrounding medium is supposed to be air (nair ≈ 1). Without loss of
generality, the spatial extension of the periodically patterned area is assumed to be large as
compared to the grating constant Λ. For optical diffraction gratings, this is fulfilled already
for spot sizes well below 1 mm. According to the grating equation, a monochromatic, plane
light wave with wavelength λ r is diffracted by the grating into various orders (cf. Chap-
ter 2.1). They emerge at different angles θl, trans behind the grating, fulfilling the equation

n0 sinθl, trans = nair sinθl, in + l
λ r

Λ
, (9.1)

while θ r in Eq. (2.7) has been replaced by θl, in to assign to each diffracted order its specific
angle of incidence.

θ 90°
l, in

nair ≈ 1

n0 > 1

Λ

Il

θl, trans =
π
2

Figure 9.1: Schematic diagram of a light beam diffracted off a grating present near the surface
of a film with refractive index n0. For the sake of clarity, only one diffracted order is drawn. If
incident at an angle θ 90°

l, in, it emerges at θl, trans = π/2 inside the medium.

Both the cross-sectional shape of the grating and its amplitude influence the intensity
of the diffracted orders but not the diffraction angle. Hence, since the grating equation is
derived from the only assumption that the electric field is pseudo-periodic inside the grat-
ing region, it is valid for all Raman-Nath grating types (absorption, refractive-index, and
surface-relief gratings) and arbitrary shapes (sinusoidal, rectangular, etc.). For certain grat-
ing geometries [90] or polarization gratings (cf. Chapter 2.4), however, some higher orders
may completely vanish. A similar situation arises for Bragg-selective gratings, which do not
only suppress all diffracted orders except the 0th and 1st, but also show angular selectivity.
To avoid this situation, γ and Q ′ have to fulfill the requirements of the Raman-Nath regime
discussed in Chapter 2.2. Periodic surface structures prepared with holographic or imprint-
ing techniques usually meet this criterion while, at the same time, they provide sufficiently
high diffraction efficiencies to enable the observation of several diffracted orders.
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For the 0th order (l = 0) the angle of incidence is always larger than the angle inside
the medium. It is diffracted according to Snellius’s law as if only the medium without the
grating were present. The diffraction angles of higher orders, on the other hand, depend on
the ratio λ r/Λ. Thus, they usually propagate inside the material at angles θl, trans > θl, in.
Increasing the angle of incidence causes the individual diffracted orders to successively
reach a point where they propagate parallel to the grating vector, i. e., θl, trans = π/2. With
nair set to 1, Eq. (9.1) reads

n0 = sinθ 90°
1, in +

λ r

Λ
(9.2)

if the 1st diffracted order propagates at θ1, trans = π/2 inside the medium. The associated
angle of incidence outside the medium is denoted by θ 90°

1, in. The calculation of n0 from
Eq. (9.2) is simple and does not require any additional information about the sample thick-
ness or the substrate below. Moreover, the 1st order is easily detectable, because it usu-
ally has the highest intensity. To further reduce the required information, one can derive
n0 = sinθ 90°

2, in +2λ r/Λ for the 2nd order and substitute this expression into Eq. (9.2), yield-
ing

λ r

Λ
= sinθ 90°

1, in− sinθ 90°
2, in. (9.3)

By inserting Eq. (9.3) into Eq. (9.2) one obtains

n0 = 2sinθ 90°
1, in− sinθ 90°

2, in. (9.4)

Depending on the accessibility of the experimental quantities, either Eq. (9.2) or Eq. (9.4)
can be used for the calculation of n0. For holographically prepared SRGs, the grating period
can easily be determined with Eq. (2.3) from the angle of incidence and the wavelength
of the writing beams. If the grating is prepared lithographically, Λ is generally defined by
the manufacturing process or can be measured with AFM or SEM. To apply Eq. (9.2), the
exact wavelength of the probing light source must be known. Its knowledge, however, is
a prerequisite for holographic experiments. It is provided by the manufacturer or can be
obtained from spectroscopic analysis. Equation (9.4) on the other hand, is solely based on
two angle measurements. With a holographic setup designed for angular multiplexing, they
can be performed with high accuracy by simply rotating the grating relative to the reading
laser on a rotational stage.

Since the first term in Eq. (9.2) contributes a maximum value of 1, the 1st-order approach
is applicable only if the ratio λ r/Λ is sufficiently high. This is not fulfilled for large grating
periods, short probing wavelengths, or in materials with very high refractive indices. In the
presence of higher diffracted orders, however, this does not restrict the applicability of the
presented method. In general, the l th diffracted order can be used for the calculation of
the refractive index if it fulfills the condition lλ r/Λ < n0 < 1+ lλ r/Λ, which follows from
Eq. (9.1). Assuming, for example, that a probing beam with a wavelength λ r = 500nm is
incident on a grating with period Λ = 1000nm, an angular measurement of the propagation
of the 1st order allows for the determination of the refractive index of the material if it is
below 1.5. For materials with refractive indices between 1 and 2 the 2nd diffracted order
can be measured, while the 3rd order propagates inside materials with 1.5 < n0 < 2.5. If
λ r < Λ, the accessible refractive-index range of adjacent orders overlaps. Thus, at least two
of them can propagate inside the medium (although they are not necessarily present at the
same time). Expressions analogous to Eq. (9.2) and Eq. (9.4) can be formulated for higher
orders, allowing one to measure arbitrary values of n0.
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9.2 Dispersion of Polydimethylsiloxane

To study the applicability of the model developed in the previous chapter, Eq. (9.2) and
Eq. (9.4) were used to determine the dispersion of a cast PDMS film (Sylgard® 184) in the
visible range. PDMS constitutes a well suited material for this purpose, since it allows
for easy molding of holographically written SRGs. Unlike azobenzene-based materials, it is
colorless in the visible region and imprinted gratings are stable if exposed to light of arbitrary
wavelength. Using a molded grating also demonstrates that the presented technique is not
limited to the determination of refractive indices of SRG-forming materials but also applies
to any solid with a grating near its surface.

To measure the dispersion of Sylgard® 184, a slightly modified version of the setup
for the inscription of holographic gratings (cf. Chapter 7.1) was used. Instead of placing
a photo-active medium into the sample holder on the rotational stage, a glass substrate
covered with a PDMS layer was installed. The latter was cast from a molecular glass
film with holographically generated SRGs according to the procedure described in Chap-
ter 6.1.3. Thus, it featured several spatially separated sinusoidal SRGs with a periodicity
of Λ = 1000.6±1.7nm on its surface. AFM measurements further confirmed the presence
of defect-free, uncollapsed gratings. The substrate was mounted with one of the gratings
located exactly at the position where usually the hologram would develop. Since the grating
was already present on the PDMS film, illumination with a holographic interference pattern
was not required and the writing beams were switched off during the whole experiment.

Determination of n0 as a function of the wavelength requires the use of diverse reading
lasers. A multi-color He-Ne laser generated light at the wavelengths 593.932, 604.613,
611.802, and 632.816 nm. Further light sources were the laser at 489.20 nm, normally used
for holographic grating inscription, and several diode lasers providing lines at 532.06, 660.3,
671.8, and 688.4 nm. In combination, a total number of nine different wavelengths were
available. All laser beams were collimated and passed a polarizer to illuminate the PDMS
grating with s-polarized light.

To measure the angles θ 90°
l, in , the sample was rotated. The pivot coincided with the center

of the grating spot, so it was continuously hit by the reading laser. For normal incidence,
the diffracted orders passed through the PDMS layer and the glass substrate behind it. With
increasing rotation angle, the emerging orders became totally reflected at the air surfaces
of glass substrate and PDMS film, acting as a waveguide. Further rotation of the sample
caused a given diffracted order to propagate at an angle at which it did not reach the bound-
ary between PDMS film and substrate anymore. The associated angle of incidence was
θ 90°

l, in , which could be determined for the 1st and 2nd diffraction orders (l = 1 and 2). As a
consequence of Eq. (9.2), higher orders were not observed.

The refractive indices determined with the above method were controlled by reference
measurements performed with an Abbe refractometer (Zeiss Abbe-Refraktometer Modell
A). To perfectly fit the size of the refracting prism, Sylgard® 184 resin was cured in a cast-
ing mold and prepared as a stripe with a size of 4× 1cm2 and a thickness of 2.5 mm. Due
to its low Young’s modulus, it easily adhered to the prism and, thus, no contact liquid was
required. The PDMS stripe on the refracting prism was successively illuminated with the
monochromatic light of the laser sources, while the compensator of the refractometer was
adjusted to its neutral position. To obtain the refractive index, the internal scale was recal-
culated for each wavelength as specified by the manufacturer.

The refractive indices of the PDMS elastomer determined by the different measurement
procedures are plotted in Fig. 9.2 as a function of the wavelength. According to the data
of the Abbe refractometer (solid squares), n0 decreases from 1.421 in the blue to 1.412 in
the red spectral region. An uncertainty of 5×10−4 arises from the reading accuracy of its
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internal scale. The data of the refractometer show normal dispersion, which is the expected
behavior for a transparent, colorless material. Similar values for the refractive indices were
calculated from Eq. (9.2) (solid circles) and Eq. (9.4) (solid triangles). The deviations from
the refractometer data are small but show a systematic trend. Refractive indices determined
from Eq. (9.4) have an almost constant offset of about −2×10−3, which is also present for
wavelengths up to 650 nm if calculated from Eq. (9.2). For larger wavelengths, n0 increases
such that the last data point is located slightly above the refractometer data.

1.410

1.414

1.418

1.422

500 550 600 650 700

re
fr

ac
tiv

e
in

de
x

n 0

wavelength λ r [nm]

Figure 9.2: Refractive index of the Sylgard® 184 PDMS elastomer as a function of the wave-
length. Its values are determined by Abbe refractometer measurements (solid squares) or calcu-
lated either from Eq. (9.2) (solid circles) or Eq. (9.4) (solid triangles).

As confirmed by the Abbe refractometer data, the increasing values of n0 derived from
Eq. (9.2) at longer wavelengths cannot be caused by anomalous dispersion in PDMS. To
understand their origin, a closer inspection of the experimental error sources is required. The
accuracy to which the refractive index can be determined from Eq. (9.4) depends only on two
subsequent angular measurements. Equation (9.2), on the other hand, requires additional
precise knowledge of the grating period and the wavelength of the reading beam. Thus, the
error bars of the filled triangles in Fig. 9.2 are smaller than those of the filled circles. An
error of the grating period would not only change n0 at longer wavelengths but introduce an
offset to the whole data set. Incorrect determination of the critical diffraction angles would
influence the refractive indices determined from both Eq. (9.2) and Eq. (9.4). Thus, the
wavelength λ r remains the only parameter which can affect Eq. (9.2) exclusively in part of
the data points.

Depending on the angular resolution, the 1st-order critical diffraction angle can be mea-
sured with almost arbitrary accuracy if the incident plane wave is monochromatic. For a light
source of non-negligible spectral width, however, each spectral component is diffracted by
the grating at its own angle, so the collimated beam splits up into its different colors. Equa-
tion (9.1) implies that light with shorter wavelength emerges at a smaller angle inside the
medium. Upon rotation, the red part of the probing beam becomes evanescent first, fol-
lowed by the light at its wavelength peak. Hence, for quasi- or non-monochromatic light,
the criterion that the 1st order must not propagate into the substrate is fulfilled by the blue
part of its spectrum. Specification of n0 to the third decimal place requires the wavelength
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of the light source to be known to an accuracy of better than 1nm. Otherwise, the spectral
splitting of the probing beam reduces the precision. Spectrometer measurements showed
that this was actually the case for the diode lasers at the long wavelengths 660.3, 671.8, and
688.4 nm. They had a spectral width of 2.8 nm (full width at half-maximum). For all other
laser sources it was below 0.1 nm.

The systematic error caused by the uncertainty of the peak wavelength λ r in Eq. (9.2)
can be compensated by replacing it with an adequately blue-shifted wavelength λ ′r. For
diode lasers with a Gaussian spectral profile, it is reasonable to define λ ′r as the wavelength
at which their intensity decreases to 1/e2 of its maximum. This yields 658.8, 669.9, and
686.9 nm as the corrected wavelengths λ ′r for the red diode lasers. The refractive indices
calculated from these wavelengths are plotted in Fig. 9.3 together with the (unchanged)
values determined before. Refractive indices calculated from both Eq. (9.2) and Eq. (9.4)
now show normal dispersion and match each other. As a consequence of the broader spectral
width of the laser sources above 650 nm, the error bars become quite large in this range. The
constant offset to the Abbe refractometer data remains present in both data sets.
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Figure 9.3: Data are identical to the one shown in Fig. 9.2 except for the refractive indices
calculated from Eq. (9.2) for the red diode lasers. Instead of the peak wavelengths 660.3, 671.8,
and 688.4 nm, the corrected wavelengths 658.8, 669.9, and 686.9 nm were inserted, respectively.

The grating period Λ enters only in Eq. (9.2) and cannot be responsible for both shifts.
An independent reference value is the average grating period Λ̄, which is the mean value
of the grating periods determined from Eq. (9.3) for each individual laser source. It is
calculated as Λ̄= 999.7±1.0nm, which agrees with the value of Λ within the error margins.
Therefore, substitution of Λ̄ into Eq. (9.2) only gives rise to minor changes of the refractive
indices. This proves that Λ is calculated correctly from Eq. (2.3).

Several other error sources can also be excluded to cause the offset. The experiment
was repeated with different laser polarizations. For both s- and p-polarized light, the critical
diffraction angles were identical. Thus, no anisotropy or birefringence was introduced into
the PDMS film during preparation. Also, switching to a different grating spot did not have
any significant effect on the refractive-index data. The critical diffraction angles of the −1st

and −2nd diffracted orders, θ 90°
−1, in and θ 90°

−2, in, were determined by reversing the direction
of rotation. Because negative and positive orders propagate at angles with opposite sign,
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the values measured for the critical diffraction angles may become distorted if the grating
vector is not parallel to the film surface. The refractive indices calculated from Eq. (9.2) and
Eq. (9.4), however, are identical for orders with both signs, implying that the grating is un-
slanted. This also proves that the presented method is not affected by slight inhomogeneities
of the sample surface.

The refractive indices calculated from Eq. (9.2) and Eq. (9.4) are both shifted to lower
values. To match the refractive indices of the Abbe refractometer within the error bars, it is
sufficient to increase each angle by as little as 0.05°. Thus, it is plausible to assume that the
offset is caused by a systematic error in the determination of θ 90°

1, in. Diffracted orders do not
vanish abruptly near their critical diffraction angle. Instead, their intensity decreases to zero
within a narrow angular interval. This causes some uncertainty about the angular position of
θ 90°

l, in . In the above experiments, θ 90°
l, in was simply defined as the angle at which the diffracted

order becomes invisible to the human eye. This may give rise to the small deviation.

9.3 Refractive Indices of Azobenzene-Functionalized Molecular
Glasses

The above measurements show that n0 can be determined from 1st- and 2nd-order critical
diffraction angles with an accuracy of about three decimal digits. Thus, the method is ap-
plicable to the determination of the refractive indices of the SRG-forming molecular glasses
discussed in Chapter 5.1.

For this purpose, films of molecular glasses 1a-e, 2a-d, and 3a-b were prepared and
placed on the sample holder of the holographic setup. Each sample was illuminated with
a pp-type intensity grating at an overall intensity of 2 W cm−2 (1 W cm−2 per beam). The
writing beams were switched off immediately after the 1st-order diffraction efficiency of
the developing SRG reached its maximum. Both the maximum diffraction efficiency η1,max
and the time tmax required to reach η1,max strongly depend on the molecular glass. A de-
tailed list of all values is given in Table 9.1. In films of materials 1a-b, 2a, and 3a-b,
η1,max reaches a value of 25 to 29 % within a few minutes. Increasing the length of the
perfluorinated moieties impedes SRG formation, as indicated by the reduced writing speed
and the low diffraction efficiency of materials 1c and 2c. This behavior is similar to that re-
ported for perfluoroalkyl-azobenzene polymers. [61] In contrast, the introduction of methoxy-
substituted azobenzene chromophores in molecular glass 1e fosters SRG formation. Here,
the diffraction efficiency reaches a value of 30.5 % within an illumination time as short as
34 s. The crystallized films of materials 1d and 2d (cf. Chapter 5.3) did not allow for the in-
scription of SRGs. Thus, no refractive indices could be calculated for these compounds. To
precisely characterize the grating used for the determination of the refractive index, η1,max
and tmax were determined from the respective single hologram measurement on each film.
Repeated grating inscription at different spots on the films gives rise to deviations from the
listed values, which are typically below 10 %.

Critical diffraction angles were measured by rotating the inscribed gratings with the
rotational stage according to the procedure described in Chapter 9.2. Only wavelengths rel-
evant for holographic grating inscription were used, i. e., the writing wavelength of 489.2 nm
and the reading wavelength of 685 nm. Modification of the reading laser or the holographic
setup was not required in this case. Irradiation of light at the writing wavelength causes the
SRGs to decay. Thus, θ 90°

1, in and θ 90°
2, in were measured with the reading laser first. Afterward,

one of the writing beams was turned on with its intensity reduced to 100 mW cm−2. Since
the mass transport during holographic illumination depends on the optical energy per unit
area (cf. Chapter 11), the SRG decay process is expected to be slowed down by a factor
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of ∼ 10. This is sufficient to determine the angular position of θ 90°
2, in. Critical diffraction

angles of other orders were not measured with the writing laser (see discussion below). As
mentioned earlier, the grating height does not affect the angle at which the diffracted or-
ders propagate. Thus, neither the low diffraction efficiency of the molecular glasses with
perfluorinated azobenzene moieties nor the grating decay during illumination with light at
489.2 nm cause errors of n0.

Table 9.1: Holographic and optical parameters of various azobenzene-functionalized molecular
glasses. η1,max: maximum diffraction efficiency, tmax: time required to reach η1,max, n0(λ ):
refractive index at the wavelength λ , n. d.: not determined

Compound η1,max tmax n0(489 nm) a) n0(685 nm) b) n0(685 nm) c)

[%] [s]

1a 28.5 90 1.520 1.511 1.508
1b 28.1 328 1.521 1.513 1.510
1c 4.8 1112 1.521 1.512 1.508
1d n. d. n. d. n. d. n. d. n. d.
1e 30.5 34 1.521 1.513 1.510
2a 25.3 630 1.524 1.515 1.511
2b 4.1 1488 1.523 1.516 1.515
2c 1.4 2591 1.520 1.513 1.512
2d n. d. n. d. n. d. n. d. n. d.
3a 27.2 133 1.520 1.512 1.510
3b 28.6 91 1.520 1.513 1.509

a) calculated as n0 = sinθ 90°
2, in +2λ r/Λ b) calculated from Eq. (9.2) c) calculated from Eq. (9.4)

Depending on the wavelength of the probing beam, refractive indices have been cal-
culated from different equations. For light at a wavelength of 489.2 nm, the values of n0
become as large as 1.524 (cf. Table 9.1). A 1st-order critical diffraction angle does not exist
in this case and the refractive indices must be determined from the 2nd order according to
n0 = sinθ 90°

2, in +2λ r/Λ. The narrow spectral width of the writing laser allows for the use of
the peak wavelength without corrections. From the obtained refractive indices, the 3rd-order
critical diffraction angle θ 90°

3, in at 489.2 nm can be estimated to be approximately 3°. At this
small angle the relative error resulting from the angular resolution of the rotational stage is
noticeable. The above calculation is more accurate in this case than applying a higher-order
approach based on the diffraction angles of the 2nd and 3rd diffracted orders.

At a wavelength of 685 nm, both the 1st and the 2nd order can propagate parallel to the
grating vector and the respective critical diffraction angles could easily be measured. To
determine n0, Eq. (9.2) and Eq. (9.4) were applied, with the peak wavelength (λ r = 685nm)
substituted into the former. The spectral width of the reading laser was similar to that of
the red diode laser used for the experiments on PDMS. This causes the refractive indices to
deviate from their true values if calculated from Eq. (9.2). As in PDMS, they are slightly
higher than those determined with Eq. (9.4) and the latter method of calculation is less
sensitive to the spectral width of the probing beam. Hence, the higher accuracy of Eq. (9.4)
for the diode lasers is independent of the film material.

A complete list of all values obtained for n0 is given in Table 9.1. For their calcula-
tion, Λ = 1000.6nm was inserted as the grating period. All molecular glasses have similar
refractive indices for the reading and the writing wavelengths. Variations only affect the
third decimal digit and are most pronounced in molecular glasses 2a and 2b, which have
slightly higher values. On average, n0 has a value of ∼1.521 at 489.2 nm and either ∼1.513
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or ∼1.510 at 685 nm if calculated from Eq. (9.2) or Eq. (9.4), respectively. Since the wave-
length of the writing laser is located at the red edge of the weak n→ π∗ transition of the
azobenzene chromophores, all molecular glasses show normal dispersion in the investigated
spectral range.
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10
Azobenzene-Based Nanoimprint Lithography

The fabrication of structures on the submicrometer (1000 to 100 nm) and nanometer
(100 to 1 nm) scale received huge attention in the past decades. [153] For example, increas-
ing the transistor density is essential for circuit and processor development and constitutes
the key to preserve Moore’s law in computer technology. [5] Also various other fields of ap-
plication require objects to be miniaturized or surfaces to be structured on the nanoscale.
These are, e. g., artificial tissues, [222] carbon nanotube wires, [223] high density memory de-
vices, [224] fuel cells, [225–227] and 3D nanostructures. [228,229] In addition, the structure size
of a material influences its magnetic, mechanical, optical, and thermal properties, which
are dominated by the quantum nature of matter at very small length scales. Advances in
the fabrication of structures such as quantum wells, quantum wires, or quantum dots are
a prerequisite for the feasibility of many fundamental experiments and, thus, are of great
interest for scientific research. The high demand for cost-effective replication techniques of
nanometer-sized structures is a valid argument for the development of new methods such as
azobenzene-based nanoimprint lithography (Azo-NIL).

This chapter discusses the feasibility and applicability of Azo-NIL. For this reason, it
covers exclusively the presentation and the analysis of results obtained from diverse imprint-
ing experiments. The basic concept of Azo-NIL has already been explained in Chapter 4,
where it was compared to well established imprint techniques. Moreover, the theoretical
part discussed the flow behavior of a confined viscous liquid and the time dependence of
the filling process on characteristic quantities of the mold (i. e., protrusion height hm, pro-
trusion width s, and cavity width w) and the resist (i. e., initial and residual film thickness
d0 and df, respectively, and viscosity η0). To characterize the imprinted profiles, h max,
h min and h avg were introduced. They define the meniscus-shaped profile, which is formed
when the resist material fills the cavities of the mold (cf. Chapter 4.3). The fabrication and
the properties of the Elastosil® 601 or EVG® molds used for imprinting were discussed in
Chapter 6.1. As photofluidizable resist material, either molecular glasses or a homopolymer
with azobenzene-functionalized moieties are possible (cf. Chapter 5). Samples were illumi-
nated with the setups presented in Chapter 7.2. Imprinted heights have been determined by
AFM measurements as described in Chapter 7.3.

A short outline of this chapter is given in the following. Because Azo-NIL is a new
technique, fundamental questions concerning the interaction of the photofluidizable resist
with the incident light and the flexible molds are discussed first. The topics comprise the
fluence dependence of the imprinting speed and the capability of a photofluid to completely
fill the channels of a mold by adhesion. Furthermore, the influence of the wavelength and
the polarization of the light source is investigated. The initial thickness of the resist is
found to affect the cavity filling speed, which is compared with the predictions of the Stefan
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equation. Subsequently, a systematic study of the suitability of different resist materials for
Azo-NIL is conducted. For this purpose, azobenzene-functionalized SRG-forming materi-
als are used, comprising homopolymer 9 (ii) and the molecular glasses 1a-e, 2a-d, and 3a-b.
In the homopolymer, the influence of entanglements on the flow behavior of the photofluid
is investigated, while in the molecular glasses the effects of altering the core or the sub-
stituent of the azobenzene moieties are studied. The actual nanostructures with pattern sizes
down to 100 nm are imprinted into the best materials, which are the spirobichromane-based
derivatives 1a and 1e. Here, the experiments focus on the analysis of the imprint quality and
on the dependence of the imprinting speed on the pattern size. In a final step, the discussion
is broadened to molecular glass films which are preheated to a temperature slightly below
their Tg before the imprinting.

10.1 Imprinting Properties of Photofluidizable Resists

As emphasized in the outline, different questions concerning the feasibility of Azo-NIL
have to be settled first. For this purpose, all experiments in this section were carried out on
films of molecular glass 1a at room temperature. Compound 1a is an efficient SRG former
(cf. Chapter 9.3) and, in a retrospective view, also one of the most suitable materials for
Azo-NIL. Elastosil® 601 molds with L-shaped protrusions on the micrometer scale were
used for imprinting due to their easy handling and good adhesive properties. The molecular
glass films with the attached molds were placed in the Azo-NIL setup for vertical alignment
without applying external pressure.

10.1.1 Fluence Dependence of the Imprinting Speed

The Gaussian profile of a laser beam was used to show that the filling of a mold can be
controlled by the fluence F , which is the product of the intensity of the light source and
the illumination time. For this purpose, molecular glass 1a was prepared as a thin film of
approximately 500 nm thickness and brought into contact with one of the Elastosil® 601
molds. Adhesion was sufficiently strong to keep the mold in contact with the molecular
glass film. The molecular glass and the mold were illuminated through the substrate with
the s-polarized light of the 489.2 nm laser for 15s.
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Figure 10.1: The left side shows a false-color AFM image of the L-shaped 5 µm pattern imprinted
into a film of molecular glass 1a after 15 s of illumination with an intensity of ∼ 0.87Wcm−2.
The light source was an s-polarized laser with a wavelength of 489.2 nm. The profile measured
along the black line is plotted on the right.
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Since the roofs of the mold are collapsed to the resist initially, only the remaining cavi-
ties at the protrusion edges fill during the short imprinting time. Thus, the molecular glass
film features sharp lines with widths below 1 µm after removing the mold. This is demon-
strated in Fig. 10.1 for the example of the L-shaped line pattern with w = s = 5µm. The left
side shows an AFM image of the imprint and the right side a plot of the cross section along
the black line drawn in the image. Due to the adhesive interaction of the flexible mold with
the photofluidic resist, the imprint features a symmetric profile with peaks directed upwards
or downwards. Within the short illumination time, only h max increases, whereas h avg and
h min are zero. This applies to the imprinted line patterns of different periodicity in the same
way.

The diameter of both the laser beam and the mold are on the same order of magnitude.
Therefore, the irradiation intensity changes over the area of the mold. Since the laser pro-
vides a TEM00 Gaussian mode, its intensity distribution in a direction perpendicular to its
propagation is given by

I(r) = Imax · exp
(
−2r2/w2

0
)
, (10.1)

with r being the distance from the optical axis and 2w0 the beam diameter. The sample
was positioned such that the maximum intensity of Imax = 1.0Wcm−2 was reached near the
bottom right edge of the mold between the 5 and 10 µm structures. This is illustrated by the
blue coloring in the inset of Fig. 10.2. According to Eq. (10.1), the intensity decreases to a
value of 0.14 W cm−2 at the 1 µm protrusions near the mold center.
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Figure 10.2: Maximum structure height hmax imprinted into a film of molecular glass 1a after
15 s of illumination as a function of the position r. The black line indicates a fit to the data
according to Eq. (10.2). The light source was a laser with a wavelength of 489.2 nm and a
maximum intensity of 1.0Wcm−2. The inset indicates the position of the maximum of the
Gaussian intensity profile relative to the mold and the coordinate r (red axis).

In Fig. 10.2 also the maximum structure heights h max measured at different positions r
along the red axis are plotted. As indicated by the black solid line, the heights imprinted
into the molecular glass are well described by the fit function

h max(r) = 24nm · exp
[
−2r2/(557µm)2

]
. (10.2)
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From the above equation, 2w0 is calculated to be 1.1 mm, which matches the diameter of the
laser beam exactly. This proves that the required imprinting time and, thus, the viscosity of
the azobenzene-functionalized resist becomes smaller with increasing intensity. For small
structure heights, the cavity filling rate turns out to be proportional to the intensity. In
terms of the fluence, this implies that the maximum structure height obeys h max ∝ F = I · t.
Even at the lowest intensity of 0.14 W cm−2 significant mass flow was observed. This is
plausible, since the corresponding fluence is about 100 times higher than the minimum value
of 20 mJ cm−2 required to athermally photofluidize a self-assembled tethered azobenzene
monolayer. [142]

The perpendicular arrangement of the cavities can be used to further investigate the in-
fluence of the polarization of the laser on the filling behavior of the mold. This is important,
since the flow direction of azobenzene-functionalized homopolymers has been reported to
be highly sensitive to the polarization of the incident light. [44] It is conceivable that the fill-
ing speed of vertically and horizontally aligned cavities depends on their orientation relative
to the laser polarization. Such a difference was not observed in the above experiments, how-
ever. The filling speed depends only on the laser intensity and the heights of vertical and
horizontal lines are similar for each pattern type. Obviously, the mass transport is primarily
driven by the adhesive forces of the mold.

10.1.2 Filling Characteristics of Micrometer Cavities

It is of great importance to find out whether the capillary forces acting on a photofluid are
capable of filling the mold cavities completely. As in the previous section, an Elastosil® 601
mold was attached to a film of molecular glass 1a and irradiated with the s-polarized laser at
a maximum intensity of 1.0 W cm−2. The illumination time, however, was increased to 4 h,
by a factor of almost 1000. Thus, even in regions of low intensity the fluence was 100 times
higher than in the previous experiment.

1 µm lines 2.5 µm lines

5 µm lines 10 µm lines

0

50

100

0 1 2 3 4 5

he
ig

ht
[n

m
]

distance [µm]

h max

0

50

100

0 10 20 30 40

he
ig

ht
[n

m
]

distance [µm]

h max
h min

1 µm

10 µm

Figure 10.3: Structures imprinted into a film of molecular glass 1a after 4 h of illumination with
a 489.2 nm laser at Imax = 1.0Wcm−2. Left: False-color AFM images of the imprinted 1, 2.5,
5, and 10 µm line patterns. Right: Profiles of the 1 and 10 µm line patterns along the black lines
in the respective AFM picture.
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A selection of the imprinted structures are presented in Fig. 10.3. It comprises AFM
images of the 1, 2.5, 5, and 10 µm line patterns on the left and plots of the respective profiles
of the 1 and 10 µm line patterns on the right. The latter were extracted from the AFM
images and correspond to the data measured along the black lines. For reasons of clarity,
the AFM images of the 1.5 and 2 µm line patterns are not shown. Apart from a scaling
factor, their AFM data look similar to those of the 1 and 2.5 µm line patterns. For the 1,
1.5, 2, and 2.5 µm line patterns, the mold immerses completely into the molecular glass
film. Therefore, all four pattern types feature heights of h max = h min = h avg = 100nm as
illustrated for the example of the 1 µm patterns (cf. Fig. 10.3). The AFM pictures of the
1 and 2.5 µm patterns demonstrate that the small cavities fill homogeneously over a large
area. Furthermore, no visible defects are caused by the detachment of the mold. In sum,
the L-shaped structures of the mold are reproduced with high quality for w ≤ 2.5µm. For
the 5 and 10 µm patterns, the imprints feature a meniscus-shaped profile (cf. Fig. 10.3).
The maximum values of the imprinted heights are h max = 96nm and h min = 73nm for the
5 µm structures and h max = 90nm and h min = 35nm for the 10 µm structures, respectively.
Although h max is close to the 100 nm depth of the master in both cases, the middle part of
the cavities remains unfilled for the most part.

The complete filling of mold cavities with w = 10µm requires a large amount of resist
material to be transported. Equation (4.1) implies that the filling time varies with the square
of the protrusion width of the mold. Hence, the imprinting of the 10 µm line patterns is
expected to take 100 times longer than for the 1 µm line patterns. From the results discussed
later in Chapter 10.1.4 it can be estimated that the complete filling of the 10 µm structures
would require ∼ 50h of illumination at a laser intensity of 1.0 W cm−2. Moreover, even if
the sample were irradiated for such a long time, sagging of the roofs of the flexible mold
is expected to impede the replication of a rectangular profile. Obviously, this effect is most
pronounced for mold patterns with a low aspect ratio (hm/(w+ s)� 1). The fact that the
imprints of the 5 and 10 µm structures are not an exact copy of the original pattern does
not constitute a major drawback for the applicability of Azo-NIL. Its main use will be the
replication of patterns with sizes significantly below 1 µm.

The rectangular shape of the imprints with protrusion (or cavity) widths up to 2.5µm
indicates that the roof collapse of the mold is reversed upon illumination. This further
implies that wcrit changes during imprinting (cf. Chapter 6.2.1). For patterns with w≥ 5µm,
the roofs of the Elastosil® 601 mold rise only partially, which becomes apparent in the final
shape of the imprint. As stated previously, illumination for 4 h is too short to completely
fill the 5 and 10 µm cavities. Therefore, it cannot be clearly specified whether the roofs
of the mold already reached their equilibrium state or not. Yet, wcrit

′ = 2.5µm constitutes
a lower estimate of the cavity width at which the roof collapse completely reverses upon
illumination. By inserting this value into Eq. (6.1), one can estimate the work of adhesion
that would be required to separate the Elastosil® 601 mold from the photofluidic film. It is
on the order of 1mJm−2.

10.1.3 Influence of the Light Source on the Imprinting Speed

To analyze the temporal evolution of the fill height of the mold cavities, imprinting was
performed at different spots on films of molecular glass 1a for various illumination times. As
in the previous chapters, the initial film thickness of the molecular glass films was∼ 500nm.
Different light sources were used for imprinting. They comprise the laser at 489.2 nm and
a UV or a blue LED at 365 or 455 nm, respectively. The mold was illuminated either with
only one of the three light sources switched on or with both LEDs at the same time. The
intensities of the individual light sources are listed in Table 10.1 and remained unchanged
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during the whole experiment. For the LEDs, the values correspond to their maximum optical
output. Their intensity is homogenous over the entire area of the mold. If illumination was
performed with the laser, the sample was positioned such that the 1 µm pattern was hit by
the maximum intensity. The exposure time and, thereby, the fluence was increased between
each imprint. After completion of the imprinting process, the average filling height h avg of
the 1 µm line patterns was determined. It is plotted as a function of the imprinting time in
Fig. 10.4 for each of the three individually operated illumination sources. For reasons of
clarity, the data obtained with illumination with both LEDs is shown in the next section in
Fig. 10.5.

Table 10.1: Parameters of the imprinting process. I: intensity, h0: imprint height of the 1 µm
line patterns for t → ∞, τ: filling time constant of the 1 µm cavities according to Eq. (10.3),
τ ′: filling time constant calculated from Eq. (10.4).

illumination wavelength I h0 τ τ ′(0.72Wcm−2)
source [nm] [W cm−2] [nm] [s] [s]

laser 489.2 1.0 92 301 418
blue LED 455 0.42 99 305 176
UV LED 365 0.30 89 301 127

both LEDs 365/455 0.30+0.42 96 112 112

The results discussed in Chapter 10.1.1 suggest that h avg increases linearly for short
imprinting times. Furthermore, h avg must saturate quickly as soon as the cavities of the
mold become completely filled or if adhesion is not sufficient anymore to further raise the
photofluid. An exponential approach to the maximum imprint height h0 according to

h avg(t) = h0 (1− exp(−t/τ)) (10.3)

fulfills these requirements. An exponential law has also been applied to describe the growth
of microlens arrays in T-NIL experiments [230] and yields good fits to the data. h0 denotes the
average protrusion height of the imprinted 1 µm patterns after illuminating the mold for an
infinitely long time (t→ ∞). It is different from h max, which is the maximum filling height
within each cavity at short imprinting times. If the mold is filled completely, h0 is equal to
the height of the mold protrusions hm (cf. Fig. 6.4).

Homogeneous, L-shaped imprints, which reproduce the cavities of the mold in height
and shape, can be imprinted with all four illumination schemes listed in Table 10.1. For suf-
ficiently long imprinting times, the mold is filled completely and the AFM data of the 1 µm
patterns looks similar to the one depicted in Fig. 10.3 in the previous section. Figure 10.4
shows that this process takes ∼ 20min for each of the three illumination sources. The max-
imum imprinted pattern heights determined from the fits are 94±5nm (cf. Table 10.1).
Slight variations are due to the use of different molds for each light source. Although the
intensities and wavelengths of the laser and the LEDs differ from each other, τ is on the
order of 300 s for all three light sources. Illumination with both LEDs exposes the sample
to an overall intensity of 0.72 W cm−2. The build-up time constant decreases to τ = 112s
in this case (cf. Table 10.1). This is almost three times faster than in the case of the single
sources.

The intensity and the wavelength of the individual light sources are different. Hence,
the built up constants determined for the four illumination schemes are not indicative of the
influence of the wavelength on the filling speed. To allow for direct comparison of the data,
τ ′ is introduced. It is defined as the build-up constant that would be measured if the patterns
were imprinted at the intensity I ′. Since the filling height is proportional to the fluence
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for short illumination times, it follows from Eq. (10.3) that h avg(t) = h0 (1− exp(−t/τ))≈
h0t/τ = CIt. Because τ is inversely proportional to the intensity, one can calculate τ ′(I ′)
according to

τ ′(I ′) = I/I ′ · τ(I) . (10.4)
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Figure 10.4: Average structure height h avg as a function of the exposure time t for the different
single light sources. Illumination was performed with a laser at 489.2nm (black circles), a
blue LED at 455nm (brown squares), and a UV LED at 365nm (blue triangles). The fitted lines
indicate an exponential approach to the height of the mold protrusions according to Eq. (10.3).

Eq. (10.4) can be applied to determine τ ′ at an intensity of I ′= 0.72Wcm−2 (the overall
intensity of both LEDs) for each light source. The respective values are listed in Table 10.1.
Obviously, τ ′ and, thus, the imprinting time decreases for shorter wavelengths of the illu-
mination source. The wavelength of the laser is located at the red edge of the azobenzene
n→ π∗ transition band. The low absorption of molecular glass 1a does not allow for ef-
ficient isomerization of the azobenzene moieties in this case and, therefore, the imprinting
speed is low. The wavelength of the blue LED at 455 nm corresponds almost exactly to the
position of the maximum of the n→ π∗ transition. Although the absorption of molecular
glass 1a is still quite low (cf. Fig. 5.5 in Chapter 5.1.2), τ ′ decreases strongly as compared
to the laser. With UV illumination the π → π∗ transition is excited primarily. This does not
only result in a cis-rich photo-stationary state, but it also increases the trans-cis-trans iso-
merization rate. Hence, the build-up constant τ ′ becomes as short as 127 s, which is about
three times faster than in the case of the laser. The above results suggest that the imprinting
speed can be further increased by adjusting the illumination wavelength to the π → π∗ max-
imum at 327 nm. This is not surprising, since the viscosity of a photofluid correlates with
the efficiency of the trans-cis-trans isomerization. [142] Irradiation with both LEDs at the
same time is expected to change the ratio of cis and trans isomers in the photo-stationary
state. The differences between the absorption spectra of the photochromic molecular glass
for either plain UV or combined LED illumination may therefore result in a more efficient
photofluidization. As can be seen in Table 10.1, τ ′ is minimal when the sample is irradiated
with both LEDs simultaneously. Although the build-up time is only about 10 % shorter than
that determined for the UV LED, illumination with both LEDs constitutes the most efficient
way to imprint patterns.
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It is also an important result that incoherent light can be used for imprinting. This proves
that the mass migration is not caused by an interference phenomenon as in holographic SRG
experiments.

10.1.4 Influence of the Initial Film Thickness on the Imprinting Speed

The residual film thickness df below the imprint influences the quality of postprocessing
steps like etching and, therefore, needs to be low. To analyze the capabilities of Azo-
NIL, films of 1a were prepared with initial film thicknesses d0 =55, 90, 180, 360, 505,
and 790 nm. Exposure was performed with both LEDs switched on simultaneously. The
temporal evolution of h avg was determined from the height profiles of the 1 µm structures
according to the procedure described in the previous chapter.
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Figure 10.5: Average structure height h avg as a function of the exposure time t for films of
molecular glass 1a with different initial thicknesses d0 as indicated at the top.

Fig. 10.5 shows that h avg tends exponentially to a maximum height in all films. As
indicated by the solid lines, the data are well reproduced by inserting the parameters listed
in Table 10.2 into Eq. (10.3). For the films of 790 and 505 nm thickness, the mold is filled
completely after 5 to 10 min illumination. The imprinted pattern height is h0 = hm = 95nm
and the filling of the cavities is faster than for the other films. Increasing d0 to values
above 500nm causes only small changes with respect to the imprinting speed or h avg. If
d0 becomes smaller than this value, the required imprinting time increases strongly and
complete filling of the the mold is not achieved anymore. The film with d0 = 55nm, for
example, gives rise to the formation of structures as low as h0 = 7nm, although a pattern
height of 100 nm with a 5 nm residual layer below would be conceivable. The pressure
induced by adhesion seems not to be sufficient to overcome the resistance of the confined
flow in this case.
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This behavior can be understood by means of the Stefan equation, which reads

tf =
η0 s2

2p

(
1

(d0−νhm)
2 −

1
d0

2

)
≈ ν η0 s2

p
· hm

d0
3 (10.5)

if a mold with fill factor ν is completely inserted into the resist (cf. Chapter 4.3). The mold
height hm enters as a parameter. The approximation applies if hm is small compared to the
initial film thickness (hm � d0). It indicates that tf follows a power law, viz., tf ∝ d0

−3.
Therefore, the time required to fill a mold completely is expected to increase strongly with
decreasing film thickness.

Table 10.2: Summary of the experimental data of films of molecular glass 1a. d0: initial film
thicknesses, h0: imprint height of the 1 µm line patterns for t→∞, τ: filling time constant of the
1 µm cavities according to Eq. (10.3).

d0 h0 τ
[nm] [nm] [s]

790 95 89
505 95 112
360 86 164
180 40 193
90 14 118
55 7 304

To apply Eq. (10.5) to the measured data, one needs to determine the time after which
the mold is completely immersed into the molecular glass film. This is not possible for the
used mold since it fills only partially for the thinner films, even at long imprinting times
(h0 < hm for t → ∞). For this reason, t5nm is calculated from the fit parameters listed in
Table 10.2 for each film. It corresponds to the time required to imprint a step profile of
5 nm height. This height is chosen such that it is lower than the maximum pattern height
imprinted into the thinnest film. The calculated times are identical to the ones that would be
required to fill a fictitious mold of height hm = 5nm.

Fig. 10.6 depicts t5nm as a function of d0. To highlight deviations from the predictions
made by Eq. (10.5), the data are also shown in log-log representation in the inset. The
dotted line represents a fit of the form t5nm(d0) = C · d−3

0 . Because hm is only 5 nm, the
approximation made in Eq. (10.5) is valid even for films as thin as 55 nm. At film thicknesses
above 200 nm the data clearly deviate from the simple power law and approach a constant
value of 4.8 s. In the derivation of the Stefan equation it is assumed that an infinite initial
film thickness causes an infinite liquid flow below the mold and, therefore, the imprinting
time becomes zero. In the experiment, however, it appears more realistic to assume that in
the thicker films the lower resist layers do not contribute to the filling of the mold. This can
be taken into account by adding a constant tmin to the right side of Eq. (10.5). The Stefan
equation then becomes

tf =
η0 s2

2p

(
1

(d0−νhm)
2 −

1
d0

2

)
+ tmin (10.6)

such that films with high initial thickness still require a finite time to fill a mold. As indicated
by the solid black line in Fig. 10.6, this modified equation with the parameters tmin = 4.8s,
νhm = 0.5 ·5nm, and η0s2/2p = 1.17×107 nm2 s reproduces the experimental data well. In
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the above considerations, adhesion is assumed to exert a constant, average pressure p onto
the mold protrusions.
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Figure 10.6: Time required to fill a fictitious mold of height hm = 5nm with molecular glass 1a
as a function of the initial film thickness d0. The inset shows the same data in double-logarithmic
representation. The dashed straight line indicates a power law of the form t5nm ∝ d−3

0 . The solid
line corresponds to Eq. (10.6).

10.2 Influence of the Resist Material on the Imprinting Perfor-
mance

Various compounds have been discussed as potential candidates for Azo-NIL in Chapter 5.
They comprise the molecular glasses based on cores 1, 2, and 3 and homopolymer 9 (ii). The
spirobichromane-based derivatives 1a-e feature a more rigid core than the triphenylamine-
based derivatives 3a-b and, therefore, have a higher glass transition temperature. The pres-
ence of additional amide moieties in the core of the trisamide-based derivatives 2a-d fos-
ters intermolecular H-bond formation, which increases the glass transition temperature even
further. Depending on the molecular core, the performance of the different compounds is
expected to vary strongly in Azo-NIL experiments. The imprinting experiments with ho-
mopolymer 9 (ii) focus on the influence of entanglements on the imprinting speed. They
also serve as a reference to illustrate the advantages of molecular glasses as compared to
homopolymers.

The modification of the substituents of the azobenzene moieties in the molecular glasses
addresses different issues. A common method to avoid sticking of the resist in NIL tech-
niques is to decrease the surface energy of the mold by coating it with a fluorinated alkyl-
silane layer. [153] Alternatively, fluorine can be introduced into the resist or mold material
directly. By linking perfluorinated alkyls of increasing length to the azobenzene moieties of
the molecular glasses, their influence on the adhesive properties and the imprinting behav-
ior can be investigated. Methoxy-substituted azobenzene moieties are present in molecular
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glass 1e. Their absorption is shifted towards the irradiation wavelength, which is expected
to increase the imprinting speed.

Experiments were conducted at room temperature under the optimized conditions deter-
mined in the preceding chapters. Elastosil® 601 molds with L-shaped micrometer features
were used for imprinting due to their easy handling. The molecular-glass films with the
attached molds were placed in the Azo-NIL setup for vertical alignment without applying
external pressure. Illumination was performed with both LEDs simultaneously. All dis-
cussed heights refer to the average imprint height h avg of the 1 µm line patterns.

10.2.1 Azobenzene-Functionalized Triphenylamine-Based Compounds

First, the suitability of the triphenylamine-based molecular glasses 3a and 3b as photoflu-
idizable resist materials was investigated. Both compounds are efficient SRG formers, [50]

which makes them promising candidates for Azo-NIL. Films of molecular glasses 3a and
3b were prepared with thicknesses of 500 and 750 nm, respectively, so the influence of the
initial film thickness on the imprinting speed is expected to be negligible. Patterns were
imprinted in both of the films by illuminating them through the substrate for 600 s.
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Figure 10.7: Structures imprinted into films of molecular glass 3a (left) and 3b (right) with an
Elastosil® 601 mold after 600 s illumination with both LEDs. Top: False-color AFM images of
the imprinted 1 µm line patterns. Bottom: Profiles of the 1 µm line patterns along the black lines
in the respective AFM picture.

Figure 10.7 shows the AFM data of the structures imprinted into molecular glasses 3a
(left) and 3b (right) after removing the mold. Although both materials fill the cavities of the
mold to a certain height, various cone- and diamond-shaped protrusions are superimposed
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on the imprints of the line pattern. The reason for the inhomogeneous pattern formation is
that molecular glasses 3a and 3b crystallize upon illumination. This is confirmed by the
observation that the films become opaque at the illuminated spot, even if no mold is at-
tached to them. Interestingly, this effect is not observed during holographic SRG inscription
(cf. Chapter 9.3). Due to the growth of the crystallites, both compounds are not suited for
Azo-NIL.

10.2.2 Azobenzene-Functionalized Trisamide-Based Compounds

Azobenzene-functionalized molecular glasses based on the trisamide core 2 represent an-
other potential resist material for Azo-NIL. Both the reduced flexibility of the core and the
intermolecular interaction of the amide moieties appear to stabilize the amorphous phase
(cf. Chapter 5.1). Therefore, the crystallization tendency is expected to be significantly re-
duced for trisamide-based derivatives when they return from the photofluidic to the solid
state.
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Figure 10.8: Structures imprinted into films of molecular glasses 2a (top), 2b (middle), and 2c
(bottom) with an Elastosil® 601 mold after 1200 s illumination with both LEDs. Left: False-color
AFM images of the imprinted 1 µm line patterns. Right: Profiles of the 1 µm line patterns along
the black lines in the respective AFM picture.
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To test whether molecular glasses 2a-d can be used for efficient, defect-free pattern
transfer, molds were imprinted into films of each compound. The preparation of a 500 nm
thick film was accomplished only with material 2b, whereas the thicknesses of the films
of 2a and 2d were 250 and 430 nm, respectively. In a first step, the attached molds were
illuminated through the substrate with both LEDs for 1200 s. The functionalization of the
azobenzene chromophores turns out to affect the quality of the imprints strongly. This is
illustrated by the AFM images of the imprinted patterns (left) and the respective profile
plots (right) in Fig. 10.8. The line patterns reach reasonable heights in compounds 2a and
2b. In the top right corner of the AFM image of molecular glass 2a, a slight deformation
is visible. It is attributed to inhomogeneities of the initial film surface. The overall quality
of the imprint, however, is very high. For molecular glass 2b the reproduction of the mold
edges is less accurate than in 2a. The profile plot of the imprinted pattern shows that the
channels of the mold fill in an inhomogeneous manner. Furthermore, the meniscus shape
of the rising photofluid is less pronounced in most cavities. This implies that the function-
alization of the azobenzene moieties with CF3 substituents changes the wetting behavior of
the photofluid significantly. In molecular glass 2c, the average imprint height is only about
25 nm. Moreover, several cracks and holes appear throughout the whole scanned area. AFM
measurements show that the defects were present on the film surface already before imprint-
ing. Since light scattering appears to be absent in films of molecular glass 2c if viewed with
the naked eye, this finding is rather unexpected. Homogenization of the film surface can
probably be achieved by changing the substrate or adjusting spin-coating parameters such
as the solvent type. However, both the imprinting speed and the maximum pattern height
are too low to allow for efficient molding with molecular glass 2c. Thus, no further effort
has been put into the optimization of the film homogeneity. Molecular glass 2d features
C7F13-substituted azobenzene moieties. It could not be quenched into the amorphous state
from solution, since it crystallized directly after spin coating (cf. Chapter 5.3). No structures
could be imprinted into the crystallized film of compound 2d.
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Figure 10.9: Average structure height havg as a function of the exposure time t for molecu-
lar glasses 2a and 2b. The azobenzene moieties in molecular glass 2b have a trifluoromethyl
substituent, whereas in 2a the substituent is hydrogen.
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Figure 10.9 shows the average structure height imprinted on the films of molecular
glasses 2a and 2b as a function of the exposure time. As indicated by the black lines,
h avg follows an exponential function approaching the maximum height in both compounds.
The fitted curves are obtained from inserting the values of h0 and τ listed in Table 10.3
into Eq. (10.3). The results presented in Chapter 10.1.4 imply that the low thickness of
compound 2a affects both the build-up constant and the maximum imprint height. Yet,
molecular glass 2a is faster than 2b and forms higher patterns. The build-up constants are
303 and 488 s, respectively. Both compounds do not reach the maximum possible pattern
height of hm ≈ 100nm determined by the mold (cf. Table 10.3). The maximum imprint
height and the speed of pattern formation are expected to increase in molecular glass 2a if
it is prepared with higher initial thickness. The partial filling of the mold with molecular
glass 2b (h0 = 63nm), on the other hand, is attributed to the different wetting behavior of
the resist material.

Table 10.3: Summary of the experimental data of the trisamide-based molecular glasses. d0: ini-
tial film thicknesses, h0: imprint height of the 1 µm line patterns for t→∞, τ: filling time constant
of the 1 µm cavities according to Eq. (10.3).

material
d0 h0 τ

[nm] [nm] [s]

2a 250 83 303
2b 500 63 488
2c 430 – –

10.2.3 Azobenzene-Functionalized Spirobichromane-Based Compounds

Although crystallization is prevented successfully in the molecular glasses based on the
trisamide core, their imprinting speed is rather low. Furthermore, the imprints lack high
quality except for molecular glass 2a. Azobenzene-functionalized spirobichromane-based
derivatives do not feature additional amide moieties, but their core is more rigid than that of
the triphenylamine-based compounds. Hence, molecular glasses 1a-e are promising candi-
dates for achieving faster patterning without photo-induced crystallization.

First, the effect of lengthening the perfluoroalkyl chains is investigated. Similar to the
trisamide-based derivative 2d, films of molecular glass 1d with C6F13-substituted chro-
mophores crystallized directly after spin coating. AFM measurements did not reveal any
pattern formation for this compound, even after imprinting a mold for more than 1 h with
both LEDs simultaneously. This implies that photofluidization is prevented in crystallized
low-molecular-weight compounds.

To reduce the influence of small initial film thickness on the imprinting speed, films
of molecular glass 1b and 1c were prepared with a thickness of at least 500 nm. For both
compounds, the average structure height of the imprints increases with exposure time. It
exponentially approaches a maximum height, similar as in the case of the films of molecular
glass 1a or the trisamide-based compounds. Figure 10.10 shows h avg as a function of the
exposure time (left side) and two AFM images of the L-shaped 1 µm patterns imprinted on
films of molecular glasses 1b and 1c after 600 and 1200 s illumination, respectively. The red
symbols in the left panel indicate the difference in height between the bright and dark areas.
The dashed and solid lines correspond to the fit functions found for the data of the 505 nm
thick film of 1a (cf. Chapter 10.1.4) and the data of compounds 1b and 1c, respectively. The
build-up constants and the maximum imprint heights determined by the fits as well as the
exact values of the initial film thicknesses are summarized in Table 10.4.
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Figure 10.10: Left: Average structure height havg as a function of the exposure time t for
molecular glasses 1b and 1c. For the sake of comparability, the fit function found for the 505 nm
thick film of molecular glass 1a is drawn as a dotted line (cf. Fig. 10.5). Right: False-color AFM
images of two 1 µm line patterns imprinted into films of 1b and 1c after exposing them to both
LEDs for 600 and 1200 s, respectively. The red symbols in the left panel indicate the imprint
heights for these images.

The functionalization with perfluoroalkyl substituents affects the imprinting speed sig-
nificantly. While τ has a value of 112 s in molecular glass 1a, the build-up constant increases
to 254 s for 1b. Both materials differ from each other by the CF3 substituent, which is linked
to each azobenzene moiety of molecular glass 1b. Lengthening of the perfluoroalkyl chains
slows down the pattern formation even further. Thus, τ is as high as 696 s in compound 1c
with the C3F7-substituted chromophores. In the Materials section in Chapter 5.1 it was
shown that the π → π∗ absorption of films of molecular glasses 1b-d is shifted to the blue
by about 15 nm with respect to compound 1a. According to the results discussed in Chap-
ter 10.1.3, a blue shift of the π → π∗ absorption relative to the irradiation wavelength slows
down the imprinting process. This explains the increase of τ in materials 1b and 1c only
partially, however. No significant difference exists between the absorption spectra of molec-
ular glass 1b and 1c. The decrease of the imprinting speed is most likely due to a different
wetting behavior of the photofluidic molecular glasses in this case. For sufficiently long
illumination times, the mold is filled completely with each of the materials 1a-c. After
one hour of exposure, 1 µm line patterns with h avg = 93nm were imprinted into the film
of compound 1c (data not shown in Fig. 10.10). For compound 1b, complete filling of the
mold took 1200 s. As illustrated by the AFM images on the right-hand side of Fig. 10.10,
the patterns imprinted into molecular glasses 1b and 1c have the same quality as in 1a
(cf. Chapter 10.1.2).

To improve the imprinting speed, a possible approach is to change the resist material to
an azobenzene-functionalized molecular glass with higher absorption near the peak emis-
sion wavelengths of the light sources. In molecular glass 1e, the maximum of the π → π∗
transition is shifted 20nm to the red with respect to molecular glass 1a (cf. Chapter 5.1.2).
Other material properties such as molar weight or glass transition temperature are almost
identical in both compounds, which is advantageous for direct comparison.
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Table 10.4: Summary of the experimental data of the spirobichromane-based molecular glasses.
d0: initial film thicknesses, h0: imprint height of the 1 µm line patterns for t→ ∞, τ: filling time
constant of the 1 µm cavities according to Eq. (10.3).

material
d0 h0 τ

[nm] [nm] [s]

1a 505 95 112
1b 625 100 254
1c 500 90 696
1e 560 102 62

The left-hand side of Fig. 10.11 depicts h avg as a function of the exposure time for a
film of molecular glass 1e with an initial thickness of 560 nm. As indicated by the solid
black line, the heights of the imprinted line patterns describe an exponential approach to
h0 = 102nm according to Eq. (10.3). A list of the fit parameters is given in Table 10.4.
The dashed line is the same as in Fig. 10.10 and illustrates the pattern growth in molecular
glass 1a. Complete filling of the mold with molecular glass 1e requires approximately 300 s.
The build-up time constant τ is 62 s, which is shorter by a factor of almost two as compared
to 1a. On the right-hand side of Fig. 10.11, the 1 µm line pattern imprinted on the film of 1e
after 300 s is shown. The difference in height between the bright and dark areas in the AFM
image is 102 nm. As in the previous cases, the line patterns transferred to the molecular
glass film are free from defects.
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Figure 10.11: Left: Average structure height h avg as a function of the exposure time t for
molecular glass 1e. For the sake of comparability, the fit function found for the 505 nm thick film
of molecular glass 1a is drawn as a dotted line (cf. Fig. 10.5). Right: False color AFM image of
the 1 µm line pattern imprinted into a film of molecular glass 1e after exposing it to both LEDs
for 300 s. The red filled square in the left panel indicates the average height of the depicted line
pattern.
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10.2.4 Azobenzene-Functionalized Homopolymer

In the past sections, the concept of Azo-NIL has been successfully applied to resists pre-
pared from azobenzene-functionalized molecular glasses. A fundamentally different mate-
rial is homopolymer 9 (ii). It is capable of forming SRGs of reasonable height during holo-
graphic illumination. [40] In contrast to the molecular glasses, the photo-isomerizable units
are covalently interconnected in the homopolymer by its backbone. The individual chains
of homopolymer 9 (ii) are expected to be entangled, given its rather high molar weight of
M = 3.75×105 gmol−1. Thus, it is possible that mass transport may be slowed down sig-
nificantly. The purpose of the following experiments is to figure out, whether the capil-
lary forces are sufficiently strong to overcome the restraints of the polymer network in the
photofluidic state.

A film of homopolymer 9 (ii) with 350 nm thickness was prepared on a glass slide by
spin coating. Imprinting of the mold was performed with both LEDs simultaneously. The
experimental procedure was identical to that applied to the molecular glasses. Figure 10.12
shows the AFM image of a 1 µm line pattern imprinted into homopolymer 9 (ii) after 2400 s
of illumination (left) and the respective profile plot (right) along the black marked line.
Obviously, imprinting is possible in the homopolymer, similar as in the molecular glasses.
The imprinted line pattern is defect-free and filling occurs homogeneously to a height of
h avg ∼ 75nm.
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Figure 10.12: The left-hand panel shows a false-color AFM image of the 1 µm pattern imprinted
into a film of homopolymer 9 (ii) after 2400 s of illumination with both LEDs. The profile
measured along the black line is plotted on the right.

The average structure height of the imprinted 1 µm patterns is plotted in Fig. 10.13 as
a function of the exposure time. In contrast to the molecular glasses, a single-exponential
function does not fit the data well. Instead, the empirical equation

h avg(t) = h0 {1−0.5 · [exp(−t/τ1)+ exp(−t/τ2)]} (10.7)

can be applied to fit the data in Fig. 10.13. It comprises two equally weighted exponential
terms. The fit yields the build-up time constants τ1 = 56.7s and τ2 = 851.3s and a maxi-
mum imprint height of h0 = 81nm. It describes the temporal evolution of h avg in homopoly-
mer 9 (ii) well. A possible interpretation of the origin of the second build-up constant is as
follows. Due to the absence of entanglements in the molecular glasses, it is plausible that
they show a simple viscous flow behavior in the photofluidic state. If the illuminated ho-
mopolymer 9 (ii) is assumed to resemble a polymer melt, the presence of entanglements may
result in a viscoelastic-flow behavior. [56] Entangled, viscoelastic polymer melts can be de-
scribed with the reptation model. [231,232] Its key point is that the flow of polymers takes place
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on two different time scales, since disentangling takes much longer than the deformation of
the polymer chains. It must be stressed, however, that this model has not been tested for a
complex system like a photofluidic homopolymer. Moreover, the information obtained from
the imprint experiment is not sufficient to prove that reptation is the underlying mechanism
which causes the existence of two build-up constants. Yet, this model provides a possible
explanation for the difference between the imprinting behavior of homopolymer 9 (ii) and
the molecular glasses.
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Figure 10.13: Average structure height h avg as a function of the exposure time t for homopoly-
mer 9 (ii). The solid line indicates a fit according to Eq. (10.7).

The initial resist thickness of the homopolymer film is very small, so both the filling
speed and the maximum imprint height are expected to be reduced. In Chapter 10.1.4,
a film of molecular glass 1a with 360 nm thickness was investigated. The maximum im-
print height of h0 = 86nm was reached after 600 s, the build-up constant being 1.5 times
longer than that of a 505 nm thick film. Patterns imprinted into homopolymer 9 (ii) reach
a similar height, but require a significantly longer time (∼ 1h). Molecular glass 1e is well
suited for direct comparison with homopolymer 9 (ii), since both compounds have the same
methoxy-functionalized azobenzene moieties. The build-up constant of the 1 µm line pat-
tern in molecular glass 1e is smaller than in 1a by a factor of almost two (cf. Table 10.4
in Chapter 10.2.3). Thus, the reduced filling speed becomes even more pronounced in the
homopolymer.
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10.3 Nanostructuring of Azobenzene-Functionalized
Spirobichromane-Based Molecular Glasses

The result of the preceding chapters are essential to efficiently imprint molds with features
on the nanometer scale. Spirobichromane-based molecular glasses turned out to be the most
promising resist materials for this purpose. Micrometer-sized line patterns imprinted into
them are reproduced with high quality and the speed of pattern formation is reasonably high.
Furthermore, they do not crystallize upon illumination.

Due to these advantages, spirobichromane-based molecular glasses were used as resist
material in the following imprint experiments. Both Elastosil® 601 and EVG® molds with
nanometer-sized punches and line cavities were imprinted into the molecular glass films.
Elastosil® 601 molds were produced with curing procedure P1 (cf. Chapter 6.2.2). Illu-
mination of the attached molds was performed in the Azo-NIL setup for vertical sample
alignment with both LEDs simultaneously. To avoid limitations of the imprinting speed
by the initial film thickness, films were prepared with thicknesses of at least 500 nm. The
experiments were conducted at room temperature.

10.3.1 Influence of Mold Material and External Pressure

The formation speed and the quality of nanopatterns imprinted into molecular glass 1a with
molds consisting of either Elastosil® 601 or EVG® polymer were investigated first. Accord-
ing to Chapter 6.2.2, the line protrusions of the molds prepared from Elastosil® 601 collapse
laterally for cavity widths as small as 100 nm. For this reason, such molds cannot be used
to imprint 100 nm line patterns without Y-branched defects. Yet, the flexible Elastosil® 601
polymer perfectly adapts to the molecular glass film due to its good adhesive properties and
its low Young’s modulus. The good conformal contact of the Elastosil® 601 molds with
the photofluidizable resist is expected to allow for homogenous reproduction of any other
pattern of the master.

a)

300 nm

b)

300 nm

c)

300 nm

d)

100 nm

Figure 10.14: SEM images of diverse pattern types imprinted into molecular glass 1a with an
Elastosil® 601 mold. The depicted pattern types are a) 300 nm orthogonally arranged pillars,
b) 150 nm lines, c) 100 nm hexagonally arranged pillars, and d) 150 nm orthogonally arranged
pillars (cross-sectional image). The ratio between w and s is 1:1 for all pattern types (type I mold).
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Figure 10.14 shows SEM images of different patterns imprinted on a film of molecular
glass 1a with an Elastosil® 601 mold after 600 s exposure with both LEDs. The initial film
thickness was 500 nm. A type I mold was used for imprinting. Thus, the ratio between w
and s is 1:1 for all pictures. Figure 10.14 a), b), and c) depict 300 nm orthogonally arranged
pillars, 150 nm lines, and 100 nm hexagonally arranged pillars, respectively. The images
show a representative subset of the nine pattern types present on the imprint. Homogeneous,
defect-free pattern transfer is achieved for all three templates even without further function-
alization of the mold or the resist material. The cross-sectional SEM image of Fig. 10.14 d)
demonstrates that molecular glass 1a is homogenous in the bulk below and inside the im-
printed pillars. No signs of a boundary layer or crystallization are visible. As indicated by
the scale bar, the pattern height is about 50 nm. The edges of the imprinted patterns are
rounded because the Elastosil® 601 mold deforms as soon as it is released from the master
(cf. Chapter 6.2.2).

The heights of the lines and pillars imprinted on molecular glass 1a with an Elastosil® 601
mold were further measured as a function of the exposure time. For this purpose, a type II
mold (w : s = 1 : 2) and a film with an initial thickness of 550nm were used. The heights of
the transferred structures were determined by AFM. Figure 10.15 shows the data of the 300
and 150 nm line patterns. Similar as in the case of the L-shaped micrometer patterns, h avg
exponentially approaches a maximum height. The black solid lines correspond to Eq. (10.3)
with the fit parameters listed in Table 10.6. Since the imprinted lines are very regular and
have a similar height, the error bars are small. Imprinting of laterally collapsed 100 nm line
patterns is possible; then the patterns generated on the molecular glass film have the same
Y-branched defects as the mold. The heights determined for this pattern type are not very
informative, so they are not shown. Mold patterns with the same periodicity fill with almost
identical speed. This applies only to the line and punch cavities with w = 150 and 300 nm,
however. For structures as small as 100 nm, only orthogonally and hexagonally arranged
punches fill with a similar speed, whereas the laterally collapsed line cavities fill faster.
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Figure 10.15: Average height h avg of the 150 and 300 nm line patterns imprinted on a film of
molecular glass 1a as a function of the exposure time t. An Elastosil® 601 mold (type II) was
used for imprinting. No external pressure was applied.
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A build-up constant of 103s and a maximum imprint height of 92nm was determined
for the 300 nm line patterns. In the case of the 150 nm line patterns τ increased to 195s
and a maximum height of 73nm was reached. The height of the structures on the mold is
approximately 100 nm in both cases. This implies that cavities with w < 300nm do not fill
completely, even for long exposure times. Hence, Elastosil® 601 molds are not suited to
imprint patterns with significant aspect ratios (hm & s+w). This is not surprising, since they
suffer from different deformation mechanisms (cf. Chapter 6.2). Furthermore, the build-up
constants depend on the cavity width w, which is discussed in the next Chapter.

Table 10.5: False-color AFM images of nine different patterns imprinted on a film of molecular
glass 1a with an EVG® mold after 600 s illumination. The imprint features lines as well as
orthogonally and hexagonally arranged pillars with w = s = 300, 150, and 100 nm. Dark areas
indicate lower regions, whereas the yellow, bright areas represent elevated regions. The average
difference in height between them is given below each image. No external pressure was applied.

w/s pattern
300 nm / 300 nm 150 nm / 150 nm 100 nm / 100 nm

hexagonal
pattern of

pillars

h avg = 53nm h avg = 54nm h avg = 54nm

orthogonal
pattern of

pillars

h avg = 62nm h avg = 60nm h avg = 50nm

lines

h avg = 85nm h avg = 75nm h avg = 51nm

The above results show that EVG® molds are required to imprint elongated structures if
their width becomes as small as 100 nm. Due to the decreased surface energy and the high
Young’s modulus of the EVG® polymer, however, adhesion is barely sufficient to keep an
EVG® mold and an azobenzene-functionalized resist in conformal contact. Yet, the capillary
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forces are strong enough to partially fill the cavities of the mold with the molecular glass
once it is in the photofluidic state. This is illustrated by the AFM images in Table 10.5.
The patterns were imprinted into a film of molecular glass 1a after illuminating an attached
EVG® mold (type I) with both LEDs for 600 s through the substrate. The thickness of the
film was 570 nm and no external pressure was applied to the mold. Except for the orthogonal
100 nm pillars, all patterns were reproduced homogeneously and without major defects over
a large area. The pillars are prone to ripping, since they are completely surrounded by the
stiff EVG® polymer during mold release. The images show that the orthogonal arrangement
is affected more strongly than the hexagonal one. The missing conformal contact between
mold and resist becomes apparent in the heights of the imprinted structures which range
from 50 to 85 nm. As discussed below, cavities with constant w fill with similar speed if the
mold is in conformal contact with the resist. This is only fulfilled for the 100 nm structures
here.

A small external pressure can be applied to the EVG® mold to ensure that each of its
nine different fields is in uniform contact with the molecular-glass film. To investigate the
influence of externally applied pressure on the quality of the imprints and the speed of cavity
filling, the following experiments were carried out. First, the above imprinting procedure
was repeated for different exposure times, i. e., the EVG® mold was attached to the molec-
ular glass film by adhesion without externally applied pressure (pmag = 0). Both film and
mold were identical to those discussed in the previous paragraph. The heights of the 100 nm
lines and pillars imprinted into the molecular glass were determined by AFM. Subsequently,
a fresh EVG® mold (type II) was imprinted into a different film of molecular glass 1a. At
the same time, a magnet exerted a pressure of pmag = 0.34bar onto the mold as described
in Chapter 7.2. Here, the thickness of the molecular glass film was 560 nm. The heights of
all nine pattern types imprinted into the azobenzene-functionalized resist after different ex-
posure times were measured by AFM. To quantify the heights of the imprinted patterns, the
parameter h̃ avg is used. It is defined as the average of the heights measured for each of the
three different pattern types under the condition that w is constant. Thus, h̃ avg is calculated
as h̃ avg =

1
3(h avg, lines +h avg, orth. pillars +h avg, hex. pillars) for w = 300, 150, and 100 nm.
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Figure 10.16: Average height h̃ avg of the 100, 150, and 300 nm structures imprinted on films
of molecular glass 1a as a function of the exposure time t. Imprinting was performed with
either an EVG® mold (type I) and pmag = 0 (filled triangles) or an EVG® mold (type II) and
pmag= 0.34bar (open symbols). pmag denotes the mechanical pressure exerted by a small magnet.
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The heights of the structures imprinted with pmag = 0 (filled triangles) and pmag =
0.34bar (open symbols) are plotted as a function of the exposure time in Fig. 10.16. In-
dependent of the applied pressure, h̃ avg follows an exponential function tending to a maxi-
mum height for all data sets. The build-up time constant of the 100 nm structures imprinted
without externally applied pressure is 491s and the fitted black line predicts a maximum
structure height of 74 nm (cf. Table 10.6). Here, the 100 nm cavities of the EVG® mold do
not fill completely, even for exposure times significantly longer than 600 s. The build-up
time constants of the 300, 150, and 100 nm structures imprinted with pmag = 0.34bar are
132, 290, and 368 s, respectively. τ increases with decreasing w if the EVG® mold is in
conformal contact with the molecular-glass resist. Furthermore, the fits predict all cavities
of the mold to fill completely (cf. Table 10.6). Imprinting with externally applied pressure
also slightly increases the filling speed of the mold cavities. Since the time constants of the
100 nm structures with and without applied pressure differ only by a factor of 0.75, the av-
erage pressure exerted solely by adhesion must be comparable to the value of the externally
applied pressure.

Table 10.6: Summary of the experimental data of the nanostructures imprinted into molecular
glass 1a with Elastosil® 601 and EVG® molds. d0: initial film thickness, pmag: externally applied
pressure, w: width of the mold cavities, s: spacing between the mold cavities, h0: imprint height
of the patterns for t→ ∞, τ: filling time constant of the cavities according to Eq. (10.3).

mold material
d0 pmag w s h0 τ

[nm] [bar] [nm] [nm] [nm] [s]

Elastosil® 601 550 0 300 600 92 103
Elastosil® 601 550 0 150 300 73 195

EVG® 570 0 100 100 74 491
EVG® 560 0.34 300 600 104 132
EVG® 560 0.34 150 300 106 290
EVG® 560 0.34 100 200 95 368

The error margin of each data point is the standard deviation of the three height values
used to calculate h̃ avg. Consequently, the error bars are a measure of the height variations
between differently shaped structures with similar dimensions. If no external pressure is
applied to the EVG® mold, the errors are quite small. Thus, pillars and line patterns with
w = 100nm are imprinted homogeneously with the same filling speed. In the experiments
with externally applied pressure, the values of h̃ avg differ more strongly from each other.
Apart from the data at 150 s, however, the errors are still comparable to those of the 100 nm
patterns imprinted with pmag = 0. This indicates that different cavity types with identical w
fill with similar speed if the mold is in conformal contact with the molecular-glass film.

To summarize, both Elastosil® 601 and EVG® molds have advantages and disadvan-
tages. The Elastosil® 601 molds are more flexible and, thus, the imprinted patterns are not
torn off easily when the mold is released from the resist. Furthermore, they establish good
conformal contact with the resist, which also compensates for rough surfaces of the resist.
A major drawback is that Elastosil® 601 molds collapse laterally and, thus, are not suited
for imprinting line-type structures as small as 100 nm. This problem can be avoided by
preparing the molds from the considerably stiffer EVG® polymer instead. The conformal
contact between azobenzene-functionalized resist and EVG® mold is reduced to a critical
level, however, such that additional pressure is required to restore it. Also, the increased
stiffness of the mold causes pillar-type structures to be ripped from the resist more easily
during lift-off.
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10.3.2 Influence of the Size of the Mold Cavities on the Filling Speed

In the preceding chapter it has been shown that the filling speed of the mold cavities de-
creases when w is reduced from 300 nm to 100 nm. This result, for the line patterns, has
already been published by our group. [79] The relevant experiment was conducted with an
EVG® mold (type II) which was imprinted on a 625 nm thick film of molecular glass 1a
with applied pressure (pmag = 0.34bar). Thus, the imprinting procedure was identical to
that described in the previous chapter. The build-up time constants in reference [79], how-
ever, are 48 s for the 300 nm line patterns, 103 s for the 150 nm line patterns, and 176 s for the
100 nm line patterns. They are significantly shorter than the values of τ listed in Table 10.6
for the EVG® molds with applied pressure but they also increase with decreasing w. Since
the more recent results show less scatter and take all nine pattern types into account, they
are assumed to be more accurate.

The time constants found in the different experiments are plotted in Fig. 10.17 as a
function of the cavity width w. Data obtained from imprinting EVG® molds with pmag =
0.34bar are indicated by filled symbols, whereas open symbols show the time constants for
Elastosil® 601 molds without externally applied pressure. Filled squares and open circles
denote the τ values listed in Table 10.6. The data of reference [79] are marked by filled
triangles. A double-logarithmic plot is used to determine, whether τ can be described by a
power law. The dashed, straight lines represent a function of the type τ = C ·w−1, which
has only one free parameter (the prefactor C). Since they reproduce each individual data
set well, it follows that τ ∝ w−1. The filled triangles have a slightly steeper slope, but the
deviations from the inverse proportionality between τ and w are small. For comparison, the
build-up time constant determined in the imprinting experiments on the micrometer scale
for the 505 nm thick film of molecular glass 1a (cf. Chapter 10.1.4) is plotted in Fig. 10.17
as well. Obviously, τ ∝ w−1 is only valid for lateral cavity dimensions significantly below
1 µm.
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Figure 10.17: Build-up time constant τ as a function of the size of the mold cavity w under
different experimental conditions. The mold material and type, the externally applied pressure,
and the data source are indicated on the right side. Each dashed line represents a power law of
the form τ ∝ w−1. The plot is double-logarithmic.
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For w≤ 300nm, the mold material and the applied pressure affect only the relative off-
set of the data sets but not their slope. This indicates that the inverse proportionality of
τ and w seems to be a universal property which results from the dimensions of the mold
cavities. Another universal property is the exponential approach of the structure height to
a maximum value. It occurs in all experiments with molecular glasses, independent of the
initial film thickness, the dimensions of the mold structures, or the mold material. Both
observations can be combined to explain the filling behavior of the molds in Azo-NIL ex-
periments. The following discussion specifically applies to line patterns. The fundamental
points are expected to be true for punch cavities as well, however, because they showed a
similar filling behavior in the preceding experiments.

According to Chapter 10.1.4, the Stefan equation reads tf = (ν η0 s2hm)/pd3
0 for a com-

pletely immersed mold if hm � d0. For short exposure times, the molds are filled only
partially and the photofluid in the cavities is not affected by the presence of the roofs. Un-
der the assumption that the imprinted pattern has a step profile, hm can be replaced by h avg
in the above equation. This implies that h avg(tf) ∝ tf/(νs2) for t → 0. The temporal evo-
lution of the filling height found in the experiments is given by Eq. (10.3), which yields
h avg(t) ∝ (1− exp(−t/τ)) ≈ t/τ for t → 0. Thus, the initial growth of the structures is
linear, as predicted by the Stefan equation. However, smaller mold protrusions or cavities
do not result in reduced filling times, which follows from tf ∝ νs2 = ws2/(w+ s) (without
loss of generality w and s can be set equal so that νs2 = w2/2 = s2/2). Heyderman et al.
proposed that s2 should be replaced by the unpatterned border area of the mold. [169] Still,
this does not account for the increased filling time of the smaller cavities. The model of
Oliva and Joye (cf. Chapter 4.3), on the other hand, suggests that h avg(t)

2 ∝ tw. Here, the
approximation h min ≈ h avg is made, which is roughly fulfilled as soon as the photofluid
reaches a certain height in the mold cavities. Since the derivation of the above relation is
based on the assumption that the same flow profile develops inside each cavity of the mold,
it predicts that the filling of smaller cavities require a longer time. More precisely, for a
given fill height t is inversely proportional to w and, therefore, it increases with decreasing
channel size, as indicated by Fig. 10.17. However, the model also claims h avg ∝

√
t, which

is at odds with the initial linear decrease of h avg experimentally found for short exposure
times.

It can be concluded that characteristics of both models appear for cavity widths below
300 nm. This is not surprising since, according to the classification of Cross, [168] the di-
mensions of the mold parameters hm, w, and s are such that the flow takes the character of
both lateral cavity filling and capillary filling (cf. Chapter 4.3). The above results imply that
lateral cavity filling is the dominating mechanism initially. Once the photofluid reaches a
certain height in the mold cavities, it begins to feel the constraints of the surrounding mold
material. Hence, capillary filling superimposes the lateral filling and eventually becomes
dominant at longer imprinting times. Finally, when the photofluidic resist reaches the roof
of the mold, the material transport is terminated abruptly.

10.3.3 Influence of the Substituent of the Azobenzene Chromophores on the
Imprint Quality

The nanostructures discussed so far have been imprinted into films of molecular glass 1a.
In Chapter 10.2.3 it was demonstrated that high-quality patterns with features on the mi-
crometer scale can be transferred to films of molecular glasses 1b, 1c, and 1e as well. To
investigate their suitability as resist materials for the production of nanometer-sized struc-
tures, EVG® molds were imprinted on each of the three compounds with externally applied
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pressure (pmag = 0.34bar). The quality of the imprints is discussed for the example of the
100 nm orthogonally arranged pillars.

a) b) c)

Figure 10.18: False-color AFM images of the orthogonal pillar-type patterns imprinted on
molecular glasses 1b, 1c, and 1e with an EVG® mold and externally applied pressure (pmag =
0.34bar). a) Pillars imprinted with a type I mold on a 520 nm thick film of molecular glass 1b
after 1 h exposure. b) Pillars imprinted with a type II mold on a 430 nm thick film of molecular
glass 1c after 1 h exposure. c) Pillars imprinted with a type I mold on a 550 nm thick film of
molecular glass 1e after 600 s exposure. The heights of the yellow bright spots are a) ≈ 74nm,
b) ≈ 15nm, and c) ≈ 64nm.

Figure 10.18 a) shows an AFM image of the pillars imprinted into a 520 nm thick film
of molecular glass 1b with a type I mold. The pillars emerge very irregularly and an ex-
posure time of 1 h is required to imprint protrusions with an average height of 74 nm. At
several places the punch cavities of the mold remain almost unfilled, which causes the dark
spaces between the pillars in the AFM image. As illustrated in Fig. 10.18 b), the imprint
quality further decreases if molecular glass 1c is used as resist material. The film thickness
was 430 nm and a type II mold was used. Various defects are superimposed on the orthog-
onal pillar lattice and the height of the protrusions is only 15 nm after 1 h of illumination.
The elliptical indentations (black areas) appear wherever the mold plane has been in contact
with the resist. They do not originate from pillars which were ripped from the film surface.
To avoid sticking of the resist material to the mold, the azobenzene chromophores in com-
pounds 1b and 1c are functionalized with CF3 and C3F7 end groups. For the same reason,
the EVG® polymer is functionalized with fluorine. Functionalization of both the resist and
the mold, however, seems to decrease the adhesion to a critical level such that the filling of
the cavities is impeded. A long exposure time is required to imprint nanometer-sized struc-
tures of reasonable height, and numerous defects occur. Thus, molecular glasses 1b and 1c
do not provide advantages as compared to 1a.

The orthogonally arranged pillars imprinted in a 550 nm thick film of molecular glass 1e
with a type I mold after 600 s exposure are shown in Fig. 10.18 c). The depicted pillars have
a height of 64±9 nm and the scanned area is free from release-induced defects. As in the
case of molecular glass 1a, however, pillars were torn off sporadically when the experiment
was repeated at different positions on the film. This indicates that the protrusions were
not ripped off because of strong adhesion between the resist and the mold but rather due
to mechanical stress during the detachment of the mold. In Chapter 10.2.3 it was shown
that the L-shaped line cavities of Elastosil® 601 molds with w = 1µm fill most rapidly if
molecular glass 1e is used as resist material. Hence, 1e is expected to fill the nanometer-
sized punch and line cavities of the EVG® mold similarly well. To check this, the above
experiment was repeated with different exposure times and the heights of the imprinted 300
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and 100 nm patterns (lines and pillars) were determined by AFM. The 150 nm patterns have
been omitted here. From the AFM data, h̃ avg was calculated as described in Chapter 10.3.1.
The respective values are plotted in Fig. 10.19 as a function of the exposure time. The solid,
black lines indicate an exponential approach to a maximum height. They correspond to
Eq. (10.3) with the fit parameters listed in Table 10.7.
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Figure 10.19: Average height h̃ avg of the 100 and 300 nm structures imprinted into a film of
molecular glass 1e as a function of the exposure time t. Imprinting was performed with an EVG®

mold (type I) and pmag = 0.34bar.

The build-up time constant is 53 s for the 300 nm structures and 242 s for the 100 nm
structures. These times are significantly shorter than for molecular glass 1a. The comparison
with Table 10.6 shows that the use of molecular glass 1e as resist material improves the
filling speed by a factor of two on average. This factor is equal to that found for the filling of
the micrometer cavities in Chapter 10.2.3. The fits plotted in Fig. 10.19 predict that both the
300 nm and the 100 nm mold cavities fill almost completely (cf. Table 10.7). Furthermore,
line and punch cavities of equal w fill with a similar speed. Like in Chapter 10.2.3, the
error bars indicate the standard deviation of the three height values used to calculate h̃ avg.
The filling time τ increases with decreasing w as in the case of the patterns imprinted into
molecular glass 1a.

Table 10.7: Summary of the experimental data of the nanostructures imprinted into molecular
glass 1e with an EVG® mold (type I). d0: initial film thickness, pmag: externally applied pressure,
w: width of the mold cavities, s: spacing between the mold cavities, h0: imprint height of the
patterns for t→ ∞, τ: filling time constant of the cavities according to Eq. (10.3).

mold material
d0 pmag w s h0 τ

[nm] [bar] [nm] [nm] [nm] [s]

EVG® 550 0.34 300 300 99 53
EVG® 550 0.34 100 100 91 242
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10.4 Imprinting at Elevated Temperatures

The next approach is to heat films of compounds 1a and 1e to a temperature several degrees
below their Tg, at which they are still amorphous when stored in the dark. To imprint a
mold into the preheated azobenzene-functionalized materials, they must again be photoflu-
idized with a suitable light source like in the previous experiments. The thermal barriers for
the isomerization events of the azobenzene chromophores, however, are considerably lower
than at room temperature. Hence, filling of the mold cavities is expected to occur faster at
elevated temperatures.

To preclude that a thermal decrease of the viscosity causes sinking of the mold in the
absence of light, the following experiment was carried out. A film of molecular glass 1a was
heated to a temperature of 88 ◦C, which is 20 ◦C below its Tg (cf. Table 5.1.2). Subsequently,
an Elastosil® 601 mold with L-shaped protrusions was attached to it for 600 s. During this
time, the film was exposed to ambient light only. After removing the mold, the contact
area was investigated. AFM measurements showed that no patterns were transferred to the
molecular-glass film by this procedure. The same result was obtained when the experiment
was repeated at a temperature of T = Tg = 108 ◦C. When the film was heated to 128 ◦C,
1 µm line protrusions of 80 nm height emerged within 10 s. Cavities with w ≥ 5µm filled
only partially, as is the case for an athermally photofluidized resist (cf. Chapter 10.1.2). The
important result is that the mold did not fill at resist temperatures T ≤ Tg, since the molecular
glass is not in the photofluidic state at ambient-light conditions,

Experiments at elevated temperatures were performed with the Azo-NIL setup for hor-
izontal sample alignment. First, an Elastosil® 601 mold with L-shaped protrusions on the
micrometer scale was imprinted into a film of molecular glass 1a. After attaching the mold
at room temperature, the film was heated on the hot stage to 98 ◦C. This temperature is
10 ◦C below the Tg of compound 1a. Before illuminating the mold with both LEDs, the
temperature of the resist was allowed to stabilize for at least 10 min. Since Elastosil® 601
molds make good conformal contact with spirobichromane-based derivatives, no external
pressure was applied. The mold was released once the exposure was finished and the re-
sist had cooled back to room temperature. The above procedure was repeated at different
positions on the film for illumination times ranging from 1 to 150 s. In a second step, the
experiment was repeated with a film of molecular glass 1e at a processing temperature of
97 ◦C, which is also 10 ◦C below the Tg of the molecular glass. Finally, the average structure
heights of the 1 µm patterns imprinted into both films were measured by AFM.

Figure 10.20 shows h avg as a function of the exposure time t for both compounds. The
black, solid lines indicate exponential fits (Eq. (10.3)) with the parameters listed in Ta-
ble 10.8. The build-up time constants are 15.2 s for compound 1a (filled squares) and 9.5 s
for compound 1e (filled circles), respectively. As compared to the experiments conducted
at room temperature, the filling time decreases by a factor of approximately seven for both
materials. After only 1s of illumination, the structures imprinted on both molecular glasses
reach a height of over 10nm. The 1 µm cavities of the Elastosil® 601 mold fill completely
such that h avg ∼ 100nm for exposure times even below 75 s. The L-shaped imprints have
the same quality as the ones produced at room temperature.



10.4 IMPRINTING AT ELEVATED TEMPERATURES 113

0

20

40

60

80

100

0 50 100 150

av
er

ag
e

st
ru

ct
ur

e
he

ig
ht

h
av

g
[n

m
]

exposure time t [s]

1a

1e

0

20

40

0 5 10

1a

1e

Figure 10.20: Average height h avg of the 1 µm structures imprinted into molecular glasses 1a
(filled squares) and 1e (filled circles) as a function of the exposure time t. The molecular-glass
films were preheated to a temperature of 98 and 97 ◦C, respectively. Imprinting was performed
with an Elastosil® 601 mold with L-shaped protrusions. No external pressure was applied.

Nanometer-sized structures were imprinted with EVG® molds (type I) into films of
molecular glasses 1a and 1e according to the same procedure as described above. Since
the resist must be illuminated through the mold in the hot-stage setup, no external pressure
could be applied without blocking the incident light (cf. Chapter 7.2). Hence, imprinting
was performed by simply attaching the EVG® molds to the resists. As discussed in Chap-
ter 10.3.1, the molds lack conformal contact in this case. Because this affects the filling
behavior of the cavities, the AFM data of the imprints allow only approximate statements
about the temporal evolution of the structure heights. As expected, also nanometer-sized
lines or pillars can be imprinted faster into the preheated films than at room temperature.
Complete filling of the 300 nm line and punch cavities requires ∼ 75s for both molecular
glasses. As compared to the unheated film of molecular glass 1a with pressure applied
(cf. Chapter 10.3.1), this is an improvement by a factor of about four. Lines and pillars with
w = 150 or 100 nm sporadically reach the maximum height of 100 nm. The required time is
on the order of 600 s. As in the experiments conducted at room temperature, the filling speed
decreases when the spatial dimension of the mold cavities is reduced from 300 to 100 nm.

Table 10.8: Summary of the experimental data of molecular glasses 1a and 1e measured at
elevated temperatures. T : resist temperature, d0: initial film thicknesses, h0: imprint height
of the 1 µm line patterns for t → ∞, τ: filling time constant of the 1 µm cavities according to
Eq. (10.3).

material
T d0 h0 τ

[◦C] [nm] [nm] [s]

1a 98 520 101 15.2
1e 97 490 103 9.5
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A selection of patterns imprinted into a preheated film (T = 98 ◦C) of molecular glass 1a
after 600 s of illumination are shown in Fig. 10.21. The perspective AFM images in Fig.
10.21 a) and b) depict 300 and 150 nm hexagonally arranged pillars, respectively. Areas
up to 10× 10µm2 were found to be reproduced homogeneously. For the sake of clarity,
the figures show only a portion of the complete AFM scan. The imprint in Fig. 10.21 a)
is an almost perfect replica of the master, since the 300 nm pillars have a height of 105 nm
and a rectangular shape. This is also true for imprints of the 300 nm lines and orthogonal
pillars (data not shown). Heating seems to soften the polymer of the mold, however. As
a result, the pillars with w ≤ 150nm appear more rounded than when produced at room
temperature. Furthermore, the higher imprinting speed comes at the cost of an increased
number of defects for both the 100 nm hexagonal and the 100 nm orthogonal patterns. This
is illustrated by the perspective AFM image of Fig. 10.21 c). Two types of defects could be
observed for the imprint of the 100 nm hexagonal pillars, viz. detachment of large resist areas
(indicated by the hole in the left corner of Fig. 10.21 c)) and tearing off of individual pillars.
The remaining pillars had a height of almost 100 nm, indicating that the mold was almost
completely filled prior to its release. The higher number of defects is not surprising since
heating and cooling causes additional thermal stress. Similar results have been obtained on
preheated films (T = 97 ◦C) of molecular glass 1e as well.

a)

4 µm

2 µm

105 nm

b)

4 µm

2 µm

105 nm

c)

5 µm 5 µm

95 nm

Figure 10.21: Perspective AFM images of the a) 300 nm, b) 150 nm, and c) 100 nm hexagonal
pillar-type patterns imprinted into molecular glass 1a after 600 s illumination at a resist temper-
ature of 98 ◦C. An EVG® mold (type I) was imprinted without externally applied pressure.

In sum, preheating was found to boost the photofluidization of molecular glasses, which
increases the imprinting speed. Structures larger than 150 nm were imprinted with similar
quality as at room temperature. For w ≤ 150nm, the shape of the protrusions deviates
from the master; the pillars appear to be rounded. Also, 100 nm pillar-type patterns were
transferred with higher defect density. The temperature-dependent measurements clearly
demonstrate the advantages of Azo-NIL as compared to other NIL techniques. As long as
the viscosity of the resist is reduced solely due to athermal photofluidization, thermal stress
is virtually eliminated. The mold is not heated in this case and the profiles of the imprinted
structures are less distorted.
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Formation of Complex Superstructures in
Spirobichromane-Based Molecular Glasses

In the preceding chapters, the azobenzene-functionalized molecular glasses 1a and 1e based
on the spirobichromane core turned out to be highly suitable materials for both the inscrip-
tion of SRGs and the imprinting of structures on the micro- and nanometer scale. Once the
molecular glasses are in the photofluidic state, a small externally applied force, which can
be exerted by a light intensity or polarization gradient, adhesion, or other mechanisms, is
sufficient to allow for efficient mass transport. A surprising behavior is observed when a film
of one of the above compounds is illuminated with p-polarized writing beams in the holo-
graphic setup. Initially, the material migrates in a direction parallel to the intensity gradient,
which causes the formation of sinusoidal SRGs. For sufficiently long inscription times,
however, complex zigzag-shaped structures of remarkable height emerge. The photofluid
is transported preferably parallel to the grating crests in this case. A similar behavior has
been reported for star-shaped molecular glasses functionalized with a single azobenzene
chromophore by the group of Ishow. [64] For azobenzene-functionalized spirobichromane
derivatives, however, the formation of complex superstructures has been unknown so far.

The following chapter discusses the properties and dynamics of pattern formation on
films of molecular glasses 1a and 1e during illumination with a pp intensity grating. For
this purpose, the temporal evolution of the 1st-order diffraction efficiency is investigated.
Further, the dependence of the formation speed of the structures on the fluence is analyzed.
Since the profiles of the superstructures are not as regular as those of sinusoidal SRGs, a
theoretical description of their formation is not provided. Instead, a qualitative description
of the mechanism leading to their formation is given. To generate both sinusoidal SRGs
and complex superstructures, the holographic setup presented in Chapter 7.1 was used. The
surfaces of all illuminated spots were measured by AFM.
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CHAPTER 11: FORMATION OF COMPLEX SUPERSTRUCTURES IN

SPIROBICHROMANE-BASED MOLECULAR GLASSES

11.1 Fluence Dependence of the Diffraction Efficiency

In contrast to Raman-Nath gratings stored in the volume of a material, SRGs are not ex-
pected to suffer from overexposure. A widely used approach to describe the temporal evo-
lution of the SRG amplitude is to assume that it approaches a maximum value exponen-
tially, [98] denoted herein by d1,max. The grating amplitude after a writing time t is

d1(t) = d1,max · [1− exp(−t/τ)] (11.1)

with τ being the buildup constant. If this expression is inserted into Eq. (2.12), the 1st-order
diffraction efficiency of a sinusoidal SRG becomes

η1 = J 2
1

(
2π∆n

λ r cosθ r
d1,max · [1− exp(−t/τ)]

)
, (11.2)

which implies that η1 is constant for long writing times. The temporal evolution of η1
in spirobichromane-based molecular glasses shows a different behavior, however, which is
discussed in the following.

In a first step, a film of molecular glass 1a with a thickness of 1.1µm was illuminated
for 2000 s with the sinusoidal interference pattern of the p-polarized writing beams. Each of
them had an intensity of 1 W cm−2, so their total intensity was 2 W cm−2. At the same time,
the temporal evolution of the 1st-order diffraction efficiency was monitored with the read-
ing laser. Subsequently, the experiment was repeated at different positions on the sample.
The diffraction efficiencies of two exemplary measurements are plotted as a function of the
inscription time in the second graph on the left-hand side of Fig. 11.1 (from top to bottom).
An enlarged version of the region marked by the gray-shaded box is shown on the right.
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Figure 11.1: 1st-order diffraction efficiency η1 of surface reliefs inscribed in a film of molecular
glass 1a as a function of both the writing time t and the fluence F . The total intensities of
the writing beams were 0.5, 1, 2, and 4Wcm−2. The scalings of the time axes on the left are
chosen such that they are in the same proportion as their corresponding total intensities. Thus,
all graphs have the same fluence scale (top abscissa). The solid and dashed line in the enlarged
section on the right are measured at different places on the sample under the same experimental
conditions.
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The 1st-order diffraction efficiency of the first SRG (solid line) increases within approxi-
mately 90 s to a value of about 28.7 %. In the second measurement (dashed line), η1 reaches
a higher value of ∼ 32.8%, which is near the theoretical limit of scalar Raman-Nath grat-
ings. The time required to reach the maximum does not change significantly. The solid and
dashed curves represent a lower and an upper limit for η1. SRGs inscribed at other positions
on the molecular glass film result in similar curves that lie between the depicted ones. In-
terestingly, the diffraction efficiencies are not constant after reaching their maximum value
but decrease slightly first. Although this is plausible from the point of view that a sinusoidal
grating with monotonously increasing amplitude emerges, the subsequent small oscillations
and the steep decrease after ∼ 600s cannot be explained with this argumentation. For illu-
mination times longer than 1500 s, η1 decreases to almost zero, which implies that the SRG
is destroyed.

To analyze, whether the decay at long writing times is a side effect of laser-induced
heating, the dependence of the diffraction efficiency on the fluence F = I · t was investi-
gated. Similar as in Chapter 10.1.1, F is defined as the product of the total intensity of the
writing beams I and the inscription time t. Thus, it is a measure of the energy deposited in
the molecular glass. Surface relief gratings were inscribed at a total writing intensity of 0.5,
1, and 4 W cm−2. The temporal evolution of the 1st-order diffraction efficiencies is plotted
on the left-hand side of Fig. 11.1 together with that measured at 2 W cm−2. The scalings
of the time axes are in the same proportion as the corresponding total writing intensities.
In this representation, the same horizontal position belongs to the same fluence. The top
abscissa is labeled with the respective values. As indicated by the red lines, the diffrac-
tion efficiency reaches a maximum at a fluence of ∼ 200Jcm−2 for each of the four writ-
ing intensities. Subsequently, η1 decreases and slightly oscillates around a constant value
(0.2kJcm−2 ≤ F ≤ 1kJcm−2) until it finally decays to almost zero (F > 1kJcm−2). The
five curves plotted in Fig. 11.1 are almost congruent, which demonstrates that the formation
of surface structures solely depends on the fluence. Laser-induced heating can be precluded
from being the underlying mechanism, since the decay of η1 at long writing times occurs at
low and high writing intensities. This is further supported by the observation that the shape
of the curves does not change when the writing laser is switched off during inscription. In
this case, the diffraction efficiency stays constant. As soon as the writing laser is turned on
again, it continues its original course.

11.2 Formation of Sinusoidal Surface Relief Gratings at Low
Fluence

The results of the preceding chapter show that the developing pattern cannot be an SRG
whose amplitude approaches a maximum value exponentially. However, since the 1st-order
diffraction efficiency increases continuously for fluences below 200 J cm−2, it is plausible
to assume that initially a sinusoidal grating with a steadily growing amplitude emerges.
To study the SRG formation at low fluences (F ≤ 210Jcm−2), different spots of a film
of molecular glass 1a were illuminated with the writing beams having a total intensity of
2 W cm−2. Each grating was inscribed with a different fluence by varying the writing time
within a range of 0 to 105 s. The respective 1st-order diffraction efficiencies were measured
and d1 was calculated from Eq. (2.12) following the approach described in Chapter 2.3.
To determine ∆n, the refractive index of molecular glass 1a was inserted from Table 9.1
(cf. Chapter 9.3). Finally, the profiles of the inscribed gratings were measured near their
center with an AFM.
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Figure 11.2: The left panel shows a false-color AFM image of a sinusoidal SRG inscribed into
a film of molecular glass 1a with a fluence of 210 J cm−2. The profile measured along the black
line is plotted on the right (black crosses). A sine function (red line) with an amplitude of
d1 = 280nm and a periodicity of Λ = 972nm fits the data well.

Since Eq. (2.12) applies to sinusoidal gratings only, the AFM data are discussed first.
The left panel of Fig. 11.2 shows an AFM image of an SRG inscribed into a film of molec-
ular glass 1a after 105 s of illumination (F = 210Jcm−2). In addition to the fact that the
produced grating is very regular, its surface is essentially sinusoidal. This becomes apparent
from the graph on the right side. It depicts the profile of the grating measured along the
straight line drawn in the AFM image on the left. The red line is a fit function of the form
∆d(x) = 280nm ·sin(2πx/972nm+243°). Slight deviations from the sinusoidal profile ex-
ist, which are best visible near the grating maxima. The grating height varies across the
SRG, the fluctuations are on the order of 50 nm. Considering that the average grating height
is 560 nm, the variations are below 10%. Gratings inscribed with lower fluences have sinu-
soidal profiles of similar or higher quality. Generally speaking, the fluctuations are always
below 10 % of the average grating height for fluences below 210 J cm−2. The grating period
of Λ = 972nm does not agree with the value calculated from Eq. (2.3) (Λ = 1000.7nm).
This is an artifact of the AFM measurement, which can be attributed to the fact that the
scanning direction was parallel to the grating crests.

The peak-to-peak heights H = 2d1 of the sinusoidal SRGs determined from both the
AFM data (filled squares) and the diffraction efficiencies (open circles) are plotted as a
function of the writing time t in Fig. 11.3. Since the total intensity of the writing beams was
constant during the experiment, each data point can be assigned to its corresponding fluence.
The respective values are marked on the upper abscissa. As indicated by the filled squares,
the grating heights determined from the AFM data increase linearly throughout the whole
measurement series. The linear growth persists even until a time slightly after the 1st-order
diffraction efficiency reaches its maximum (cf. Fig. 11.1). The growth rate determined from
the linear fit through the origin (lower solid line) is 5.3nms−1, where the grating reaches
a height of ∼ 560nm after 105 s of illumination. For fluences below 100 J cm−2 the values
of H are lower than predicted by the fit. A possible explanation is that the SRG heights
have been measured near the edge of the grating, where the fluence decreases according to
the Gaussian profile of the writing beams. This systematic error predominantly occurs for
gratings of low height because their center is more difficult to locate.

The grating heights determined from the diffraction efficiencies increase linearly for
fluences below 100Jcm−2. This is indicated by the dashed line through the origin with a
slope of 5.6 nm s−1. It results from a fit which only includes the data of the SRGs inscribed
with F < 100Jcm−2. Within this range, the grating heights calculated with Eq. (2.12) al-
most lie on the regression line obtained from the AFM data. When H exceeds 250nm
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(F > 100Jcm−2), the calculated values clearly deviate from the dashed line. In addition to
an increased scatter, most of the calculated values are systematically too high and the devia-
tions from the AFM data become as large as 100 nm. In summary, grating heights calculated
from η1 are more exact for small values of H, whereas those measured by AFM are more
reliable for H > 250nm.
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Figure 11.3: Grating heights H determined with the AFM (filled squares) and Eq. (2.12) (open
circles) as a function of both the writing time t and the fluence F . The total intensity of the
writing beams was 2Wcm−2. The linear functions indicated by the straight lines through the
origin have slopes of 5.3 nm s−1 and 5.6 nm s−1. The slope of the dashed line was determined
only from the data points with F < 100Jcm−2.

The initial linear growth of the SRGs can be explained with laminar-flow models which
treat the photofluid as a viscous fluid. [57,233] Apart from a constant prefactor, the functional
relationship between the grating height and the writing time is similar to the one derived
from the Stefan equation in Chapter 10.1.4 (cf. Eq. (10.6)). The reason is that mold filling
and SRG formation are equivalent to a certain extent, if the origin of the pressure or force
which causes the material flow is not closer specified. In other words, the photofluidic
molecular glass does not distinguish between forces exerted by optical gradients or mold
adhesion. The continuing linear growth for high grating amplitudes is unexpected, however,
since the models mentioned above apply to SRGs with small amplitudes only and, moreover,
neglect the surface tension of the photofluid. The deviations between the grating heights
calculated from η1 and those measured by AFM for H > 250nm can have different reasons.
Equation (2.12) follows from a transmission matrix approach which is the adaption of a
model developed to describe the diffraction off scalar Raman-Nath gratings inscribed in the
volume of a material. Thus, it neglects the fact that for SRGs the angle of incidence becomes
a function of position. To take this effect into account, high numerical effort would be
required. [234,235] Additionally, light scattering at the corrugated SRG surface is neglected.
Finally, the height fluctuations discussed before reduce the regularity of the grating, which
further affects its diffraction behavior. All the above effects gain importance with increasing
grating height, as it is the case in the experiments.



120
CHAPTER 11: FORMATION OF COMPLEX SUPERSTRUCTURES IN

SPIROBICHROMANE-BASED MOLECULAR GLASSES

11.3 Formation of Complex Superstructures at High Fluence

In the previous chapter it was shown that SRGs grow linearly for fluences below 210 J cm−2

and that their profile is essentially sinusoidal. This applies approximately until η1 reaches its
maximum (cf. Fig. 11.1 and 11.3). The subsequent first and second decay, however, cannot
be attributed to a continuously growing grating. Instead, they are caused by the beginning
formation of complex superstructures, which are discussed in the following. To investigate
the formation of structures at high fluences, different spots of a film of molecular glass 1a
were illuminated with the interference pattern of the writing beams. Their total intensity
was 2 W cm−2 and the inscription time was varied from 125 to 4000 s, corresponding to
fluences between 0.25 and 8 kJ cm−2. Subsequently, the profiles of the inscribed structures
were measured by AFM.

The beginning of the process, which eventually results in the formation of complex su-
perstructures, is depicted in Fig. 11.4 a). It shows an AFM image of a grating which was
inscribed with a fluence of 1kJcm−2. Exposure with fluences between 0.25kJcm−2 and
1kJcm−2 resulted in the formation of similar patterns; the corresponding AFM images are
not shown. The above fluences belong to the range where η1 has passed its maximum
and temporarily decays to a constant value. In Fig. 11.4 a) the average grating height is on
the order of 400 nm, which is lower than that measured for fluences of about 210Jcm−2

(H ≈ 600nm). At distinct places the crests of the grating become narrower, whereas else-
where they begin to form bulges. As a consequence, the grating height strongly varies over
the scanned area. Yet, the original SRG is clearly recognizable and still resembles the inter-
ference pattern of the writing beams. The decreased height in combination with the reduced
regularity explains the first decay of η1. The black arrows illustrate that, unlike SRG forma-
tion at low fluences, the molecular glass begins to flow in a direction parallel to the grating
crests. From the snapshot of the process, however, it cannot be distinguished whether the
material still also migrates in a direction parallel to the optical gradient. The polarization
of the incident laser light is indicated by the white arrow, which is parallel to the optical
grating vector ~K.

a) b) c)

Figure 11.4: False-color AFM images of the structures generated on a film of molecular glass 1a
after exposing it to a fluence of a) 1 kJ cm−2, b) 1.6 kJ cm−2, and c) 8 kJ cm−2. Black ar-
rows indicate the direction of the material transport, whereas white arrows correspond to the
polarization of the writing beams.

The effects of the persistent material transport along the grating crests can be seen more
clearly in Fig. 11.4 b). The depicted pattern was inscribed with a fluence of ∼ 1.6kJcm−2,
where η1 already decays (cf. Fig. 11.1). It becomes even more apparent that the photoflu-
idic molecular glass flows predominantly in a direction perpendicular to the polarization or
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~K. The material migrates into both the top and the bottom direction (black arrows), which
causes the formation of rounded cones which appear as small droplets in the AFM image.
At the same time, less molecular glass is transported into the horizontal direction. Since the
previously inscribed SRG already had a reasonable height, the accumulation of molecular
glass at distinct points along each grating crest causes the formation of even higher struc-
tures up to 900 nm. One can further see that hills preferably develop at the same horizontal
position, where they gradually begin to merge. The above observations add further com-
plexity to the migration behavior of azobenzene-functionalized molecular glasses in optical
fields. Periodic polarization or intensity gradients do not exist along the grating crests and,
thus, cannot be responsible for the formation of the complex patterns. Also effects of gravity
can be neglected, otherwise the photofluid would accumulate at the edge of the substrate.
(The sample was oriented vertically during the experiment.)

Figure 11.4 c) shows the final state of the process. The depicted structures formed after
exposing the molecular glass film to a fluence of 8 kJ cm−2. The rounded cones now have
fused into complex zigzag lines with remarkable heights up to 2.5 µm. The tendency of the
cones to align horizontally causes the ridges of the pattern to run parallel to the polarization
of the light or the grating vector. Similar structures were measured when the fluence was
reduced to 4 kJ cm−2. This implies that the formation process is largely completed once the
1st-order diffraction efficiency has fully decayed. Closer inspection shows that the height of
the zigzag lines as well as the valleys between them are slightly modulated, reflecting the
initial SRG. This indicates that the intensity gradients of the optical grating still exert a force
onto the photofluidic molecular glass, which causes the material to migrate in a direction
parallel to ~K. As compared to the height of the zigzag lines, however, the amplitude of the
surface modulation is negligible.

a)

20 µm

b)

20 µm

Figure 11.5: Microscope images of complex superstructures inscribed on a film of molecular
glass 1a with a pp intensity grating. a) Center region of the illuminated spot. b) Edge region
of the illuminated spot. White arrows indicate the polarization of the optical grating.

To provide an overview of the complex superstructures at larger scales, the illuminated
spot shown in Fig. 11.4 c) was further investigated with an optical microscope. Two images
were recorded, one at the center of the hologram, and the other one near its edge. They are
shown in Fig. 11.5 a) and b), respectively. Due to the Gaussian profile of the laser beams,
the fluence reaches its highest value at the center. Thus, the pattern depicted in Fig. 11.5 a)
solely consists of zigzag lines. The latter occur with a certain regularity in the direction
perpendicular to the optical grating vector and form a new surface-relief grating with a peri-
odicity of ∼ 4µm. As in the AFM image, the polarization of the writing beams is indicated
by the white arrow. In the microscope images it can be seen more clearly that the zigzag
lines are aligned parallel to the polarization axis. Near the edge of the illuminated region
shown in Fig. 11.5 b) the fluence decreases and a transition state between the sinusoidally
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modulated surface and that with zigzag lines can be observed. At high magnification one
can clearly distinguish the vertical stripes of the original sinusoidal SRG, which are well
preserved on the right side. On the left side, the pattern of perpendicular zigzag lines is
more dominant.

11.4 Complex Superstructures in Methoxyazobenzene-Function-
alized Spirobichromane-Based Molecular Glasses

So far, only the formation of SRGs and complex superstructures on films of molecular
glass 1a was discussed. As mentioned in the beginning of the chapter, a material which
is expected to show a similar behavior is molecular glass 1e. It is based on the spirobi-
chromane core as well, but features a higher absorption near the laser wavelength since it
is functionalized with methoxy-substituted azobenzene chromophores. As a consequence,
it forms SRGs faster than compound 1a (cf. Chapter 9.3). To investigate the surface reliefs
formed by molecular glass 1e after being exposed to high fluences, it was prepared as a
1.1 µm thick film which was illuminated in the holographic setup for 500 s with a pp inten-
sity grating. During this time, the 1st-order diffraction efficiency was measured. The total
intensity of the writing beams was 2 W cm−2.

0

0.1

0.2

0.3

0 100 200 300 400 500

0 0.25 0.5 0.75 1

1st
-o

rd
er

di
ff

ra
ct

io
n

ef
fic

ie
nc

y
η

1

writing time t [s]

fluence F [kJcm−2]

sinusoidal SRG

SRG degeneration

rounded cones

zigzag lines

Figure 11.6: 1st-order diffraction efficiency η1 of a surface relief inscribed on a film of molecular
glass 1e as a function of both the writing time t and the fluence F . The total intensity of the
writing beams was 2Wcm−2.

Figure 11.6 shows η1 as a function of both the writing time and the fluence. Once
the illumination has been started, the diffraction efficiency first reaches a maximum, then
decays to a plateau, and finally approaches a value of almost zero. The behavior of η1 is
virtually identical to that of molecular glass 1a (cf. Fig. 11.1). The diffraction efficien-
cies of compounds 1a and 1e only differ by their time or fluence scale. For relief patterns
inscribed in molecular glass 1e, η1 progresses three times faster than for 1a. This result
indicates that complex superstructures emerge more quickly on films of 1e. Furthermore,
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molecular glass 1e should undergo the same stages of pattern formation as 1a. To prove
this assumption, the above experiment was repeated for fluences between 0 and 1 kJ cm−2

at different spots on the molecular glass film. Afterward, the inscribed structures were in-
vestigated with an optical microscope. These measurements confirmed that the formation
of SRGs and complex superstructures in molecular glass 1e takes place in a way analogous
to that in 1a. Initially a sinusoidal SRG emerges. It reaches a similar height as in the case of
1a, which follows from the 1st-order diffraction efficiencies of compound 1a and 1e. With
increasing fluence, the SRG transforms into rounded cones and eventually into complex su-
perstructures. As in the case of molecular glass 1a, the complex superstructures consist of
zigzag lines that are aligned parallel to the polarization of the interfering writing beams. The
different stages of pattern formation are indicated in Fig. 11.6.
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Conclusion

In the present thesis, the suitability of azobenzene-functionalized molecular glasses and
polymers for different fields of application was investigated. They comprise the storage of
holographic volume gratings, the lithographic manufacturing of micrometer- and nanometer-
sized structures, and the optical generation of surface relief patterns. In addition, a new
method for the determination of refractive indices was developed and characterized.

The large variety of research applications arises from the rich photophysics of the ma-
terials used in the experiments. They are functionalized with covalently attached azoben-
zene moieties which perform repeated trans-cis-trans isomerization cycles when exposed
to UV or blue light. Depending on their molecular structure, azobenzene-functionalized
compounds react differently upon illumination. In some materials, the azobenzene chro-
mophores only perform a rotational motion. If the light is polarized, they orient and the
refractive index of the material becomes anisotropic. On the contrary, a large number of
azobenzene-functionalized materials becomes photofluidic. In this state, they are able to
flow like a liquid without raising their macroscopic temperature. Exposure to a light in-
tensity or polarization grating exerts a force onto the moieties, which causes a translational
motion of the material over macroscopic distances. Since the migration preferably occurs
in the direction of the optical gradient, sinusoidal SRGs or more complex patterns can be
formed. Alternatively, the driving force of the material transport can be adhesion, which is
important for lithographic applications.

The investigated materials were azobenzene-functionalized low-molecular-weight com-
pounds, homopolymers, and block copolymers. Low-molecular-weight compounds that fea-
ture a stable amorphous phase are also known as molecular glasses. They can easily turn
into the photofluidic state and efficiently form SRGs. Thus, they are ideal candidates for
the optical and lithographic fabrication of a large variety of surface patterns. Homopoly-
mers have similar properties. Due to the presence of entanglements, material migration is
less efficient than in the molecular glasses. If the polarization of the incident light is cho-
sen appropriately, homopolymers can store stable Raman-Nath refractive-index gratings in
the volume. The block copolymers consist of an azobenzene-functionalized minority and
a polystyrene majority phase which are microphase-separated. Since the photo-addressable
part is confined by the optically inert polystyrene matrix, photoinduced material transport
is completely inhibited. In addition, block copolymers feature a low optical density. Both
properties are required for the inscription of Bragg-selective volume gratings and, thus, for
holographic data storage.

125
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Chapter 8 constitutes a guide on how to improve the holographic performance of azoben-
zene-functionalized block copolymers. In the presented approach, different polymer types
were blended with an azobenzene-functionalized molecular glass and prepared as thin films.
Subsequently, volume gratings were inscribed with a holographic setup. To understand the
photophysical behavior of the molecular glass located in the two phases of the block copoly-
mers, blends with a photo-orientable and an optically inert homopolymer were investigated
first. From the holographic writing times measured in these systems, it was derived that
cooperative interactions exist between both the chromophores of the molecular glass and
those of the molecular glass and the photo-orientable polymer. Thus, the molecular glass
acts as a plasticizer and speeds up the alignment of the chromophores of the surrounding
polymer matrix. Increasing the content of molecular glass in photo-orientable homo- and
block copolymers shortens the time required to inscribe a holographic grating significantly.
A comparative analysis of the writing times in all polymer blends further revealed that the
molecular glass mainly accumulates in the photo-orientable minority phase of the block
copolymers. The maximum refractive-index modulation achieved in the blends is essen-
tially a superposition of that of the neat compounds. Since the neat molecular glass features
a higher refractive-index modulation than the neat block copolymers, its addition allows for
the storage of more intense holograms. Blending with molecular glass also improves the ho-
mogeneity of the prepared films. Annealing enhances the microphase separation and causes
the molecular glass to accumulate even more in the photo-orientable block. Both processes
result in a better reproducibility of the writing times. The concentration of molecular glass,
however, cannot be increased arbitrarily without affecting the post-development of the in-
scribed gratings and the optical density of the blend. Adding an amount of 15 wt% molecular
glass to a block copolymer with stabilizing mesogenic units in its photo-addressable block
results in a long-term-stable refractive-index modulation. Furthermore, the optical density
of the blend is still low at this concentration and the inscription time reduces to about 10 s,
which is a factor of more than 15 as compared to the neat block copolymer. In summary,
blending photo-orientable block copolymers with an azobenzene-functionalized molecular
glass improves their holographic performance, making them promising candidates for holo-
graphic data storage or forgery-proof security features.

In Chapter 9 a new method for the determination of the refractive index of solids was de-
veloped. When a periodic pattern exists near the surface of a material, the grating equation
implies that an incident monochromatic laser beam is diffracted into various orders. They
emerge at different angles inside the medium which depend on the angle of incidence. For
individual orders, a critical angle of incidence exists at which the direction of propagation
is parallel to the grating vector, i. e., parallel to the surface of the material. From these crit-
ical diffraction angles, the refractive index can be determined. Two different criteria were
derived from the grating equation. They allow for the calculation of the refractive index
either from the wavelength of the incident light, the grating constant, and the 1st-order crit-
ical diffraction angle or from the 1st- and 2nd-order critical diffraction angles exclusively.
Since the grating equation is valid for periodic patterns in general, both approaches apply to
surface-relief, refractive-index, or absorption gratings with arbitrary shape (sinusoidal, rect-
angular, etc.). Moreover, no information about the thickness of the material below the grat-
ing is required. To study the applicability of the method, the dispersion of a non-photoactive
PDMS polymer was measured. For this purpose, a holographically prepared SRG was trans-
ferred to a PDMS film by molding. As reference, the PDMS dispersion was measured with
an Abbe refractometer. The results of the combined experiments demonstrated that the re-
fractive indices can be calculated from the 1st- and 2nd-order critical diffraction angles with
an accuracy of about three decimal digits. Different experimental error sources were dis-
cussed in detail. Systematic errors can occur if the spectral width of the laser is too large.
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They can be eliminated either by correcting the wavelength accordingly or by using the ap-
proach that involves the determination of two critical diffraction angles. Finally, the new
technique was applied to determine the refractive indices of different molecular glass for-
mers. They have similar refractive indices, which are 1.521 at a wavelength of 489.2 nm
and 1.510 at a wavelength of 685 nm. In summary, a method for the determination of the
refractive index of solids was developed, characterized, and tested. Since various techniques
exist for the preparation of gratings (e.g., holographic inscription, embossing, imprinting),
the presented approach constitutes a powerful tool for a large scope of applications such as
holography, optical fibers, or thin-film optics.

A novel lithographic method for the reproduction of micrometer- and nanometer-sized
structures was introduced in Chapter 10. It is denoted by Azo-NIL and uses the well-known
concept of transferring patterns from a rigid master to a resist with a flexible mold. Unlike
other imprint methods, the resist material is an azobenzene-functionalized molecular glass
or homopolymer which can be switched to the photofluidic state with visible or UV light.
Filling of the mold is driven by adhesion and, thus, the mold has to be in good conformal
contact with the resist. For this reason, the properties of molds prepared from different
polymers were analyzed. The roofs of PDMS molds collapse to the azobenzene-function-
alized resists initially and the PDMS polymer adheres strongly. Yet, molds prepared from
PDMS cannot be used to imprint defect-free line structures smaller than 150 nm since the
mold protrusions collapse also laterally in this case. A solution is to prepare molds from
the less flexible, so-called EVG® polymer. Because it is much stiffer and less adhesive
than PDMS, conformal contact with the resist has to be restored by applying additional
external pressure. Since Azo-NIL is a new technique, fundamental questions regarding the
dynamics of the resist flow were discussed. Coherent and incoherent light sources in the UV
and blue spectral range can be used to photofluidize the azobenzene-functionalized resists.
The most efficient filling of the molds is achieved by exciting the n→ π∗ and the π → π∗
transition of the chromophores simultaneously with two different light sources. If the ini-
tial thickness of the photofluidizable resist is thinner than 500 nm, both the filling speed of
the mold and the maximum height of the imprinted structures decrease. For higher film
thicknesses, the filling rate is constant and complete filling can be achieved. This behavior
follows from the Stefan equation and applies to viscous fluids independent of the resist ma-
terial. Different azobenzene-functionalized molecular glasses and homopolymers were in-
vestigated for their applicability in Azo-NIL. Low-molecular-weight compounds based on a
triphenylamine core crystallize upon illumination and, thus, produce imprints of poor qual-
ity. In contrast, imprints of high quality can be obtained from azobenzene-functionalized
homopolymers, trisamide-based molecular glasses, and spirobichromane-based molecular
glasses, since all compounds return to the amorphous state after illumination. Among these
compounds, the spirobichromane-based derivatives turned out to be the most efficient resist
materials with the shortest filling times. Also, the influence of the substituent of the azo-
benzene chromophores was investigated. The introduction of perfluorinated groups reduces
both the filling speed and the imprint quality. Substitution with methoxy groups, on the other
hand, changes the absorption of the azobenzene chromophores, so imprinting requires less
time. At short exposure times, the height of the imprints is proportional to the fluence. Thus,
higher intensities increase the imprinting speed. After sufficiently long exposure, complete
filling of the cavities is achieved and the profile of the master is reproduced with high quality.
For approximately 500 nm thick films prepared from a spirobichromane derivative featuring
hydrogen-substituted azobenzene moieties, the time required to fill 63 % of 100 nm deep
mold cavities with a width of 1000 or 100 nm is 112 or 368 s, respectively, when illumi-
nated at room temperature. In smaller mold cavities, the photofluidic resist requires a longer
time to rise. This is due to the fact that capillary flow becomes the dominating mechanism
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once the photofluid reaches a certain height inside the mold cavities. Finally, the influence
of preheating azobenzene-functionalized resists on the imprinting speed was investigated.
Since the thermal barriers for azobenzene isomerization attempts are lowered, photofluid-
ization is enhanced. If molecular glass resists are stored 10 ◦C below their glass transition
temperature during imprinting, the processing time decreases by a factor of up to seven but,
also, the number of defects upon mold release increases. In summary, Azo-NIL allows for
the precise replication of micrometer- and nanometer-sized patterns. Because it is based
on the athermal photofluidization of azobenzene-functionalized materials, its advantage as
compared to common imprint methods is that it can be performed without thermal treatment
or crosslinking reactions, so it is not affected by issues associated with material shrinkage.
Azo-NIL holds the potential to be applied as a technique for the fabrication of functional op-
tical materials, microlens arrays, photonic elements, or complex patterns with feature sizes
down to 10 nm.

The surface-relief patterns formed by two different spirobichromane-based molecular
glasses upon illumination with a p-polarized optical grating were the subject of further in-
vestigations in Chapter 11. As long as the fluence stays below a critical value, the developing
surface relief resembles the interference pattern, so its profile is essentially sinusoidal. The
critical fluence roughly corresponds to the time at which the 1st-order diffraction efficiency
reaches its maximum. At that moment, the height of the grating is about 600nm. When
the holographic illumination continues, the sinusoidal SRG decays. For higher fluences,
rounded cones develop which finally fuse into complex superstructures. The latter con-
sist of irregular zigzag-shaped lines which run perpendicular to the diffraction fringes of
the optical grating. The zigzag-shaped lines reach heights up to several micrometers and
are significantly higher than the initial, sinusoidal SRG. The resulting pattern resembles a
grating with a periodicity of ∼ 4µm and represents the final state of pattern formation. Sur-
prisingly, at high fluences the material transport occurs predominantly in a direction with
negligible optical gradients. The formation of gratings or complex superstructures is accel-
erated if the azobenzene-functionalized moieties feature methoxy substituents. The reason
is that the absorption of the chromophores shifts towards the wavelength of the writing
laser. In summary, the temporal evolution of the surface relief patterns emerging on azoben-
zene-functionalized molecular glasses based on a spirobichromane core was analyzed and
characterized. For this material class, the formation of complex superstructures is reported
for the first time. Their existence is relevant for the correct interpretation of the diffraction
efficiencies of holographically prepared SRGs and, thus, for the fabrication of homogeneous
gratings.
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A
NIL-Technology Master Data Sheet

Figure A.1: Technical data of the NIL-Technology master. The data sheet illustrates the
arrangement of the different pattern types and lists the heights of the available structures as well
as their target widths and their actual widths.
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