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Abstract

Ultraviolet light-assisted nanoimprint lithography (UV-NIL) is a technique for fabricating
micro- and nanostructures. It replicates the surface pattern of a template by pressing it into a
liquid monomer solution which polymerizes and gets rigid upon exposure to UV light. In this
way the resolution is not limited by the wavelength of light as in the case of photolithography
but only be the resolution of the technique used to fabricate the master. Roll-to-roll UV-NIL
allows to perform this process in a continuous way and at large areas which enables a cost-
effective and high-throughput production. A key feature of the process is the imprint resin as
it not only determines the properties of the produced structures but has also to fulfill certain
requirements to be suitable for imprinting. Typically, imprint resins are based on acrylates
which, however, exhibit some drawbacks such as oxygen inhibition, incomplete conversion, slow
reaction, large polymerization shrinkage, shrinkage-induced stress and network inhomogeneity.
Thiol-enes have the potential to overcome these limitations and it is the aim of this work to
investigate how they can be used to improve conventional imprint resins.

The experimental work comprises a series of techniques to characterize the liquid as well
as the cured resin. Rheometry, contact angle measurement, Fourier-transform infrared spec-
troscopy, hydrostatic weighing and microindentation are employed to measure the viscosity,
surface energy, polymerization rate and final conversion, volumetric shrinkage and mechan-
ical properties, respectively. Furthermore, the replication fidelity is investigated using light
microscopy, electron microscopy, profilometry and atomic force microscopy.

It was found that thiol-enes generally polymerize at higher rates and to higher final con-
versions than acrylates. On the other hand, they exhibit limited shelf-life stability which,
however, can simply be solved by using them as two-component systems. Regarding their
mechanical properties, their hardness is significantly reduced compared to acrylates but their
elastic modulus can be comparable to acrylates when using stiff monomers. The investigation
of volumetric shrinkage of bulk samples revealed that they tend to shrink less than acrylates
which is due to their step-growth polymerization mechanism leading to lower cross-link densi-
ties than in the case of acrylates. Surprisingly, it was found that during NIL shrinkage does,
however, not significantly reduce the size of imprinted features. This might be explained by
the fact that the imprint is constrained by the template and shrinkage is accommodated by
density fluctuations inside the imprinted features instead.

Furthermore, replication fidelity may not only be compromised by shrinkage but also by
mechanical failure of the imprint resin during demolding. To allow for defect-free replications
it is therefore essential that the imprint can be easily removed from the template after poly-
merization. Unfortunately, it was found that thiol-ene imprints generally adhere well to the
template making it much more difficult to separate them from each other than it is the case
for acrylates. Therefore, replications made with thiol-ene resins are often not defect-free. In
fact, the good adhesion properties of thiol-enes are well known which originates from their
low build-up of polymerization-induced stress. Therefore, despite all their advantages, thiol-
enes are less well-suited for UV-NIL than acrylates. However, they might turn out as useful
additives when used at lower concentrations.



Kurzfassung

Ultraviolettlichtgestiitzte Nanopragelithographie (UV-NIL) ist eine Methode zur Herstellung
von Mikro-und Nanostrukturen mit der die Oberflachenstruktur eines Stempels repliziert wird,
indem diese in eine fliilssige Monomerlésung gedriickt wird, welche anschliefend durch ultra-
violettes Licht polymerisiert und damit gehértet wird. Die Auflésung ist daher im Gegensatz
zur Photolithographie nicht durch die Lichtwellenléinge begrenzt, sondern durch das Verfahren
zur Stempelherstellung. UV-NIL kann auch im Rolle-zu-Rolle Verfahren durchgefiihrt werden,
was eine kostengiinstige Produktion mit hohem Durchsatz erméglicht. Eine Schliisselrolle spielt
dabei der verwendete Prégelack, da er nicht nur die Eigenschaften der produzierten Strukturen
bestimmt, sondern auch weitere Anforderungen erfiillen muss, um als Pragelack geeigent zu
sein. Ublicherweise werden acrylatbasierte Prigelacke verwendet, die jedoch eine Reihe von
Nachteilen wie Sauerstoffinhibierung, unvollstédndige und verhéltnisméflig langsame Reaktion,
groflen Polymerisationsschrumpf und dadurch induzierte Spannungen, sowie inhomogene Net-
zwerke mit sich bringen. Thiol-Ene weisen viele dieser Probleme nicht oder in verminderter
Form auf und sollen daher in dieser Arbeit auf ihre Eignung als Prigelacke untersucht werden.

Mithilfe von Rheometrie, Kontaktwinkelmessungen, Fourier-Transform-Infrarotspektroskopie,
hydrostatischem Wiegen und Mikroindentation wurden Viskositit, Oberflichenenergie, Poly-
merisationsrate und -umsatz, Schrumpf und mechanische Eigenschaften bestimmt. Auflerdem
wurde die Préigetreue mittels Lichtmikroskopie, Rasterelektronenmikroskopie, Rasterkraft-
mikroskopie und Profilometrie untersucht. Es zeigte sich, dass Thiol-Ene im Allgemeinen
mit hoheren Polymerisationsraten und zu hoheren Umséitzen reagieren als Acrylate. Ander-
erseits weisen sie eine geringere Lagerstabilitdt auf, was jedoch einfach durch Handhabung
als Zweikomponentensystem gelost werden kann. Ihre Hérte ist deutlich gegeniiber Acrylaten
reduziert, ihr Elastizitdtsmodul kann jedoch durch die Verwendung von steifen Monomeren
dhnlich hohe Werte erreichen. Die Untersuchung des Schrumpfs ergab, dass dieser bei Thiol-
Enen tendenziell geringer ausfillt als bei Acrylaten. Dies ist ihrem Polymerisationssmecha-
nismus, dem Stufenwachstum, zuzuschreiben, der zu geringeren Vernetzungsdichten als bei
Acrylaten fiihrt. Uberraschenderweise zeigte sich jedoch, dass die Gréfie der mittels UV-NIL
gepragten Strukturen gegeniiber den Originalstrukturen nicht signifikant durch Schrumpf ver-
ringert wird. Dies kommt mdoglicherweise dadurch zustande, dass die Strukturen aufgrund ihrer
Wechselwirkung mit dem Stempel sich nicht frei bewegen kénnen und der Schrumpf stattdessen
in Form von internen Dichtefluktuationen auftritt.

Ein weiterer wichtiger Aspekt ist die mechanische Belastung des Préigelacks beim Entformen.
Um defektfreie Replikationen zu gewéhrleisten, ist eine einfache Trennung von Stempel und
Prigelack essentiell. Unglicklicherweise zeigen Thiol-Ene jedoch eine gute Haftung, weswe-
gen ihre Entformung erheblich grofiere Kréafte erfordert, als dies bei Acrylaten der Fall ist,
weswegen mit Thiol-Enen oft keine defektfreien Abformungen moglich sind. Die guten Adhé-
sionseigenschaften von Thiol-Enen sind auf die geringen Spannungen zuriickzufiihren ist, die
sie wihrend der Polymerisation aufbauen und welche wesentlich kleiner ausfallen als bei Acry-
laten. Thiol-Ene sind deswegen, trotz ihrer zahlreichen Vorteile, den Acrylaten als Préigelacke
fiir Rolle-zu-Rolle UV-NIL unterlegen.
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1 Introduction

"The ability to replicate patterns at the micro- to the nanoscale is of crucial importance to the
advance of micro- and nanotechnologies and the study of nanosciences" [1]. However, classical
lithography methods are facing restrictions at some points. The resolution of photolithogra-
phy is limited by the wavelength and reducing the minimum feature size is a challenge for this
technique which causes drastically increasing costs. Electron beam lithography is a serial tech-
nique which is limited regarding its throughput. Therefore, much effort has been undertaken
to explore alternative techniques that enable large-area production of nanostructures at high
throughput and low cost. One particular promising candidate that meets these requirements
is nanoimprint lithography (NIL) which has been reviewed several times [1][2][3][4][5][6]. Using
NIL, a pattern on the surface of a rigid template is replicated by pressing it into a softer mate-
rial to achieve conformal contact and subsequent hardening of the imprint so that it maintains
its shape after separation from the master. The great potential of NIL has been demonstrated
soon after its invention and since 2003, NIL is listed in the International Technology Roadmap
for Semiconductors (ITRS) for the 32 nm node and beyond. NIL was also chosen by the MIT
Technology Review as one of ten emerging technologies that will have a tremendous influence
in the near future and have the potential to change our lives [7].

Imprint lithography (from the Greek words lithos (stone) and graphein (to write)) has been
known for a long time but was introduced into the field of nanotechnology by Chou et al. in
1995 in the form of thermal NIL (also called hot embossing lithography) [8][9]. The process,
illustrated in Figure 1.1, is in principle as follows: a mold is pressed into a thermoplastic
polymer which is heated above its glass transition temperature Tj; causing the polymer to
fill in the mold cavities under sufficient pressure and time. Before removing the mold the
polymer is cooled below its T, and thereby gets rigid which leads to a negative replication
of the original mold pattern. In their early work the authors already demonstrated 25 nm
resolution and improved it to sub-10 nm resolution in 1997 [10]. Another variant of imprint
lithography, namely ultraviolet light assisted NIL (UV-NIL) introduced by Haisma et al. [11]
appeared quickly after thermal NIL in 1996. During this process, illustrated in Figure 1.1,
the mold is pressed into a liquid monomer mixture. Hardening is achieved by polymerization
upon exposure to UV light before the mold is released leading to a negative replication of the
original mold pattern. Compared to thermal NIL, UV-NIL has several advantages: (i) there
is no need for elevated temperatures which reduces problems arising due to thermal expansion
mismatch between substrate and resin, (ii) the lower viscosity of the liquid resin requires lower
pressure and reduces the cavity filling time which allows for higher process throughput as does
(iii) the lack of a temperature cycle (i.e. heating and cooling of the thermoset which takes
several minutes).

A first step towards high-troughput production was the development of step and flash imprint
lithography (SFIL) in 1999 [12] in which a relatively small mold is replicated in a step and
repeat manner. A continuous UV roll nanoimprinting process has been developed in 2006
by Ahn et al.[13]. Later, Ahn et al. presented a roll-to-roll UV-NIL (R2R-UV-NIL) process

in which polymer patterns down to 70 nm feature size were continuously imprinted on a
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Figure 1.1: Comparison between thermal (left) and UV-NIL (right). During thermal NIL a

thermoplastic polymer is heated above its glass transition temperature, imprinted
under high pressure, cooled below its glass transition temperature and separated.
During UV-NIL a UV curable monomer mixture is imprinted with the stamp using
low pressure, exposed to UV light to induce polymerization and separated. Picture
taken from [2].

Cured patterns

—

_Demolding
7Kroller

Dispense Doctor _
unit blade

UV lamp w/

- shutter

Substrate Pressure rollers

Figure 1.2: The roll-to-roll UV-NIL process basically consists of four steps: coating of a flexible

substrate with the liquid monomer mixture, filling of the cavities upon contact with
the mold, photopolymerization induced by exposure to UV light and separation of
mold and polymer. Picture taken from [3].
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Figure 1.3: Acrylate functional group (left) and a typical multifunctional acrylate monomer
(right).

flexible web [14] and demonstrated the capability of large-area imprinting [15] in 2009. In
2012, Dumond et al. reported the fabrication of features down to a size of 50 nm at a web
speed of 10 m/min [16]. The R2R process allows a drastically improved throughput and large
area patterning while maintaining the nanoscale resolution of conventional NIL. The R2R-NIL
process illustrated in Figure 1.2 consists of several steps: (i) coating of a flexible substrate (e.g.
PET foil) with the liquid prepolymer mixture (ii) filling of the mold cavities upon contact with
the resin (iii) polymerization by exposure to UV light and (iv) separation of mold and resin.

Originally rigid stamps made of quartz glass or silicon were used as stamp material. The
R2R process however, requires flexible molds which can be wrapped around the imprint roller.
A traditional approach is the use of nickel molds which have high strength and can be repli-
cated by electroforming but their fabrication is expensive. Furthermore, they need a surface
treatment to improve their anti-sticking behavior. Another method is the use of polymer
stamps. These are negative replicas of a rigid silicon or nickel template fabricated by UV-NIL
which can be used as polymer stamp if they provide the required mechanical properties. So
once a master template has been fabricated using conventional and expensive techniques like
photolithography or electron beam lithography polymer molds can be made from it, proving
to be a a very cost effective method. During each imprint the stamp is subject to mechanical
stress. Therefore, high demands are put on its mechanical properties because it should be able
to faithfully produce replications over as many cycles as possible.

Another key element of the R2R process is the imprint resin as it determines the properties
of the final structures and is also responsible for the process throughput. Monomers usually
used for this purpose are acrylates because they are well suited for photopolymerizations and
offer the possibility to tune the properties of the final polymer over a wide range. The acrylate
functional group as well as a typical multifunctional acrylate monomer are depicted in Figure
1.3. However, they have some disadvantages like oxygen inhibition, incomplete conversion,
limited curing speed, large polymerization shrinkage, shrinkage induced stress and network
inhomogeneity. Thiol-enes, a new class of monomers which have the potential to overcome
these drawbacks, have attracted considerable interest. Thiols are organic molecules containing
sulfur-hydrogen bonds and the term ene refers to any carbon-carbon double bonds that do not
homopolymerize following the notation used in [17]. The addition of thiols to enes (see Figure
1.4) was discovered by Posner in 1905 [18] and they have recently experienced a revival. It
is the aim of this work to explore the properties of thiol-enes and how they can be used to
improve the imprint resin.

Therefore, Chapter 2 provides the theoretical background about the R2R-process and the
requirements it puts on the properties of the imprint as well as the stamp material. Fur-
thermore, the theory of photoinduced polymerization and basic relations between monomer

11
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Figure 1.4: Reaction of thiol (R-SH) with an ene (R-C=C).

structure, polymerization characteristics and polymer properties are discussed. Chapter 3 in-
troduces the experimenal methods used in the present work. Finally, the experimental results
are presented and discussed.

1.1 Applications of nanoimprint lithography

Before coming to the next section some applications of NIL are presented. Many applications
are in the field of biomimetics, i.e. the replication of structures that occur in nature and have
interesting properties due to a special surface pattern on the size scale of micro- and nanometers
which are reviewed in [19]. A well known example is the lotus effect which provides self-cleaning
properties to the leaves of the lotus flower due to a high water repellence (superhydrophobicity).
The fabrication of omniphobic (i.e. water and oil repellent) structures by means of NIL was
demonstrated in [20]. Another example are anti-reflective coatings which have a great potential
in optical applications such as surfaces of lenses, solar cells, light-sensitive detectors, displays
and viewing glasses [21]. The direct replication of wings of a cicada was demonstrated by
thermal deposition of gold onto the wings which can reduce reflectivity by a factor of ten. This
property is due to an array of nanopillars with 400 nm height and 100 nm diameter. The gold
template served as a mold in a usual NIL process afterwards. Other interesting properties due
to nanopatterned surfaces are drag reduction of shark skin, structural coloration of butterfly
wings and the solid-solid adhesion of gecko feet.

NIL has also been applied to fabricate electrical, optical and magnetic devices such as hybrid
plastic electronics, organic TFTs and electronics, diffractive optical elements, waveguide po-
larizers, high resolution OLED pixels, non-linear optic polymer nanostructures , high density
quantized magnetic disks, patterned magnetic media and silicon MOSFETSs as reviewed in [1].

12



2 Theoretical background

2.1 Roll-to-roll nanoimprint lithography

In the following R2R-UV-NIL is discussed in further detail and theoretical considerations are
presented to understand which requirements are put on the stamp as well as on the imprint
material.

2.1.1 Substrate coating

During the first step the PET substrate is coated with the liquid resin by gravure printing
which is illustrated in Figure 2.1. The gravure cylinder contains engraved cells that take up
the liquid resin from a trough while the cylinder is rotating. Excess resin is removed with a
doctor blade. Afterwards, the resin is transferred from the engraved cells to the PET substrate
which is pressed against the gravure cylinder with an impression roller. The amount of resin
and hence the initial thickness of the resin which is applied to the PET substrate is determined
by the size of the engraved cells. This method allows continuous coating of the substrate with
a homogeneous and defined layer thickness.

Impression Roller

NG

= Engraved
Cylinder

I

Engraved Cells

Blade
Ink

Figure 2.1: Gravure printing is used to coat the PET substrate with the liquid resin. The size
of the engraved cells determine the inital thickness of the resin. Picture taken from
[22].

2.1.2 Mold filling

In the next step, the resin-coated PET substrate is pressed against the mold which results in
filling of the mold cavities. From squeeze flow theory an expression for the filling time
can be calculated when a line and space pattern is imprinted (Equation 2.1) as illustrated in

Figure 2.2 [23][24]:
nS? (1 1
tra = I 2.1

13
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PUA mold
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Rl Substrate

Figure 2.2: Schematic illustration of the cavity filling used to derive Equation 2.1. Picture
taken from [23].

The filling time depends on the viscosity 7, the intercavity distance S, the applied pressure p,
the initial film thickness ho and the final film thickness h;. Of course, it also depends on the
cavity geometry (i.e. width W and height H) since the final thickness is connected to these

L
parameters by hy = ho — if volume is conserved. The time t.ontact = — during which
v

S+ W
the resin is in contact with the mold is given by the web speed v and the width of the contact

zone L. In order to ensure complete filling this time has to be greater than the filling time ,i.e.
teontact = tri- To achieve high web speed and thus throughput for a given template structure
(i.e. given S, H, W) one can increase the pressure or the initial layer thickness. Furthermore,
from this equation often the need for liquid resins with viscosity as low as possible is derived.

However, this treatment considers neither capillary forces nor gas which can get entrapped in
the mold cavites although both can have a great influence on the filling process. This entrapped
gas results in incomplete filling and limits the replication fidelity if it cannot escape. However,
the cavities can be further filled by diffusion of the gas through the liquid resin. These effects
are discussed in detail in [25]. The importance of the entrapped gas manifests for example in
the fact that the initial filling of the cavities is much faster than at the end as the gas pressure
increases continuously and impedes further filling at the end. Therefore, it is the gas diffusion
and not the viscosity which finally determines the filling time. However, this treatment does
not consider the dependance of gas diffusity D on the viscosity n of the liquid. In general,
there is an inverse proportionality between the two quantities (D o % ) [26]. Therefore, it has
to be concluded that a lower viscosity decreases the filling time of the mold cavities. Another
way to decrease the filling time is a high surface tension of the resin. Furthermore, features
with small lateral dimensions get filled faster due to increasing capillary forces but of course
deeper features require more time. Due to all these influences a theoretical derivation of the
filling time becomes a very complex issue. Gas diffusion through the imprint resin was also
investigated in [27]. According to Dumond et al. the overall throughput is not limited by the
filling time but by the curing speed when low viscosity resins are used [3]. This might be true
for structures in the nanometer scale but the viscosity might be an important parameter for
big structures where cavity filling takes much longer time. Furthermore, high-viscosity resins
are in general more difficult to handle and problems occur, for example, at the initial coating
of the PET substrate when working with high web speeds. Therefore, low-viscosity resins are
desirable.

Finally, it should be mentioned that Equation 2.1 predicts an infinite filling time in the case
of residual-free (i.e. hy = 0) imprinting. However, Seo et al. argue that below a critical resid-

14



2.1 Roll-to-roll nanoimprint lithography

ual layer thickness spontaneous dewetting takes place which enables residual-free imprinting
and that Equation 2.1 is only valid above this critical thickness [23]. When the liquid film
approaches a thickness of some hundred nanometers nucleation of a dry patch occurs which
subsequently grows at a speed v given by

k S?
v = W EL (2.2)
where k is a constant, 1 the viscosity of the liquid resin, S the spreading coefficient, E the
elastic modulus of the stamp and & is the film thickness [28][29]. The spreading coefficient is
the difference between the interfacial energy of the dry and the wetted contact, respectively
and is given by
S =vsm — (Ysr + YMR); (2.3)

where ysar, Ysr and yprr are the interfacial energies between substrate and mold, subtrate
and resin and mold and resin, respectively. Since the system tries to minimize its interfacial
energy, dewetting will only occur when the spreading coefficient is negative. If S is positive,
dewetting is not energetically favorable and a nanoscopic film is intercalated between substrate
and mold.

Another interesting aspect is the deformation of stamp protrusions when they get covered
by the resin because the surface energy induces stress in the material. Using a thermodynamic
approach Carillo et al. derived an expression that relates the strain ¢ (i.e. shape deformation)
to the surface energy v of the liquid resin, the elastic modulus F of the stamp and the initial
feature size Ry [30]. For the sake of simplicity they used cylindrical stamp protrusions with

height and radius equal to Ry.
g

ERy
This equation puts a fundamental limit on the replication fidelity of NIL which gets increasingly
important at small size scales. However, this consideration does not put severe restrictions on
the choice of materials. Using values of v = 20 m.J/m?, E = 200 M Pa and Rq = 20 nm yields
e = 0.5 %. So even with a relatively elastic mold, features down to a size of 20 nm can be
reproduced with negligible inaccuracies.

€ (2.4)

2.1.3 Polymerization

After filling of the cavities the resin is cured upon exposure to UV-light while the resin is
in contact to the mold. Depending on the reactivity of the resin a certain amount of time
is necessary to reach the final conversion. Therefore, like cavity filling, this step potentially
limits the web speed and hence throughput of the process. Volumetric shrinkage induced
by polymerization is also an issue as it is expected to reduce the replication fidelity. The
origin of polymerization shrinkage and further details about the polymerization mechanism
are discussed in Section 2.2.

2.1.4 Demolding

After curing, the resin is separated from the mold. Successfull demolding is crucial because
any defects that are created not only decrease the performance of the produced structures but
also lead to contaminations of the stamp which will be present in all the following imprints
as this is a continuous process. The R2R process is a serious task for the stamp material as

15



2 Theoretical background

Figure 2.3: Molecules at the surface of a material have missing bonds compared to molecules
in the bulk which makes them less energetically favorable. Therefore, surfaces are
associated with a specific amount of excess energy, the so-called surface energy.
Picture taken from [31].

it should be able to perform almost defect-free imprinting over thousands of imprint cycles
requiring excellent mechanical properties. Therefore, it is necessary to enable easy and smooth
separation of stamp and cured resin. In order to control the separation process it is important
to understand the origin of interactions between resin and stamp. The sticking of the resin to
the mold is mainly due to adhesive forces and hence, strongly linked to the concept of surface
energy.

To understand surface energy it is instructive to consider the interface between two phases,
e.g. a liquid-vapor interface, as depicted in Figure 2.3. Compared to the bulk, surfaces are
energetically less favorable for molecules because of missing bonds. Therefore, energy is nec-
cessary to increase the surface area and this energy (per unit area) is called surface energy ~.
Thermodynamically, it is the derivative of the free energy F' with respect to the surface area
A at constant temperature T', volume V' and particle number n [31].

oF
_ (94 2.
7 (aA)T,v,n (2:5)

When splitting a liquid into two parts energy is neccessary since two new surfaces are created.
This energy, called the cohesive energy per unit area, is given by

Wcoh
A

= Weoh = 27. (2.6)

The energy neccessary to separate two different materials, as is the case when demolding the
resin, is the adhesive energy per unit area which is, according to Berthelot, given by the
geometric mean of the cohesive energy per unit area of the two materials:

W, Eq.2.6
;leh = Wadh = y/Wcoh,1Wcoh,2 ( = ) 2\/ Y172 (27)
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2.1 Roll-to-roll nanoimprint lithography
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Figure 2.4: Peeling of a thin elastic film adhering to a rigid substrate. Picture modified from
[32].

In the R2R-UV-NIL process the cured resin is separated from the mold by peeling as illus-
trated in Figure 2.4. The energy needed to fracture a unit area of the interface, also called
decohesion energy G, is related to the pulling force F' via an expression that was originally
derived by Rivlin [33][34] (Equation 2.8).

G= %(1 — cosf) (2.8)

where b is the width of the film that is peeled and @ is the peeling angle. This expression can
be extended to account for the elasticity of the film, by the Kendall equation [35]:

F?2 1 F

= 4+ (1—cosh 2.

2 agg T (L cost), (2.9)
where F is the elastic modulus and d is the thickness of the peeled film. Another interesting
factor has been investigated by Kendall, namely the influence of stress on the adhesive strength
[36]. In the case of peeling at an angle of 90° it was found that the force necessary to peel
an elastic film from its substrate is lowered if it is pre-strained before separation and can be

calculated by
F_al dE527
b 2
where ¢ is the strain of the elastic film. In order to separate stamp and mold the decohesion
energy needs to be larger than the adhesion energy wqq,. However, the challenge is not to
provide sufficient G since one can simply increase the force as much as necessary. In practice
there are two other problems that might impede clean separation.
The first problem is that the resin might stick to the mold instead of sticking to the substrate.
To avoid this the adhesion energy between substrate and resin (Wgg) has to be higher than
the adhesion energy between mold and resin (Wjyg).

(2.10)

Wsr > Wur (2.11)

One should also keep in mind that the surface area of the mold is greatly increased due to
the pattern, which further increases the adhesion between mold and resin. Therefore, Relation
2.11 becomes

WSR - Asubstrate > WMR - Amold- (212)
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Amold

WSR > ’LUMRA (2.13)

substrate
Consider, for example, a pattern of lines and spaces with width w, height A and length [. The
ratio between the surface areas of the flat substrate and the patterned mold is then

Anold . 2wl + 2hl B h

14 —. 2.14
Asubstrate 2wl w ( )

Substituting this into Relation 2.13 yields

h
WSR ZwMR(l—'_E)' (2.15)

This means that the adhesion to the mold increases linearly with the aspect ratio h/w of the
mold pattern. This is due to the increasing contribution of the sidewall area to adhesion.
Furthermore, adhesion is independent of the size scale of the pattern if the aspect ratio is
kept constant. Nevertheless, denser structures will lead to increased adhesion. This has been
found experimentally by Nishino et al.[37] but without giving the Relation above. Of course,
Relation 2.15 looks different for other mold geometries but can be easily adapted.

Besides the surface area also surface energy is important for adhesion as can be seen when
substituting Equation 2.7 into Relation 2.13:

Amold 2
v 2 () (2.16)
substrate

So, in order to make sure that the resin sticks to the substrate and not to the mold, the surface
energy of the substrate should be high whereas that of the mold should be sufficiently low.
Another possibility would be to roughen the substrate to increase its surface area [38]. The
surface energy of the resin does not play a role in preventing this adhesive failure, i.e. sticking
to the mold instead of the substrate.

Adhesion is not the only mechanism that complicates demolding. Also friction forces acting
on the sidewalls of the features have a significant contribution [39][40]. This can have surprising
effects. Shrinkage should make separation easier as it already leads to detachment of the resin.
In the application of UV coatings it is well known that shrinkage reduces the adhesion to
the substrate [41]. In contrast, it was found that shrinkage can actually increase the force
necessary for demolding in NIL. It is argued that due to global shrinkage of the resin there is
pressure acting against the sidewalls which increases friction and therefore, makes separation
more difficult [42]. Furthermore, atmospheric pressure can be an issue as it tries to prevent
the formation of voids in the case of high aspect ratio features. However, it has been shown
that both friction and the influence of atmospheric pressure can be significantly reduced by
inclining the sidewalls with angles as low as 5° [5].

The second problem beside sticking to the mold instead of the substrate that might hinder
successful demolding is that the imprinted features might break before the separation force
is high enough to achieve demolding. An additional difficulty is that the stress acting on the
imprinted features is not distributed homogeneously but rather concentrated at the corners
of the features which therefore are the weakest point [43]. To avoid fracture it has to be
ensured that the resin has sufficient strength to withstand the demolding stresses. Mechanical
properties and their correlation to molecular structure are discussed further in Section 2.2.6.
Furthermore, the resin should have a low surface energy to decrease adhesion to the mold. Easy
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2.1 Roll-to-roll nanoimprint lithography

demolding is especially important for features with high aspect ratio where the big sidewall area
increases both adhesion and friction. As indicated by Equation 2.15, demolding is independent
of the size scale of the pattern. Since it is the aim of NIL to go to features sizes beyond the
photolithographic resolution, it is encouraging that demolding does not get more difficult at
small size scales.

2.1.5 Summary of material requirements

From the considerations made so far a variety of requirements can be derived that have to
be fulfilled by the imprint and the stamp material. The stamp should have high mechanical
strength and durability to guarantee defect-free imprinting over many imprint cycles and yet
enough flexibility to be wrapped around the imprint roller. To allow for easy separation of the
imprinted features a low surface energy is necessary. To enable a high-throughput process the
imprint resin should fill in the mold cavities quickly and completely, and should exhibit high
reactivity to allow for fast curing. To ensure defect-free demolding the resin should have a low
surface energy and sufficient mechanical strength. Nevertheless, it has to adhere well to its
substrate to prevent adhesive failure. Therefore, the substrate should have a high surface area
and surface energy. Furthermore, a low viscosity is desirable. Both the imprint and the stamp
should exhibit low shrinkage induced by polymerization to guarantee a faithful replication of
the template. Depending on the application of the final strucutres further demands are put on
the imprint resin e.g. thermal or chemical resistance, weatherability, etch resistance or certain
optical properties.
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2 Theoretical background

2.2 Photopolymerization

As mentioned before, polymerization is achieved by exposure to UV light. Photoinduced poly-
merization is widely applied due to its benefits, e.g. it is economical and offers spatial and
temporal control [44][45]. Acrylate functional groups are well suited for photopolymerization
due to their comparably high reactivity and because they can be incorporated into oligomers
with a huge variety of backbone chemistries to tune the properties of the final polymer [46]. As
discussed in Section 2 there is a series of material requirements to meet for the R2R-UV-NIL
process. Therefore, it is important to know how the monomer structure and the polymeriza-
tion mechanism and kinetics influence the final polymer properties which is discussed in the
following.

2.2.1 Initiation

The polymerization of acrylates proceeds via a free-radical chain-growth mechanism. The first
step is the absorption of light by photinitiators which subsequently generate the radicals that
are necessary to start the polymerization. Photoinitiators are necessary because acrylate func-
tional groups interact with light very weakly. Initiation proceeds in several steps as illustrated
in Figure 2.5. Upon absorption of light the photoinitiator molecule is excited into a higher sin-
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Figure 2.5: Schematic illustration of the initiation process of free-radical photopolymerizations.
Upon absorption of a photon with energy hv the photoinitiator is excited from the
ground state Sy to an excited singlet state Sj. An inter-system crossing (ISC)
creates excited triplet states 77 which lead to the generation of radicals I®. Loss
mechanisms are fluorescence (F), non-radiative decay by internal conversion (IC),
phosphorescence (P) and quenching by oxygen O or monomer (M) molecules.
Picture taken from [41].

glet state. First, this state can decay into the ground state by non-radiative internal conversion
or fluorescence or, second, be converted to an excited triplet state by inter-system crossing.
Radicals are rather produced from triplet states where unpaired electrons are present than
from singlet states. The excited triplet state can, first, be deactivated by phosphorescence or
oxygen quenching or, second, react with monomers leading to the desired radicals. The quan-
tum yield of initiation defined as the number of growing chains per photon absorbed is thus
dependant on a number of processes. Depending on the type of the photoinitiator molecule dif-
ferent mechanisms lead to the formation of radicals. Norrish type I initiators, usually aromatic
carbonyl compounds, produce radicals via photofragmentation as depicted in Figure 2.6. One
or both fragments may contribute to the initiation process. Norrish type II initiators, typically
aromitc ketones, abstract hydrogens from donor molecules. A typical example is benzophenone
as depicted in Figure 2.7. The resulting ketyl radical is relatively stable and does not initiate
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2.2 Photopolymerization

the polymerization but can terminate other radicals. Oxygen quenching of triplet states is not
important for type I initiators due to the short lifetime but plays a role in the case of type 11
initiators where triplet state lifetime is significantly longer.
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Figure 2.6: Photofragmentation of a Norrish type I initiator.

(triplet)
*

hn +RSH .
> e + R—S
f. ¢
o OH

o

Figure 2.7: Triplet formation and subsequent hydrogen abstraction of a Norrish type II initia-
tor.

2.2.2 Chain-growth polymerization

After the initial radicals are formed by the reaction of a photoinitiator radical I® with a
monomer M the created radicals can again react with another monomer. This leads to a
growing polymer chain M} the radical being transferred to the chain end at each step which
is called propagation. Finally, when two active polymer chains react with each other the chain
growth is terminated leading to the final polymer chain P,,.

I+ M — M (2.17)
M+ M 5% e (2.18)
M2+ M5 P, (2.19)

Based on this scheme rate equations can be written that describe the concentration of each
species throughout the polymerization. In photopolymerizations the rate of initiation R; (i.e.
the number of radicals created per time) is given by the intensity I, of the absorbed light and
the initiator efficiency ¢.

R; =201, (2.20)

The optional factor two is because each initiator molecule produces two radicals (might be
different for other initiators). Based on the Beer-Lambert law the absorbed light intensity at
a certain depth d can be expressed as [47][48]

A

I, = 2.3ec - [ye~ 235 Noihe

(2.21)

where [ is the initial light intensity, £ the molar extinction coefficient and ¢ the concentration
of photoinitiators. The factor consisting of the wavelength A, Avogadro constant N4, Planck
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constant h and the speed of ¢ converts the incoming light intensity into number of photons per
unit area. For very thin films the absorbed light intensity is approximately independent of the
depth and one can write

I, = 2.3¢ecly (2.22)

NAhC

Assuming termination is by biomolecular combination only which is valid for acrylate poly-
merization the rate of termination R; (i.e. the number of radicals consumed per time) is given
by

Ry = —2ky[M*)? (2.23)

where k; is the termination rate constant and [M®] the radical concentration. The change of
radical concentration is given by R; and R;.

d[M*]

——=R;+ R 2.24

dt it e (2.24)

The rate of polymerization (i.e. the rate of monomer disappearance) is given by the rate of
propagation R, and the rate of initiation. However, the latter is normally negligible at low
initiator concentrations. Therefore,

d[M]
dt

- O = Ry = kM) (2.25)
where kj, is the propagation rate constant and [M] the monomer concentration. The degree of
conversion DC is defined as the fraction of monomers that have reacted after a certain time ¢
and is given by

[M](t)
[M](0)°

where [M](t) is the monomer concentration at time ¢ and [M](0) is the initial monomer con-
centration.

DCO(t) =1 — (2.26)

2.2.3 Network development

The scheme presented so far is, however, oversimplistic and in reality a number of complexities
arise during polymerization which will be discussed in the following [44][45][49][50][51]. The
chain-growth nature of acrlyate polymerizations leads to a fast increase in molecular weight
meaning that relatively long chains are created at early stages of the polymerization which
are mainly surrounded by unreacted monomers. Due to their large size their mobility is very
limited and as termination is a bimolecular reaction between two radicals the termination rate
greatly decreases. In cross-linking polymers the radical mobility is restricted so much that
they are more mobile due to propagation than due to diffusion. The propagation reaction
is unaffected because the unreacted monomers keep their mobility and can easily diffuse to
the radicals. The decreased termination rate leads to an increase of the radical concentration
and hence, to a greatly increased polymerization rate at relatively low conversions (known as
Trommersdorf effect or autoacceleration). Furthermore, the termination rate depends on the
initiation rate. Higher initiation rates lead to shorter kinetic chains (at equal conversions)
which means they are more mobile and terminate faster.

Another complexity which happens in the case of multifunctional monomers is the forma-
tion of microgels at the early stages of polymerization (Figure 2.8). When multifunctional
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2y =

Figure 2.8: Schematic illustration of network evolution (from left to right). The polymerization
of multifunctional monomers via chain-growth mechanism leads to the formation of
locally highly cross-linked regions (called microgels). With ongoing reaction these
microgels join together which eventually leads to a heterogenous network and in the
case of polymers with high glass transition temperature to incomplete reactions.
Picture taken from [53].

monomers are connected, a chain builds up that contains pendant double bonds. They react
more easily compared to monomeric double bonds because of their vicinity to the radical sites.
This intramolecular cross-linking (or primary cyclization) leads to the formation of so-called
microgels - compact molecules, inside a liquid matrix and is the reason for the inhomogeneity
of the final network that can significantly reduce its mechanical strength. They are sometimes
called wasted cross-links as they do not contribute to the mechanical strength of the poly-
mer. As the polyermization proceeds the microgels join together building a macroscopic gel -
a stage called gel-point that typically occurs below 10 % conversion. From this point on the
polymer starts to develop a modulus and the glass transition temperature Ty, (see section ref)
rises continuously. When a dense network builds up the propagation reaction also becomes
diffusion controlled as the diffusion of unreacted monomers to radicals becomes more difficult.
This leads to a continuously decreasing polymerization rate with ongoing reaction (known as
autodecceleration). If T, becomes greater than the ambient temperature the polymer vitrifies
and is in the glassy state. At this stage the network heterogeneity is inverted as there are mi-
croscopic regions of unreacted monomers in an otherwise cross-linked network. Often, there are
no initiator molecules in these monomeric pools which therefore, remain unreacted although
initiation continues. Also radicals can be trapped in the network and have been shown to be
stable over long time periods. For polymers with 7y much higher than the temperature during
polymerization the reaction is therefore limited to conversions which can be as low as 60 %.
However, other than frequently stated, the reaction does not stop after vitrification as shown
by Kloosterboer et al. [52]. The reaction rate drops far below 1 % of the maximum rate,
but as long as initiation continues the reaction (albeit at a steadily decreasing rate) proceeds
until a topological limit is reached. The polymerization is still going on although as expected
from the applied light dose (see section 2.2.1) the initiator concentration should be negligibly
small. This is because the initiator efficiency continously decreases during polymerization and
therefore, even after long irradation times initiator molecules exist [45][52]. From a practical
point of view the reaction stops soon after the glass transition temperature passes the curing
temperature because conversion does not increase anymore at reasonable time scales.
Another complexity arises due to the fact that the polymer shrinks during polymerization
(which will be further discussed in section 2.2.4). This is because long ranged van der Waals
bonds are replaced by shorter covalent bonds thereby generating free volume that is subse-
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quently transformed into overall shrinkage. In principle, shrinkage should be proportional to
the extent of reaction. As most of the polymerization occurs after gelation the gel has to
move as a whole to convert this free volume into overall shrinkage. This macroscopic motion
is inherently slower than the diffusion of small molecules and therefore, shrinkage lags behind
monomer conversion as shown by Kloosterboer [49]. Some researchers propose (Kloosterboer
et al. [54], Anseth et al. [55] ) that due to the generation of free volume the molecules are more
mobile and therefore higher final conversions can be achieved at high light intensities where
a greater part of the reaction takes places in the unrelaxed state. However, Kloosterboer et
al. corrected their former work [52][49] and showed that when equal light doses are applied
equal conversions are obtained. In fact, lower light intensities lead to slighty higher conversions
which the authors explain by the increased kinetic chain length decreasing the termination rat.
Their previous results were due to experimental inaccuracies (DSC is not able to detect very
slow reactions, the conversion measured for different light intensities was obtained at unequal
light doses.)

These findings are valid for the rather low light intensities used in their investigation
(2 mW/em?). At much higher light intensities conversion depends on the light intensity which
has however another reason. As discussed before, the glass transition temperature rises with
ongoing reaction but it cannot exceed the curing temperature by a certain limit at practical
time scales because the monomer diffusion gets increasingly restricted in a densely cross-linked
network. If T, reaches this limit the reaction essentially stops. Since polymerization of acry-
lates is an exothermic reaction the temperature of the samples increases during polymerization
which is especially pronounced at high light intensities where the reaction proceeds faster,
hence producing more heat at the same time. For example the maximum temperature of an
urethane diacrylate polymerization has been found to be 40°C at 10 mW/cm? but 90°C at
80 mW /em? [41]. This elevated temperature is the reason for the increased conversion obtained
at higher light intensities and also makes it possible to achieve glass transition temperatures
much higher than room temperature. In a computational study it was found that the temper-
ature increase is negligibly small during the SFIL process due to fast heat transfer to the mold
and the substrate [56]. However, this is mainly because of the high thermal conductivity of
the mold and the substrate consisting of fused silica and silicon, respectively and because of
the relatively low light intensity below 100 mW/em?2. In the R2R-process used in the present
work the resin is between a substrate and mold, which are both polymers having a much lower
thermal conductivity than fused silica. Furthermore, the UV-lamp employed here has a much
higher intensity of up to 2.2 W/em? which probably leads to significant heating of the resin
during polymerization.

2.2.4 Polymerization shrinkage

As already mentioned volumetric shrinkage occurs during polymerization. Shrinkage defined
by Equation 2.27 is typically about 15 % in the case of acrlyates [57]. Therefore, it has the
potential to significantly reduce the replication fidelity of the NIL process as illustrated on the
left of Figure 2.9 as the resin (blue) does not maintain the shape of the master (black) during
polymerization.

V, -V AV
Shrinkage 1= —menemer — Tpolymer _ (2.27)
Vmonomer V
To improve the pattern fidelity it is tried to reduce this value by developing low-shrinkage

resins. Therefore, it is neccessary to understand the relationship between the molecular struc-
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Figure 2.9: Polymerization shrinkage leads to a decreased shape replication fidelity (left).
Thiol-enes reduce this effect by liquid flow into the mold cavities due to their
delayed gel-point thereby reducing the residual layer thickness (right). Picture
modified from [58]

ture and the final shrinkage. As generally accepted, the reason for polymerization shrinkage
is the replacement of long-ranged van der Waals bonds by short-ranged covalent bonds [59].
A semi-empirical relationship can be derived [60][61] when considering that each double bond
contributes a constant amount of shrinkage when polymerizing, which is given by so called
shrinkage factor S. The volumetric shrinkage is, therefore, given by the shrinkage factor times
the initial concentration [RG]| of reactive groups:

AV
Of course, the degree of conversion DC' also needs to be included, because unreacted monomers
do not contribute to shrinkage. Since [RG] is given by the reciprocal molar volume Vj; times

the functionality f of the monomer one can write

f_fe
RG] = =— =L, 2.29
(RG] = o = 3 (229)
where p is the density and M the molar mass of the monomer. This expression can be extented
to the case when a mixture of monomers is polymerized:

> fixi

[RG] = S Moy Prizs (2.30)
where ; is the mole fraction of monomer ¢ and pn;, is the density of the monomer mixture.
This equation allows to calculate the shrinkage from basic properties of a molecule when
the shrinkage factor S is known. It is generally believed that the shrinkage factor is solely
determined by the functional group chemistry and is independent of the molecular structure,
i.e. all acrylates should exhibit the same shrinkage factor. Therefore, once the shrinkage factor
has been determined shrinkage can be calculated for every molecule with the same functional
groups. Patel et al. investigated the shrinkage of a variety of methacrylates in 1987 and found
a constant shrinkage factor of S = 22.5 em3/mol [62]. According to Jian et al. acrylates
exhibit a shrinkage factor of S = 24 ecm?/mol [63].

Regarding the above expression the volumetric shrinkage can be reduced by simply increasing
the molar mass of the monomer but this usually goes hand in hand with a great increase of
viscosity which is unwanted as well. Furthermore, this would reduce the cross-link density and
mechanical strength as is the case when decreasing the functionality of the monomer. However,
the mechanical strength does not only depend on the cross-link density but also on the glass
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transition temperature which in turn is rather influenced by the stiffness of the monomers and
less by its molecular weight (i.e. size). Therefore, it is possible to produce polymers with
low-shrinkage (due to the relatively large size of the monomers) but still high glass transition
temperature (due to their stiffness) [62].

Note that the relation above is only valid when a linear relationship betwenn shrinkage
and conversion is assumed. This is true for some polymers and shrinkage has been used to
measure conversion in some cases, e.g. in [55]. In general, shrinkage is however not a measure
of conversion [49]. It was shown by de Boer et al. that after vitrification shrinkage does not
increase linearly with conversion anymore and free volume will finally be frozen in, not being
converted into overall shrinkage [64].

2.2.5 Step-growth polymerization

Although acrylates have found a wide range of applications they also suffer from some disad-
vantes such as oxygen inhibition, incomplete conversion, slow reaction, large polymerization
shrinkage, shrinkage induced stress and network inhomogeneity. Thiol-enes have the potential
to overcome these limitations which is why they have attracted consiberable interest and a lot
of research has been done in this area which is reviewed in several papers [65][66][67][68][69].
The basic reaction mechanism was presented by Kharasch et al. in 1938 [70].
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Figure 2.10: General process of thiol-ene polymerisation.

The reaction of thiol-enes is fundamentally different from the chain growth mechanism of
acrylates and proceeds via a step-growth mechanism as depicted in Figure 2.10. The ideal
thiol-ene reaction basically consists of alternating propagation (2) and chain-transfer (3) re-
actions that continuously cycle. In the initiation step (1), the radical that was produced via
UV light, abstracts a hydrogen from a thiol creating a thiyl radical. This radical propagates
through a carbon-carbon double bond (2) leading to a carbon radical which in turn abstracts
a hydrogen from a thiol, thereby regenerating the thiyl radical and building the final product
(3). Termination (which is not shown in Figure 2.10) occurs also by biomolecular combination,
however, other than in chain growth polymerization, three possibilities exist: combination be-
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Figure 2.11: Molecular weight evolution in chain- and step-growth polymerizations.

tween (i) two thiyl radicals, (ii) two carbon radicals or (iii) a thiyl and a carbon radical. This
scheme is the reaction mechanism of an ideal thiol-ene reaction where only heteropolymeriza-
tion takes place leading to pure step-growth. However, the carbon radical that was created
during the propagation step has a second possibility (4): it can undergo homopolymerization
and react with another carbon-carbon double bond, i.e. following a chain-growth mechanism.
This leads to an ene conversion greater than the thiol conversion. Usually, little to no ho-
mopolymerization occurs depending on the ene functional group chemistry. However, it is
very pronounced in the polymerization of thiol-acrylates in which a mixed step-chain growth
mechanism occurs. To distinguish between the two cases double bonds that are able to ho-
mopolymerize are termed vinyls whereas enes refer to double bonds that undergo little to no
homopolymerization, following the notation used in [17].

Cramer et al. presented a model describing the kinetics of thiol-ene systems [71]. An inter-
esting factor is how the monomer structure influences the reactivity. They found that either
chain-transfer or the propagation reaction can be the rate limiting step. Specifically, they pro-
posed that the chain-transfer reaction mainly depends on the carbon radical stability and the
thyil radical propagation depends on the electron density of the double bonds. The fastest ene
functionalities are norbornenes, followed by vinyl ethers, acrylates and allyl ethers. Allyl ethers
lead to relatively stable radicals explaining their slow polymerization. The high reactivity of
norbornenes is due to the alleviation of ring stress. Similarly, the most reactive thiols are thiol
glycolates and thiol propionates. In general, the thiol-ene polymerization rate is at least as
high as for acrylates and the addition of thiol to acrylates increases the polymerization rate.
This is of special interest regarding the throughput of the R2R-NIL process.

One characteristic feature of the step-growth mechanism is the relatively slow increase of
molecular weight with respect to conversion as depicted in Figure 2.11. When polymerizing
monofunctional monomers after n propagation steps a chain with n repeating units has built
up with a chain-growth mechanism, whereas n single adducts are created in a step-growth
polymerization. In many cases almost no monomers are present when the average polymer
chain contains only about ten repeating units [47]. In contrast, in chain-growth polymerizations
long chains already build up at relatively low conversions, but monomers are still present in the
later stages of polymerization. On the one hand the step-growth leads to a greatly increased
network homogeneity as the formation of microgels is avoided and on the other hand gelation
takes place at much higher conversions. The conversion DCy at which gelation occurs can be
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calculated by the following expression [47]:

1
Vr(fi=1)(fa—1)

where f1 and fo are the average functionalities of the thiol and ene monomers, respectively.
The stoichiometric imbalance r < 1 is given by

(2.31)

DCye =

p o ht (2.32)

nafa’

where n1 and ng are the number of thiol and ene molecules, respectively. For example, if both
monomers have functionality three and are mixed stoichiometrically (i.e. r = 1) the gel-point
will occur at 50 % conversion. The delayed gelation also leads to decreased stress of the final
polymer since a large part of shrinkage can be accomodated by liquid flow.

Figure 2.11 also illustrates the differences in cross-link density of the two polymerization
mechanisms. Monofunctional monomers lead to long chains in a chain-growth mechanism,
whereas in a step-growth reaction only single adducts are created. Similarly, difunctional
monomers proceeding via chain-growth already lead to cross-linked polymers but yield linear
polymers in the case of step-growth. Only monomers with an average functionality greater
than two lead to cross-linked polymers using a step-growth mechanism. The reason for this
behavior is that in a thiol-ene reaction each ene forms a single bond with a thiol group whereas
in the polymerization of acrylates each functional group is attached to two other acrylates [68].
Reddy et al. developed a general model describing the network development of ternary thiol-
vinyl-vinyl systems exhibiting a mixed step-chain-growth polymerization that also contains
thiol-acrylate and thiol-ene systems [72].

This leads to another important difference between thiol-enes and acrylates. The shrinkage
factor (the amount of shrinkage associated to each functional group) is significantly reduced
for thiol-enes (S = 12 — 15 em3mol~! [61][73]) compared to acrylates (S = 24 cm®mol™!).
Therefore, thiol-enes have a reduced overall shrinkage which is one of their biggest advantages
especially regarding the NIL process because pattern fidelity is decreased by shrinkage as al-
ready discussed. Furthermore, thiol-enes exhibit a second mechanism to reduce the replication
error during imprinting: they can accomodate a large part of the shrinkage by liquid flow due
to their delayed gel-point [74], thereby reducing the residual layer thickness as depicted on the
right of Figure 2.9. This is only possible if the initial layer thickness is thick enough. Acrylates
are not able to accomodate shrinkage in this way due to their early gelation [74].

Another benefit of thiol-enes is their reduced oxygen-inhibition. As shown in Figure 2.12
carbon radicals that are created during the polymerization react with oxygen, leading to peroxy
radicals. These radicals are relatively stable and in the case of acrylate homopolymerization are
not able to react with another carbon-carbon double bond and therefore, the polymerization is
inhibited. However, the peroxy radical is able to abstract a hydrogen from a thiol and therefore,
the thiol-ene reaction can proceed further. Oxygen inhibition is, however, only important until
all of the dissolved oxygen is consumed and afterwards the reaction can proceed undisturbed.
Oxygen diffusion from air into the sample is slow compared to usual polymerization reactions
and therefore only plays a role at thin surface layers (0.1 — 10 um) [41]. When polymerizing
thick acrylates in the presence of oxygen only the surface will stay liquid but the bulk is cured.

A major drawback of thiol-enes is their limited shelf-life stability, i.e. they react even in
the absence of photinitiators or light and gelation usually occurs in time periods ranging from
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Figure 2.12: Reduced oxygen inhibition of thiol-ene polymerization: the peroxy radical that is
formed by the reaction of a carbon radical with oxygen cannot react with another
double bond but is sufficiently reactive to abstract a hydrogen from a thiol group.
Picture taken from [68]

a few minutes to several weeks. One way to cirumvent this is the use of stabilizers that
capture radicals [75][76]. Secondary thiol monomers have been shown to increase the shelf-life
stability as well without decreasing the polymerization rate severely [77]. Furthermore, storage
at reduced temperature significantly increases the lifetime. Anyway, their limited stability is
not a severe hindrance as one could simply store the thiol and ene components separately and
only mix them immediately before their usage.

2.2.6 Mechanical properties of polymers

As discussed in Section 2 the mechanical properties of the polymers play an important role
in the NIL process. To understand how to adjust the mechanical properties the relationship
between molecular structure and mechanical properties is discussed based on the the work of
Heijboer [78]. The behavior of polymers which are subjected to a tensile force is illustrated
in Figure 2.13 showing the stress ¢ in dependance of the strain ¢ during loading. At the
beginning the polymer is deformed elastically which corresponds to the linear part of the
curve. If the load is released in this regime the sample will fully recover its orignal shape.
After the yield point that characterizes the end of the elastic part plastic deformation sets in
which can not be recovered after unloading. Further increasing the stress eventually leads to
breakage. Mechanical behavior of polymers is mainly described by two factors, stiffness and
strength. The stiffness is characterized by the elastic modulus E of the sample which is given
by the slope of the linear part of the stress-strain curve.

o

E = 6 (2.33)
The yield strength is the stress at the yield point, describing the maximum force per cross-
sectional area that can be applied to the sample that allows full recovery after unloading.
This is a very important quantity for the NIL process because the yield strength of the cured
imprint resin has to be at least as high as the stresses induced during demolding to ensure
defect-free demolding. The ultimate tensile strength is the maximum stress that can be applied
to the sample. The toughness of the material describes the total amount of energy that can
be applied to it before breakage and is given by the area under the stress-strain curve. The
upper curve in Figure 2.13 corresponds to glassy polymers with high modulus and stiffness
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Figure 2.13: Stress o in dependance of strain € of polymers subjected to tensile forces. The
upper and lower curves correspond to polymers in the glassy and in the rubber
state, respectively. The elastic modulus is given by the slope of the linear part
of the stress-strain curve. The end of the linear part defines the yield point and
break happens at the end of the curves. Picture modified from [79].

that break after small elongations but can withstand high forces. They break immediately
after the elastic regime due to their brittle nature. The other curve corresponds to polymers
in the rubber state which show a low stiffness and higher elongations.

The general temperature dependence of the modulus of polymers is shown in Figure 2.14.
There are regions of high (glassy state) and low (rubbery state) modulus at low and high
temperatures, respectively, the transition between the two occuring at the glass transition
temperature T,. For non cross-linked polymers also a flow region exists. When heated above the
glass transition temperature the modulus can drop by a factor of about one thousand for lightly
cross-linked polymers. For polymers in the glassy state Fakirov et al. [80] and Bartolomeo et al.
[81] found a linear relationship between T, and hardness (H o T,). Hardness determines the
resistance to local deformations at the surface and can be measured by indentation experiments.
It is correlated to the yield strength of a material [80].

This means a high glass-transition temperature is beneficial for both hardness and modulus.
The glass transition temperature describes the temperature at which small chain segments
become able to move making the polymer appear less stiff. One way to achieve high glass
transition temperatures is to generate polymers with high cross-link densities as this hinders
chain movement. The increase of T, with the cross-link density is illustrated in Figure 2.14.
This also causes the modulus in the rubber region to increase. In fact, there is a direct propor-
tionality between the modulus in the rubber region and the cross-link density (Er x v) [82].
However, a high cross-link density can only be realized by high reactive group concentrations
which implies high polymerization shrinkage as discussed in Section 2.2.4. Fortunately, the
glass transition temperature is not only determined by the cross-link density but also by the
molecular geometry. Long or flexible chains between succesive cross-links lead to low T}, be-
cause they make chain movement easy, but short or stiff chains lead to high T} (incorporating
ring structures is one possibilty). Therefore, high T, and yet low shrinkage polymers can be
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Figure 2.14: Temperature dependence of modulus for polymers with different cross-link densi-
ties. The numbers indicate the numbers of atoms between successive cross-links.
So small numbers correspond to high cross-link densities and vice versa. The
dashed line corresponds to a non-cross-linked polymer. Picture taken from [78].

synthesized [62]. Because of its influence on both the cross-link density and the glass tran-
sition temperature, the molecular structure offers a huge potential for tuning the mechanical
properties.

Hill presented simple equations for calculating the cross-link density of networks [83] formed
by step-growth. The cross-link density v is defined as the number of elastically active network
chains per unit volume, which are chains connecting junctions (i.e. atoms having three or more
paths leading to the infinite network [84]). Examples for elastically inactive network chains
would be dangling bonds, loops and unreacted monomers. If complete conversion is assumed
the cross-link density is given by

L 120 >3 fixi

2 > Mixi

which is about one half of the reactive group concentration (see Equation 2.30). However,
p in this case denotes the polymer and not the monomer density. Note that the sum in the
numerator only considers monomers with functionality greater than two because difunctional
monomers do not form junctions (in other words: using difunctional thiol-enes only, cross-link
density would be zero because they only lead to formation of chains as stated before). This
Equation does not apply to acrylates. As explained in the previous section for an ideal acrylate
network the cross-link density would be twice as high. However, due to the inhomogeneity of
the network and the limited final conversion the value is decreased. Calculating the cross-
link density of acrylates has been discussed (among others) by Miller et al. [84] but is rather
complex and beyond the scope of this thesis.

(2.34)
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3 Experimental

3.1 Materials

The molecular structures of the acrylates, photoinitiators and thiol-enes used in the present
work are depicted in Figure 3.1, Figure 3.2 and Figure 3.3, respectively. In Tables 3.1 and 3.2
the molar weight, density, viscosity and reactive group concentration of acrylates, thiols and
enes are listed. If not stated otherwise all resins contain 97 wt% of the monomer mixture and
3 wt% KL200 as photoinitiator. For all NIL experiments where easy separation of mold and
resin is crucial 0.25 wt% of a perfluoropolyether methacrylate (MD700) is added to reduce the
surface energy.

Table 3.1: Molar weight M, density p and viscosity n of acrylate monomers used in this work
taken from data sheets. The reactive group concentration [RG] is calculated accord-
ing to Equation 2.29.

monomer M [g/mol] | p [g/em?] | n [mPas] | [RG] [mmol/cm?]
HDDA 226 1.02 9 9
TMPTA 296 1.1 120 11
TMP(EO)oTA 692 111 130 18
TMP(EO)15TA | 956 111 150 3.5
PETTA 352 1.19 600-1000 13.5
DPHA 525 1.12 5000-9000 13.2

Table 3.2: Molar weight M, density p and viscosity n of thiol and ene monomers used in this
work taken from data sheets. The reactive group concentration [RG] is calculated
according to Equation 2.29

monomer | M [g/mol] | p [g/em?] n [mPas] | [RG] [mmol/cm?]
GDMP 238.3 1.19 10 10
TMPMP 398.6 1.21 150 9.1
Karenz 544.8 1.2 1200 8.8
TEMPIC 525.6 1.333 8000 7.6
TVCH 162 0.836 1.2 15.5
CHDMDVE 196 0.919 4.41 9.4
TAC 249 1.234 (25°C) | 13 (30°C) 14.9
TAICROS 249 1.152 (30°C) | 90 (30°C) 13.9
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Hexandioldiacrylat (HDDA), Trimethylolpropantriacrylat (TMPTA) and the urethane acry-
lates Ebecryl8210 and Ebecryl4820 were donated by Allnex. 9-ethoxylated trimethylolpropane-
triacrylate (TMPEOgTA, trade name Miramer3190), 15-ethoxylated trimethylolpropanetri-
acrylate (TMPEO5TA, trade name Miramer3150), pentaerythritoltetraacrylat (PETTA, trade
name M420), dipentaerythritolhexaaacrylat (DPHA, trade name M600) were donated by Mi-
won. Cyclohexanedimethanoldivinyl ether (CHDMDVE) was donated by BASF. Glykoldimer-
captopropionat (GDMP), tri- methylolpropantrimercaptopropionat (TMPMP), Trismercapto-
propionyloxyethylisocyanurate (TEMPIC) were donated by Bruno Bock. Pentrythrioltetrak-
ismercaptobutanoate (Karenz) was donated by Showa Denko. Trivinylcyclohexane (TVCH),
triallylcyanurate (TAC) and triallyltriazinetrione (TATATO, trade name TAICROS) were do-
nated by Evonik. Hydroxymethylphenylpropanone (trade name KL200) was donated by Lam-
berdi. Ethyltrimethylbenzoylphenylphosphinate (trade name TPO-L) and bistrimethylben-
zoylphenylphosphineoxide (trade name I819) were donated by BASF. Dimethoxyphenylace-
tophenone (DMPA, trade name BDK) and Diethylthioxanthone (DETX) were donated by
Rahn. The perfluoropolyether(PFPE)-urethane dimethacrylates Fluorolink MD700 and MD40
were donated by Solvay. The PFPE-urethane acrylate LR2000 was donated by Miwon. The
structures of the PFPE resins are not completely known due to proprietary reasons but are
similar to the one indicated in Figure 3.1 for MD700. Optool DSX was donated by Daikin In-
dustries. Tridecafluorooctylphosphonic acid was donated by Specific Polymers. All substances
are used as received without further purification.
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Figure 3.1: Molecular  structures of acrylates used in this work (n=x+y+z,
TMPTA=TMP(EO),TA).
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Figure 3.2: Molecular structures of photoinitiators used in this work.
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Figure 3.3: Molecular structures of thiols and enes used in this work.

3.2 Methodology

3.2.1 Surface energy - contact angle measurement

To measure the surface energy contact angle measurement is employed which is reviewed, for
example in [85][86] which the following discussion is based on. The measurements are evaluated
according to the Owens-Wendt-Rabel-Kaelble (OWRK) method. When a drop of a liquid is
deposited on a solid surface there is a contact angle § between the two phases. According to
the well known Young equation (Equation 3.1) it depends on the surface energy of the liquid
and solid, ~; and ~s, respectively, as well as on the energy associated with their interface vg:

Vs = Vst + yicost
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With this equation the surface energy of the solid can be calculated when using a liquid
with known surface energy and measuring the contact angle. However, 4 remains unknown,
which is why additional assumptions have to be made. The basic idea is that it depends on
the surface energies of the liquid and the solid and can, therefore, be calculated from them.
Different relations between these three quantities have been suggested in literature, the first
being the Berthelot hypothesis (Equation 2.7). Together with the Dupre equation,

Wadh = Vs + Y1 — Vsl (3.2)

which represents the fact that the energy necessary to separate the liquid from the solid is the
energy required to create the two new surface minus the interfacial energy which is released,
the Berthelot hypothesis yields the following form

Vsl = Vs TV — 2\/ VsV (3.3)

which allows to calculate the surface energy of the solid according to Equation 3.1. Owens
and Wendt extended this relation by considering that the interactions between the solid and
the liquid comprise dispersive and polar interactions [87]. The dispersive component is due
to London forces (i.e. spontaneous induced dipole interactions) while the polar component
comprises the remaining van der Waals forces (Keesom and Debye) and hydrogen bonds, for
example. Therefore, they used the following relation:

Ya =7 + % = 278 = 2/ (3.4)

where v2, 42, %d and 47 are the dispersive and polar components of the solid and liquid surface
energy, respectively. Because there are now two unknown quantities, v¢ and 47, the contact
angle has to be measured with two liquids of known surface energy which yields a system of
two equations with two unknowns.

In the present work, a Kriiss DSA100 drop shape analyzer is used to measure contact angles
and to calculate surface energies. The system consists of a sample stage that is illuminated by
a lamp and recorded by a video camera and a dosing system to deposit the liquid drops on the
solid sample. The setup is controlled with the proprietary software DSA4 which also allows
to evaluate the measurements automatically. To measure the surface energy of a sample the
needle through which the liquid is applied is filled such that there is a pendant drop hanging
from it. The sample stage is then driven upwards until it touches the pendant drop and slowly
driven downwards again to pull of the drop from the needle. The shape and baseline of the drop
resting on the solid surface is then analyzed by the software which subsequently extracts the
contact angle. This is performed three times with each of the two liquids and from the average
contact angles the surface energy is calculated with the OWRK method described above.
Water (v, = 21.8 m.J/m? and 4}, = 51.0 m.J/m?) and diodomethane (v% = 48.5 m.J/m? and
v}, = 2.3 mJ/m?) are employed as measuring liquids.

3.2.2 Viscosity - rheometry

Viscosity is a measure of the resistance of fluids against flow. Low-viscosity fluids flow faster
than highly viscous fluids when the same force is applied. When two parallel flat layers of a
fluid with area A, separated by a distance dx, are moving laterally with different velocities vy
and vo a force F' is necessary to maintain the difference in speed because the internal friction
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of the fluid would slow down the movement as depicted in Figure 3.4 [88]. This force is related
to the velocity gradient dv/dz via the following equation originally given by Newton.

F dv
il (3:5)
d
// | \l///ll
V2<— / A |
/// A . 4_\_\'_ F

L —

{— —f
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Figure 3.4: When two parallel flat layers with area A of a fluid, separated by a distance dz,
are moving laterally with different velocities v; and vy a force F' is necessary to
maintain the difference in speed due to the internal friction of the fluid. Picture
taken from [88].

The force per area is also known as shear stress 7 = F'//A and the velocity gradient as shear
rate 4 = dv/dx. From the equation given above it is evident that the viscosity of a fluid can
be determined by subjecting it to a defined shear rate and measuring the shear stress.

The Brookfield DV-III Ultra Rheometer which is employed in the present work measures the
torque necessary to rotate a spindle immersed in the test liquid [89]. The spindle of defined
geometry (cylinder capped with a cone) is placed inside a coaxial cylindrical container and
driven by a motor through a spring. The viscous drag of the fluid acting on the spindle
is measured by the spring deflection detected by a rotary transducer. Since viscosities are
usually temperature-dependent the resin is maintained at 21°C' for all measurements with a
circulating constant-temperature water bath. To measure the viscosity of a fluid it is filled into
the container with a piston-driven micropipette taking care that no air bubbles are introduced
into the liquid which would cause wrong values. The amount of liquid is chosen so that
the spindle is immersed up to the middle of its shaft as recommended in the manual. The
spindle is then immersed in the liquid and the the container is mounted onto the Rheometer
and connected to a thermometer. Then the measurement is conducted using the proprietary
software Rheocalc.

3.2.3 Degree of conversion - Fourier-Transform Infrared Spectroscopy
Theoretical background

To investigate the conversion of polymerized resins attenuated total reflectance Fourier trans-
form infrared spectroscopy (ATR-FTIR) is employed. FTIR is reviewed for example in [90],[91]
and [92] which the following discussion is based on. This technique is based on the measure-
ment of the spectral (i.e. wavelength-dependent) absorption of infrared light penetrating into
the sample[93]. To achieve this the sample is brought in contact with an optical denser ma-
terial, the internal reflection element (IRE), as depticted in Figure 3.5. Infrared light is then
introduced into the IRE under a certain angle such that total internal reflection occurs at the
interface to the sample. Finally it is collected by a detector. Despite total internal reflection
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the electric field amplitude decays exponentially with distance from the interface which means
that this evanescent wave penetrates a short distance into the sample and may be absorbed. If
absorption takes place the reflected wave gets attenuated (hence the name ATR) and thereby
an absorption spectrum can be obtained.

n, Sample

! R

Figure 3.5: Schematic illustration of the internal total reflection occuring at the interface be-
tween sample and IRE. Picture taken from [93].

The physical origin of the infrared spectrum of a molecule are electronic excitations at ener-
gies that correspond to the vibration of specific atoms or atom groups connected by chemical
bonds. Considering the model of a harmonic oscillator the frequency of a specific vibration
depends on the mass of the molecular fragments involved and the force constant, i.e. strength
of the covalent bond. Hence, from the presence or absence of certain infrared peaks conclu-
sions can be drawn on the composition of the molecule. It should be mentioned that not every
molecular vibration needs to be represented in the spectrum because for to be infrared active
a change in dipole moment is neccessary during the vibration. Furthermore, a quantitative
analysis is possible, since "the area under the infrared peak at a given wavelength is directly
proportional to the number of chemical bonds excited at that wavelength" (Kane et al. [94])
as the measured absorbance a is given by

a= —logi = ecd, (3.6)
Io
where I and I are the incident and reflected light intensities, respectively, € is the molar ab-
sorptivity, ¢ the concentration and d the penetration depth of the evanescent wave. Therefore,
the degree of conversion DC' can be measured by monitoring the area of the corresponding
infrared peak with respect to time. Then the following expression holds:

Anorm (t)

D =1-—
C(t) Anorm(t - 0)’

(3.7)

where Ajorm(t) is the area of the absorption maximum App normalized to the area of an
internal reference peak A,s:

_ ADB(t)
Anorm(t) B Aref(t)

Normalization is neccessary since the area of the reference peak which should be unaffected
by polymerization does not stay constant. Explanations might be densification (shrinkage) of
the sample leading to an increased concentration of the respective molecule fragments [95],
increase of the penetration depth due to a higher refractive index and nonlinearities of the
measuring equipment.

(3.8)

A typical infrared spectrum is depicted in Figure 3.6. As common the frequency is given
in units of wavenumbers (cm™!). In general, an infrared spectrum can be divided into several
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regions [92]. The vibrations between 4000 — 2500 cm ™! are due to O-H, N-H or C-H stretching.
Triple-bond stretching absorptions are found in the 2500 — 2000 ¢m ™! region. The bands
between 2000 — 1500 em ™! are associated with double bond stretching, e.g. C=C or C=0
stretching. The region between 1500 — 500 ¢m ™! is referred to as fingerprint region because
it is different for every molecule and the position of peaks corresponding to certain vibrations
can shift over large ranges even for rather similar molecules. Specific absorption maxima
can be assigned to certain vibrations using literature references [90][91]. The inset shows
the decreasing area of the carbon-carbon double bond peak with ongoing conversion. Peaks
corresponding to double bonds can be found around 810 em~! (C=C-H out of plane bending),
1630 cm~! (C=C stretching) and 3050 cm~! (C=C-H stretching). The peak at 2575 cm ™!
corresponding to the S-H stretching is not very pronounced which is why thiol conversion could
not be measured accurately. The carbon-oxygen (C=O0 stretching) peak at about 1730 em ™!
is used as internal reference.
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Figure 3.6: Infrared spectrum of TMPTA. The insets show the peaks associated to carbon-
carbon double bonds decreasing with exposure to UV light.

Experimental procedure

To measure the conversion of a liquid resin, one drop of it is deposited on the diamond (IRE)
with a glass Pasteur pipette. Spectra are collected every 1.5 s (wich is the highest rate possi-
ble) with the Tensor 27 spectrometer of Bruker Optics using the proprietary software OPUS.
The spectral resolution is 4 em~!. The integration time for each spectrum is 1 s and the
background measured at the beginning is automatically subtracted. Exposure is started man-
ually immediately after the first spectrum is collected. To obtain the area of the peaks of
interest the data are processed using the Origin 8Pro software. Since usually several peaks

are overlapping a deconvolution technique is employed and the data are fitted according to
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an appropriate number of Gaussian functions after a linear baseline is substracted. Since this
procedure is time consuming not all of the spectra are evaluated (during 10 min about 400
spectra are collected) but only until a reasonable number of data points is obtained. The
degree of conversion can then be calculated using Equations 3.7 and 3.8.

The experimental data are fitted according to the following equation:

DC(t)=c (1 —exp (—t —Tt0)5> , (3.9)

which will be explained in the following. From Equations 2.20-2.25 an expression for the degree
of conversion DC' can be derived [59]. In a steady-state assumption the number of radicals
remains constant throughout the polymerization, hence,

Substituting Equations 2.20 and 2.23 into this yields
R: 0.5
M= (=" 3.11
o= (51 ) (311
With this Equation 2.25 becomes (for the sake of simplicity a time constant 7 may be defined)
d[M] Ri\" _ [M]
_ =k M| == = 3.12
() -1 o

which can be solved by integration by separation of variables:

/d[%] = /—%dt (3.13)

[M](2) t
n =—— (3.14)
[pM]0) 7
[M](2) < t>
= —— 3.15
o) ~ P\ (349)
Substituting this into Equation 2.26 gives the time-dependence of the degree of conversion.
t
DC(t) =1 — exp (—) (3.16)
T

This expression is valid when a steady-state assumption is made (Equation 3.10) and shrinkage
is proportional to the degree of conversion. However, this is not true for the polymerization
of multifunctional acrlyates as discussed in Section 2.2.3. Many relaxation effects occuring
in vitrified polymers can be described by the Kohlrausch-Williams-Watts function (Equation
3.17) in an empirical way where the parameter  accounts for the width of the relaxation
spectrum [49][59].

DC(t) = 1 — eap (-i)ﬁ (3.17)

This equation is further modified to account for two additional effects. The parameter ¢ in
Equation 3.9 is introduced to account for conversions below 100 %. Furthermore, it has to
be considered that the UV illumination is started manually and that the UV-lamp needs a
small amount of time to reach its full intensity after being started which means that the
polymerizations do not start exactly at ¢ = 0. This is why the parameter t¢ is introduced.
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3.2.4 Shrinkage - hydrostatic balance

As mentioned before, polymerization shrinkage has the potential to decrease the replication
fidelity of NIL and thiol-enes are candidates to reduce this effect. To better understand the re-
lationship of molecular structure and final shrinkage a series of molecules has been investigated
regarding shrinkage. Several methods for measuring polymerization shrinkage have been used
in literature, e.g. linear displacement in narrow tubes [61], laser displacement sensors [96] [63]
[97], optical methods (drop shape analysis) [98], different kinds of water displacement methods
(water dilatometer [99], pycnometry [100], hydrostatic weighing [62]) and a device called a
linometer [101].

In the present work hydrostatic weighing is used to determine the polymer density for several
reasons: simple and low-cost equipment and yet high precision even when using only small
amounts of substances (in the order 0.1 — 0.5 g), easy and fast measurement and evaluation,
no special requirements regarding the sample shape and the ability of measuring the total
(not only post-gel) shrinkage. Compared to more advanced techniques it is not possible to
simultaneously measure shrinkage and conversion. The principle of a hydrostatic balance is
depicted in Figure 3.7 [102]. When a container of a certain volume is suspended in water the
balance will show a weight increase w that corresponds to the weight of the water displaced.
This can be understood when imagining an empty container that is immersed in water. A
force, called the buoyancy force, has to be applied to push it beneath the water surface and
this force is detected by the balance. According to Archimede’s principle this force equals the
weight of the displaced water. From this the volume of the displaced water (which equals the
container volume) can be easily calculated by V' = w/pyater if the density is known. If the
sample is additionally weighed in air to determine its mass m the density of the sample can
be calculated by p =m/V.

| electronic balance |

Figure 3.7: When a container is suspended in water the buoyancy force is detected by the
electronic balance. According to Archimede’s principle this force equals the weight
of the displaced water from which its volume can be easily calculated. Picture
modified from [102].

Once the monomer density p,, and the polymer density p, are known shrinkage can be
calculated according to Equation 2.27 considering the definition of density p = mV !

AV
P 3.18
% v . (3.18)

The monomer density was taken from data sheets and if not available measured by pycnometry.
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In practice, the pycnometer is weighed empty and filled with water which together with the
known water density yields its volume. Afterwards it is weighed containing the liquid monomer
- hence, mass and volume of the monomer are known and the density can be calculated. Filling
is performed with a piston-driven air displacement micropipette taking care not to produce
any air bubbles and the pycnometer is cleaned with cleanroom wipes before to ensure only
monomer inside the pycnometer is weighed. Before each measurement the pycnometer is care-
fully cleaned with acetone and isopropanol to remove any residual monomer. All measurements
are performed at room temperature.

To measure the polymer density samples are prepared by filling some liquid in a form pre-
pared from aluminium foil which allows easy separation after curing. The samples are flat to
achieve a uniform light intensity throughout the sample. Polymerization is performed by ex-
posure to UV light (I = 0.5 mWem™2, A = 365 nm) for 20 min to ensure complete conversion.
Afterwards, the samples are separated from the aluminium foil and weighed dry to give their
mass and weighed using the hydrostatic balance to give their volume. Hydrostatic weighing
was performed over a time period of 60 s and repeated without sample for the same duration
to determine and correct water evaporation.

3.2.5 Mechanical properties - microindentation
Theoretical background

Hardness H and Youngs modulus E are determined by microindentation and analyzed using
the Oliver-Pharr method which is described in the following [103][104]. An extensive discussion
of indentation is given in [105]. During the experiment an indenter with a given geometry is
pressed into the solid sample while continuously measuring load P and displacement h. A
schematic depiction of the measured data is shown in Figure 3.8. During loading the solid is
deformed both elastically and plastically, whereas it is assumed that during unloading only
the elastic part recovers and a permanent indent is left in the solid. If the solid were purely
elastic, the loading and unloading part would coincide.

There are three quantities that are obtained from the measurement and from which hardness
and modulus can be calculated: the maximum load Pj,u:, the maximum displacement h;,q;
and the elastic unloading stiffness S = dP/dh, which is the slope of the initial part of the
unloading curve. Using the Oliver-Pharr method the unloading curves are approximated by a
power law relation

P =a(h—hp)™, (3.19)

where a and m are fitting constants. This describes the experimental data much better, than

the previously used linear approximation. Hardness is defined as the maximum load divided

by the projected area of contact A.

Pma:c
A

Originally A was measured optically with a microscope. However, if the geometry of the inden-
ter is known the contact area A can be calculated from the the displacement h as well which
is the approach of the Oliver-Pharr method. This has the advantage of enabling to measure
indents even in the submicron range and avoiding the time-consuming optical observations.
To account for nonidealities of the indenter geometry it has to be carefully calibrated before
the actual measurement. The elastic modulus F is related to the unloading stiffness S and the

H =

(3.20)
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Figure 3.8: Schematic illustration of a typical force-displacement curve of an indentation ex-
periment. Picture taken from [103].

projected contact area A via

2
S=p—FE"VA 3.21
B REVA (3:21)
where [ is a constant that accounts for nonidealities (e.g. lack of axial symmetry of the inden-
ter) and the effective (also called reduced) modulus E* is used to account for the displacement

of the indenter

11— 1-v?
== E" + E” (3.22)
(]

where E (F;) and v (v;) are the elastic modulus and Poisson’s ratio of the sample (indenter).

Experimental procedure

All the measurements were conducted with an Anton Paar microscratcher and analysed with
the proprietary software Indentation 6.2.8. To get reproducible samples thin films are prepared
on microscopy slides by Meyer rod coating. The low thickness also helps to achieve uniform
light intensity and network properties throughout the samples. Three drops of the monomer
solution are deposited onto the glass slides with a glass Pasteur pipette and a Meyer rod is
slowly pulled over the slide manually which results in thin films with a uniform thickness
of 100 pm which is confirmed by an electronic micrometer gauge. Then the samples are
irradiated by UV light (0.5 mW/em? X\ = 365 nm) for 20 minutes to ensure complete curing.
The indentation is done with a loading rate of 50 mN/min until a maximum load of 50 mN
is reached which is held for 30 s before unloading with a rate of 50 mN/min. The holding
time is introduced to decrease the influence of creep. For every sample the measurement was
performed three times, the indentations having a separation of 100 pm and the values presented
in Section 3.3.5 represent the average of the three measurements.
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3.2.6 Pattern replication by nanoimprint lithography
3.2.6.1 Batch process

To replicate a mold pattern in a batch process a sufficient amount of liquid (depending on the
area of the pattern) is deposited onto the mold with a glass Pasteur pipette and covered with
a PET foil. The resin spreads due to capillary forces which is more versatile for low-viscosity
resins. After the resin covered the desired area it is exposed to UV-light for a specified amount
of time using a Biostep USDT-20ML-8R UV-lamp. Afterwards, the PET substrate which
the resin adheres to is separated manually from the mold in a peeling fashion as depicted
in Figure 2.4. Figure 3.9 shows the spectrum of the UV-light source used during the batch
processes in the present work. The spectrum consists of one peak centered at A = 365 nm. The
light intensity obtained by numerical integration is 0.5 mW/cm?. The transmission spectrum
of PET is depicted as well as the UV-light is transmitted through the PET substrate. As
discussed in Section 2.2.2 the rate of initiation, hence the polymerization rate depends on the
absorption of the photoinitiator as well. The extinction coefficient of KI1.200 is 61.5 ml/gem at
A = 365 nm (567 ml/gcm at A = 313 nm). The spectrum as well as the absolute intensity of
the UV lamp was measured by placing it in front of an integrating sphere which is connected
to a CAS 140CT spectrometer by an optical fiber waveguide (whole system from Instrument
Systems).
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Figure 3.9: Spectrum of the UV-light source used during the batch processes (line). The dotted
line shows the transmission spectrum of PET.

3.2.6.2 Residue-free imprinting

To obtain imprints with near-zero residual layer thickness micromolding in capillaries (MIMIC)
is used which is described in [106] and illustrated schematically in Figure 3.10. First, the mold is
pressed onto the PET substrate using clamps. Then, liquid resin is deposited in direct vicinity
to the mold with a glass Pasteur pipette and subsequently fills the mold cavities driven by
capillary forces. After UV-light exposure, the mold is removed and the imprinted features
remain on the substrate without residual layer.
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Figure 3.10: Schematic illustration of the process to obtain replicated structures without resid-
ual layer.

3.2.6.3 Roll-to-roll process

To replicate a pattern of a silicon master in a roll-to-roll process, first of all a polymer stamp
is fabricated in a batch process from the master. The polymer stamp is then attached to the
imprint roller of the R2R machine with double-sided adhesive tape to be illuminated with the
high-intensity UV lamp. This was done for ten minutes while the cylinder was rotating at
a speed of 0.5 m/min to ensure complete conversion of the polymer stamp. Afterwards, to
perform the actual R2R impring, the PET substrate is coated with the liquid imprint resin by
gravure printing as discussed in Section 2. As there is a certain distance between the coating
and the imprinting stage the uncoated part of the PET substrate has direct contact with the
polymer stamp attached to the imprint roller until the coated part arrives. This direct contact
can cause scratches at the polymer stamp and in order to prevent this a protecting PET foil
is attached to the polymer stamp with an adhesive tape which is removed when the coated
part of the PET substrate arrives. Then, scratching is not an issue anymore as the liquid resin
acts as a lubricant. Parameters that can be adjusted in order to optimize the process comprise
web tension and speed, illumination intensity and pressure during imprinting applied by the
pressure roller.

3.2.6.4 Anti-adhesive coating

Since the silicon masters used in this work have a relatively high surface energy which causes
good adhesion to the imprinted features a low surface energy coating is applied. A usual ap-
proach is to apply a fluorinated self-assembled monolayer to the mold surface which leads to
surface energies as low as 10 m.J/m? [4][107]. They can be covalently bonded to the mold sur-
face and therefore, stick to the mold while providing small adhesion to the imprinted features.
Furthermore, they have a low thickness, therefore not distorting the feature shape and can be
easily removed and renewed without damaging the master. To apply a new anti-sticking layer
to a contaminated silicon master a procedure is followed that is described in [107]. The first
step is to clean the mold in a piranha solution (mixture of HoSO4 and HyO2) which also leads to
the formation of Si-OH bonds at the silicon surface. Afterwards the mold is rinsed with deion-
ized water and dried with nitrogen. Then the mold is put into a Optool DSX solution (1 wt%
in perfluorhexane) for one minute which leads to physisorption of the fluorinated molecules at
the silicon surface as depicted in Figure 3.11. The structure of Optool DSX is not completely
known due to proprietary reasons but in principle is a perfluoropolyether molecule similar to
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the one depicted in Figure 3.11. Then the master is put into a water-saturated environment
at 65°C for one hour. The water reacts with the fluorinated precursor molecules and terminal
-Si-(OH3) groups are formed which react with the Si-OH bonds of the mold surface to form
a covalent Si-O-Si bond between the mold and the anti-sticking layer. Finally, the mold is
rinsed in perfluorhexane for ten minutes to remove residual non-bonded molecules and dried
with nitrogen.
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Figure 3.11: First the molecules are physisorbed to the oxidized surface (left). Then water
reacts with the precursor molecules to form terminal -Si-(OH3) groups (middle).
Finally, the molecules are covalently bonded to the mold surface (right). Picture
modified from [107].

Nickel masters are treated in a different way which is described in the following. In the first
step, the mold is cleaned in a mixture of potassium hydroxide and hydrogen peroxide because
a piranha solution would attack the metal mold itself. Afterwards, the mold is rinsed with
deionized water and isopropanol. Then it is put in a solution of tridecafluorooctylphosphonic
acid (2 mmol/l in isopropanol) for one hour and rinsed again with water and isopropanol.
Finally, it is annealed at 150°C' for ten minutes in an oven.

3.2.7 Evaluation of replication fidelity
3.2.7.1 Atomic Force Microscopy

To measure the shape of micro- and nanoscale features atomic force microscopy (AFM) is
employed which has been reviewed, for example in [108][109]. Basically, the system consists
of cantilever with a sharp tip attached to a piezoelectric actuator (Figure 3.12). A laser beam
is reflected from the backside of the cantilever and detected by a position sensitive photo
detector. The measurement principle is to scan the tip over the sample surface, so it changes
its height according to the surface topography which is registered by the photo detector. There
are several modes of operating an AFM and in the present work the so-called tapping mode is
used which allows to measure soft samples which is difficult in contact mode AFM. In tapping
mode the tip oscillates near its resonant frequency with a certain amplitude driven by the
piezoelectric actuator. When the distance between tip and sample changes because of the
surface topography the forces acting between tip and sample cause a change of the oscillation
amplitude, i.e. the amplitude increases (decreases) when the distance increases (decreases). A
feedback loop adjusts the height of the tip so it regains its original oscillation amplitude. This
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Figure 3.12: Schematic illustration of an AFM setup and measurement. Picture taken from
[110].

information as a function of the tip position represents the surface topography of the sample.
If the scan speed is too high the feedback loop cannot react quickly enough which results in
blurring of the image. In this case the forward and backward direction of a single line (called
trace and retrace), which in general are both measured, do not match exactly. Therefore, the
scan speed of the tip is always adjusted such that trace and retrace are almost identical for all
the measurements performed in this work.
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Figure 3.13: The shape of the AFM tip (black line) is obtained by measuring a 200 nm trench
(blue dash dotted line). The measured half-angle (black dotted line) is significantly
larger then the half-anlge as given by the product specification (red dashed line).

On flat surfaces AFM is capable of atomic resolution imaging, but the lateral resolution is
significantly reduced when measuring deep rectangular structures (as common in NIL) due to
the lateral dimensions of the tip. To estimate the influence of the tip shape and size, a line and
space pattern with a width of 200 nm is measured as depicted in Figure 3.13. The same silicon
wafer also has line and space patterns on it with a width of 1600 nm and AFM measurements
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Figure 3.14: Due to the tip influence cavities appear narrower but protrusions appear wider
than they actually are. This can lead to imprinted features appearing bigger than
the actual mold cavities.

show that the height is approximately 550 nm. The blue lines (dash dot) indicate the real
shape of the pattern if the same height is assumed for the 200 nm line-spaces and if vertical
sidewalls are assumed. Apparently, the lateral dimensions of the tip make it impossible to
touch the bottom of the structures. Therefore, if vertical sidewalls are assumed the measured
data actually represent the shape of the tip. From this the half angle of the tip (indicated
by the black dotted line) can be calculated and is @ = 12.5° which is larger than the product
specification of & = 5 £+ 1° (indicated by the red dashed line). Note that the tip has different
influences on cavities and protrusions of the pattern. As depicted in Figure 3.14 cavities appear
narrower but protrusions appear wider than they actually are. Therefore, it can happen that
the AFM profiles suggest that imprinted features are bigger than the actual mold cavities
although the imprint itself works well.

3.2.7.2 Profilometry

Samples that are to big to be investigated with AFM (limited to 5 pum height) are examined by
profilometry. The profilometer system consists of a stylus with a diamond tip that makes direct
mechanical contact with the sample and is mechanically coupled to a precise displacement
sensor. The measurement principle is to move the sample stage with a specified scan length,
speed and force and simultaneously measure the height displacement of the stylus thereby
generating a height profile of the sample surface. Usually single lines are recorded but two-
dimensional mapping is possible as well. The Veeco Dektak 150 surface profiler which is used
in this work is capable of measuring heights with resolutions below 1 nm [111] but like in
the case of AFM the lateral resolution is limited by the tip size (in this work the tip radius
is 0.7 wm) when rectangular patterns are investigated. The scans are performed with a scan
speed of 10 um/s and a force of 3 mg unless stated otherwise.
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3.2.7.3 Scanning Electron Microscopy

Besides AFM, also scanning electron microscopy (SEM) is employed to investigate the nanopat-
terns [112][113]. SEM uses electron beams to image the sample. Compared to light microscopy
much higher resolutions can be achieved due to the lower wavelength of accelerated electrons
(in the range of picometers). To image the sample electrons are emitted from a cathode
(e.g. by thermionic or cold emission), accelerated towards the surface and focused and con-
trolled with electromagnetic lenses to form a narrrow beam which is scanned along the surface.
As the primary electrons penetrate into the sample a variety of interactions occur including
(back)scattering and generation of secondary electrons, x-rays and auger electrons which can
be detected by several detectors that are in the specimen chamber. Using secondary electrons
for image generation gives mainly topographic contrast (whereas backscattered electrons give
mainly material contrast) and they are used in this work to investigate the shape of nanostruc-
tures. In contrast to backscattered electrons which can originate from higher depths, secondary
electrons can only escape from a thin surface layer (1 nm) due to their low energy. This means
that at inclined areas more secondary electrons can get out of the sample and be collected by
the detector because a greater part of the secondary electrons is generated near the surface
(Figure 3.15). Therefore, inclined areas and especially edges appear brighter than flat areas
that are perpendicular to the incident electron beam. Deep notches on the other hand can
appear darker because the electrons might not be collected by the detector.

PE

PE

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3.15: Secondary electrons (SE) that are generated by the interaction between primary
electrons (PE) and the sample mainly lead to topographic contrast. As SE can
only escape from a very thin surface layer (dashed line) more electrons leave the
sample at edges and inclined areas which therefore appear brighter.
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3.3 Results and discussion

The theory of thiol-ene and acrylate polymerizations and the associated properties were dis-
cussed in Section 2.2. This chapter is dedicated to the experimental investigation. To examine
the properties of thiol-enes a variety of thiol and ene monomers with varying size, molecular
stiffness, viscosity, degree of functionality and functional group chemistry are used. Ene func-
tionalities in this work comprise vinyl, vinyl ether, allyl ether and allyl isocyanurate and allyl
triazine groups. Among the thiols there is one secondary thiol (Karenz) which is promising
regarding shelf-life stability, the rest being primary thiols. To better understand the effect of
thiol chemistry a thiol-acrylate system is also studied in which the thiol content is gradually
increased. This should go hand in hand with a gradual transition from pure chain-growth to a
mixed step-chain-growth in which the step-growth mechanism gets increasingly pronounced. A
mixture of TMPTA and TMPMP is chosen as the thiol-acrylate system because these molecules
have similar structures (except the functional groups) and differences observed in any prop-
erties can be assigned to the thiol chemistry which might be difficult if the thiol and acry-
late monomers had very different structures. Due to their step-growth thiol-enes have to be
mixed stoichiometrically if maximum conversion is desired so that the number of ene functional
groups equals the number of thiol functional groups (though there might be applications for
non-stiochiometric mixtures). The thiol-acrylate system is therefore also based on molar ra-
tios and not weight ratios, e.g. a ratio of TMPTA: TMPMP=4:1 means the number of acrylate
functional groups is four times the number of thiol functional groups.

3.3.1 Surface energy

As already mentioned, MD700 is added as a perfluoropolyether surfactant to the imprint and
stamp resins to reduce their surface energy when nanoimprint lithography is performed. This
reduces adhesion and therefore, facilitates demolding of the imprinted structures. Table 3.3
shows that this surfactant can reduce the surface energy of the resin from about 50 m.J/m? to
about 10 m.J/m?2. John et al. reported the use of perfluoropolyether (PFPE) acrylates as mold
materials and demonstrated high fidelity imprinting of line and space patterns with a width of
230 nm and a height of 500 nm over 300 imprinting cylces in 2013 [114]. PFPE acrylate has
a surface tension of about 16 m.J/m? but has low elastic modulus (45 M Pa). Adding cross-
linkers can improve the mechanical properties but this goes at the expense of surface tension
[115]. The surfactant used in this work is not only superior regarding the surface energy, but
moreover works at concentrations as low as 0.1 wt%, hence has no influence on other properties
of the material. This allows to adjust the surface energy completely independently from the
elastic modulus, for example, which allows for polymer stamps with high strength and yet low
surface energy. The adjustment of surface energy was investigated in greater detail in [116]
and it was found that the surface energy of the imprinted resin depends on the adjacent phase
during curing. This is because the fluorinated surfactant molecules will only accumulate at the
interface if the adjacent phase itself has a low surface energy. However, as shown in Table 3.3,
the surface energy is also significantly reduced if the adjacent phase is not air, but a silicon
wafer with a fluorinated self-assembled monolayer or a polymer with this surfactant.
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Table 3.3: Surface energy v of TMPMP+CHDMDVE with MD700 at a concentration ¢ cured
while in contact to different environments and contact angles of water 8y and
diodomethane 0p.

c (%) adjacent phase v [mJ/m?] | Ow [°] | 0p [°]
0 air 48.3 80 26
0.1 air 9.8 111 103
0.1 silicon with fluorinated SAM 11.2 108 99
0.1 | polymer with 0.1 wt% MD700 20.4 102 7

3.3.2 Degree of conversion

As discussed in Section 2.2.5 thiol-enes exhibit fast polymerization rates and the addtion of
thiols to acrylates should increase the reactivity. Therefore, they offer the potential to increase
the throughput of the R2R-UV-NIL process. To investigate this the conversion of TMPTA with
varying content of TMPMP is measured. The results are summarized in Figure 3.16 showing
the degree of double bond conversion over time. Symbols indicate experimental values the lines
are fittings according to Equation 3.17. Increasing the thiol-content has apparently two effects:
(i) acceleration of the polymerization and (ii) increasing the final conversion. Reddy et al.
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Figure 3.16: Degree of double bond conversion over time for different molar ratios
n(TMPTA):n(TMPMP). Symbols indicate experimental values. The lines are
fittings according to Equation 3.9.

have shown that the rate constant for the reaction of a thyil radical with an acrylic double
bond is much higher than the homopolymerization of the acrylate [118][71]. Therefore, the
polymerization proceeds faster with increasing initial thiol content which is beneficial regarding
the process throughput. Nevertheless, the thiol conversion is significantly lower than the double
bond conversion due to homopolymerization of the acrylate, which gets more pronounced for
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Figure 3.17: Model predictions of acrylate conversion as a function of thiol conversion for sev-
eral stoichiometric ratios n(acrylate):n(thiol): 1:1(line), 7:3(dashed), 9:1(dotted).
Picture taken from [117].

increasing intital thiol content (see Figure 3.17). For example in the case of a stoichiometric
mixture (1 : 1) DCo—¢c = 100 % but DCsy ~ 55 %. As explained in Section 2.2 the final
conversion is limited if the polymer vitrifies at conversions well below 100 %. In the thiol-
acrylate system the residual thiols lead to a lower glass transition temperature which together
with the reduced cross-link density associated with the step-growth mechanism is the reason
for the higher final conversion. Regarding the final conversion the optimal composition would
be a molar ratio of TMPTA:TMPMP=2:1 because the acrylate and thiol conversion is about
100 % and 80 %, respectively and any change might increase the conversion of one component
but would decrease the conversion of the other component at the same time. However, using
the R2R UV lamp TMPTA:TMPMP=4:1 reaches almost 100 % conversion (batch process
only 90 %) corresponding to a thiol conversion of about 90 % and is therefore, the best choice
regarding final conversion. Furthermore, the reactivity is much higher than for lower thiol
contents, being beneficial for the process throughput but the shelf-life stability (see Section
3.3.3) is still reasonable. The conversion obtained during the R2R process is generally higher
than in the batch process. This is because due to the high light intensity of up to 2.2 W/cm?
a much higher dose is applied to the samples. Furthermore, the increased intensity leads to
elevated temperatures which also lead to higher conversions as discussed in Section 2.2.3.

The conversion of several thiol-enes is depicted in Figure 3.18. For comparison, also
TMPTA:TMPMP=2:1 is depicted. To compare the reactivity of several enes they are all
mixed with the same thiol, TMPMP. As can be seen CHDMDVE is the ene with the highest
reactivity, followed by TAC and TAICROS which are similar. The slowest ene is TVCH which
needs about 100 s to reach full conversion, whereas the other enes only need about 10 s. It
has been proposed by Cramer et. al that the reactivity of enes depends on the electron den-
sity of the carbon-carbon double bond and on the stability of the carbon radical [71]. The
electron density controls the propagation step (reaction of a thiyl radical with a double bond)
with higher values leading to faster propagation and the carbon radical stability controls the
chain-transfer step (i.e. hydrogen abstraction) with more stable radicals reacting more slowly.
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Figure 3.18: Degree of double bond conversion over time of different thiol-enes. To compare
the reactivity of different enes they were all mixed with the same thiol, TMPMP.
For comparison, also TMPTA: TMPMP=2:1 is depicted. Symbols indicate exper-
imental values. The lines are fittings according to Equation 3.9.

It has been found experimentally that the reactivity of enes follows roughly the following order
(beginning with the highest reactivity): vinyl ether > alkene > allyl triazine ~ allyl isocyanu-
rate > acrylate > methacrylate [71][65]. So the experimental values presented here represent
this order quite well except TVCH.

Another factor influencing the reactivity is the choice of the photoinitiator molecule which
also determines the thickness of samples that can be cured [119]. Figure 3.19 shows the
conversion of TMPMP+TVCH with five different photoinitiators at a molar concentration of
5.3 mol% which corresponds to 3 wt% in the case of KL200. If the photoinitiators were added
according to weight this would result in different numbers of photoinitiator molecules which
would make their comparison difficult. To achieve equal numbers of photoinitiator molecules
119 mg of TPO-L, but 62 mg of KL200 have to be used, for example, because the molecular
weight of TPO-L (316 g/mol) is almost twice that of KL200 (164 g/mol). The different
initiation rates of the photoinitiators can be explained in terms of initiation efficiency ¢ (see
Equation 2.20), molar extinction coefficient £ and the number of produced radicals per initiator
molecule. The fragmentation of type I photoinitiators and their reaction with acrylates has
been discussed in detail in [120]. As illustrated in Figures 3.20-3.23 the photoinitiators create
different numbers of radicals. KL200 and BDK produce two, TPO-L and I819 four radicals.
Nevertheless, BDK is similar to I819 and leads to a higher initiation rate than TPO-L. This
shows that not only the number of produced radicals is important but also absorption and
initiation efficiency play a role. It would be questionable to conclude from these measurements
that TPO-L is a better initiator than KL200 because it is the number of produced radicals
that puts a maximum on the amount of photoinitiator that can be used. One could simply use
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Figure 3.19: Degree of double bond conversion over time of TMPMP+TVCH with different
photoinitiators, all at a molar concentration of 5.3 mol%. Symbols indicate ex-
perimental values. The lines are fittings according to Equation 3.9.

twice the amount of KL200 which would then lead to the same number of radicals as TPO-L.
BDK seems to be the most efficient photoinitiator, as it exhibits the highest initiation rates
while only producing two radicals per molecule. BDK which is commonly termed DMPA in
literature is known to be an excellent photoinitiator [121]. The performance of 1819 could
not be clearyl identified as it did not dissolve completely in the resin used. DETX is a poor
photoinitiator which is probably due to the fact that it is a type II initiator. These type of
photoinitiators are usually less efficient because the quantum yield ¢ is lower than for type I
initiators [65]. It should be mentioned that BDK, 1819 and DETX are powders which makes
their handling more difficult. In contrast, KL200 and TPO-L are liquids making their use more
convenient.

[ o Q o

/
0 |
(o) / o \C; C o— C'
— o + — .
O ] O @ | @ ©_<\o toon #

Figure 3.20: Photofragmentation of BDK. Picture modified from [120] and [65].
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Figure 3.21: Photofragmentation of 1819. Picture modified from [120].
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Figure 3.22: Photofragmentation of TPO-L.
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Figure 3.23: Photofragmentation of KI1.200.

3.3.3 Shelf-life stability

As discussed in Section 2.2.5 thiol-enes have a limited shelf-life stability. To investigate this,
samples of thiol-enes and of the TMPTA:TMPMP system are prepared and stored in the
dark at room temperature. Table 3.4 shows that the stability of TMPTA: TMPMP decreases
strongly for higher thiol contents. TMPTA:TMPTMP=4:1 which was identified as the most
promising mixture regarding final conversion has a reasonable shelf-life stability of one month,
which can be further increased by storing it below room temperature which would lead to
several months of shelf-life stability. TMPTA: TMPTMP=9:1 and TMPTA: TMPTMP=19:1
were still liquid after five months but their viscosity increased compared to the initial value
demonstrating that they also react although this happens at a very slow rate. It has been found
experimentally, that the shelf-life stability of thiol-acrylate mixtures is inversely proportional
to the average acrylate functionality [65]. So, using HDDA instead of TMPTA might be a way
to improve the shelf-life stability.

Table 3.5 shows that the stability of some thiol-enes demonstrating that they are limited
in this respect. The good stability of Karenz+TAICROS is probably because Karenz is a
secondary thiol as already mentioned in Section 2.2.5. Using other thiols results in mixtures
with viscosities that strongly increase in a relatively short time (usually a few days). There
are several well known mechanisms causing the limited shelf-life stability of thiol-enes such
as: (i) the decomposition of peroxide impurities which initiate a thermal free-radical poly-
merization, (ii) the reaction of hydroperoxide impurities which create thyil radicals and (iii)
a base-catalyzed nucleophilic addition of thiols to enes [75]. Interestingly, it was found that
TMPMP+TVCH showed an increased shelf-life stability when BDK is used as photoinitiator
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Table 3.4: Initial viscosity 7y and shelf-life stability of samples with varying molar ratios of
TMPTA and TMPMP stored at room temperature and in the dark.

n(TMPTA):n(TMPMP) | no[mPas] stability
1:0 112 stable
19:1 119 n = 184 mPas after 5 months
9:1 121 n = 286 mPas after 5 months
4:1 124 gelled after 1 month
2:1 127 gelled after 5 days
1:1 127 gelled after 2 days

Table 3.5: Shelf-life stability of thiole-enes stored at room temperature and in the dark.

thiol+ene stability
GDMP+TVCH gelled after 18 days
Karenz+TAICROS still viscous after 5 weeks
TEMPIC+TAC gelled after 8 days
TMPMP+CHDMDVE gelled after 18 days
GDMP+CHDMDVE gelled in a few minutes

compared to the other initiators used in this work. Apparently, the photoinitiator influences
the shelf-life stability as well. One way to improve the stability is storage at low temperatures.
Another possibility is to use stabilizers, many of which are mentioned in [65]. Esfandiari et al.
found that the combination of acidic compounds (that should avoid the nucleophilic addition)
and the radical stabilizer pyrogallol (that should prevent the other mechanisms) are very effi-
cient [75]. In the present work, it has been found that pyrogallol significantly slows down the
polymerization rate when used at concentrations as low as 0.25 wt% (photoinitiator concen-
tration: 3 wt% KL200). No significant slowdown was observed at a concentration of 0.01 wt%
although still improving shelf-life stability. However, shelf-life stability is not a severe barrier
towards the application of thiol-enes because they can be used as two-component systems, i.e.
stored separately and only mixed immediately before usage. Therefore, no special emphasis is
put on shelf-life stability in the present work.

3.3.4 Volumetric shrinkage of bulk samples

Volumetric shrinkage induced by polymerization has the potential to reduce the size of the
imprinted features during NIL, thereby reducing the replication fidelity of the process. There-
fore, it seems desirable to develop an imprint resin with low volumetric shrinkage. To achieve
a better understanding of the effect of monomer structure on the overall shrinkage first of all
some acrylate monomers are investigated. Table 3.6 shows their experimental shrinkage values.
In order to interpret these results also the the degree of conversion DC' measured by FTIR
and the reactive group concentration [RG] are listed. From these data the shrinkage factor SF
is calculated according to Equation 2.28. From a comparison of TMPTA, TMP(EO)¢TA and
TMP(EO);5TA it can be seen that introducing long and flexbile chains between the reactive
groups (see Figure 3.1) leads to a strong decrease of shrinkage because the reactive group
concentration is much smaller. However, the effect is not as pronounced as would be expected
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Table 3.6: Volumetric shrinkage AV/V of several acrylates of functionality f with the respective
degree of conversion DC, reactive group concentration [RG] and shrinkage factor S
calculated according to Equation 2.28.

acrylate f | AV/V [%] | DC [%] | [RG] [mmol/cm3] | S [em3/mol]
HDDA 2 14.7 78 9.0 21.0
TMTPA 3 13.7 71 11.1 17.4
TMP(EO)oTA | 3 7.8 100 18 16.1
TMP(EO);5TA | 3| 6.2 100 3.5 17.7
PETTA 4 10.3 50 13.5 15.3
DPHA 6 124 40 13.2 23.5

Table 3.7: Volumetric shrinkage AV/V of the TMPTA:TMPMP system with the respective
degree of conversion DC, reactive group concentration [RG] and shrinkage factor S
calculated according to Equation 2.28.

n(TMPTA):n(TMPMP) | AV/V [%] | DC [%] | [RG] [mmol/cm3] | S [em3/mol]
1:0 13.7 71 11.1 17.4
19:1 134 76 11.0 16.1
9:1 12.3 82 10.9 13.8
4:1 12.3 90 10.6 12.8
2:1 11.7 100 10.3 114
1:1 8.6 100 9.9 8.7

from the reactive group concentrations because also the final conversion increases from 70 %
to 100 % which is because TMP(EO)9TA and TMP(EO);5TA do not vitrify during polymer-
ization. Comparing HDDA (f = 2), TMPTA (f = 3), M420 (f = 4) and M600 (f = 6) shows
that, by trend, increasing the functionality (and thereby reactive group concentration) leads
to lower shrinkage. At a first glance this contradicts Equation 2.30 but can be explained by
the reduced degree of conversion of highly functional monomers.

As discussed in Section 2.2.4 thiol-enes have a lower overall shrinkage and also the addition
of thiols to acrylates should reduce shrinkage. Table 3.7 shows the experimental results of
the TMPTA:TMPMP system. Increasing the thiol content leads to a decreased shrinkage as
expected. However, this is not due to a lower reactive group concentration (more or less un-
changed) which is the conventional way to influence shrinkage but mostly due to the decreasing
shrinkage factor. All in all the reduction of shrinkage is not very pronounced as the difference
between pure TMPTA and TMPTA:TMPMP=2:1 is only 2 %. This is because the shrinkage
reduction is compensated to some extent by an increased degree of conversion for higher thiol
contents. The low shrinkage of the TMPTA:TMPMP=1:1 mixture is mainly because large
parts of thiol monomers remain unreacted as depicted in Figure 3.17. So, on the one hand
adding thiols to acrylates with limited conversion is not an effective way to decrease shrink-
age, but on the other hand thiols offer the possibility to increase the final conversion without
leading to higher shrinkage at the same time. However, if the acrylate itself already reaches
full conversion as in the case of TMP(EO)9TA, for example, the addition of thiol would lead
to a stronger decrease of shrinkage.

Finally, Table 3.8 summarizes the shrinkage data of some true thiol-enes. As expected
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Table 3.8: Volumetric shrinkage AV/V of several thiol-enes with the respective degree of con-
version DC| reactive group concentration [RG] and shrinkage factor S calculated
according to Equation 2.28.

thiol+-ene AV/V [%] | DC [%] | [RG] [mmol/cm3] | S [em?/mol]
GDMP+TVCH 11.1 100 13.5 8.2
Karenz+TAICROS 8.3 96 10.4 8.2
TEMPIC+TAC 7.1 88 9.9 8.2
TMPMP+CHDMDVE 8.4 100 9.1 9.2

they all have relatively low shrinkage values and high conversions compared to conventional
acrylates and as mentioned before their low shrinkage is mostly not due to a low reactive group
concentration but rather because of their low shrinkage factors. This can be seen quite nicely
by comparing TMPMP+CHDMDVE with TMP(EO)9TA: both have similar shrinkage and
conversion although the reactive group concentration of the thiol-ene is about twice as high.
The reason for the similar shrinkage is that the shrinkage factor is only about one-half compared
to the acrylate. This is because of the step-growth mechanism of thiol-enes as discussed in
Section 2.2.5. Each ene forms a single bond with a thiol whereas in the polymerization of
acrylates each functional group is attached to two other acrylates. Apart from that, the trends
are same same as for acrylates. Increasing the reactive group concentration leads to higher
shrinkage, whereas incomplete conversion reduces the shrinkage.

3.3.5 Mechanical properties

As discussed in Section 2 the mechanical properties play an important role in the NIL process.
Table 3.9 shows the reduced modulus E* and the hardness H for several acrylates measured
by microindentation. Comparing TMPTA, TMP(EO)9TA and TMP(EO);5TA shows that
introducing longer chains reduces both Young’s modulus and hardness. This is because longer
chains both reduce the cross-link density and add flexibility which reduces the glass transition
temperature. The other acrylates have rather similar moduli despite different functionality,
the reason being differences in final conversion. Higher functionalities increase the polymer
hardness by trend.

The mechanical properties of the TMPTA-TMPMP system are shown in Figure 3.24. For
comparison also values of TMP(EO)3TA-TMPMP are given which have been measured by
nanoindentation and were taken from [116]. Due to the longer chains the values that correspond
to TMP(EO)3TA are generally lower compared to TMPTA. This comparison indicates that it is
better to mix TMPTA with TMPMP than replacing it by TMP(EO)3TA. Both will increase the
double bond conversion, but adding thiol does not reduce the mechanical properties as much.
Increasing the thiol content shows an interesting development that has not been explained in
[116]: for TMPMP content up to 20 % there is a rather moderate decrease in Youngs modulus
but for higher thiol content a drastic descent occurs. The reason for this might be the decrease
of Ty, with increasing TMPMP content. Up to 20 % thiol content the polymers are in the glassy
state and therefore, the change in modulus is rather small. This is also because the effect of
the reduced cross-link density upon addition of thiol due to the step-growth mechanism is
reduced by an increased double bond conversion. At higher thiol concentrations T falls below
room temperature which is associated with a drastic decline of the modulus as depicted in
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Table 3.9: Reduced modulus E* and hardness H of several acrylates.

acrylate E* [MPa] | H [MPd]
HDDA 5891 286
TMPTA 9328 401
TMP(EO)gTA 1250 183
TMP(EO);5TA 8083 141
PETTA 5478 938
DPHA 5386 461
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Figure 3.24: Reduced modulus (left) and hardness (right) for acrylate resins (TMPTA,
TMP(EO)3TA) with different thiol (TMPMP) contents. Values corresponding
to TMP(EO)3TA were taken from [116].

Figure 2.14. In contrast to the modulus, hardness decreases linearly when increasing the thiol
content. The effect of thiol content on modulus and glass transition temperature has also been
investigated by Cramer et al., the results being depicted in Figure 3.25 for comparison [122].
Increasing the thiol content has two effects: first, the modulus in the rubber region decreases
due to the lower cross-link density and second, T, decreases. Cramer et al. also found that the
glass transition temperature decreases linearly with the thiol content as shown on the right of
Figure 3.25. Since hardness is proportional to Ty as discussed in Section 2.2.6 this explains
the linear decrease of hardness.

Table 3.10 shows the mechanical properties of some thiol-enes. Hardness as well as Youngs
modulus are relatively small compared to acrylates which is due to their reduced cross-link
density (shrinkage factor) as discussed in Section 2.2.4. An exception is Karenz+TAICROS
and this might be explained by the fact that it is in the glassy state because of the high
functionality of Karenz (f = 4) and the stiffness of TAICROS whereas the others are in the
rubber state. In an attempt to produce high 7}, thiol-ene polymers Carioscia et al. synthesized
several norbornene monomers which lead to stiff polymer backbones due to the ring structure
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Table 3.10: Reduced modulus E* and hardness H of several thiol-enes.

thiol+ene E* [MPa] | H [MPa]
GDMP+TVCH 294 27
Karenz+TAICROS 6859 88
TEMPIC+TAC 338 79
TMPMP+CHDMDVE 327 87

of the norbornene functionality. They achieved glass transition temperatures up to 90°C but
at the expense of high viscosities of 1500 mPas and beyond. So, norbornenes are not really
well suited for UV-NIL. They also examined a combination similar to Karenz+TAICROS,
namely PETMP+TAICROS (PETMP has functionality four as well) with T; = 63°C and
n = 280 mPas which looks more promising (but low shelf-life stability of one day). So,
despite their smaller cross-link density thiol-enes are not restricted to low moduli. In fact,
PETMP+TAICROS has the highest glass-transition temperature among commercially avail-
able thiol-enes [17]. Imprinting of 100 nm line and space patterns (50 nm height) in an
SFIL-process has been demonstrated with this thiol-ene [123]. So, one might conclude that
thiol-enes can have high elastic moduli when stiff monomers are chosen, but there hardness re-
mains limited compared to acrylates. Another point to mention is that thiol-enes, due to their
step-growth mechanism, exhibit higher network homogeneity compared to chain-growth poly-
mers (as acrylates). Furthermore, they develop much less stress during polymerization which
makes them less brittle. Both is beneficial for their mechanical properties and gives them
outstanding performance as emphasized in [65]. For example, TMPMP+TAICROS shows
extremely high impact resistance.

One should keep in mind that the measured values of hardness and elastic modulus are
obtained by applying compressive stress to the material. When the stamp and the imprint
are separated they are rather subjected to tensile stresses. It is therefore not sure what the
measurements imply for the demolding step and one should be careful when interpreting hard-
ness and modulus measured by indentation. It has been shown that hardness is correlated to
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the ultimate tensile strength (by the well known Tabor relation) and to the yield strength of
metals [124][125]. This applies to semi-crystalline polymers as well [126] but it is questionable
if it is generally true for polymers [127][128]. The ultimate tensile strength correlates also with
the elastic modulus [129]. In a number of publications Berry demonstrated that the Griffith
theory which has originally been introduced for metals also applies to polymers in the glassy
state [129][130][131][132][133]. According to the Griffith theory the tensile strength is propor-
tional to the tensile modulus of elasticity. Therefore, increasing the elastic modulus should be
beneficial as it increases the tensile strength.

3.3.6 Nanoimprint lithography

The replication fidelity is probably the most important aspect of NIL as the performance
of the fabricated structures might suffer if accuracy is not sufficient. Major factors that
might cause inaccurate replications are mechanical defects introduced during demolding and
polymerization-induced shrinkage. Both will be discussed in the following.

3.3.6.1 Evaluation of demolding

As discussed in the previous section, high elastic moduli resulting in high tensile strength
might be beneficial for demolding since mechanical failure of the imprinted structures is pre-
vented in this way. However, demolding is more complex than a tensile test of the material.
Therefore, simply increasing the elastic modulus as much as possible is not the best way to
achieve successful demolding. In a computational study Amirsadeghi et al. investigated the
stress evolution throughout the imprinted features and found that increasing the cross-link
density, hence elastic modulus and tensile strength more and more does not improve demold-
ing endlessly and can even become detrimental at some point which means there is an optimal
cross-link density [134]. This is because an increased cross-link density has two opposing ef-
fects. On the one hand it increases the tensile strength but on the other hand it leads to higher
stresses during demolding as explained in the following. First, the adhesion force is higher for
higher elastic moduli. According to Pollock et al. the adhesion force F,q, between two flat,
elastic, cylindrical solids in contact with each other is given by

3
Fuan =\ 3mE R, (3.23)

where R is the radius of the interface, v = 1 4+ v2 — 712 where 1, v2 and 72 are the surface
energy of the stamp, of the imprint and the interface energy, respectively and K is given by

1 1—v2 1—v3
— =0. 24
Ve 075( 5 tE ) (3.24)

where F) (E2) and vy (v2) are elastic modulus and Poisson’s ratio of the stamp (imprint) ma-
terial [135]. This means that decreasing the elastic modulus of the stamp or the imprint can
decrease the demolding force as is the case for low surface energies. It was shown experimentally
by Amirsadeghi et al. that polymers with a lower modulus require smaller demolding forces
[136]. Jiang et al. and Ye et al. showed that partial curing of the resin reduces the demolding
force due to a lower elastic modulus [137][138]. Furthermore, it was shown experimentally, that
this reduced force results indeed in an improved demolding. Amirsadeghi et al. showed that,
despite lower modulus, a mixture of poly(propylene glycol diacrylate):TMPTA=T7:3 exhibits
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better demolding properties than a 1:1 mixture. However, pure poly(propylene glycol diacry-
late) is even worse because the tensile strength is not high enough to tolerate the demolding
stresses. The existence of an optimum elastic modulus was also shown by Jiang et al. and
Ye et al. who investigated demolding for varying degree of conversions, hence elastic moduli
(controlled by the applied UV light dose) [137][138]. Both a too low and a too high curing time
was detrimental for demolding and the best results were achieved with intermediate curing.

Furthermore, stress is not only induced by the demolding force but also by the polymerization
itself. This is because the polymers develop stiffness which impedes shrinkage. This gets more
pronounced for higher cross-link densities (Equation 3.25) leading to both higher modulus
E and shrinkage-induced strain e [139][140]. The polymerization-induced stress o can be
calculated by

o= /E de. (3.25)

Lu et al. showed that thiol-enes develop much lower stress during the polymerization compared
to conventional acrylate systems [61]. First, this is due to their lower overall shrinkage and
second, this is because of their delayed gel-point since stress only starts to build up after the
gel-point because shrinkage can be accommodated by liquid flow before.

From the discussion above, it might be expected that, due to their low stress, thiol-enes
exhibit better demolding characteristics than acrylates. However, experiments show that acry-
lates are usually easy to separate from the mold leading to defect-free replications in most
cases. In contrast, thiol-enes generally adhere well to the polymeric stamps and relatively high
forces have to be applied to separate them. Therefore, replications often have a bad quality
exhibiting many missing features. In some cases, the PET substrate is peeled off while the
imprint resins stick to the mold. In fact, the good adhesion properties of thiol-enes are well
known and are due to the low stress build-up during polymerization [65]. The reason is that
the strength of an adhesive joint is reduced if it exhibits shrinkage stresses [36] as indicated by
Equation 2.10. When the imprint resin is pre-strained this effectively lowers the force necessary
for demolding [34] which is why separation is easier for acrylates.

In an attempt to achieve successful demolding with thiol-enes, imprints have been made
from of a polymeric stamp (E8210:HDDA=1:1, 3 wt% KL200, 0.5 wt% HFPO) with three
different enes (CHDMDVE, TVCH, TAC) and TMPMP as thiol. The polymer stamp pat-
tern comnsists of simple test structures such as lines and spaces with aspect ratios ranging
from 0.3 to 2.5 (0.5 wm height, 1.6 um — 0.2 um width). The first peculiar finding is that
TMPMP+CHDMDVE required the lowest and TMPMP+TAC the highest demolding force.
This might be explained with Equation 3.23 since TMPMP+CHDMDVE and TMPMP+TAC
have the lowest and highest elastic modulus, respectively. However, with both materials rather
poor-quality replications were obtained. The best results were obtained with TMPMP+TVCH
which has an intermediate elastic modulus although the imprint was not defect free either. In-
terestingly, partial curing (to about 60 % conversion) or heating of the imprint with a hot plate
facilitated demolding, probably due to a lower elastic modulus. To further improve demolding
several perfluoropolyether (meth)acrylates (MD700, MD40, LR2000) have been tested as mold
materials since they are well known for their low surface energy and low adhesion. Defect-free
demolding was achieved using LR200 as mold and TMPMP+TVCH as imprint material. De-
molding was, however, not successful wit TMPMP+CHDMDVE or TMPMP+TAC as imprint
material.

From the discussion above it seems that there are several factors governing the demolding
step. On the one hand, high cross-link densities increases the strength of the material but on
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the other hand increase the demolding force as well. According to Equation 3.23 high-modulus
acrylates should require a high demolding force. However, this seems to be compensated by the
large stress they develop during polymerization which lowers the demolding force according to
Equation 2.10. In extreme cases, peeling can even occur spontaneously without external force.
Thiol-enes, however, generally are more difficult to demold successfully and the surface energy
and elastic modulus of both stamp and imprint material have to be tuned carefully to achieve
defect-free demolding. All in all, demolding is a complex issue which has been investigated,
for example, in [37][40][43] but is not understood completely so far.

3.3.6.2 Evaluation of shrinkage

As mentioned before, shrinkage is another major cause why the shape of imprinted features
might not exactly match that of the mold features. To investigate the effect of shrinkage
on the replication fidelity simple line and space patterns (0.5 um height, 10 um width) are
replicated from a silicon template. The low aspect ratio of 0.05 allows successful demolding
with all imprint materials. The profile of both the master and the replicas are measured using
atomic force microscopy. The results are presented in Figures 3.26-3.28. Imprint protrusions
appear slightly wider than the mold cavities due to the tip influence of AFM measurements
as discussed in Section 3.2.7.1. The most striking feature, however, is that apparently no
shrinkage occurs although the very same resins exhibit bulk shrinkage values ranging from
6 % to 15 %. This seems to be quite general, since the experimental finding is the same for
a range of monomers with different structures, functional group chemistries, reaction rates,
polymerization mechanisms and mechanical properties.

To support this experimental finding electron microscopic images of riblet structures are
recorded.! The way that is usually presented in literature is to separate mold and imprint
after curing and investigate them independently with electron microscopy. Here, a different
approach is used in which both are viewed while still in intimate contact with each other. This
has the advantage that exactly the same position of stamp and imprint are investigated and
allows easy observation of shrinkage. For this purpose an imprint is made from a polymeric
stamp and both are cut with a microtome, followed by a thin metal coating (applied via
evaporation). The resulting cross-sectional SEM image is depicted in Figure 3.29 showing the
mold and imprint between their corresponding PET substrates. No contrast between mold
and imprinted structures is visible because both are still in intimate contact with each other.
Apparently, no signifacant shrinkage occurred although the resin used (TMPTA) has a bulk
shrinkage of 14 % which should have lead to a gap between polymer stamp and replication.
However, at some other locations of the same mold-imprint arrangement separation already
set in and Figure 3.30 shows the lack of shrinkage in the NIL process even after separation.
Hence, the electron microscopic investigation corroborates the AFM results.

In literature there is no consensus about the presence of shrinkage during the NIL process.
It was concluded that "no clear result has yet been obtained [and] there exists a discrepancy
between experimental results and results of simulation" (Hiroshima et al. [141]). Unfortu-
nately, in many studies about pattern fidelity the authors do not discuss shrinkage explicitly.
High fidelity is often concluded without giving quantitative results and it is not clear whether
polymerization shrinkage had an effect on the imprinted feature shape in these studies. In
an investigation of pillar structures Campos et al. found good fidelity for low aspect ratio

'T want to thank Dr.” Maria Belegratis for recording the SEM images.
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Figure 3.26: Height profiles of the silicon master and imprinted features for several acrylates.
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Figure 3.28: Height profiles of the silicon master and imprinted features for several thiol-enes.

Figure 3.29: SEM image of riblets structures replicated from a polymer stamp (both made of
TMPTA). Both cannot be distinguished because they are still in intimate contact
with each other which demonstrates the lack of shrinkage.
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Figure 3.30: SEM image of riblets structures replicated from a polymer stamp (both made of
TMPTA). Even after separation the stamp and imprint features match exactly
although the resin exhibits a bulk shrinkage of 14 %.

features but bad fidelity for high aspect ratios, but the reason is probably rather collapse of
the high aspect ratio features due to their low stiffness [142]. The imprints are termed "high
fidelity’ despite differences in height as large as 20 %. John et al. found an excellent pattern
replication during a large area roll-to-roll process [114]. However, the authors mainly focused
on the lateral dimensions of the pattern although shrinkage is predicted to occur mainly in the
vertical direction as detailed later on. Hagberg et al. discovered that low modulus materials
can severely reduce the pattern fidelity [143] but simulations using finite element methods
(FEM) predict that modulus may affect the separation but does not affect the feature profiles
during polymerization [144]. The same simulations also predict that densification of monomers
significantly affects the vertical shrinkage but there is little effect on lateral dimensions because
the lateral movement of the resin is constrained due to adhesion to the substrate. In a com-
bined experimental and computational study using FEM simulations Johnson et al. found that
shrinkage decreases the feature size and that this happens mainly in vertical direction [145].
This height reduction of approximately 20 % was also mentioned in a review later on [12].
Interestingly, some of these authors presented contradicting results one year earlier [58]. They
performed both mesoscale and FEM simulations that predict the occurance of shrinkage. In
the experimental part, however, they imprinted 100 nm line spaces with resins that exhibit
bulk shrinkage values between 5 % and 15 %. SEM images showed that the imprinted fea-
tures had nearly identical size and shape as the template structures which was surprising for
the authors. They proposed two explanations that are illustrated in Figure 3.31: (i) density
fluctuations inside the imprinted features or (ii) accomodation of shrinkage by flow thereby
reducing the residual layer thickness. Concerning the second case, it was shown by Jin et al.
that this mechanism occurs in the case of thiol-enes due to their delayed gel-point (however,
only if the residual layer is thick enough to provide enough volume) but is not possible for
acrylates [74].

To elucidate the influence of the residual layer residue-free imprinting is performed using
TMPTA as resin which has a bulk shrinkage of 14 %. If the lack of shrinkage would be
due to mass transfer from the residual layer the imprinted features should exhibit shrinkage
if there is no residual layer at the beginning. In this case, their height should be reduced
compared to imprints where a residual layer is present. Figures 3.32 and 3.33 show height
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Figure 3.31: Shrinkage as expected from bulk measurements should decreases the replication

height (um)

fidelity (left). Reasons for the lack of shrinkage during NIL might be density
fluctuations inside the sample (middle) or mass transfer from the residual layer
into the mold cavities. Picture taken from [58].
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Figure 3.32: Height profile of riblet structures that were imprinted with residual layer. The
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step that is visible at the point where the stylus changed from the PET substrate
to the riblets indicates the presence of a residual layer.
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Figure 3.33: Height profile of riblet structures that were imprinted without residual layer.

There is no height difference between the bottom of the riblets and the PET
substrate.
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profiles measured by profilometry of replicated riblet structures imprinted with and without
residual-layer, respectively. The profilometer scan was started at the PET substrate the stylus
moving towards the imprinted features. When the stylus arrived at the imprint a step occurred
indicating the residual layer as depicted in Figure 3.32. This step is not present in in Figure
3.33 indicating that residual-free imprinting was performed successfully. The average heights
(measured over ten riblets) of features imprinted with and without residual layer are 18948 +
122 nm and 18911 4 89 nm, respectively, although shrinkage should have caused a height
reduction of almost 3 pum. This shows that the lack of shrinkage cannot be explained with the
presence of a residual layer.

Attempt to explain the lack of shrinkage

The difference between bulk shrinkage and shrinkage during NIL is that the former is measured
at samples that are essentially free to move during polymerization whereas in the latter case
the resin is bonded to the mold cavities and the PET substrate and is therefore, not allowed to
move freely. It was stated that when the resin "is bonded on all sides to rigid structures, bulk
contraction cannot occur" (Davidson et al. [146]) and shrinkage might be compensated by an
increased porosity. Gilbert et al. investigated polymerization shrinkage in bone cement and
found that samples that are constrained develop porosity [147]. However, these are studies
on macroscopic samples. Burns et al. performed mesoscale simulations and calculated the
shrinkage during NIL for different interactions strengths between resin and template [58]. These
simulations predict that in the case of weak interactions NIL shrinkage is equal to the bulk
shrinkage values but as the interactions with the template walls approach the van der Waals
interaction of the resin molecules, NIL shrinkage is strongly decreased. This consideration also
reflects the fact that a resin which is bonded on all sides is not allowed to shrink which might
be the explanation for the lack of shrinkage observed. Coming from these results it would
actually be surprising if shrinkage occurred during NIL. However, the imprint material and
the mold surfaces are treated to have low surface energies so that they exhibit low adhesion
to each other. Therefore, the question remains why interactions between template and resin
should be so strong that no shrinkage is observed.

An explanation might be that the strong resin-template interactions are caused by the dras-
tically increased surface to volume ratio of a nanopatterned template compared to a bulk
polymer. It is well known that at small size scales surface effects become increasingly im-
portant. As explained in Section 2.1.2 surface tension can even lead to the deformation of
stamp protrusions (see Equation 2.4), but this is only pronounced for very small features when
the surface to volume ratio is sufficiently high. The situation during curing (when shrinkage
occurs) is illustrated in Figure 3.34. When two molecules react and replace their van der
Waals distance by shorter covalent bonds some kind of volume generation has to occur. The
resin molecules either (i) increase the distance to the template (external shrinkage) or (ii) they
adhere to the template and increase their mutual distance in the bulk (internal shrinkage).
Assuming that shrinkage will be accomodated by an increase of the intermolecular distance
(internal shrinkage), this will afford a certain amount of energy because work has to be done
against the attractive forces acting between the molecules. This energy will increase with the
number of bulk molecules. In the case of external shrinkage work has to be done to separate
the resin molecules from the template surface. This energy will increase with the number of
surface molecules. Therefore, if the numbers of surface molecules compared to bulk molecules
(i.e. the surface/volume ratio) exceeds a certain value, internal shrinkage will be energetically
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Figure 3.34: Due to polymerization shrinkage some kind of volume generation has to occur:
either development of internal voids (left) or overall contraction of the polymer
(right).

favorable over external shrinkage. However, this is not expected to play a role for structures in
the micrometer-regime which also were shown to exhibit no significant shrinkage. Therefore,
the reason for the lack of shrinkage is not understood completely.

3.3.7 Roll-to-roll imprinting
3.3.7.1 Evaluation of shrinkage

After having explored the basic relationships between monomer structure and polymerization
rate, final conversion, shrinkage and mechanical properties as well as the behavior during the
batch process, R2R-imprinting is investigated. In the following, AFM profiles of the silicon
master, the polymer stamp and the imprint will be compared to investigate the effect of
shrinkage. It is important to recognize that it is the resin that shrinks which means that
protrusions get smaller and cavities grow. This can be confusing because the polymer stamp is
a negative replication of the master and therefore, protrusions of the stamp represent cavities
of the master and vice versa. It is the same for the imprints, which are a negative replications
of the polymer stamp. As depicted in Figure 3.35 it is the narrower features of the stamp
but the wider features of the imprint that are prone to shrinkage. To avoid confusion, AFM
profiles of master, stamp and imprint are depicted analogously to Figure 3.35. Furthermore,
cavities appear narrower and protrusions appear wider than they actually are due to the tip
influence of AFM measurements as discussed in Section 3.2.7.1.

Figure 3.36 shows the AFM profile of R2R-imprinted line and space patterns for an acrylate
resin (TMP(EO)gTA) which is also used as stamp material in this case. AFM profiles of
the stamp and the silicon master are depicted as well. During the R2R process a number
of imprints are fabricated and Figure 3.36 shows the first imprint and the stamp after six
imprints. As discussed in Section 3.3.6.2 the polymer stamp which is fabricated in a batch
process does not suffer from shrinkage and its shape is almost identical to the silicon master.
The R2R-imprint height, however, is reduced by about 5 % compared to the master whereas
the lateral dimensions match exactly (small deviations due to tip influence). This is already
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Figure 3.35: When interpreting AFM profiles on has to keep in mind that it is the resin that
shrinks. In the illustration above the narrower features are prone to shrinkage
during the replication of the master (black) to fabricate the polymer stamp (blue).
However, when replicating the stamp to get the imprints (red) the wieder features
are prone to shrinkage.

quite good, but coming from the results of the batch process the height reduction of the R2R
imprint is unexpected and the question remains the reason for that is. Figure 3.36 also shows
that the bottom of the imprinted features is not even but has a small tail. This defect is
probably a distortion generated during the separation process because of the low strength of
TMP(EO)9TA. Also a deformation of the stamp is visible at one location for the same reason.

In addition to the acrylate, R2R-imprinting is performed with a thiol-ene, Karenz-TVCH
as imprint material. It is chosen because of its low viscosity (n = 52 mPas as measured
by rheometry), relatively good mechanical properties as the monomers have three and four
functional groups, respectively and a good shelf-life stability due to Karenz. The stamp is
made of E8210/HDDA. The result is the same as before as depicted in Figure 3.37. The shape
of the polymer stamp matches the silicon master whereas the R2R-imprint height is reduced by
about 5 %, similar to TMP(EO)9TA. Both exhibit similar bulk shrinkage values but Karenz-
TVCH should be able to further reduce the effect of shrinkage due to its delayed gel-point at
DC = 41 % which, apparantly, does not happen. The reasons for this will be discussed in
more detail later on. Defects as they occurred in the case of the TMP(EO)9TA-imprint are
not visible and the feature bottoms are even indicating that Karenz-TVCH is better suited
than TMP(EO)yTA.

The height reduction of features imprinted in the R2R process is unexpected since all imprints
performed in the batch process showed no shrinkage. Therefore, the question arises if it is
really shrinkage induced by polymerization that causes the height reduction. To clarify this,
R2R imprinting is performed with TMPTA as imprint resin which has a bulk shrinkage of
14 %. Therefore, the height reduction should be more pronounced than for TMP(EO)oTA
and Karenz-TVCH. Figure 3.38 shows, however, that it is about 4 % which is similar to the
other two resins and well below the bulk shrinkage of TMPTA. This finding indicates that bulk
polymerization shrinkage has no influence on the height reduction. To further elucidate this
a polymer stamp is replicated in a batch process but using the R2R-UV lamp as illumination
source. The stamp is made of E8210/HDDA and the imprint material is TMP(EO)9TA. The
illumination time and intensity is the same as in the R2R process. Figure 3.39 shows that the
height of the imprinted features equals that of the polymer stamp (small tails at the feature
bottoms generated due to demolding), so no significant shrinkage occured. The width of the
imprinted features are a bit wider than the stamp cavities which, again, is due to the AFM
tip influence. The result is the same for resins other than TMP(EO)gTA. First of all, this
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AFM profiles of R2R-imprinted line and space patterns with TMP(EO)9TA as
imprint and stamp material. In contrast to the polymer stamp that was produced
in a batch process the height of the imprinted features is reduced (5 %) compared
to the silicon master.
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AFM profiles of R2R-imprinted line and space patterns with Karenz-TVCH as
imprint material. The stamp is made of E8210/HDDA. In contrast to the polymer
stamp that was produced in a batch process the height of the imprinted features
is reduced (5 %) compared to the silicon master.
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Figure 3.38: AFM profiles of R2R-imprinted line and space patterns with TMPTA as imprint
material. The stamp is made of E8210/HDDA. The height of the imprinted fea-
tures is reduced (4 %) compared to the silicon master.

shows that it is not the high light intensity used in the R2R process compared to the batch
process which is responsible for the height reduction. Furthermore, this indicates that the
height reduction has nothing to do with the polymerization at all, corroborating the results of
the TMPTA-imprint.

What else can be the reason for the height reduction observed in the R2R process? De-
molding is not likely to be responsible as it rather leads to deformations like the tails visible
in Figure 3.39 or fracture of some features while others are unaffected as will be discussed
later on, but not to a uniform height reduction. Imprints performed with Karenz-TVCH and
TMPTA do not exhibit any sign of such defects (at least at the beginning of the R2R process)
but do show the height reduction of about 4 %. Another possibility would be incomplete filling
of the mold cavities with liquid resin before polymerization since filling in the R2R process is
different from the batch process. In the batch process a liquid drop is deposited on the stamp
and covered with the PET foil which causes the liquid resin to spread due to capillary forces.
This leads to a lateral filling of the mold cavities. In contrast, during the R2R. process the PET
foil is first coated with the liquid resin. Afterwards, the stamp is pushed into the resin from
above, so the filling rather happens vertically than laterally. Maybe this causes incomplete
filling, e.g. due to entrapped gas. The vertical penetration of the stamp into the resin is no
contradiction to roller-like imprinting because the radius of the mold cylinder is 20 em. There-
fore, the curvature is negligible at the size scale of the feature width (1 pum), i.e. a flat stamp
is a good approximation. This is true for line and space patterns arranged perpendicular to
the web movement but for lines parallel to the web direction gas entrapping should not be an
issue as it can easily escape along the lines. However, the height reduction was observed in
either case - patterns parallel and perpendicular to the web direction. Therefore, the height
reduction of R2R imprinted features is not completely clear.

72



3.3 Results and discussion

500 — 1 r 1 T T ' T T T *+v 71T v
400 — EB210/HDDA stamp
300 — TMP(EO)9TA imprint
200
100

height (nm)

-100
-200
-300

6 8 10 12
width (um)

o
N
N
[N
i N

Figure 3.39: AFM-profiles of line and space patterns with TMP(EO)9TA as imprint material
replicated from a E8210/HDDA-polymer stamp in a batch process using the R2R-
UV lamp as illumination source.

3.3.7.2 Long-term behavior

The height reduction is, however, only 5 % which is sufficiently small for most applications. A
much greater issue is mechanical failure of the material during demolding which can generate
defects at the imprint as well as at the stamp. This is particularly important regarding the long-
time stability of the stamp since the aim is to produce thousands of imprints in a continuous
process. Therefore, the development of replication fidelity is investigated over a number of
imprint cycles. The silicon template consists of simple test structures such as lines and spaces,
pillars, crosses and cross hatches with widths of 200 nm, 400 nm, 800 nm and 1600 nm with
various pitches. Figure 3.40 shows an electron microscopic image of several features with
nominal width of 200 nm that were R2R imprinted using Karenz-TVCH as imprint resin and
E8210/HDDA as stamp material. The height of all structures is about 550 nm as measured
by AFM. Figures 3.41-3.44 show light microscopic images of the imprinted test structures
using Karenz-TVCH as resin. The 200 nm patterns of the first imprint show only a few small
defects (Figure 3.41) but the quality of the fifteenth imprint is not good anymore (Figure
3.42). Figure 3.43 shows 200 nm patterns of the polymer stamp after fifteen imprints which
are contaminated due to fracture of the imprint material. So, the decreased quality of the
fifteenth imprint compared to the first is not due fracture of the stamp but of the imprint
material. Apparently, the defects are not due to material fatigue of the stamp but due to
degradation of the adhesive properties. The 1600 nm structures still worked well after fifteen
imprints as depicted in Figure 3.44. This demonstrates that it is more difficult to replicate
features with high aspect ratio as already discussed in Section 2. The mechanical strength of
the imprint resin (Karenz-TVCH) seems to be sufficient for 1600 nm structures, but not for
the 200 nm structures for which a material with higher strength would be desirable (maybe a
stamp with lower modulus would also solve this problem - see Section 3.3.5). Furthermore, the
cross hatches seem to be more stable than single lines.  Figure 3.45 shows the sixth imprint of
800 nm structures with TMP(EO)gTA as imprint and stamp material which is worse than the
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Figure 3.40: Various nanopatterns with a nominal width of 200 nm that were R2R imprinted
using Karenz-TVCH as imprint resin: lines and spaces (top left), array of holes
(top right), crosses (bottom left) and cross-hatches (bottom right).

Figure 3.41: First imprint of 200 nm structures with Karenz-TVCH at 50x magnification. Only
a few small defects are visible.
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Figure 3.42: Fifteenth imprint of 200 nm structures with Karenz-TVCH at 50x magnification.
The replication fidelity is not good anymore.

Figure 3.43: Polymer stamp after fifteen imprints of 200 nm structures with Karenz-TVCH at
50x magnification. The stamp is contaminated by the imprint material.
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Figure 3.44: Fifteenth imprint of 1600 nm structures with Karenz-TVCH at 10x magnification.
The pattern is replicated faithfully.

use of E8210/HDDA and Karenz-TVCH as stamp and imprint material, respectively which is
probably due to the increased strength of E8210/HDDA. Figures 3.46-3.49 show the imprinted
and stamp features of a R2R-process using TMPTA as imprint material and E8210/HDDA as
stamp material. The first imprint of 200 nm structures worked well (Figure 3.46), whereas the
eighth imprint shows some missing features (Figure 3.47). In contrast to Karenz-TVCH this is
not because the imprinted features broke but because the stamp was damaged as depicted in
Figure 3.48. Apparently, the modulus of TMPTA is too high to ensure defect-free demolding.
The 1600 nm structures still worked well after eight imprints (Figure 3.49) demonstrating that
a lower aspect ratio is less prone to defects during demolding.
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Figure 3.45: Sixth imprint of 800 nm structures with TMP(EO)9TA at 10x magnification. The
replication fidelity is not good.

Figure 3.46: First imprint of 200 nm structures with TMPTA at 20x magnification. The
pattern is faithfully replicated.
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Figure 3.47: Eighth imprint of 200 nm structures with TMPTA at 20x magnification. Some of
the features are missing.

Figure 3.48: Polymer stamp after eight imprints of 200 nm structures with TMPTA at 20x
magnification. Some of the features are missing.
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Figure 3.49: Polymer stamp after eight imprints of 1600 nm structures with TMPTA at 5x
magnification. The pattern is faithfully replicated.

3.4 Summary

Currently, photolithography is the key technique of the semiconductor industry to fabricate
integrated circuits. The need to continuously decrease the pattern size is a challenge for
this method because the wavelength puts restrictions on the photolithographic resolution,
which is why the costs of this process are drastically increasing. A promising alternative is
ultraviolet light-assisted nanoimprint lithography (UV-NIL) which replicates a surface pattern
by pressing it into a liquid monomer solution which polymerizes and gets rigid upon exposure
to UV light before removing the original pattern. UV-NIL can be performed in a continuous
way by roll-to-roll UV-NIL (R2R-UV-NIL) that is capable of mass-producing nanostructures
at large-areas and low cost. Typically, imprint resins are based on acrylates which, however,
exhibit some drawbacks such as oxygen inhibition, incomplete conversion, slow reaction, large
polymerization shrinkage, shrinkage-induced stress and network inhomogeneity. Thiol-enes
have the potential to overcome these limitations and it is the aim of the present work to
investigate how they can be used to improve conventional imprint resins.

Before coming to the experimental part, the theoretical background of the roll-to-roll process
is presented to understand which material properties are desirable for the imprint resin. Note
that the R2R-UV-NIL process is not understood in its full complexity so far. For example,
calculation of the time that is required for the liquid resin to fill the mold cavities is a complex
issue. Also the demolding step has not been completely clarified yet. Furthermore, the theory
of photopolymerization is discussed and how the molecular structure of monomers can be
exploited to tune the properties of the prepolymer mixture as well as of the final polymer.

The experimental work comprises a series of techniques to characterize the liquid as well
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as the cured resin. Rheometry, contact angle measurement, Fourier-transform infrared spec-
troscopy, hydrostatic weighing and microindentation are employed to measure the viscosity,
surface energy, polymerization rate and final conversion, volumetric shrinkage and mechan-
ical properties, respectively. Furthermore, the replication fidelity is investigated using light
microscopy, electron microscopy, profilometry and atomic force microscopy.

Many of the properties of thiol-enes are due to the fact that they follow a step-growth mech-
anism, unlike acrylates which polymerize via chain-growth. To gain a better understanding
of the thiol chemistry not only thiol-enes are investigated, but also a thiol-acrylate system
is studied in which the thiol content is gradually increased. This should go hand in hand
with a gradual transition from pure chain-growth to a mixed step-chain-growth in which the
step-growth mechanism gets increasingly pronounced.

The investigation of time-dependent conversion showed that the final conversion of the stud-
ied acrylate could be increased from 70 % to 100 % by adding a structural similar thiol
monomer. At the same time the polymerization rate was greatly increased. The time to
reach its full conversion is reduced by a factor of ten for a 50/50 mixture compared to the
pure acrylate. Most of the thiol-enes showed even faster polymerizations and they all exhibit
near-complete conversion. Different photoinitiators have been tested as well, showing that
they offer another possibility to increase the reactivity. The measured data were fitted to a
semi-empirical equation for all monomer mixtures that were examined.

Polymerization-induced shrinkage was investigated for bulk samples of several acrylates,
the thiol-acrylate system and some thiol-enes. The measured shrinkage values are related
to basic monomer properties such as number of functional groups, density and molar mass
via a semi-empirical equation. As expected, thiol-enes exhibit significantly lower volumetric
shrinkage than conventional acrylates. The investigation of the thiol-acrylate system showed
that shrinkage is not affected very much by the addition of thiols because the decrease in
shrinkage is compensated to some extent by the increased conversion. Mechanical properties
of thiol-enes, like elastic modulus and hardness, are generally restricted to lower values than
it is the case for acrylates. However, by using stiff molecules glass transition temperatures
well beyond room temperature and hence high elastic moduli can be achieved with thiol-
enes as well. Their hardness can, however, not compete with that of acrylates making them
less scratch resistant, for example. Another advantage of thiol-enes is their increased network
homogeneity and that they build up much lower stress during polymerization. The implications
of mechanical properties on the demolding step of NIL are discussed as well. A disadvantage
of thiol-enes is their limited shelf-life stability but this is not a severe barrier towards their
application because they can be used as two component systems, i.e. separate storage of thiol
and ene monomers.

After having characterized the bulk properties of thiol-enes nanoimprint lithography is ex-
amined. Since low adhesion between mold and imprint is crucial for successful demolding the
surface energy of both the silicon masters and imprinted polymers has to be as low as possible
and values as low as 10 m.J/m? are realized. For silicon masters this is achieved by the depo-
sition of a fluorinated self-assembled monolayer. For polymers a fluorinated surfactant is used
which allows to adjust the surface energy independently from other properties. During the in-
vestigation of NIL it turned out that acrylates are usually easy to separate from the template
after imprinting leading to defect-free replications in most cases. In contrast, thiol-enes gener-
ally adhere well to the stamps and relatively high forces have to be applied to separate them.
Therefore, replications often have a bad quality. The good adhesion properties of thiol-enes
are well known the reason being the low build-up of polymerization-induced stress.
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As mentioned before, volumetric shrinkage occurs in the case of bulk samples, which is a
well known fact and can be up to 15 % in the case of acrylates. A major part of this work was
to investigate to what extend thiol-enes can be used to decrease the effect of shrinkage since it
is desirable that the imprinted features have the same size and shape as the template features.
The experimental findings of this work strongly indicate that shrinkage does not significantly
reduce the size of the imprinted features, which is quite surprising. Possible explanations for
this are discussed and it is probably because the resin is constrained by the mold cavities
whereas bulk samples are allowed to shrink freely. In literature, there are contradicting results
on the role of shrinkage during NIL and additionally, many works about replication fidelity
focus on defects generated during demolding and do not consider polymerization shrinkage.
Nevertheless, this finding means that one of the biggest advantages of thiol-enes, namely their
potential to reduce the effect of shrinkage on the replication fidelity, due to their lower overall
shrinkage and delayed gelation, is redundant because of the general lack of shrinkage. Despite
the lack of polymerization-induced shrinkage, the height of features imprinted in the R2R
process is reduced by about 5 %. The origin is, however, not completely understood. It was
shown that this height reduction is independent of the bulk shrinkage of the monomer and
that the high light intensity used in the R2R-process has no significant influence on shrinkage
during NIL. This height reduction might be a problem for optical devices, for example, where
accurate shape replication is essential [74] but is sufficiently small for most applications.

In summary, thiol-enes were shown to be superior to acrylates in several aspects as they pro-
vide reduced oxygen inhibition, nearly complete conversion, very fast reactions, reduced poly-
merization shrinkage, low stress and improved network homogeneity. Unfortunately, defect-free
demolding often fails due to their good adhesion making them less well-suited as imprint ma-
terial than acrylates. But when used as additives up to concentrations of 20 %, thiols and
thiol-enes might still be a valuable means to enhance the performance of imprint resins. Fi-
nally, when imprint and stamp material are chosen properly, the R2R-UV-NIL process used
in the present work is capable of replicating nanostructures at high throughput with high
replication fidelity.
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Since thiol-enes are superior to acrylates in several aspects it would be desirable to make them
suitable for R2R-UV-NIL. One aspect of future work might be the investigation of ternary
thiol-ene-acrylate systems which are expected to combine the advantageous properties of both
thiol-enes and acrylates. Another approach to improve thiol-enes might be the use of ene
monomers containing urethane groups which provide additional mechanical strength due to
their hydrogen bonds. This might enable thiole-enes to tolerate the stresses during demolding
and make them suitable for imprint resins. This might also comprise the synthesis of appropri-
ate ene monomers containing urethane groups. In this respect also an improved understanding
of demolding would be desirable. In this work indications were found that the demolding force
not only depends on surface energy but is also affected by the elastic modulus of the resin
and the stress which is induced by polymerization. To further investigate this an experimental
setup would be necessary which is capable of measuring the demolding force. An optimization
of the resin regarding demolding force might not only enable the use of thiol-enes as imprint
resins but would also be beneficial for the long-term stability of R2R-UV-NIL. Improved the-
oretical understanding would also be desirable regarding the lack of shrinkage to understand
if this is generally true or if there are certain prerequisites for this effect. Furthermore, future
work will comprise tuning the resin properties with respect to the intended application, e.g.
weatherability for outdoor applications, while maintaining its imprintability.
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