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1 Introduction

Nanostructures have attracted profound interest as a rapidly growing class of materials
for many applications thanks to their tunable physical, chemical and biological proper-
ties, which result in enhanced performance compared to their bulk counterparts [1, 2].
They �nd application in areas such as materials and manufacturing, electronics, energy,
medicine, information technology, national security and more. Nanotechnology is, at
times, described as the next industrial revolution [3].
The application of micro- and nano-particulate systems has attracted signi�cant in-

terest in pharmaceutical �elds, as they enable precisely-targeted, high-dosage delivery of
active ingredients to a desired location. Biodegradable polymeric particulates have been
used for sustained release of various drugs, while magnetic particles have been used for
improved targeting [4�6]. In this magnetic targeting, an active substance is bound to
a magnetic compound, injected into a patient's blood stream, and then stopped with a
strong magnetic �eld in the target area. Despite the e�ectiveness of this targeting, these
particles face a challenging in vivo environment made up of various biological barriers
or proteins that lead to rapid degradation [7]. The interaction of particles with their
environment and each other depends on a number of properties. An abundance of re-
search focuses on surface chemistry and particle dimensions, which have a large impact
on particle interaction in vivo [8�10]. It could be shown, for example, that hydrophilic
polymeric chains like polyethylene glycol [11], hydroxyethyl starch [12], or polysialic acid
[13], which can be adsorbed or linked covalently to the particles' surface, prevent serum
protein adsorption and prolong circulation time [14]. Protecting outer shells often not
only stabilize the particles, but can also be used for further functionalization, e. g. by
adding binding sites for various ligands [10]. Other research showed particles of identical
material to be degraded faster by macrophages if their size exceeds 500 nm compared to
that of 50 nm to 200 nm size [5], while particles smaller than 5 nm are rapidly eliminated
from the blood stream by extravasation or renal clearance [8].
Another property of micro- and nanoparticles in�uencing their interaction with bio-

logical system is their shape. Particle uptake, half-life and targeting can be improved
by utilizing non-spherical shapes [4, 15�18]. Particle degradation by macrophages has
been observed to reduce ten-fold for ellipsoidal shapes compared to spherical shapes [19].
Other research investigates the in�uence of particle size and shape on their deposition
in the respiratory tract upon inhalation in order to assess toxicity and e�ciency of drug
delivery [20].
High interest, therefore, lies in the establishment of synthesis methods allowing a high

level of control over the particles' size, shape and surface, while allowing easy variation
of these properties as desired for their application. A number of bottom-up synthesis
methods for magnetic micro- and nanoparticles have been developed, such as chemical
coprecipitation, microemulsion and chemical vapor deposition. Precise control of the
above properties, however, remains a challenge when using these methods [10].
A top-down approach to fabricating micro- and nanostructures with uniform size and

shape is nanoimprint lithography (NIL). First employed by Chou et al. in 1995, it was
employed to produce vias and trenches of 25 nm feature size using a hot embossing pro-



Master's Thesis 1 Introduction

cess, where a thin �lm of thermoplastic material was softened by heating it, and the
embossed �lm was hardened again when cooled down [21]. Extensive research in the
following years has made NIL a well-established lithography technique. Its high spa-
tial resolution down to 2 nm, as well as the corresponding variety of possible materials
and shapes, represent advantages over bottom-up technologies [22, 23]. When regard-
ing nanopatterning, NIL is one of the most promising techniques due to its low-cost,
high-resolution and large-area patterning capabilities compared with other lithography
techniques [24]. For example, optical lithography is limited in its resolution due to
Abbe's di�raction limit, while electron beam lithography (EBL) has a low throughput
[25]. NIL, on the other hand, has been used in various approaches to obtain patterns
with sub-10 nm resolution [26, 27] and is compatible with the roll-to-roll process, allow-
ing a high throughput [24]. Furthermore, NIL can be applied to pattern a high diversity
of materials. In order to produce particles, the normal NIL technique requires removal of
residual material connecting the structures with the substrate after the imprint through
reactive ion etching (RIE). This processing step reduces overall e�ciency and can in-
terfere with the imprinted structures or embedded materials in an undesirable fashion
[24, 28]. A variation of the method termed reversal nanoimprint lithography (RNIL)
includes all of the advantages of normal NIL but produces nearly no residual layer (RL),
thus eliminating the necessity to perform RIE. Instead of pressing a patterned mold
onto the imprint material, the material is applied on top of the mold via spin coating.
After the material hardens through temperature or UV exposure, it can be separated
from the mold in various ways. This technique, which was patented by Huang et al. in
2002, reduces the overall complexity of the fabrication process, allowing for even higher
throughput. It also eliminates the need for high temperatures and pressures, allowing
for an even broader range of compatible materials. Due to these advantages, the RNIL
technique represents an ideal tool for the fabrication of uniformly sized and shaped
particles.
In his thesis, Kaban used the RNIL technique to fabricate polymer particles, which

were magnetically functionalized via magnetic guest particles. The according research
was performed in the same institute as this thesis, both of which serve the purpose of
investigating the potential of RNIL for the production of multifunctional anisotropically
shaped hybrid (MASH) particles. In contrast to Kabans work, the research of this thesis
aims for particle functionalization through surface modi�cation, utilizing a magnetic
thin �lm. Similarly, the particles are to be produced using RNIL. Future research will
then enable the combination of these two functionalization methods, as well as others.
In this thesis, the magnetic surface functionalization will be achieved by sputter depo-

sition of a magnetic �lm on top of the imprinted polymer. This research will speci�cally
manipulate the magnetic state of the �lm and, consequently, the particle, towards a pre-
determined direction, granting more ways to access the particles' translational as well
as rotational movement behavior in a magnetic �eld. This will be done by introducing a
unidirectional magnetic anisotropy to the thin �lm: the exchange bias (EB). This unidi-
rectional anisotropy arises at the interface of an antiferromagnet and a ferromagnet and
can dominate the system, opposing the magnetocrystalline and shape anisotropy, which
otherwise determine the magnetic behavior of solely ferromagnetic thin �lms [29, 30].

2
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In detail, this thesis investigates if and how the RNIL technique can be utilized to
reliably produce anisotropically shaped polymer particles. To make this applicable to a
variety of materials, sizes and shapes, it is vital to understand how variations to process
parameters, like utilized imprint resist and preceding mold treatment, in�uence the
outcome of the imprint. Optimization of the overall process, especially with regard to
subsequent functionalization, is a key component of this thesis. Moreover, the imprinted
polymers will be equipped with an EB layer system by means of sputter deposition.
Since the EB e�ect strongly depends on the substrate it is deposited on, the interplay
of the corresponding thin �lm with the polymer used as substrate is investigated in
detail. This will determine how broadly the functionalization method can be applied to
materials produced via RNIL.
The above can be summarized in four research goals:

1. The RNIL technique will be used for polymer patterning. This step does not
require the fabrication of particles, which is achieved by patterning the polymer in
a way that leaves no residual material, but instead focuses solely on fabricating a
structured surface. This goal includes optimizing any process parameters or steps
tangentially related to the resulting RL.

2. Sputter deposition will be used to magnetically functionalize the patterned poly-
mer. For reference purposes, this includes deposition on unpatterned polymer.
This step serves to obtain data on the interplay of the magnetic thin �lm with
the polymer. Further experiments will only be reasonable if this step is success-
ful. It represents a qualitative analysis of the practicability of combining sputter
deposition of an EB layer system with RNIL.

3. The RNIL technique will be used to produce polymeric particles that are released
from the substrate in water. For this step, good wetting of the imprint mold as well
as a nearly complete elimination of residual material after the imprint are crucial
features. A variety of imprint resists, mold treatments and process parameters are
to be tested for their in�uence on the experimental outcome.

4. Finally, a patterned polymer �lm, prepared according to the �ndings above, will
be magnetically functionalized via sputter deposition of an exchange bias layer
system onto the polymer surface. Since the deposition must happen before the
release of the structures as particles in water, deposition onto the polymer �lm
is, at least in theory, equivalent to deposition onto the particles. The outcome
will be analyzed quantitatively to assess the compatibility of magnetic surface
functionalization with RNIL produced polymers.

The thesis is structured as follows. Section 2 introduces the theoretical background
necessary to understand the phenomenon of exchange bias. The types of magnetic
interactions are presented and their role in causing magnetic anisotropy is explained.
Section 3 explains the methods utilized to fabricate patterned polymers and describes

the machines used for imaging and magnetic, as well as topographic characterization.

3
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First, the design and fabrication of the silicon master template, which contains the
pattern that is to be imprinted, are described. After this, an description of how this
pattern is copied onto a PDMS mold is given, followed by a detailed explanation of the
RNIL technique. Second, this section provides a description of the sputter deposition
process used to deposit the EB layer system onto the polymer �lm.
In section 4, the machines used for characterization are explained, which are the vi-

brating sample magnetometer (VSM), Kerr magnetometer and atomic force microscope
(AFM).
Section 5 presents and discusses the results. It is organized according to the four re-

search questions above, although the order is adjusted slightly to provide better context.
The �rst two subsections present the research involving polymer patterning using the
RNIL technique, while the last two subsections present the research involving thin �lm
sputter deposition on top of unpatterned and patterned polymers.
The thesis concludes with a summary of the obtained results and an outlook for future

research based on the results of this thesis.

4
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2 Theoretical Background

When measuring magnetization curves of materials of di�erent crystal structures, it is
observed that the magnetization M prefers one or more directions over others. If the
external magnetic �eld is aligned with such a preferred direction, the magnitude nec-
essary for saturation is reduced compared to other directions. The energy required to
change the magnetization from such a preferable direction, a so-called easy axis, to the
least preferable direction, a so-called hard axis, is called anisotropy energy Eani [31,
32]. This phenomenon is crucial for many applications. For example, storage of bi-
nary data through opposing magnetization directions or devices as simple as a compass
needle would be impossible without it [31]. The cause of magnetic anisotropy lies in
the magnetic interactions of atoms within a material. Accordingly, section 2.1 aims
to provide an overview of the magnetic interactions that cause magnetic behavior and,
consequently, magnetic anisotropy in a material. It addresses the interaction between
atomic dipoles, the quantum mechanical exchange interaction which occurs between
atoms that are brought in close contact to one another, and spin-orbit coupling. Sec-
tion 2.2 then presents the magnetic anisotropies caused by these interactions, providing
the knowledge required for interpretations of results and their discussion later in this
thesis. The concepts of magnetocrystalline anisotropy, shape anisotropy and unidirec-
tional anisotropy explained in this subsection play an important role in understanding
the magnetic experiments performed in this thesis.

2.1 Magnetic Interactions

2.1.1 Dipole-Dipole Interaction

Each dipole in a solid body generates a magnetic �eld that can interact with other
dipoles. The dipole-dipole interaction energy between two dipoles µi and µj with a
distance ~r is given by

EDD =
µ0

4πr3

(
~µi · ~µj −

3 (~µi · ~r) ( ~µj · ~r)
r2

)
(1)

with the vacuum permeability µ0 [33].
The interaction energy between two neighboring atoms can be estimated by assuming

a distance of r = 2 Å, as well as ~µi/j � ~r and µi/j = µB, where µB is the Bohr magneton,
changing Equation 1 to

EDD =
µ0µ

2
B

2πr3
≈ 2 · 10−24J. (2)

This equation can be used to correlate the energy to a temperature T using E = kBT
with the Boltzmann constant kB, which lies in the sub-Kelvin range [30, 33, 34]. Because
remanent magnetization occurs at higher temperatures than this, it is evident that
dipole-dipole interaction cannot be the cause of a collective magnetic order in solid

5
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bodies. However, the long range in�uence of this interaction plays an important role in
the context of shape anisotropy and the formation of magnetic domains [30, 34].

2.1.2 Exchange Interaction

The exchange interaction is a quantum mechanical e�ect based on the fact that electrons,
being fermions, are indistinguishable. It causes the degeneration of energy states of elec-
trons in parallel and antiparallel spin con�guration [34, 35]. This phenomenon is caused
by the Pauli principle, which demands that two or more identical fermions cannot oc-
cupy the same quantum state within a quantum system simultaneously. Upon exchange
of two identical particles, the total wave function must be antisymmetric. Two electrons
that have a symmetric spatial function must have an antisymmetric spin function or vice
versa [33].
In consequence, two electrons in a solid state material can occupy the same energy

state if they have antiparallel spin (singlet state). If their spin is parallel, they have to
occupy di�erent energy states (triplet state). In this case the higher spatial separation
leads to a reduced Coulomb repulsion, lowering the potential energy of the system.
At the same time, occupation of a higher energy state increases the kinetic energy of
the system. Only if the potential energy reduction outweighs the increase in kinetic
energy will a parallel spin orientation be favored and a magnetic order introduced to the
material. The result of this energy di�erence strongly depends on the material and can
be described by utilizing the isotropic Heisenberg model with the Hamiltonian

H = −
∑
ij

Jij ~Si · ~Sj with Jij = 0 for not neighboring spins, (3)

with the exchange constant J for neighboring electrons with their respective spins S.
This model reduces the exchange interaction to the interaction between two neighboring
spins based on the short range of the exchange interaction [30, 33, 35].
The exchange constant Jij of two spins depends on the electronic structure of the sys-

tem and the overlap between the respective spatial wave functions, which itself depends
on the distance r of the two spins. Jij can be positive or negative, which translates
to ferromagnetic material with parallel spin con�guration or antiferromagnetic material
with antiparallel spin con�guration, respectively [30]. The so-called Bethe-Slater curve
illustrates this distance dependency for transition metals and is depicted in �gure 1.
Although short-ranged, the strength of the exchange interaction (≈ 10−20 J per atomic

magnetic moment) surpasses that of the dipole-dipole interaction (subsubsection 2.1.1)
in several magnitudes and is hence regarded essential for the introduction of magnetic
order to solid state materials.

2.1.3 Spin-Orbit Coupling

The second e�ect that mediates magnetic order in a solid state material is that of spin-
orbit interaction, which couples the magnetization of a material to its crystal structure.

6
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Figure 1: The Bethe-Slater curve illustrates the dependence of the exchange energy on the
distance of the atoms for a number of transition metals. Positive values correspond to
parallel orientation of the spins, negative values to antiparallel orientation. Adapted
from [30, 36]

It determines how the orbital angular momenta ~l and spins ~s of an atom couple to its
total angular momentum ~J .
In a semi-classical approach, it can be interpreted as the interaction of an electrons

spin with the magnetic �eld caused by its orbital movement, similar to a current in a
conductor loop [37]. From the electrons frame of reference, it is orbited by the nucleus
with its Coulomb potential V at a distance r. The strength of the spin-orbit interaction
energy is proportional to the Coulomb potential gradient and given by

ESOI ∝
~l · ~s
r

dV

dr
(4)

The above equation expresses how this interaction becomes stronger for heavy atoms,
causing the orbital angular momentum of an electron ~l to couple with its spin ~s to the
electrons total angular momentum ~j. The total angular momenta of the atom's electrons
then couple to the atoms total angular momentum ~J (jj coupling) [30]:

~ji = ~li + ~si ~J =
∑
i

~ji. (5)

In contrast, electrons of light atoms have a weak spin-orbit interaction, causing their
spins to instead couple with each other to a total spin ~S, while their orbital angular mo-
menta couple to ~L, which then interact to couple to the atom's total angular momentum
~J (LS coupling) [30]:

~S =
∑
i

~si ~L =
∑
i

~li ~J = ~S + ~L. (6)

2.2 Magnetic Anisotropy

2.2.1 Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy causes the preferred magnetization to follow certain crys-
tallographic directions. It represents an intrinsic, material dependent property of solid
bodies. It �nds its origin in the crystal �elds, which create a preferable orientation of

7
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orbital angular momenta of the solids atoms. Through spin-orbit coupling (see subsub-
section 2.1.3), this in turn creates a preferable spin orientation.
The d- or f-electrons in transition metals, which are responsible for the material's

magnetic behavior, have an anisotropic density distribution (see �gure 2). Changing the
orientation of the spins and, through spin-orbit coupling, the orientation of the orbital
angular momenta in�uences the overlap of wave functions of neighboring atoms and,
consequently, their exchange interaction and electrostatic interaction [31]. Accordingly,
the orbital angular momenta and spins have preferred orientations relative to the crystal-
lographic axes. This behavior is described using anisotropy constants Kani. Calculations
show that cubic crystals (e.g. Ni, Fe) have three easy axes equivalent to certain crystal
lattice directions, while hexagonal lattices often show only a single easy axis [32].

Figure 2: Illustration of the origin of magnetocrystalline anisotropy. The electron density dis-
tribution is aspherical, resulting in di�erent exchange interaction and electrostatic
interaction for di�erent orientations of the coupled spins and orbital momenta within
the crystal lattice. Taken from [31].

2.2.2 Shape Anisotropy

Shape anisotropy gets its name from the dependence on the material shape and the
corresponding demagnetization �elds (stray �elds). As they change with the direction of
magnetization, shape anisotropy represents the system's aim to minimize its stray �eld
energy.
Due to the long ranged dipole-dipole interaction (2.1.1), uncompensated magnetic

charges on the surface of a magnetized material cause magnetic stray �elds [33]. This
is especially interesting in the context of a magnetic thin �lm, which is utilized in this
thesis. With a high aspect ratio of its lateral dimension to its thickness, the stray �eld
energy εS is given by

εS(ϑ) =
µ0

2
M2 cos2 ϑ (7)

with the vacuum permeability µ0, and the angle ϑ between the surface normal and the
magnetization M [30, 32, 33]. The stray �eld energy becomes minimal for an in-plane
magnetization (ϑ = π) [30, 33].

8
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2.2.3 Unidirectional Exchange Anisotropy - Exchange Bias

Another anisotropy is the exchange anisotropy, or EB, a unidirectional (not uniaxial)
anisotropy which relates to an interface e�ect between two di�erent classes of material.
Within the context of this thesis, as well as its �rst discovery by Meiklejohn and Bean
[29], the e�ect is observed for a ferromagnet-antiferromagnet interface, although it has
also been observed for ferri-antiferromagnetic materials and ferri-ferromagnetic mate-
rials [38]. Its discovery led to the description of interlayer exchange coupling between
ferromagnets interleaved by paramagnet layers [39] and the proximity e�ect between
ferromagnetic and superconducting layers [40, 41]. The EB e�ect is being used in spin
valves with one pinned and one free ferromagnetic layer as found in devices such as
storage media, readout sensors, and magnetic random access memory(MRAM) [42]. If
bombarded with keV helium ions, the EB �eld is locally modi�ed [43, 44], allowing fabri-
cation of magnetically structured EB thin �lm systems, which can be used for transport
of magnetic colloid particles [45, 46], as well as optimization of micro�uidic processes
[47].

Phenomenology

The EB e�ect causes the bilayer material to have only one easy direction and manifests
itself in a mostly negative shift of the hysteresis loop with respect to the applied �eld as
well as an increase in coercivity [29, 48]. Here, the EB bilayer consists of an antiferro-
magnet (AF) layer of iridium manganese (IrMn) and a ferromagnet (F) layer of cobalt
iron (CoFe). The phenomenon can be understood in an intuitive, qualitative way by
regarding a possible fabrication process.
First, the two materials (F and AF) that share an interface are heated to a temperature

T that exceeds the Néel temperature TN of the AF but lies below the Curie temperature
TC of the F (TN < T < TC). The ferromagnet's spins align with the direction of the
applied �eld HFC , which is set high enough to saturate the F. Then, while the magnetic
�eld remains, the temperature is decreased to a value below TN . After this so-called
�eld cooling process, the �rst monolayer of the AF aligns parallel (or antiparallel) with
the F spins due to their exchange interaction (see 2.1.2). The next AF monolayer aligns
antiparallel to the previous layer and so forth, until the AF order is complete. It is
noteworthy that the spins at the AF interface are uncompensated, leading to a net
magnetization of the according AF monolayer.
Another way to fabricate an exchange coupled bilayer is by applying an external

magnetic �eld during the deposition of the material layers [42, 49, 50].
If the bilayer material is now exposed to an external magnetic �eld of opposite direc-

tion, the F spins try to follow its direction. Through their coupling to the AF spins,
however, it takes a bigger force and thus a stronger external magnetic �eld to overcome
this coupling and rotate the F spins. On the other hand, the F spins require less force
to rotate back into their original direction. For all angles except the stable, original
direction during �eld cooling, a torque acts on the F spins, which causes the shift of the
hysteresis loop. It is assumed here that the AF spins are rigid during the whole process.

9
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This displacement from the center of the hysteresis loop is called exchange bias �eld
HEB (EB �eld) and is negative in relation to the orientation of the F spins after �eld
cooling (see �gure 3) [42]. Regarding the intersections of the hysteresis curve HL and
HR with the axis of the external magnetic �eld, the EB �eld and the coercive �eld are
de�ned as

HEB =
HR +HL

2
HC =

HR −HL

2
. (8)

Figure 3: Left: Schematic of the exchange biased hysteresis curve of an AF/F bilayer system
in an external magnetic �eld H prarallel to the easy axis of the uniaxial anisotropy
(magenta) compared to that of a solely feromagnetic system (gray). Right: The EB
e�ect is initiated by a �eld cooling process. Applying a certain temperature T to
the system in presence of a saturating external magnetic �eld ~Hext and succeeding
cooling will cause the F spins to follow the external �eld and the AF spins to couple
to the F after cooling. From [46, 51, 52]

Modeling of the EB e�ect

The description above allows a qualitative understanding of the phenomenon. But due to
the variety of fabrication techniques and material systems used to in�uence structural
characteristics like crystallinity and the interfacial properties of the EB bilayers, an
overall theory encompassing a consensus of all experimental �ndings is still unavailable.
In lieu of this, the following brie�y describes various models based on their relevance for
this thesis.
The �rst model to be mentioned is that of Stoner and Wohlfahrth [53]. It was de-

veloped in 1947 before the discovery of the EB e�ect and is used for describing the
coherent rotation of the magnetization vector of a ferromagnet during magnetization re-
versal. Although it has no direct relation to the EB e�ect, it represents the groundwork
on which many advanced models regarding the EB e�ect are based on [29, 42, 54]. The
�rst of them is the model proposed by Meiklejohn and Bean after their discovery of the
EB phenomenon. The ideal Meiklejohn-Bean model makes several assumptions [29, 49].

10
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The F layer rotates completely coherent. Both the F and AF are in a single domain
state. The AF/F interface is atomically smooth. The AF layer is magnetically rigid.
The spins of the AF interface are fully uncompensated. The AF layer has an in-plane
uniaxial anisotropy. Additionally, the F and AF are coupled by exchange interaction,
which is described using the interfacial exchange coupling energy per unit are JEB. The
EB �eld HEB can then be calculated as

HEB = − JEB
µ0MStF

(9)

with the ferromagnetic saturation magnetization MS and the F layer thickness tF [29].
The above equation describes the expected characteristics of the hysteresis loop for an
ideal case and depicts the linear dependence of the EB �eld HEB on the interfacial
energy JEB as well as its inverse dependence on the F thickness. The dependence on the
AF thickness is more complex. Figure 4 shows experimental �ndings on the F and AF
thickness dependence obtained by Mauri et al. for ferromagnetic nickel-iron (4a) [55],
and by Jungblut et al. for antiferromagnetic iron-manganese (4b) [56]. It can be observed
that a minimum AF thickness is required for the EB e�ect to occur. With increasing
thickness, �rst the coercivity rises and then the EB �eld. While the coercivity reaches
its maximum and then drops again, the EB �eld keeps increasing with the AF thickness
until it reaches a plateau. For the F thickness, the inverse dependence predicted in
Equation 9 can be recognized.
While this prediction regarding the F thickness holds true for several material systems

[42, 55], very thin and non-continuous layers [57], as well as thick layers which exceed the
domain wall length of the material, contradict this linear dependence [58]. Additionally,
this model lacks predictions for the dependence on temperature and grain size, as well as
for positive EB or the training e�ect [51]. The biggest issue, however, is the signi�cant
di�erence between theoretically predicted values for HEB and HC and experimentally
observed values [42].
Later models have tried to explain this discrepancy by adjusting some of the above

described assumptions. Based on the work of Meiklejohn and Bean, Néel similarly
considered an ideal uncompensated spin structure at the AF/F interface, but in contrast
postulated its possible deformation, resulting in irreversible change of the spin structure
during the F magnetization reversal. This in�uences the values of both HEB and HC

[42, 59, 60]. He also considered a �nite roughness of the AF surface, which can contain
both AF sublattice types (lattice planes with antiparallel spin orientation), leading to
partial compensation of the AF net magnetic moment at the interface and in turn to a
lower HEB [60]. Further, the idea of partial domain walls in the AF replaced the concept
of its complete rigidness. These domain walls describe the transition area between
two neighboring magnetic domains [30] and contain some of the exchange interaction
energy, thereby explaining the reduced energy of the interface and thus HEB [42]. A
disadvantage of this model is its demand for a material thickness above 100 nm, which
limits its suitability to quantify thin �lm systems [61].
The random-�eld model by Malozemo� assumes a monocrystalline AF and a single

domain F [62]. It postulates a AF/F interface with random atomic roughness. Con-
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(a) ferromagnet (b) antiferromagnet

Figure 4: Dependence of HEB and HC on the thickness of the F (a) [55] and AF (b) [56] for a
bilayer system of FeMn/NiFe.
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sequently, the interface contains both compensated and uncompensated AF interface
moments resulting in a net AF interface moment, especially when regarding small areas.
A consequence of the random-�eld model is the formation of AF domains perpendicular
to the AF/F interface due to the interplay of the magnetostatic and magnetocrystalline
anisotropy energy, reducing the unidirectional anisotropy. This is illustrated in �gure 5b,
showing uncompensated spins (blue) and domain walls in the AF (white dashed line).

Figure 5: Spin coupling at an AF/F interface. For an ideal interface the AF spins are completely
uncompensated, as shown in (a). (b) shows an ideal compensated interface and (c)
portrays the case for a rough interface, containing uncompensated spins (blue) and
domain walls in the AF (white dashed line) [25, 63]. Edited from [64].

One of the best and �rst models describing polycrystalline EB systems is that of Ful-
comer and Charap [60, 65, 66]. Here, the AF is regarded as an ensemble of isolated
AF grains with their respective grain size distribution, which in�uences both HEB and
HC [65]. The AF grains have a uniaxial magnetocrystalline anisotropy KAFi, an e�ec-
tive magnetic volume Vi

∗ and the interface Si
∗ to the F that mediates the exchange

interaction. This is illustrated in �gure 6.

Figure 6: Illustration of the polycrystalline model of Fulcomer and Charap. Individual AF
grains with a volume Vi

∗ interact with the single domain F through their shared
interface Si

∗ [65, 67]. Edited from [52].

To include the reducing in�uence of the interface roughness on the exchange interac-
tion energy EAF,i, the factor σi is added. Using these properties, the free energy of an
AF domain Ei can be modeled as

Ei = KAFiVi
∗ sin2(θi − Φ)− σiJAF/F,iSi

∗ cos(θi − φ) (10)
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with the angle θi between the AF interface moment and the uniaxial anisotropy axis of
the F (easy axis), the angle φ between the F magnetization direction and its respective
uniaxial anisotropy axis and the angle Φ between the easy axes of AF and F [46, 65]. The
�rst term of Equation 10 can be summarized as free uniaxial anisotropy energy EAF,i

and the second term as free EB energy EEB,i of the respective AF domain. Equation 10
then becomes

Ei = EAF,i sin2(θi − Φ)− EEB,i cos(θi − φ). (11)

For a magnetization parallel or antiparallel to the F easy axis, the above equation
shows a global or local minimum, respectively, as is shown in �gure 7.

local minimum

global minimum

E
i  

in
 [a

.u
.]

θi

Figure 7: Free energy Ei of an AF grain as a function of angle θi between the orientation of
the AF interfacial moment and the magnetization of the F, shown for two AF grains
with di�erent magnetocrystalline anisotropy energy EAF,i (Solid line: EAF,1; Dashed
line: EAF,2 = (3/4) ·EAF,1). The energetic minima at θi = 0 and θi = π are separated
by an energy barrier ∆i, which can be overcome through thermal activation. Edited
from [46, 65, 67, 68].

The energy barrier ∆i for the transition of the local to the global minimum is given
as [65, 68]

∆i =
(2 · EAF,i − EEB,i)

2

4 · EAF,i

. (12)

An energy barrier therefore only exists for AF grains with EAF,i >
EEB,i

2
. Further, the

dashed line in �gure 7 indicates the decrease of the energy barrier ∆i for smaller EAF,i

and constant EEB,i.
Based on this, AF grains can now be classi�ed according to their free uniaxial anisotropy

energy EAF,i, which is illustrated in �gure 8. At room temperature, grains with EAF,i <
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kBTR are thermally unstable (superparamagnetic) and have no contribution to HEB or

HC (�gure 8a). Grains with kBTR < EAF,i <
EEB,i

2
follow the orientation of the F, as the

coupling between F and AF is stronger than the AF grain anisotropy. They contribute
to HC, but, because of the lack of an energy barrier, not to HEB (�gure 8b). Domains

with
EEB,i

2
< EAF,i do not follow the orientation of the F and stay in the local minimum.

For the high temperatures during �eld cooling, the energy barrier can be overcome and
AF-F coupling realized. These grains contribute to HEB and HC (�gure 8c). Grains
with very high EAF,i have an energy barrier too high to be overcome during �eld cool-
ing. Their orientations are randomly distributed and they do not contribute to HEB

(�gure 8d) [60, 67, 68].
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anisotropy energy ∝ KAF ∙ Vi
*

Figure 8: Schematic of grain size distribution in the AF in the polycrystalline model. The
probability density follows a logarithmic normal distribution. Regarding their energy
barrier, grains are grouped in four classes. These are thermally unstable AF grains
(a), thermally stable grains that contribute to HC (b), grains that can be reoriented
during �eld cooling and contribute to both HEB and HC (c) and statistically oriented
grains that are stable even during �eld cooling and do not contribute to the EB e�ect
(d) [60, 67, 68]. Edited from [64].
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3 Methods for Polymer Patterning and Magnetic

Functionalization

In this section, the methods used to fabricate and functionalize patterned polymers
are given. First, the process used to construct the two master templates used in this
thesis is described. Then, the procedures used to fabricate the PDMS molds created
with the master templates are presented, followed by a detailed description of the RNIL
technique utilized to produce the particles. Ths description represents the main concepts
as employed in the beginning of this thesis. Problems and solutions related to these
concepts are included in the research section presented in section 5. Finally, the sputter
deposition process used to apply a magnetic thin �lm on top of the patterned polymers
is described. Here, crucial information about the exchange bias layer system is given,
which pertains to the results found in sections 5.3 and 5.4.

3.1 Master Template Fabrication

The most vital part of any NIL or RNIL is the master template (MT) that contains
the structures that are to be imprinted on suitable material. It is fabricated in multiple
steps, which are illustrated in �gure 9.
First, an electron beam (e-beam) sensitive resist is spin coated to a silicon wafer.

Then, EBL is used to write the desired structures into the resist (�gure 9a). The device
employed to perform this is the eLINE Plus manufactured by Raith Nanofabrication
GbmH. The resist is termed positive e-beam resist if its exposure to the beam causes
its chains to fall apart, increasing its solubility. In contrast, it is termed a negative e-
beam resist if exposure induces cross-linking of the chains, thereby decreasing solubility
[69]. Here, the poly(methyl methacrylate) (PMMA) resist AR-P 617.06 purchased from
allresist GmbH, is used as a negative resist. After writing of the desired structures has
been completed, the development of the MT follows, beginning with the removal of all
but the exposed resist using a solution of methyl isobutyl ketone and isopropyl alcohol
(MIBK:IPA) (�gure 9b). After this, chromium is deposited on top (�gure 9c). When the
resist is removed in a lift-o� process using N -Methyl-2-pyrrolidone (�gure 9d), only the
chromium that is in direct contact with the wafer remains, acting as a protective layer
during the next step of anisotropic etching with C4F8 and O2. (�gure 9e). This process
creates a negative of the structures on the silicon wafer. In a �nal step, the chromium
layer is removed by chromium etching, leaving nothing but the structured MT behind
(�gure 9f).
A detailed schematic of the two MT designs used during this thesis is shown in �g-

ure 10. The �rst MT contains structures of four di�erent dimensions (�gure 10a). A
rectangle with zig-zag edges of 2 µm and 5 µm edge length and three di�erently sized
isosceles triangles of 2.5 µm, 5µm and 7 µm base and height. All structures are 1 µm in
depth, except the 2.5 µm triangles, which have a depth of 0.8 µm. They are arranged on
the MT in four squared arrays of 1mm edge length. The distance between two structures
equals their base and edge length, respectively. The resulting four squares are arranged
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Figure 9: Writing of the MT using EBL and its development.

in another square, four of which are again arranged to form a square that contains a
total of 16 arrays. Due to this design, this MT is hereafter referred to as 16-array MT. It
was designed in this way to investigate the in�uence that di�erent structure dimensions
might have on the �lling of the structures as well as later applications of the imprinted
polymer structures. This arrangement also serves to investigate a possible direction
dependent distribution of imprint material, especially relevant in the context of guest
particles.
The second MT contains triangular structures of four di�erent sizes, measuring 12.5µm,

10 µm, 7.5 µm and 5µm (�gure 10b). Again, the base is equal to the height, while all
structures are separated by 2 µm. They each form four squared arrays of 5mm edge
length. A key feature of this design is the spatial separation of the four arrays by
5mm, intended to enable separation of the arrays after the imprint process. This MT
is henceforth referred to as 4-�eld array.

b
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d
b = h = 12.5 / 10 / 7.5 / 5 µm
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Figure 10: Schematics of the two MT designs used during this thesis. The red dashed line
marks the area that was was not written due to unintended abortion of the writing
process.
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Due to technical di�culties in its development process, the structures of the MT su�er
from defects and gaps. The extent of these defects varies with the structure size: the
larger the structures, the more defects are observed. An example of these defects can be
seen in �gure 11, displaying a scanning electron microscope (SEM) image of the 10µm
sized structures. Additionally, the writing process via e-beam was aborted for the largest
�eld, leaving it with a shape like a vertically mirrored L, as indicated by the red dashed
line in the top left �eld in �gure 10.

Figure 11: SEM image of the array containing the 10 µm sized structures. Many gaps and
structural defects due to complications in fabrication can be observed.

3.2 Copying the Master Template Structures to a PDMS Mold

The fabrication of a MT is costly and time consuming. To minimize its wear, a stamp
made out of Polydimethylsiloxane (PDMS) is molded and used for sample production
in its place. This process is comparatively simple and is explained in the following.
The adhesion between MT and PDMS can cause removal of the structures upon their

separation [70], which is prevented by a non-stick coating. For this, per�uorodecyl-
trichlorosilane (FDTS), purchased from ABCR GmbH, is utilized. It consists of a polar
head and an unpolar tail. The polar head forms a covalent bond to the hydroxyl groups
at the MT's surface, thereby forming a silanole. The heavily �uorinated tail reduces the
surface energy, decreasing PDMS adhesion. It is deposited using molecular vapor depo-
sition. For this, it is �lled into a small aluminum bowl next to the MT, both positioned
on a hot plate at 250 ◦C. This setup is covered by a Petri dish for 1 hour. Successful
coating results in a self-assembled monolayer and can be tested by estimating the contact
angle of a drop of water, which changes visibly compared to uncoated silicon.
After application of the non-stick coating, �rst hard PDMS (h-PDMS) and then soft

PDMS (s-PDMS) are cast onto the MT to form a hybrid mold. The h-PDMS, being
more physically resilient than the soft counterpart, embeds the structures, while s-PDMS
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forms the body of the mold. The use of hybrid molds is advantageous as they combine
the bene�ts of soft molds, such as increased yield and mold preservation, with that of
hard molds, such as high resolution lithography [71].
These molds are referred to as hybrid molds, and serve as the primary type of mold

used in this thesis, unless otherwise speci�ed. The h-PDMS is obtained by combining
two components: component A (product no.: AB112958, AB153234 and AB1719912)
and component B (article no.: AB109380), purchased from ABCR GmbH, in a mass
ratio of 3:1, as recommended by the manufacturer. The s-PDMS is purchased from Dow
Chemical Company and is also obtained by mixing two components, SYLGARD 184
Silicone Elastomer base and curing agent, in a mass ratio of 10:1.
The h-PDMS is spin coated onto the MT at 1000 rpm and hardened for 20minutes

at 65 ◦C, after which s-PDMS is manually poured on top. A glass substrate is then
positioned on top of the liquid, viscous s-PDMS to serve as mold holder and enable its
future handling. To hold it in place and allow a proper body thickness of the mold,
the glass substrate rests on two more glass substrates placed on both sides of the MT.
A schematic of this is shown in �gure 12. This is setup on an aluminum plate and
hardened at 65 ◦C either on a hot plate or in an oven. After 24 hours, the hardened
mold is separated from the MT and hardened for another three days. The separation is
achieved through careful use of a scalpel1. This process can be repeated multiple times
without renewal of the FDTS layer, as long as its presence is occasionally con�rmed, as
mentioned above. This represents the general process that was utilized in the beginning

h-PDMS

master template master template

master template

s-PDMS

mold holder
spacerspacer

mold holder

hybrid mold

Figure 12: Schematic of the molding process. The MT is covered by �rst h-PDMS and then
s-PDMS to form a hybrid mold. The glass substrate that serves as mold holder is
placed on top of the PDMS and two spacers.

of the thesis. Adaptations developed to optimize this process are addressed in section
5.1.2.

1The separation process can be supported by drenching the setup in ethanol. If this is done, additional
drying of the mold is required to remove absorbed ethanol.
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3.3 Reversal Nanoimprint Lithography Utilized for Particle

Fabrication

Using RNIL, a thick RL can be avoided. In turn, reactive ion etching after the imprint
process is not required. Additionally, the imprint material is spin coated onto the mold,
eliminating the need for high temperature and pressure.
A detailed schematic of the RNIL process is displayed in �gure 13. It shows the

approach as employed by Ha et al. [28]. First, the mold is preheated at 115 ◦C to
evaporate any adsorbed water. This preparatory step is especially important if the
utilized mold has been stored for multiple days or water has been used to remove residual
PVA from earlier processes. Then, the imprint material, consisting of a PMMA solution
of low viscosity, is cast onto the mold using a glass pipette (�gure 13a). A delay time
can be introduced before distributing the material on the mold by spin coating. The
imprinted mold is then placed on a hot plate, where exposure to 115 ◦C for 15minutes
causes the solvent to evaporate, leaving behind the hardened PMMA (�gure 13b). The
schematic includes a curvature at the PMMA �lling the cavities, which represents the
concave miniscus observed to occur in these conditions. The cured imprint material is
then retrieved from the mold by use of an extraction layer made of polyvinyl alcohol
(PVA), as employed �rst by Kavre et al. and later Ha et al. The liquid PVA solution gets
added on top of the imprint and its solvent evaporates again at 115 ◦C within 10minutes
(�gure 13c). The structured PMMA layer adheres to the solid but �exible PVA layer,
which is peeled o� from the mold using tweezers and stored on sample substrates of glass
or silicon (�gure 13d). After this, the structured PMMA can be released as particles by
adding water (�gure 13e).
A variety of PMMA solutions purchased from Allresist GmbH, which will be speci�ed

further in section refsec:results:resist, are used as imprint material. The PVA solution is
obtained by dissolving 2wt% solid PVA in deionized water. For this, the water is heated
to 80 ◦C, after which PVA is added over the course of 1 hour to 2 hours, depending on
the volume, allowing time for its dissolution during constant stirring.

3.4 EB Layer Deposition

Magnetic functionalization of the structured polymers is to be achieved through deposi-
tion of an EBLS (see chapter 2.2.3). This is achieved by means of sputtering, the ejection
of surface atoms from an electrode caused by momentum transfer from bombarding ions.
Strictly speaking, sputtering is an etching process which can be used for surface clean-

ing and pattern delineation [72]. It also produces a vapor of electrode material and is,
like evaporative deposition, more commonly used for the deposition of thin �lms. In this
context, the process is commonly referred to as sputter deposition [72].
In this thesis, this is done via diode sputtering containing an anode and a cathode in a

vacuum system. Here, the material desired for deposition is placed above the sample as
a plate, called a target, and used as a cathode. The target material is then transported
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Figure 13: Detailed schematic of the RNIL process. The PMMA solution as imprint material is
applied onto the PDMS mold (a) and thermally cured for 15minutes at 115 ◦C after a
delay time (b). PVA dissolved in water is applied onto the hardened polymer �lm (c)
and also cured thermally at 115 ◦C until hardened. The hardened but �exible PVA
foil is then peeled o�, separating the imprinted PMMA from the PDMS mold (d).
When added to water, the PVA foild dissolves which causes the imprinted structures
to be released as particles if residual layer connecting them is thin enough (e). Edited
from [28].
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to the substrate via glow discharge of an inert gas to form a �lm. Radio frequency
sputtering, as used in this thesis, applies a high frequency of 13.6MHz to the electrodes
to ignite an argon plasma at a gas �ow of 140 sccm. To ensure a su�cient mean free path
length, the base pressure is chosen as pB ≈ 3 · 10−7mbar, resulting in a process pressure
of pAr ≈ 1.2 · 10−2mbar [73, 74]. Due to their inertia, the argon ions (Ar+) cannot
follow the quickly alternating current, while generated electrons follow the current to
the electrodes [73]. The target is electrically insulated through combination of the RF
source and a condensator, causing the target to get charged with a DC voltage UDC.
This voltage accelerates the argon ions towards the target, causing the sputtering [73,
74]. The setup is illustrated in �gure 14 (left).
To induce unidirectional anisotropy during layer growth, two permanent magnets are

positioned on the substrate holder, which generate a homogeneous magnetic �eld of
~Hext ≈ 28 kA/m [73].
The layer systems used for this thesis are generally deposited onto structured PMMA,

while other substrates have also been tested. The exchange bias layer system (EBLS)
consists of an antiferromagnetic Ir17Mn83 and a ferromagnetic Co70Fe30 bilayer plus an
underlying Cu bu�er layer and a cap of Si as oxidation protection layer (see �gure 14
right). The deposition occurred with a gas �ow of 140 sccm. The sputter rates in
nm/min were 6.75 (Cu), 5.4 (CoFe), 4.46 (IrMn) and 2.8 (Si). The AF is chosen because

substrate

target

Ar pump
Ar+

RF

e-

P

F

AF

Bu

Si

Co70Fe30

Ir17Mn83

Cu

10 nm

10 nm

30 nm

50 nm

S PMMA

Figure 14: Left: Schematic of the RF sputter deposition process as utilized in this thesis. Right:
Schematic of the polycrystalline layer system. Edited from [52, 73].

of its resistance to corrosion and its high thermal stability with a Néel temperature of
TN ≈ 690K [46, 60, 75]. Maximal exchange coupling is observed for a parallel orientation
of the AF (111) plane with respect to the substrate. Copper is chosen as bu�er layer
to support the respective crystal growth [46, 76]. The ferromagnet is chosen for its high
magnetocrystalline anisotropy and Curie temperature TC ≈ 1200K [46, 75, 77, 78].
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4 Machines for Characterization

After patterned polymers have been fabricated and magnetically functionalized, as de-
scribed in section 3, they must then be characterized. This section describes the three
machines used to accomplish this: vibrating sample magnetometer (VSM), Kerr mag-
netometer and atomic force microscope (AFM).

4.1 Vibrating Sample Magnetometer

The magnetic moment ~m( ~Hex) of a material within an external magnetic �eld can be
measured through the voltage it induces in an electric conductor that is brought close
to the sample surface [79]. The sample generates surrounding magnetic stray �elds
depending on its magnetization and the correlated uncompensated magnetic charges on
its surface. If the sample is driven to oscillate, a temporal change in magnetic �ux density
caused by the stray �elds induces an electric voltage UI in the conductor proportional
to the sample's magnetic moment ~m( ~Hex).
Based on this e�ect, a precise method to measure the magnetic moment of a sample

was developed by Foner [79]. The VSM, as used in this thesis, is set up as follows and
as illustrated in �gure 15. The magnetic sample (1) is placed on the sample holder (2)
between the pole pieces of an electromagnet (4) and held in place by suction from a
vacuum pump. The sample holder is vertically attached to a loudspeaker (3), which
drives its oscillation perpendicular to the external �eld. Two pick up coils (5), which
serve to detect the induction voltage UI, are attached on each of the two pole pieces of
the electromagnet. The amplitude of the alternating current induced by the sample is
proportional to its magnetic moment and ampli�ed via lock-in ampli�er.

Figure 15: Schematic setup of the VSM used in this thesis, showing (1) sample, (2) sample
holder, (3) loudspeaker, (4) electromagnet, (5) pick-up coils, (6) reference magnet
and (7) reference pick-up coils. From [46].

The result of a measurement is a hysteresis curve, where the magnetization is inte-
grated over the whole sample, rendering the outcome highly dependent on the sample
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geometry. Exact determination of the sample's magnetization is only possible after cal-
ibration with a reference sample of known magnetization, which is described in more
detail in [80]. Accordingly, this thesis utilizes VSM measurements to compare the in-
�uence of the substrate, which the EBLS grows on, on the magnetic properties of the
sample. For interesting samples, such as via RNIL structured PMMA with exchange bias
functionalization, complementing measurements via Kerr magnetometer are provided.
Also, the hysteresis curves measured with the device used during this thesis have shown
a systematic shift of ∆HEB = 0.3 kA/m. The data presented has been corrected by this
value. The occurrence of this shift has been reported in earlier works with this machine
as well [73].

4.2 Kerr Magnetometry

The magneto-optic Kerr e�ect (MOKE) describes a change of intensity or polarization
of light re�ected from a magnetized surface. It was �rst discovered by John Kerr in 1876
[30, 32] and can be used in a Kerr magnetometer to record the hysteresis curve of a
magnetic sample in an external magnetic �eld. While the Kerr e�ect describes changes
to light re�ected from a magnetic surface, a similar e�ect, called the Faraday e�ect, is
observed for changes in light transmitted through magnetic materials [81].
Linearly polarized light can be described as a superposition of two waves, a left cir-

cularly polarized one and a right circularly polarized one, as illustrated in �gure 16.

Figure 16: Linearly polarized light with an electric �eld vector ~E can be described as a super-
position of a left circularly polarized wave with ~EL and a right circularly polarized
wave ~ER of equal amplitude. From [52].

The rotation of the plane of polarization (Kerr rotation) by an angle ϑK occurs because
magnetized material shows di�erent refractive indices for left (nL) and right circular po-
larized light (nR), known as circular birefringence [81], causing di�erent phase velocities.
This leads to a di�erent phase shift between the two waves, resulting in the observed
rotation of the linearly polarized light by the Kerr angle θK.
Elliptically polarized light is similarly caused by a di�erence in absorption coe�cients

for left (εL) and right circularly polarized light (εR), resulting in di�erent light intensities.
The two re�ected circularly polarized waves then form the observed elliptic polarization.
This phenomenon is called magnetic circular dichroism [81]. The e�ects of the Kerr
rotation and magnetic circular dichroism are illustrated in �gure 17.
The magneto optic Kerr e�ect is placed in di�erent categories depending on the

direction of the magnetization vector with respect to the re�ecting surface and the plane
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Kerr rotation due to
circular birefringence

ellipticity polarization due to
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Figure 17: Magnetized material shows di�erent refractive indices (circular birefringence) as well
as di�erent absorption coe�cients (magnetic circular dichroism) for di�erently cir-
culary polarized light. The change in amplitude causes ellipticity of the polarization
plane [81]. From [52].

of incidence. These categories are depicted in �gure 18.
For the polar magneto-optic Kerr e�ect (P-MOKE), the magnetization vector is per-

pendicular to the re�ective surface and parallel to the plane of incidence. It causes the
re�ected beam to change from linear polarization to elliptic polarization and to change
its polarization angle.
If the magnetization is parallel to the re�ective surface and perpendicular to the

plane of incidence it is termed transversal magneto-optic Kerr e�ect (T-MOKE). This
e�ect only occurs for light with its polarization parallel to the plane of incidence. The
consequence is a change in intensity of the re�ected beam instead of the polarization
angle.
The e�ect most relevant for this thesis is the longitudinal magneto-optic Kerr e�ect (L-

MOKE). Here, the magnetization vector is parallel to the re�ective surface and parallel
to the plane of incidence. Similar to P-MOKE, linearly polarized light becomes elliptical
and experiences a polarization rotation proportional to the magnetization. The rotation
is opposite for parallel and perpendicular polarization of the incident beam [32, 81].

Figure 18: Selected MOKE geometries for a magnetization parallel to the sample surface. The
polarization plane indicated by the magenta arrow experiences a rotation by the
Kerr angle ϑK upon its re�exion from the sample surface [32]. From [52].
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For this thesis, an L-MOKE magnetometer was employed for the magnetic character-
ization of structured polymer samples with exchange bias functionalization. The device
is equipped with a diode laser of λ = 635nm wave length and a beam diameter of ap-
proximately 100µm on the sample surface [46]. In order to eliminate any transverse
components of the magnetization during magnetization reversal, a polarizer is placed in
front of the light source to allow transmission only for perpendicularly polarized light
[51]. The re�ected beam �rst passes through a combination of a polarizer and a polar-
izing analyzer set approximately 90◦ to it, before being converged onto the photo diode
detector by converging lenses. This setup enables detection of relatively small polar-
ization rotations (less than 1 ◦ for common ferromagnets [81]) by translating them into
relatively large changes in transmitted amplitude [51].

4.3 Atomic Force Microscopy

A AFM can be used to examine structures that are too small to be observed via optical or
electron microscopy. The limitations coming from di�raction e�ects can be circumvented
by scanning each point of a probe individually while measuring a speci�c property [82].
In this thesis, an AFM is used to examine the sample topography with sub-micrometer

resolution. In this regard, information about surface roughness and grain size distribu-
tion are gathered and interpreted.
An AFM is able to examine nanosized objects by scanning a probe in a distance of

only several nanometers, measuring attractive or repellent interaction at each scanned
point. This interaction is described with the Lennard-Jones potential

V (r) =
Cr

r12
− Ca

r6
(13)

where Cr and Ca represent material constants regarding the repulsive and attractive
part of the potential, whereas r represents the distance between tip and sample surface
[25]. Equation 13 includes a repellent force at very low distance between tip and probe
surface, caused by the repulsion of the atomic shells. This force scales with a z12 term
and is dominant over the attractive Van der Waals term at short distances, which is also
included in the Lennard-Jones potential. Latter grows in relevance with increasing dis-
tance. The Van der Waals interaction consists of the Keesom force (between permanent
dipoles), the Debye force (between dipole and induced dipole) and the London disper-
sion force (between instantaneously induced dipoles) and scales with an z6 correlation.
If added up, these terms lead to the term described in Equation 13.
When the tip is brought close to the surface, the cantilever it is attached to encounters

a de�ection. The de�ection is measured via optical lever to gain information about the
a�ecting forces [25]. Accordingly, a laser beam is pointed at the back of the cantilever,
which is covered with a re�ective medium. The re�ection of the beam is gathered at a
quadrupole photodiode. The diode measures di�erences in the direction of the re�ected
beam by interpreting di�erences in the induced voltages of its four compartments. Given
the long optical lever, even small de�ections of the cantilever can be detected this way.
The diode signal itself is digitally ampli�ed and compared to reference signals and then
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fed in a feedback controller, which regulates the distance between sample and tip by
varying the voltage of a piezoelectric actuator. A schematic of the setup is shown in
�gure 19.

Figure 19: Schematic setup of an AFM. A laser beam is re�ected by the cantilever and its
re�ection measured and interpreted by the quadrupole photodiode and following
electronics. From [83].

In AFM, the investigated area is scanned point by point. This is done by moving the
tip in parallel lines over the area. Consequently, the imaging process is faster parallel
to these scanning lines (quick scan direction) than perpendicular to those (slow scan
direction). Moreover, the resolution of the produced image depends on three di�erent
factors, each causing di�erent inaccuracies: 1) The distance of two scanning points limits
the digital resolution which equals the number of pixels. 2) The scanning and feedback
speed limit the accuracy of height di�erences on the sample surface, since the feedback
loop needs time to adapt to the height of a new scanning point. 3) Finally, the tip
geometry must be adapted. If structures of atomic measurements are to be observed,
the geometry of the tip must be at least the same size as the structures. Ideally, the
tip is the the size of only one atom. Yet, such high precision during fabrication and
handling of the cantilever is not easily manageable. Imperfections of the tip are bound
to a�ect the resulting image.
With an AFM, there are generally three di�erent measurement modes: contact mode,

non-contact mode and intermittent mode. In contact mode, the bending of the cantilever
due to repulsive forces caused by the Pauli principle (see �gure 20) is measured. This
mode can produce an atomic resolution, depending on the geometry of the tip, which
lies between 1 nm and 10 nm. Two di�erent scanning methods can be used to obtain the
signal in contact mode: It is possible to either keep a constant height of the cantilever and
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measure its bending through the resulting movement of the laser spot on the photodiode
(see �gure 19), or to keep the repulsive forces between tip and sample stable by varying
the height of the cantilever. The latter requires a feedback loop that decreases the
scan speed dramatically. CM is therefore only recommended for scanning �at and clean
surfaces, so that damage to both the tip and the sample can be avoided.

Figure 20: Curve of the Lennard-Jones Potential that results from the combination of repellent
and attractive forces. From [84].

But since many of the samples investigated in the context of this thesis cannot be
considered �at, the utilized mode is the non-contact mode. It uses the attractive force
regime based on Van der Waals interactions (see �gure 20). Consequently, the distance
between sample and tip is bigger than for contact mode, resulting in less wear for both
the tip and the sample. Compared to contact mode, the non-contact mode provides less
resolution as the force range utilized is smaller. For this mode, the cantilever is put into
a weakly damped forced oscillation with the frequency ω using a piezoelectric crystal.
When the cantilever tip interacts with the surface atoms, the apparent spring constant of
the forced oscillator changes, in turn changing the resonance frequency ω0. As a result,
a change of oscillation amplitude as well as phase shift between the the excitation signal
and the probe's vibration can be detected [82]. The detection works best if the according
change of signal is maximal. Hence, the cantilever is put into oscillation with a frequency
near the resonance frequency of the cantilever, but slightly shifted. This is illustrated in
�gure 21 and ensures a maximal change of amplitude ∆A, the sign of which indicates
the acting forces to be repulsive or attractive.
Again, a feedback loop is used to maintain the initial resonance frequency. Using an

appropriate feedback loop for the conditions at hand is vital for the quality of the mea-
surements. It can be necessary to adjust its parameters to prevent it from reacting too
strongly or too slowly It can be in�uenced by the operator through adjustment of scan-
ning parameters, such as scanning speed, and feedback parameters for the proportional
(P), integral (I) and derivative (D) controller. Depending on the detected amplitude
change, the PID controller gives an output voltage to the z-piezo calculated as

u(t) = KP · e(t) +KI ·
∫
e(tdt+KD ·

de(t)

dt
(14)
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Figure 21: Amplitude in dependence of the frequency of the cantielver oscillation. As the driven
frequency ωd is tuned to be constant, the amplitude of the oscillation changes (∆A
when the tip interacts with the sample surface. The interaction-free case (green)
is shown next to attractive sample-tip interaction (pink) and repulsive sample-tip
interaction (blue). From [85].

with the di�erence signal e(t) and the factors Ki for the respective feedback parameters
[82].
The third measuring technique is measuring in both the attractive and the repulsive

regime, called the intermittent contact mode. It is used to scan rough surfaces, by using
a driven oscillation with an amplitude bigger than the distance between tip and sample
[82]. Regarding wear of the cantilever tip, as well as resolution and scanning speed, this
mode represents a compromise between contact mode and non-contact mode.
The AFM used for in this thesis is the Nanosurf Flex AFM in non-contact mode,

using NanosensorsTMPPP-CONTR cantilever tips. The obtained data was analyzed for
surface roughness and grain size distribution using the software Gwyddion. For each
sample, at least �ve spots were measured.
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5 Results and Discussion

The structure of this section relates to the four research goals presented in section 1.
The order has been slightly varied from their enumeration to provide better context for
the research presented. Accordingly, all research involving RNIL is discussed in the �rst
two subsections, followed by the functionalization experiments in the succeeding two
sections.

5.1 Producing Structured Polymer Surfaces Using RNIL

Aiming for a structured polymer surface with no regard to the thickness of the underlying
bulk material comes with a distinct advantage: The imprinting process gets signi�cantly
simpli�ed. The major concerns hence lie with the design and fabrication of the master
template as well as the mold. As these do not show signi�cant problems throughout the
thesis, this section mostly presents encountered minor issues and the adapted strategies
to counteract them.

5.1.1 In�uence of Master Template Design

The two MTs used for this thesis are portrayed in chapter 3.1. Here, their in�uence on
experimental outcomes is displayed.

In�uence of shape and dimensions

It is mentioned in section 3.3 that classic NIL utilizes capillary action to �ll the mold with
the imprint resist and that, naturally, capillary action can also be observed for the RNIL
process. If adhesion between imprint resist and mold surface is weaker than the forces
during spin coating, it can be observed that the structure cavities are only �lled with
resist in the corners. This observation is portrayed in �gure 22, which shows an optical
microscope (OM) image of the barely-�lled cavity corners on a spin coated and cured
mold (left) as well as these fragments being released if the extraction layer is dissolved in
water (right). In these �gures, the di�erent �lling mechanisms relevant for the NIL and
RNIL imprint processes, respectively, are emphasized. The classic nanoimprint process
(3.3) mostly relies on capillary action, which works well for sub-micrometer structures.
However, when utilizing RNIL for the imprint of wider, micrometer-sized structures,
stronger adhesive forces between resist and mold can be necessary. A multitude of
imprint resists are commercially available for classic NIL [86], [87]. The experiments here
show that their applicability cannot always be transferred to the RNIL technique. It can
therefore be necessary to reconsider the chosen imprint resist or spin coat parameters,
as the latter also have an e�ect on the mold �lling.
Another in�uence of the shape and dimensions of the MT can be observed during

particle release, which will be addressed in more detail in subsection 5.2. But because
the observation is linked to the MT design, it is presented here. It was mentioned in
chapter 3.3 that particle release occurs through breakage of the surrounding residual
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(a) (b)

Figure 22: OM images after imprint by spin coating. Here, the adhesive forces between imprint
resist and mold were not strong enough to prevent the resist from being almost
completely removed during spin coating. The only resist left after curing is located
in the corners of the triangular cavities (left). If the PVA layer is dissolved in water,
the release of these corners can be observed (right).

layer. This process can be seen in �gure 23. It can be concluded that the distance of
the structures as well as their orientation to one another have at least some in�uence
on their release mechanics in water. The extent of this in�uence could be quanti�ed
by a series of tests comparing the release mechanism of structures of varying distance
and shape while maintaining a constant RL thickness. However, the in�uence of the RL
thickness strongly outweighs any impact of the breaking mechanism, which is why the
former represents a major subject of research for this thesis.

Figure 23: OM image of an imprinted polymer sample while its PVA extraction layer is dissolved
in water. The breakage lines give information about the mechanics of the release
process, a moment of which is captured in this photo.
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In�uence of structure arrangement

One reason for the production of the second 4-�eld master template was to achieve
spatial separation of the di�erently sized structures. Using the 4-�eld arrangement,
this separation can easily be achieved on the obtained PDMS mold using a scalpel
and tweezers. The resulting four �elds of the mold can then be imprinted, extracted,
functionalized and - most importantly - characterized independently. The separation
is bene�cial for all characterization methods whose measurement area is comparable
to the area of the structured �elds. For a VSM, which measures the whole sample
(subsection 4.1), the four �elds can be measured separately compared to the 16-�eld
design. For an L-MOKE magnetometer (subsection 4.2) the structuring of the samples
leads to di�raction of the incident laser beam, in�uencing its re�ection. Because this
re�ected beam determines the outcome of the measurement, its shape is vital. Figure 24
compares a `bad' di�raction e�ect (caused by the 16-�eld MT) to a `good' one (caused
by the 4-�eld MT). The `bad' di�raction is observed for a sample obtained using the 16-
�eld MT, where the laser beam covers multiple structure �elds. The re�ected beam
then contains information for all of those structures, which cannot be deconvolved.
The di�raction pattern caused by the 4-�eld design can, in theory, be analyzed for
all its information. For this, a Bragg-MOKE magnetometer can be employed, which is
not available at the University of Kassel. With a Bragg-MOKE, Kerr hysteresis loops
can also be measured at the di�raction spots of di�erent order [88], providing valuable
information about the mean lateral magnetization distribution.

(a) (b)

Figure 24: a) L-MOKE magnetometer setup for measuring a sample obtained using the 16-
�eld MT. Due to surface roughness and di�raction of the laser beam on di�erently
sized structures, the re�ected beam loses its shape. b) The same setup for a sample
obtained using the 4-�eld MT. The zero order beam reaches the diode.
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5.1.2 Optimizing the Molding Process

The general fabrication process of the PDMS mold as well as its purpose are explained
in subsection 3.2. During the thesis, two adaptations have been made to optimize this
step, which are now discussed.
As the PDMS is applied manually, its distribution between the MT and the glass

substrate is usually inhomogeneous when the substrate is placed. An interplay of the
sudden spatial con�nement and capillary action causes the liquid PDMS to change its
distribution. This results in a nearly complete wetting of the MT, independent of the
original distribution of the PDMS drop and its volume. A complete wetting is generally
desired, as it eliminates the necessity for high accuracy regarding the aforementioned
parameters volume and original distribution, which is why it can be performed by hand.
Yet, this process can also cause two undesired outcomes, which �gure 25 illustrates:

A tilted mold and/or a solidi�ed �lm of PDMS gluing the underlying substrate and the
MT together. The former is often, but not always, caused by a too little amount of
PDMS and the systems aim to minimize its surface energy. If the amount of PDMS is
smaller than the volume between MT and glass substrate, the system favors a reduced
setup volume over empty space, hence pulling the only �exible boundary - the MT -
closer to the glass substrate. After polymerization of the PDMS mold, it is possible
that the tilted mold cannot hold the imprint resist, thereby complicating its handling or
eliminating its use for this purpose entirely.
If, on the other hand, too much PDMS is poured onto the MT, con�ning it with the

glass substrate will cause the liquid to spill over and embed the MT. After polymeriza-
tion, it can be hard to separate the setup from the underlying substrate, rendering the
safe retrieval of mold and MT di�cult. In an unfortunate case, these two problems can
occur simultaneously. If a large volume of PDMS is poured close to an edge of the MT,
parts of the liquid can spill over immediately after glass substrate positioning, leaving
an insu�cient amount between MT and glass substrate. This in turn causes the tilt of
the MT, enabling the spilled PDMS to �ow underneath. After polymerization, the now
completely enclosed PDMS acts as glue between MT and underlying substrate. Only
very patient and careful action can then prevent damage to the MT upon separation,
which is performed manually and mechanically.
These events rarely occur in the problematic manner described above. Usually, a

slightly tilted mold or limited amount of excess PDMS have little e�ect on further pro-
cedures. But with the molding process requiring one day to �nish and, moreover, a
re-creation of the MT requiring considerable e�ort (see 3.1), two simple adaptations
have been implemented to avoid any occurrence of these issues whatsoever. The �rst
adaptation solves the problem caused by excess PDMS by replacing the underlying alu-
minum substrate with a material easily separable from the polymerized PDMS. During
this thesis, sheets of silicon and Te�on® have been investigated with the �nding that
both provide the intended bene�t. Towards the end of his thesis, Burhan Kaban found
commercial baking paper to provide the same advantage, presenting an even easier-to-
handle and cost e�cient candidate for the underlying substrate. The second adaptation
involves weak attachment of the MT to the underlying substrate using either double-
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Mold Substrate

Spacer SpacerPDMS

Master Template

Figure 25: Schematic visualizing how the default method for molding can lead to two undesir-
able outcomes. Unfavorable addition of PDMS can occasionally result in a tilted
mold and complicate safe retrieval of the MT, if PDMS polymerizes underneath.

sided tape or small drops of PVA on the corners of the MT, which can be hardened
within one minute before the use of PDMS. The attachment achieved this way is weak
enough to be easily reversed after the process, but strong enough to prevent the MT
from tilting. This not only prevents the MT from getting strongly glued to any sub-
strate material, but also ensures that every mold fabricated is level and can be used for
the later imprinting process. Naturally, both solutions can be combined to ensure safe
retrieval of the MT in a case where one or the other step is skipped, be it intentionally
or unintentionally.

It can be concluded that applying either one of the adaptations or both of them com-
bined provides a cheap, easy and e�cient way to ensure that every mold fabricated can
be utilized and, more importantly, that the process of MT retrieval poses as little danger
to it as possible.

5.1.3 Imprint and Extraction - Results and Method Modi�cations

One of the bene�ts of RNIL over classic NIL is the thin RL of imprint resist remaining
after the imprint process (see 3.3). However, the �rst research goal of producing a struc-
tured polymer surface using RNIL does not require a thin residual layer. In consequence,
the step of spin coating the resist onto the mold becomes optional. Choosing to skip this
step simpli�es the imprint process and the parameters involved. A drop of imprint resist
can simply be cast onto the mold and then thermally cured for an increased amount
of time compared to spin coating the resist. This is simply due to the higher volume
of resist remaining on the mold. For this method, the necessary curing time naturally
depends on the amount of drop cast resist. To ensure complete curing of less than �ve
drops, 60minutes in an oven or on a hot plate at 115 ◦C have proven su�cient. After-
ward, the imprint is extracted via PVA extraction layer as described in subsection 3.3.
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The resulting PMMA �lm contains the structure of the MT on its surface, which can
then be analyzed and/or processed further.

(a) (b)

(c) (d)

Figure 26: SEM images comparing the structures of the MT (a and c) to the structures obtained
via RNIL using drop cast imprint and extraction (b and d). The errors of the MT
(see section 3.1), visible, for example, in the broken edges, are transferred to the
imprinted structures. Using the structure walls, the resolution of the imprint was
determined to be smaller than 100 nm.

Figure 26 compares characteristic SEM images of the original MT and the imprinted
polymer structures. It can be seen that the imprint copies the MT structures very
accurately. A nanometer scaled structure for exact resolution quanti�cation was not im-
plemented. When examining the resolution of the structure walls, however, the imprint
resolution can be determined to be smaller than 100 nm, which can be expected based
on the literature [24, 89].

Modi�cations due to observed sample curling

Samples fabricated as described so far can be observed to curl up after several hours or
even minutes of storage. This is likely to be caused by changing moisture of the PVA
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layer, which is permanently exposed to the surrounding air. This curling is problematic
for sample characterization. Curled up areas can yield distorted results during imaging
techniques like OM, SEM or L-MOKE (after sputter deposition) or, depending on the
degree of curling, even prevent imaging of these areas altogether. Sputter deposition on
these areas will lead to inhomogeneous or failed coverage, and AFM cantilevers cannot
compensate such high degrees of height di�erence. Because �at samples are required,
the extraction process has been modi�ed to prevent curling of the PVA extraction layer.
Instead, the drop cast resist is brought in contact with the sample substrate (glass or
silicon) during its curing. Two di�erent approaches have been tested and are illustrated
in �gure 27.
The �rst method holds the setup together via two binder clips after the resist is

glass
glass

sample holder

sample holder
glass

glass
mold

resist

resist
mold

binder clip binder clip

gravity

Method 2Method 1

Figure 27: Schematic of the two di�erent methods for imprint and extraction via drop cast,
both resulting in a thick RL. In method 1, the mold, imprint resist and sample
holder are pressed together by binder clips during thermal curing in the oven. This
method was found to squeeze out nearly all of the resist. In method 2, less pressure
is applied by adding weight to the sample holder during thermal curing on a hot
plate, resulting in more homogeneous resist distribution after curing.

drop cast. Due to the elevation, the thermal curing has to occur in an oven. This
method is found to be �awed. The pressure caused by the binder clips squeezes out
most of the resist solution, often resulting in incomplete wetting of the mold. This
problem is aggravated by the strong adhesion between resist solution and glass/silicon
substrate, all three being hydrophilic. For the second method, the setup can remain on
a hot plate. The glass/silicon substrate is also applied during the resist curing process,
but only medium pressure is applied by securing the substrate with two additional
glass substrates. This is advantageous because the pressure is strong enough to enforce
complete wetting, but not strong enough to squeeze out the resist solution. Curing for
24 hours at 115 ◦C compensates for the lack of air contact to the resist, leading to a �at
sample as can be seen in �gure 28.
Although the di�erent imprint-and-extraction method presented in this subsection

turns the curing step into a 24 hour process and adds some sensitivity to the applied
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(a) (b)

Figure 28: (a) shows an imprinted PMMA �lm extracted via PVA foil and stored on a glass
sample holder. Due to changes in moisture of the �lm, it curls up at the edges, which
represents an undesired event. (b) shows an imprinted PMMA �lm extracted using
PVA and double-sided tape, which is clearly visible underneath the transparent
PMMA/PVA foil, stored on a silicon sample holder. The �lm is prevented from
curling up.

resist volume, the resulting bene�ts from the homogeneous height of the sample out-
weigh the disadvantages. It reliably leads to a su�ciently �at sample and has therefore
been favored in this thesis. It is henceforth referred to as `silicon extraction', to be
distinguished from the other extraction methods introduced in the methods section 3.3
or explored in the results section 5.2.5.

5.2 Producing Shaped Polymer Particles

Producing releasable polymer particles using RNIL requires a very thin residual layer
of imprint resist during the imprinting process. Consequently, the imprinting method
of drop casting the resist, described in section 5.1.3, must be replaced. This, however,
results in a higher complexity of the imprinting process, requiring further optimization
of the parameters. Similarly, this can be said for the extraction process following the
imprinting step. This subsection therefore focuses on the experiments performed to
enable and optimize these two process steps.
Three major factors can be identi�ed when regarding the imprinting process: the

resist, the mold, and the spin coating process, which appear as subsections in this
chapter. The general approach during the research phase was to vary a property of
either the mold or the resist and test the outcome for several spin coating parameters,
to provide comparable data sets.
Section 5.2.1 begins with experiments involving the imprint resist, continuing with

tested mold treatments thereafter in section 5.2.2. A short comparison of the tested
methods is o�ered in section 5.2.3. With a successful imprint process established, section
5.2.4 deals with its optimization. Section 5.2.5 then lists a number of investigated
extraction methods, thereby concluding all research involving polymer shaping using
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RNIL.

5.2.1 Improving Resist Adhesion - Varying Resist Properties

Varying stock solution

In an attempt to �nd a solution not requiring any additional processing steps, commer-
cially available stock solutions that were already at hand during the thesis have been
tested as imprint material. This series of tests has been done during the preparatory
project preceding this thesis and found the resist AR-P 639.04, a positive PMMA e-beam
resist by the company Allresist GmbH, to be the most promising among other resists
made by the same manufacturer.
These tests do not represent the content of this thesis, but the following brie�y dis-

cusses possible improvements on these experiments since understanding the reason for
this �nding could enable determination of a more suitable material. The resists were
previously judged by their interaction with the mold during spin coating, which presents
a criteria that is hard to quantify. One method that could be used to investigate this in
more detail is contact angle measurement [90]. Comparing the contact angles between
the respective stock solutions and the PDMS mold surface provides information about
the strength of their adhesion, which correlates with the wetting during spin coating.
The properties of the stock solutions could then be plotted against their respective con-
tact angle to conclude which properties are bene�cial. Each stock solution has a number
of properties: solvent, viscosity, solids content, chain length, etc. But, in accordance
with the Young equation [91], the dominant factor regarding the contact angle in this
setup is the surface tension of the solvent. Reducing the tested liquids to the solvents,
instead of also using the PMMA stock solutions, would simplify the interpretation as
well as render the series of tests signi�cantly cheaper.

It is, however, questionable if these e�orts would result in a signi�cant advancement.
On the one hand, the solvents used for the resists evaporate rapidly, rendering repro-
ducible contact angle measurements rather di�cult. On the other hand, if the surface
tensions of the solvents are considered, the stock solutions can be easily compared using
literature values without the need for time consuming test series. Table 1 compares the
investigated stock solutions accordingly, including their respective viscosity. Considering
the hydrophobicity of PDMS, it can be assumed that a lower resist surface tension results
in a lower contact angle and, therefore, better adhesion. The resist formerly found the
most promising, AR-P 639.04, is among the lowest surface tension for its solvent as well
as the lowest viscosity. Taking this into account, combined with the little improvement
observed by varying the resists, further investigation in this direction seems unpromis-
ing. Hence, the resist AR-P 639.04 remains the imprint material utilized in this thesis.
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solvent
surface tension at
20 ◦C in [mN/m]

viscosity at
25 ◦C in [mPas] 1

ethyl lactate 30.0 2.2
1-methoxy-2-propanol 28.0 20
chlorobenzene 33.5 -
anisole 35.0 15.5
1 referring to the respective stock solutions at hand

Table 1: Properties of the stock solutions at hand, listing their respective solvent, the solvents
surface tension and the viscosity of the stock solution [92, 93]. Butyl lactate, which is
the solvent of the favored resist, AR-P 639.04, is among the lowest surface tension as
well as the lowest viscosity, making it the best candidate for spin coating on PDMS.

Mixing the resist with DCM:EtOH

In his master thesis, B. Kaban used a combination of dichloromethane (DCM) and
ethanol (EtOH) to dissolve a �uorescent polymer2. before spin coating it onto a PDMS
mold [94]. Although the polymer that was dissolved was not PMMA, its success in
coating a PDMS mold renders it interesting for this thesis. Accordingly, a DCM:EtOH
solution has been added to the PMMA stock solution before spin coating the combination
onto a mold.
Two varieties of DCM:EtOH have been tested: Following the method of B. Kaban,

5wt% PMMA stock solution have been added to a DCM:EtOH solution of either a
nine-to-one ratio or one-to-one ratio. After spin coating the mixture, the distribution of
the hardened PMMA on the mold was found to be very irregular. For the nine-to-one
ratio, the 16-�eld mold in �gure 29a is representative for observing mostly un�lled area.
Some areas show at least partial �lling indicated by darker shading (bottom and right),
while the very dark spots prove the aforementioned irregular PMMA solidi�cation. This
undesired irregularity, which also comes with a thick residual layer, appears even stronger
in the samples using one-to-one ratio of DCM:EtOH, as portrayed in �gure 29b. A close-
up of the irregular �lling is displayed in �gure 29c. If extracted via PVA and dissolved in
water, some released particles can be seen (�gure 29d). When looking at the shading and
shape of the particles, it is evident that the zig-zag structures have a better structural
integrity than the bigger triangles. This can be interpreted as the larger triangles being
�lled less, giving only their corners structural integrity due to capillary action described
in section 5.1.1. Because the zig-zag structures are smaller and have more corners, this
e�ect has a bigger in�uence.
In summary, mixing the stock solution with DCM:EtOH showed some improvement.

Yet, due to the high irregularity of the outcome combined with the little improvement
regarding large scale mold �lling, the need for a better method remains pressing.

2The polymer is a europium based complex of the chemical formula {[Eu(NO3)3]2[C26H40O6P2]3}n.
Details in [94] and [95]
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(a) DCM:H2O (9:1) (b) DCM:H2O (1:1)

(c) DCM:H2O (9:1) (d) DCM:H2O (9:1)

Figure 29: Mixture of PMMA stock solution with DCM:EtOH in two ratios. Neither result in
a homogeneous �lling of the mold cavities on large scale (a and b) or on small scale
(c). The limited number of �lled cavities can be released in water (d).
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Mixing with water

Another method employed by B. Kaban during his thesis was that of mixing the PMMA
stock solution with water [94]. This method has therefore been explored for this thesis
as well.
Ratios below 17wt% water have been found to show no lasting phase separation,

which is described as crucial for the intended e�ect by Kaban. This observation �ts well
into Kaban's recommendation of 20wt% water. Keeping the ratio as low as possible
appears reasonable, since neither ethyl lactate nor PMMA are soluble in water [93, 96].
To form an emulsion, the two phases are mechanically mixed through manual shaking
and treatment in an ultra sonic bath for 1min. Regarding the results of this method,
portrayed in �gure 30, the distribution of PMMA on the mold is again highly irregular
and varies from sample to sample. Big, small and medium-sized areas of di�erently
�lled cavities are observed. They usually encompass blobs of residual layer of similar
size di�erences. Introducing a delay time of 5minutes to 10minutes as well as ranging
the spinning velocity between 3000 rpm and 4000 rpm shows no signi�cant di�erence in
outcome.

Figure 30: Two OM images of the spin coated mold after mixing the stock solution with 20 %
water. Areas of �lled cavities, characterized by darker shading, as well as thick
residual layers vary greatly in size, shape and frequency.

The method of mixing the stock solution with 20% water shows increased �lling of the
mold, often resulting in relatively large areas of several dozen or even hundreds of cavities.
Since the necessary analysis via optical microscopy, �uorescence microscopy or scanning
electron microscopy only requires small areas, the approach provides a su�cient amount
of releasable particles to be analyzed for a successful guest-host-functionalization, as
pursued in Kaban's work [94]. In contrast, this thesis aims to deposit an EB layer sys-
tem on top of the whole sample area. It is therefore desired to �nd an imprinting method
that �lls the cavities of the mold as homogeneously as possible. For this purpose, while
acknowledging the advancement achieved by utilizing a water emulsion, further attempts
to improve the imprint outcome have been undertaken and are presented in following
subsections.
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Improving the mixing experiments

One obvious �aw can be pointed out regarding the approach of mixing the PMMA
stock solution with other solvents: The experiments are based on the hypothesis that
a di�erent solvent could improve adhesion. It would therefore be reasonable to test
the respective solvent without the in�uence of the solvent of the stock solution. To
do so, instead of mixing the stock solution with other solvents, solid PMMA powder
could be dissolved in the respective solvent. This approach can therefore be regarded
as an extension of the experiments involving di�erent stock solutions. To obtain a
reasonable set of data, a number of suitable solvents would have to be determined �rst.
Many solvents are known to dissolve PMMA. Esters, ketones, aromatics, glycol ethers
and more are listed in the literature, in addition to ethyl lactate and DCM [96�98]. As
PDMS is hydrophobic, the same property could be used as sorting criteria. Other criteria
include price and toxicity. The remaining candidates would then be investigated for their
adhesion to PDMS via contact angle or added to PMMA powder and spin coated. It
is reasonable to assume that the commercially available PMMA stock solutions already
take this research into consideration, although selected regarding their adhesion to silicon
wafers instead of PDMS. In any case, as this approach is an extension of the stock
solution experiments, it is likely the e�ort required to conduct this research outweighs the
potential bene�ts. For this reason, the thesis hereafter presents experiments involving
surface treatment of the PDMS mold.

5.2.2 Improving Resist Adhesion - Mold Surface Treatments

The adhesion between imprint material and mold has proven too weak for proper wetting
after spin coating. Chapter 5.2.1 represents the attempt to solve this issue by adapting
the utilized imprint material. With the goal to further improve resist adhesion, this
subsection addresses the second player of this interaction: the PDMS mold. Instead
of �nding a di�erent solvent for PMMA, this approach aims to improve adhesion by
change of the mold surface. Several ways to achieve this are proposed in the literature,
a selection of which has been tested for this thesis.

Application of the adhesion promoter Ti-Prime

The adhesion promoter TI-Prime was applied to the mold surface. The highly diluted
organic titanium compound is used to chemically bind to polar OH-bonds that form on
surfaces exposed to air and humidity [90]. It thereby counters oxidation and improves ad-
hesion to hydrophobic resists. The series of tests utilizing TI-Prime initially showed very
good results. This is documented in �gure 31a and b, showing a successfully imprinted
mold and a multitude of particles released in water, respectively. Repeated failure to
reproduce the results on newly produced molds, however, led to the conclusion that a
di�erent cause was responsible for the good wetting. The approach of using the adhesion
promoter has thus been abandoned. Still, the positive results - complete wetting of the
mold while showing a residual layer thin enough for particle release - were induced by
some other e�ect that was now to be identi�ed. It was hypothesized that aging of the
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Figure 31: Left: OM image showing a successful imprint after mold treatment with the adhesion
promoter TI-Prime. An empty area in the top right �eld allows comparison of
coated and empty area. Right: A polymer �lm obtained after PVA extraction
during contact with water. The release of PMMA particles into the water upon
PVA dissolving can be observed.

molds over several weeks leads to an oxidized surface, in turn increasing resist adhesion.
This e�ect should be countered or at least weakened through application of TI-Prime,
which exists precisely for this purpose. Nonetheless, this hypothesis was pursued, lead-
ing to further e�orts to optimize hydrophilic surface treatments, as presented next.

Oxygen plasma for a hydrophilic mold surface

Based on previous experiments, it was hypothesized that a hydrophilic surface treatment
of the PDMS mold would be bene�cial for resist adhesion during spin coating. In the
literature, exposure to an oxygen plasma is proposed as a possible hydrophilic treatment
for PDMS [99, 100], among others. Using oxygen as an oxidant also corresponds well to
the above formulated hypothesis. To create the respective plasma environment, the low-
pressure plasma system Nano by Diener electronic GmbH was used. Starting with 70%
intensity for 5minutes, the treatment proves to be too aggressive, causing widespread
cracks on the mold surface that are visible by eye. Simultaneously, good mold �lling
can be observed after spin coating of the PMMA solution (�gure 32a) and con�rmed
through particle release in water (�gure 32b). Unsurprisingly, the mold does not remain
undamaged. Extraction via PVA also rips out parts of the mold, as is displayed in
�gure 32c and �gure 32d.
Consequently, a series of tests aiming to optimize the plasma treatment parameters

has been done. Reducing the plasma duration to 1minute leaves the mold intact at
�rst. After PMMA extraction, however, the mold becomes damaged. The plasma du-
ration was then gradually decreased from 5minutes down to just 3 seconds. Continuing
to decrease the time while maintaining reproducible circumstances is impossible, as the
device can take several seconds to stabilize the plasma. Still �nding the mold to be
damaged, the plasma intensity was reduced �rst to 40% and then to 15% without
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(a) (b)

(c) (d)

Figure 32: Optical microscope (a and b) as well as SEM images (c and d) documenting the
damage to an oxygen plasma treated hybrid mold when used for the RNIL process.
a) shows the spin coated mold after curing, which shows very good �lling as well as
severe cracks at the mold surface. b) shows the extracted PMMA/PVA �lm in water.
After PVA is dissolved, large areas of extracted material are visible, consisting of
both PMMA and ripped out PDMS. c) shows a close-up SEM image of a damaged
mold cavity after PMMA extraction, while d) shows large areas being ripped o� the
mold.
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showing any improvement of the mold integrity. It can be concluded that even relatively
short treatments of less than 5 seconds have a strong e�ect on the surface parameters of
PDMS. This �nding corresponds to the literature. Owen et al. investigated the atomic
composition of a PDMS surface treated with oxygen plasma via X-ray photoelectron
spectroscopy (XPS) [99]. As table 2 illustrates, they found the surface composition to
change signi�cantly within one second of treatment while showing no signi�cant change
in composition for longer treatment up to 10minutes.

Treatment time (s)
Atomic composition (%)
O C Si

0 27.1 50.3 22.6
1 43.2 34.4 22.4
5 43.5 34.7 21.8
10 45.1 32.0 22.9
30 46.5 29.7 23.8

Table 2: XPS surface analysis of oxygen plasma (70 W) treated PDMS. Taken from [99].

When looking at the SEM images of destroyed molds (�gure 32d), an even and limited
depth of the damage can be determined. This raised the hypothesis that only the
super�cial h-PDMS layer gets damaged by the plasma treatment, while the underlying
s-PDMS remains intact. To test this, a PDMS mold was fabricated solely out of s-PDMS
and treated with oxygen plasma. It was found that even after several imprint-and-
extraction cycles the mold remained both fully coated and fully intact. To minimize wear
on the mold while maintaining reproducible conditions, the ideal plasma parameters were
found to be the following: The plasma duration is set for 10 seconds at a plasma intensity
of 40% while the mold is placed in a Faraday cage to protect it from accelerated ions.
After this process the mold can be used for RNIL for several days before its hydrophilic
character begins to wear o�. Literature describes recovery of hydrophobicity to occur
by di�usion of untreated polymer chains through cracks in the treated layer [99]. The
time frame for this recovery varies between sources from hours [101] to days [102, 103]
and weeks [104, 105]. The molds here show no signi�cant hydrophobic recovery until at
least one week after treatment.
One disadvantage of this method, apart from its dependence on s-PDMS molds, is

the strong interaction of the treated mold with PVA that is applied for extraction. The
adhesion to PVA exceeds that of the imprint material greatly, so that any PVA in direct
contact with the mold will rip out these parts of the mold upon extraction. As wetting of
the mold with imprint material is not always absolute, this will lead to increased damage
to the mold over time, although mostly in its periphery. This emphasizes that oxygen
plasma treatment of the mold is bene�cial when using PMMA as imprint material. For
more hydrophilic imprint materials, however, this approach can have destructive e�ects.
Still, this represents a major advancement and is the key to successful and large-scale

PMMA particle fabrication using the RNIL method that is subject of this thesis. The
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problem of weak adhesion is hereby identi�ed as the mold surface being too hydrophobic,
making the proposed hydrophilic surface treatment viable as long as the mold consists
of s-PDMS.

Oxygen gas as hydrophilic surface treatment

A successful imprint that leads to releasable PMMA particles is achieved by exposing a
mold fabricated out of s-PDMS to oxygen plasma before spin coating. However, using
a hybrid mold made of h-PDMS and s-PDMS is advantageous over the use of s-PDMS
molds (see 3.2). It is, thus, preferable to �nd a solution that allows the use of h-PMDS. In
other words, less aggressive options for hydrophilic mold treatments should be explored.
The �rst of the options explored is based on the hypothesis that led to the use of oxy-

gen plasma in the �rst place. This hypothesis holds oxidation through extended exposure
to air responsible for the initial advancements observed. In an attempt to imitate these
conditions, the mold is exposed to pure oxygen gas. Hypothetically, oxidizing through
pure oxygen gas happens faster than exposure to air while being much less aggressive
than oxygen plasma. Exposure to oxygen gas was also realized using the low-pressure
plasma system Nano by eliminating the plasma phase and increasing the gas �ooding
phase to the intended exposure duration. A series of tests were carried out for 1minute,
5minutes, 15minutes and 45minutes of exposure time. None of these exposure times
led to a visible improvement of mold wetting. Consequently, either the exposure time
has to be increased to achieve a signi�cant oxidation, or oxygen gas is not strong enough
to oxidize PDMS.

UV light as hydrophilic surface treatment

Other PDMS surface treatments encountered in literature are ultraviolet (UV) radiation
and ultraviolet/ozone (UVO) treatment [106]. E�meno et al. found that when exposed
to UV, PDMS molecules undergo chain scission. In the presence of molecular oxygen and
ozone, these radicals form a large number of hydrophilic groups, decreasing the contact
angle to water to about 10◦. Alternatively, if the setup is �ooded with nitrogen, the
radicals recombine and form a network that is slightly more hydrophilic. The contact
angle to water is reported to decline from 110 ◦ to roughly 90◦. The strength of the e�ect
depends highly in treatment duration, as determined by E�meno et al. and illustrated
in �gure 33.
UV exposure under nitrogen gas represents a signi�cantly weaker surface treatment

compared to oxygen plasma while still providing improved wetting. It is hence tested
in this thesis. The UV light was supplied by a mercury lamp. Molds are treated for
45minutes, 60minutes and 90minutes and then spin coated with PMMA solution at
3000 rpm after 5minutes of delay time. After 45minutes, almost no improvement to
untreated PDMS is observed (�gure 34a). Only randomly appearing PMMA blobs and
small surroundings of �lled area occur. The data taken after 60 minutes of treatment
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Figure 33: Dependence of the advancing contact angles of deionized water (θadv,DIW ) on the
UVO treatment time for PDMS exposed to UVO (circles) and UV (up-triangles).
Edited from [106].

is slightly more promising. The resulting PMMA blobs appear more frequently and in
increased sizes, and large areas appear in slightly di�erent shades compared to empty
areas, suggesting at least some cavity �lling (�gure 34b). As expected, the longest
treatment time of 90minutes shows even more wetting. Thick PMMA layers cover an
estimated 25% of the mold surface while almost all other areas show at least some
degree of �lling (�gure 34c). Translating observed triangle shading into �lling quantity
is impossible at this stage. Only relative information can be given when comparing some
cavities to others, like for �gX b. Accordingly, to gain more information about �lling
quantity, the behavior of the samples in water is observed (�gure 34d). This revealed
triangles that were barely visible and cavity �lling that was minimal.
Although UV treatment is observed to have a more homogeneous e�ect than the meth-

ods tested above, the results depicted above suggest that it can bring about only limited
improvement on cavity �lling compared to untreated PDMS. Still, there is evidence to
suggest that even longer UV treatment, possibly combined with other imprint param-
eters, could further improve wettability. However, this was not tested, as the focus of
research at this point shifted to the functionalization part of the thesis. But because
this treatment results in a resist adhesion insu�cient for suitable particle thickness, it
is not an ideal method for the purposes of this thesis.
A conclusion of the methods tested and possible further research will be discussed in

the following chapter.

5.2.3 Comparison of the Tested Methods

Varying the PMMA stock solutions provided nearly no improvement of wettability.
Mixing the stock solution with dichloromethane (DCM) leads to minimal bene�ts in

cavity �lling accompanied by highly irregular distributions of �lled and empty cavities
and thick residual layers. As this produces a minimal amount of releasable particles with
su�cient thickness, this method is discarded as a viable option for adhesion improve-
ment, although further tests dissolving solid PMMA in DCM with succeeding dilution
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(a) (b)

(c) (d)

Figure 34: OM images of spin coated molds after UV treatment. After 60minutes of treatment
(a), spin coating yields large areas being slightly �lled, as can be seen by comparing
the �lled, darker shaded area to the un�lled area (b). 90minutes UV treatment
further increase mold �lling (c), resulting in large areas that are often connected by
a RL or slightly �lled (d).
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using ethanol could prove bene�cial.
Mixing the stock solution with water leads to inhomogeneous �lling of surface areas

that vary signi�cantly in size, while about half of the mold remains either empty or
covered with thick residual layer. This provides a number of �lled areas well-suited for
Kaban's research goals. Yet, the large area functionalization that this thesis aims to
fabricate makes a more homogeneous �lling of the mold more desirable, which is why
further methods are explored.
The initial success attributed to the use of TI-Prime as an adhesion promoter fails

to be reproducible, but leads to the exploration of hydrophilic mold surface treatment.
Doing so by means of UV treatment results in slight a improvement of adhesion, leaving
most cavities �lled to low amounts. The bene�cial e�ect depends on treatment time, and
increasing the treatment to times longer than 90minutes could further improve adhesion.
This method results in a more homogeneous and reproducible adhesion improvement
than the methods above. Yet, the thickness of the spin coated PMMA layer achieved
with this method is smaller compared to mixing with water and is thus considered
insu�cient.
Treatment of the h-PDMS/s-PDMS hybrid molds with oxygen plasma shows the

strongest e�ects compared to all methods tested. Any parameters lead to greatly en-
hanced adhesion, resulting in complete and homogeneous wetting of the mold. Depend-
ing on the plasma duration (5minutes at 70% intensity), the treatment can lead to
visible cracks in the mold surface in addition to severe damage after PMMA extrac-
tion via PVA. For weaker plasma treatment (10 seconds at 40% intensity while using a
Faraday cage), the cracks are avoided, although extraction still destroys the mold sur-
face. Consequently, while this method provides the most improvement of adhesion, it is
simultaneously the least favorable as is destroys the mold.
The best results are achieved by treating molds solely out of s-PDMS with oxygen

plasma. The treatment lasts at least for a weak and leaves the mold intact whilst
greatly increasing wettability, making this method ideal regarding the goals of this thesis.
Regarding long term stability of the mold, less aggressive hydrophilic treatments should
still be explored.
An ideal treatment would be weaker than oxygen plasma but stronger than UV radia-

tion. The strength of these treatments can be quanti�ed by regarding the contact angle
between the treated surface and water. However, the destructive nature of treatments
that result in contact angles near 0◦ is not guaranteed, rendering all of them possible
candidates. Attempting to further reduce oxygen plasma duration seems unreasonable.
As argued by Owen et al., the change in surface composition occurs within 1 sec. But
reducing the treatment duration to less than a second comes with technical challenges,
while the exact duration necessary is unknown. A possible option to test next would
be UV treatment with extended exposure time, although the data obtained here sug-
gests this will only bring limited improvement. This treatment could be intensi�ed by
the presence of oxygen/ozone, as done by E�menko et al. A very promising treatment
has been conducted by Jokinen et al., who suggest using nitrogen plasma to obtain a
contact angle to water of 60◦ (compared to 110◦ for untreated PDMS and near 0◦ for
oxygen plasma treatment). If the above options fail, many other treatments have been
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encountered in the literature, such as using plasma of argon, helium, ammonia and air
[100, 106�108] or chemical treatments like piranha and KOH solution [109].

5.2.4 Optimizing Residual Layer After Successful Imprint

The previous subsections established the use of oxygen plasma treated molds for the
imprint process. This can be used to fabricate shaped polymer particles if the material
is extracted and added to water. As described in section 1 and thematized in sections 5.3
and 5.4, the ultimate research goal for this thesis is to release polymer particles with an
EB layer system deposited on top of them. This layer system is designed to be 100 nm
thick, which is more than a tenth of the particle thickness. The tensile strength of metals
being much higher than that of PMMA, a negligible in�uence is not guaranteed. Hence,
decreasing the residual layer of PMMA as much as possible is desired. During previous
experiments involving oxygen treatment, an interesting observation has been made, as
depicted in �gure 35a. While most of the area is covered with PMMA, small areas
around some cavities are empty. Achieving �lled cavities with no connecting residual
PMMA in between for the whole mold would be ideal. The only layer linking them
together after magnetic functionalization would be the metal layer of 100 nm thickness.

(a) (b)

Figure 35: OM images of imprinted, oxygen plasma treated molds, obtained using 4000 rpm,
resulting occasionally in small areas of empty surface surrounding the cavities (a)
and 10 000 rpm, resulting in less homogeneous wetting and thinner RL (b).

One attempted way to reduce the RL was by an increase of the spin coat velocity
successively from 3000 rpm up to 10 000 rpm. This resulted in an increasingly more
inhomogeneous PMMA distribution as portrayed in �gure 35 and is hence regarded
unsuccessful.
The second approach was to dilute the PMMA stock solution with its solvent as

provided by the manufacturer, AR600-09. Samples were then compared for 100wt%
stock solution, 75wt%, 50wt% and 25wt%. If regarded under the OM, it seems that
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dilution to 25wt% still results in good �lling of the structures. The SEM image shown in
�gure 36, however, proves that the �lling level is negligible, although wetting is observed.

(a) (b)

Figure 36: Mold spin coated with 25wt% PMMA stock solution diluted with more of its solvent
ethyl lactate at 4000 rpm. Under the optical microscope, a homogeneous, thin RL
can be seen between the cavities as lighter shaded areas (a). Investigation under the
SEM reveals that the RL is too thin to even resolve an edge and that the cavities
are virtually empty (b).

This emphasizes the importance of using multiple characterization methods to inter-
pret results. More importantly, further SEM imaging demonstrates that the RL achieved
without dilution is thinner than initially expected. In �gure 37, an SEM image of a sam-
ple obtained using shows no dilution. The intuitive interpretation of blurriness in fact
resembles soft edges that are expected to appear, as explained in subsection 3.3. At this

Figure 37: SEM image of a mold spin coated with undiluted PMMA stock solution after oxygen
plasma treatment. Even though complete wetting is observed in the OM, the cavities
are still visible.

point, quanti�cation of the exact RL is of interest. This can be done by extracting only
a part of the PMMA via PVA. This should leave a distinct edge on the mold whose
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height can then be measured via AFM, for example. Due to the limited time frame of
this thesis, however, this quanti�cation remains subject of future research. In context
of this thesis, it is concluded that the RL thickness is su�ciently thin to proceed to the
next step of research, which will be presented in the following subsection.

5.2.5 Extraction Method Adaptation for Thin Residual Layer Samples

Extraction via PVA and tweezers as introduced in subsection 3.3 is well suited to retrieve
the imprinted polymer �lm with the prospect of particle release in water. This was done
repeatedly in subsection 5.2 to achieve complementary information about cavity �lling
and RL thickness. This method has the disadvantage of causing the samples to curl up,
which is problematic in the context of surface functionalization by sputter deposition
and several characterization methods (e. g. SEM, AFM). Thus, a di�erent extraction
method is suggested in chapter 5.1.3. It sacri�ces a thin RL to simplify and combine the
processes of imprinting and extraction, obtaining �at samples. This is justi�ed if only
the shaped polymer surface is of interest and no intention to release the structures as
particles exists, as in the context of subsection 5.1.
For the goal of producing magnetically functionalized polymer particles, yet another

set of requirements has to be considered. Here, the samples must be prevented from
curling while simultaneously requiring a thin RL. This excludes both extraction methods
used so far. Instead, PVA-tape extraction and other methods are explored below.

PVA-tape extraction

An easy and e�cient way to obtain �at samples was found by slightly adapting the
original method of Kavre et al. and Ha et al. introduced in subsection 3.3. Instead of
using tweezers to peel o� the hardened PVA layer, it is attached to the substrate using
double-sided tesa® tape, as depicted in �gure 38. If desired, the PVA extraction layer,
which contains the imprinted polymer, can be manually separated from the double-sided
tape. Of course, the problem of curling returns after separation.

PVA

glass
mold

glass
mold

tape
glass

glass
tape

PMMA

a) b) c)

Figure 38: Schematic of the PVA-tape extraction method. The PVA extraction layer gets cast
on the spin coated and cured imprint material (a). When thermally hardened it is
attached to the substrate via double-sided tape (b). Removal of the substrate yields
the imprinted material on a �at surface (c).

It is necessary to emphasize that the height homogeneity obtained by this method is
only of macroscopic character. The roughness of the tape in�uences the roughness of
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the sample attached to it. The extent of this in�uence as well as its consequences will
be discussed in detail in subsection 5.4.

Other extraction methods explored

The above mentioned roughness of the sample based on the underlying tape is an unde-
sirable property. Hence, further methods have been explored. One is found in Kaban's
thesis and illustrated in �gure 39. The method suggests partial thermal hardening of
the PVA extraction layer on a glass substrate at 70 ◦C. After 8minutes, the glass-PVA
interface is already hardened while the intended PVA-PMMA interface remains liquid
(�gure 39a). Only then is the spin coated mold pressed onto the liquid PVA interface for
about 1minute, while the thermal curing �nishes (�gure 39b). Separation of the mold
yields the imprinted PMMA on a �at PVA layer (�gure 39c). The PVA remains �at
because its curing on the glass substrate allows strong adhesion of the two materials.

partially harden PVA
at 70 °C for ca. 8 min

PVA PVA
glassglass

glass
mold

PVA
glass

PMMA

place imprinted
mold for 1 min

separate from mold

a) b) c)

Figure 39: Schematic of an extraction method utilizing partial PVA hardening tested by Kaban

[94]. After curing, the spin coated mold is pressend onto a partially hardened PVA
�lm, which completes to harden in contact with the PMMA �lm. Upon separation,
the PVA extracts the imprinted PMMA.

In this thesis, this method was found di�cult to reproduce. This is due to the very
short duration during which the PVA is partially hardened. As a result, most of the
time the imprinted mold was either applied too early or too late. If applied too early, the
PVA solution is still liquid or viscous, resulting in a failed extraction upon separation
even after additional hardening time. If applied too late, there is insu�cient (or zero)
adhesion forming between the imprinted material and the solid PVA. Additionally, the
recommended time for partial hardening of 8minutes varies with the amount of PVA
solution applied, the quantity of which is not given. These two conditions require this
process to be almost constantly supervised, while the optimal timing is still di�cult to
achieve.
Exploring a liquid glue, a solution of Amonil® was used to glue the extraction layer to

the substrate to achieve separation. It is applied on the cured extraction layer, thermally
activated for 1 minute at 115 ◦C and cured under UV light for 1 hour. 3 Successful
separation of the mold and the imprinted material could not be achieved using this
method.

3This follows the recipe for curing Amonil®, a commercially available nanoimprint resist.
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Lastly, the alternative of using liquid glue was considered. For this thesis, Alleskleber
Hart glue from UHU® was available and used replacing the double-sided tape. The liq-
uid form was hypothesized to prevent introduction of undesired surface roughness. Some
tests have been initiated and documented as unsuccessful because the allowed hardening
time for the glue of up to 3 hours was insu�cient for the glue to completely harden. A
longer duration has not been tested due the time restrictions of this thesis.

Another extraction method is used by Fernández et al., extracting the PMMA without
the use of PVA. This is done by pressing the spin coated mold onto the substrate while
applying heat exceeding the glass transition temperature of PMMA (105 ◦C), causing
the PMMA to transfer from the PDMS mold onto the substrate [24]. However, this
method is sensitive to inhomogeneously thick RL [94]. A thick RL in some areas will
hinder transfer of those areas with a thinner RL. This issue gets worsened by the concave
miniscus of the PMMA �lling the mold cavaties, as is schematically illustrated in �gure 13
and recorded via SEM in �gure 37. This method relies on the weak adhesion between
imprint material and PDMS mold. It is questionable if this method will still work after
the drastic increase of adhesion through plasma treatment of the mold. It is furthermore
questionable if the transferred structures can still be released as particles, as is ultimately
intended for this research project.
Perhaps these downsides can be overcome by utilizing a combination of the methods

from Ha et al. and Fernández et al.. The results of this thesis show that PMMA adheres
stronger to PVA than to PDMS, plasma treated as well as untreated. The hardened
drop cast of the PVA extraction layer smooths the surface. In the suggested approach,
the sample substrate (silicon or glass) would be brought in contact with the PVA foil
and heated above the glass transition temperature of PMMA (105 ◦C) and PVA (85 ◦C)
[110]. Separation should then, in theory, yield the empty mold and the substrate with the
imprinted polymer. Preceding plasma treatment of the substrate could further improve
its adhesion to the PVA foil. This approach, however, was not tested in this thesis due
to a lack of time.
In summary, the method of PVA-tape extraction is the only method found to be

reproducible and successful in �at extraction of thin RL samples at this stage of the
thesis.

5.3 Magnetically Functionalizing Structured Polymer Surfaces

Before it was attempted to magnetically functionalize polymeric structures that can be
released as particles, preliminary experiments were performed to learn about the sen-
sitivity of this process regarding the substrate material and morphology, as well as the
EBLS. The composition and deposition parameters of the EBLS mostly remained �xed
during this thesis. Section 3.4 provides reasoning for the selection of these parame-
ters. The �rst part of this section investigates the suitability of involved materials for
EBLS deposition. The second part applies this magnetic functionalization to shaped
polymer surfaces produced using the methods described in 5.1. Together, they provide
comparable data sets for the �ndings of chapter 5.4.
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5.3.1 Suitability of Involved Materials for EBLS Deposition

Because of the high number of factors in�uencing the properties of an EBLS, some of
which are explained in sections 2.2.3, these properties are impossible to predict and can
vary greatly between two systems showing seemingly minimal di�erences. Accordingly,
the �rst experiments performed give an overview over the sensitivity of the chosen EBLS
regarding the substrate used to produce it, and provide a reference point for future exper-
iments. All materials were positioned on silicon substrates manually cut to a 1 cm2 size.
An EBLS was then deposited on them, consisting of Cu(50 nm)/IrMn(30 nm)/CoFe(10 nm)/Si(10 nm),
as detailed in section 3.4). The �rst substrate material tested was PMMA. Con�rming
a suitable interplay of this material with the chosen EBLS parameters is a crucial pre-
cursor to using more complex samples fabricated according to section 5.1 and 5.2. After
successful measuring of an EB e�ect for six samples, two samples of each of the other
materials used for polymer sample fabrication were tested as EBLS substrate as well.
The samples were measured using a VSM and the EB �elds obtained from the respective
hysteresis curves.
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Figure 40: −HEB (black circles) and HC (red squares) resulting from EBLS deposition on
di�erent materials, determined using a VSM. Each data point represents the average
of two samples, which causes the large error bars.

The results are summarized in �gure 40, where each data point represents the average
value for each material. The graph shows absolute values for better visualization. The
amount of two samples per material does not allow statistical interpretation and is
responsible for the large error bars. It is, however, evident that the strength of the EB
and coercive �elds varies between di�erent conditions. When regarding all values, it can
be observed that HEB varies greatly between 3 kA/m and 10 kA/m, while HC seems less
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sensitive, lying between 3 kA/m and 7 kA/m, roughly. While an EB �eld depends on
the interplay of F and AF, coercivity is a ferromagnetic phenomenon (see 2.2.3) and
exists independent of the AF/F interface, although it can be enhanced by it. It can
be concluded that no material is entirely unsuited for EB experiments, although their
surface properties show a strong in�uence on the observed EB e�ect, where the EB �eld
reacts more sensitive to the substrate material than the coercive �eld. It can further be
concluded that the coercivity for substrates of structured polymer layer systems is likely
to be in a similar range as observed here.
It is interesting that an EB �eld of around 6 kA/m can be measured for PDMS. In

his master thesis, Siebert tested the suitability of �exible materials to serve as EBLS
substrates. He deposited an EBLS made up of Si/Co/IrMn/Au4 with layer thicknesses of
20/15/30/5 nm, respectively, on s-PDMS5, and measured hysteresis using an L-MOKE.
Interestingly, he measured no EB �eld on PDMS. It cannot be concluded at this point
whether his �ndings contradict those of this thesis or if instead the di�erence is simply
due to the di�erent EBLS used. Siebert tested only one PDMS sample, while this thesis
tests two. Determining this would require a more extensive test series, measuring e. g.
ten samples with s-PDMS as substrate for each layer system.

5.3.2 Results of EBLS Deposition on a Structured PMMA Surface

Subsection 5.3.1 established PMMA as suitable material for EBLS deposition, while
subsection 5.1 established a process to obtain a structured PMMA surface on a silicon
substrate using RNIL. In this part of the thesis, the silicon substrate-based samples
are equipped with the same EBLS as the materials in the chapter above. This is the
third step in the process of obtaining free micrometer shaped, exchange biased polymer
particles. Accordingly, the goal of this step is a proof-of-concept to measure an EB �eld
on micrometer-shaped, unreleasable polymer structures. The respective measurements
have been accomplished using VSM and L-MOKE.
Regarding the L-MOKE measurements, each curve is recorded from 250 measurements

per point and averaged over 20 hysteresis cycles. Each sample was measured on three
spots within a structured �eld and three spots outside of a structured �eld. This was
performed for three samples.
Comparing the EB �elds measured inside and outside of the structured �elds revealed

that each sample shows a slightly more negative EB �eld inside the structured area,
with an average of ∆HEB = 0.60 ± 0.23 kA/m. This slight increase could be due to
two factors. The �rst could be position-dependent deposition rates during the sput-
ter deposition process, which have been repeatedly observed by the work group. The
structured �eld of the sample has an edge length of 5mm, compared to 10mm of the
substrate. This di�erence might be enough to observe the position dependency. The
other factor could be interference. As shown in section 5.1.1, the periodically structured
area of the sample generates a di�raction pattern when re�ecting the laser beam. The

4The reverse order of antiferromagnet and ferromagnet is known as bottom-up sputtering.
5Siebert uses the same recipe and ingredients as was used in this thesis for s-PDMS, although he
simply terms it PDMS.
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measured laser beam then only shows a part of the sample, losing some information.
In this case, measurements with a Bragg-MOKE would provide more insight, as they
include information from di�erent orders (see 5.1.1).
When regarding the average of all measurements, the EB �eld is found to be HEB =
−9.9±2.0kA/m and the coercivityHC = 4.5±1.4kA/m. This corresponds well to what is
expected based on the data obtained in section 5.3.1. Consequently, structured PMMA
samples prepared according to section 5.2 can be expected to show similar values. It
can also be concluded that the presence of the structures does not propose hindrance to
a measurable functionalization through an EBLS.
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Figure 41: Magnetization curves recorded via L-MOKE for a measurement outside the struc-
tured array (left) and inside of it (right). The external magnetic �eld is applied
parallel to the easy axis. The corresponding �t function is added in green.

An interesting observation can be made when comparing two hysteresis curves of
outside and inside a structured �eld, as displayed in �gure 41, left and right, respectively.
The hysteresis recorded inside the structured array shows a more shallow slope dM/dH
during magnetization reversal than the one recorded outside of it. This indicates a more
step-by-step reversal of the magnetic domains instead of reversing all at once. The reason
for this is the di�erence in size and shape of the measured material, in turn causing a
di�erence in shape anisotropy and magnetic properties. The outside area can be modeled
as extended planar �lm. The accompanying in-plane magnetization decreases the stray
�eld energy, which the system aims to minimize. Within the structured �eld, this in-
plane magnetization is disrupted at the structure edges. This changes its orientation to
the sample surface from parallel to perpendicular, as illustrated in �gure 42. As a result,
the a�ected domains begin to reverse earlier due to the saturated magnetization state
not corresponding to their minimized stray �eld energy. The slope is further in�uenced
by the presence of `damaged' structures that have their origin in the MT (see section
3.1), resulting in even more diversity in domain sizes and shapes.
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Figure 42: Schematic cross sections of a saturated planar thin �lm and a saturated structure
wall. The di�erent amount of net magnetic charges at the object's edges cause a
di�erent stray �eld energy contribution at the saturated magnetization state.

5.4 Magnetically Functionalizing Shaped Polymer Particles

While section 5.3 addresses the underlying mechanisms of the EBLS tested on unpat-
terned and patterned polymer �lms with a thick residual layer, this section examines
sputter deposition on near residual layer-free patterned polymer �lms, which are pro-
duced as shown in section 5.2 and which are able to be released as particles when added
to water. This section utilizes the data gathered from sections 5.2 and 5.3 to investigate
the magnetic functionalization of the patterned polymer �lm.

5.4.1 Sputter Deposition on Releasable Polymer Structures

This section builds on the results obtained from the preceding sections. Section 5.2 estab-
lished a reliable way to produce shaped polymer particles that can be released in water,
and section 5.3 provided evidence for the practicability of their exchange bias functional-
ization based on experiments with the samples obtained in section subsec:RNIL.surface.
This part of the research aims to combine the previously applied methods to fabricate

shaped, EB functionalized polymer structures that can be released as particles in water.
To do so, the polymer material was shaped via RNIL, extracted via PVA-tweezer or PVA-
tape method (see 3.3 and 5.2.5) and functionalized via sputter deposition (3.4). This
was done initially for a total of seven samples, representing two samples for each �eld
of the 4-�eld master template except the one with 5 µm sized structures. This was later
complemented by two more PVA-tape extracted samples (12.5 and 5 nm structures).
All nine samples were magnetically characterized via VSM, resulting in an unexpected

�nding for the magnetic properties. The EB �eld and coercive �eld were determined as
HEB = (−0.01±0.07) kA/m and HC = 4.4±0.5 kA/m. In other words, the EB �eld was
measured to be virtually non-existent. It would have been unsurprising to encounter a
reduced e�ect. Its sensitivity regarding the deposition substrate material became evident
in section 5.3.1. Its complete absence, however, is unexpected. A characteristic VSM
hysteresis curve recorded with the external magnetic �eld parallel and perpendicular to
the samples easy axis is shown in �gure 43.
It can be observed that the hysteresis shows the same shape for perpendicular orien-

tations of the easy axis. It is, therefore, evident that the lack of a measurable EB �eld
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Figure 43: VSM hysteresis curves of PVA-tweezer extracted structured polymer after EBLS
deposition with the easy axis parallel (blue circles) and perpendicular (magenta
triangles) to the external magnetic �eld. The �t functions have been added as a
guide-to-the-eye. The two curves are almost identical.

does not cause the observed system to behave completely ferromagnetic, as the hysteresis
should disappear in this case (based on Stoner-Wohlfarth model [Radu.2007]).

5.4.2 Investigating the Lack of EB - Particle Fabrication Process

The samples discussed above were prepared with identical parameters for EBLS depo-
sition with respect to the samples presented in section 5.3.1. Therefore, it is evident
that the signi�cant di�erence in measurable EB �eld does not originate in the deposi-
tion parameters, which in general are proven to have a major in�uence on the resulting
EB �eld strength. The obvious di�erence in sample fabrication lies before this step
and represents the varying methods between sections 5.1 and 5.2. However, it is not
obvious which di�erence in sample fabrication causes the observed lack of an EB �eld,
as there are multiple candidates. Their interplay during the structuring process further
complicates logical analyzation of possible origins. In short, these di�erences are: struc-
turing, mold treatment, extraction method, and PMMA thickness. The surface material
is another in�uential factor but was determined not to be a cause in section 5.3.1.
First, an explanation for how these factors could in�uence the EBLS growth is given.

After this, it is explained how the corresponding hypotheses were tested, before the
results of these tests are presented.
At �rst glance, polymer structuring does not seem to be a factor in the lack of an EB

�eld because of the positive �ndings of section 5.3.1. However, the absence of an EB �eld
was only observed for structured samples. Given the macroscopic in�uence the structures
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have on the surface morphology, it is possible that this property in combination with
other in�uences could cause the lack of a measurable EB �eld.
Any process that changes the surface properties of the mold the EBLS is deposited

on has a strong in�uence on its growth. This hypothesis is supported by the �ndings
of 5.3.1. It is possible that the PMMA surface gets modi�ed when in contact with
the oxygen plasma treated PDMS. The increased adhesion between the two materials
combined with weakened structural integrity of the exposed PDMS have been observed
to cause the latter to be ripped out of the mold. While this e�ect was visible to the naked
eye for hybrid molds with h-PDMS at the surface, it is possible the same phenomenon
can occur for the s-PDMS molds to a lesser extent, extracting only several nanometers
or even just a monolayer of s-PDMS upon separation. If this were the case, the surface
would be modi�ed on the molecular level and could in�uence the growth of the bu�er
material of the EBLS.
The extraction method may also be a cause. Although it has no direct contact to

the polymer surface, extraction of the PVA layer via tweezers or tape in�uences the
morphology of the whole sample. In section 5.3.1, double-sided tape is used as substrate
for EBLS deposition, resulting in EB �elds around 5 kA/m. Therefore, it seems coun-
terintuitive that an EB �eld can be measured when the EBLS is deposited on tape and
PMMA, but not on tape, PMMA and PVA.
Finally, PMMA thickness was tested as a potential cause. Regarding the EBLS, the

thickness of every layer has been found to be in�uential on the EB e�ect, including
that of the diamagnetic bu�er layer. It is possible that the PMMA thickness or the
corresponding application methods (e.g. spin coat or drop cast) somehow in�uence the
interface between PMMA and bu�er layer.
Generally, when the in�uence of a certain property is tested, all other properties are

held constant. This is not easily achieved due to the dependence of some factors on oth-
ers. For example, spin coating PMMA on the mold requires prior plasma treatment (5.2),
while extraction through hardening on silicon (5.1.3) fails using spin coated PMMA. To
be able to vary only one factor while maintaining the others, a new combination would
have to be employed: a drop cast of PMMA onto a plasma treated mold that is either
structured or unstructured, which is extracted after RNIL via PVA-tape method. Using
this method, the four factors could then be varied independently. However, this would
require a high number of new samples. Consequently, a di�erent approach was chosen
to utilize the data acquired thus far. This approach compares, for example, all of those
samples that involved mold treatment to those that did not involve mold treatment. The
argumentation of this approach is opposite to the �rst: whereas the �rst method would
investigate each factor individually, this method holds one factor constant while varying
the others. While this method seems more time-intensive, it required minimal exper-
imental e�ort. Following this approach, all samples that share the critical factor will
fail to show a measurable EB �eld, regardless of what else has been changed. Accord-
ingly, the samples already characterized were sorted into the four respective categories.
The the missing data points were then acquired, leading to the four graphs displayed in
�gure 44.
In �gures 44 a-c, no clear distinction of samples with or without EB �eld can be made.
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Figure 44: Comparison of the samples' EB �elds when sorted into the four categories: struc-
turing (a), mold treatment (b), PMMA thickness (c), and extraction method (d).
A clear dependency of the samples' EB �eld can only be seen for the extraction
method. The respective graph (d) also contains the coercive �elds (red triangles),
which show no dependence on EB �eld or extraction method.

Only the extraction method (d) clearly in�uences the outcome. It can, therefore, be
concluded that the two extraction methods using PVA are the cause of the lack of an EB
�eld. In addition to this, several other interesting observations can be made by evaluating
the data. Firstly, the EB �eld is between 6 and 11 kA/m for the samples that show an
EB �eld, which �ts into the data range obtained in 5.3. Despite identical preparation of
the four Si-extracted samples, their measured EB �elds vary up to ∆HEB = 2.3 kA/m,
representing a di�erence of 25 %. As this data is acquired via VSM, the di�erence can
be caused by the diamagnetic PMMA of the sample, which can vary in volume due
to the preparation method. A more exact analysis of these samples via L-MOKE is
discussed in section 5.3.2. Interestingly, two measurements regarding PVA-extraction
show values of around 2 kA/m. This represents a signi�cant di�erence from zero, which
is unlikely to be caused from the measurement setup. If and how these samples di�er
in their properties from the other samples that were produced identically is investigated
in the next subsection. Figure 44d also depicts the coercive �elds of the samples. They
are distributed around HC = (4.5± 1.5) kA/m and show no correlation with any of the
investigated categories or their corresponding EB �elds. Hence, only the conformity of
their range with previous experiments can be concluded. An increased coercive �eld,
which can be expected to accompany an EB �eld (see 2.2.3), is not observed.
The evidence presented above pinpoints the extraction process as the responsible

factor for the observed lack of a measurable EB �eld. It can be argued that the macro-
scopic roughness of the double-sided tape in�uences the morphology of the PMMA
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surface. Since an EB �eld can be detected very well if the EBLS is grown on a pure tape
substrate, these �ndings are somewhat counter intuitive. Generally speaking, under-
standing why some approaches fail to show the intended result is often of great scienti�c
importance. The knowledge gained from undesired results can allow understanding and
prediction of alternative approaches and lead to directions for the most promising path
to success - and in rare cases even lead to groundbreaking discoveries, like the discovery
of penicillin [111]. Accordingly, understanding why no EB �eld was measured here was
at this point prioritized over testing further extraction methods.

5.4.3 Investigating the Lack of EB - Surface Roughness and Grain Size

Distribution

In order to analyze the the di�erences between the samples with and without a measur-
able EB �eld, the samples were categorized into four categories related to their expected
surface roughness: (A) smooth silicon extracted samples, which show EB �elds between
6 and 10 kA/m after sputter deposition; (B) a collection of PVA-tape extracted samples
that do show a relatively weak EB �eld of around 2 kA/m; (C) PVA-tape extracted
samples, which show no measurable EB �eld after sputter deposition; and (D) samples
using tape as a substrate for EBLS growth, which show the highest macroscopic rough-
ness and EB �elds between 4 and 6 kA/m. Each category of samples was investigated
via AFM regarding their surface roughness and grain size distribution. These properties
were then compared to the EB �eld that the samples show to �nd a possible correlation.
The investigation was performed for the top layer (Si) of the EBLS. It must be em-

phasized that the properties of interest are those of the AF/F interface, as this is the
area where the EB e�ect arises. Characterizing the surface of the capping layer, instead
of the speci�c interface, was performed for multiple reasons. The AF/F interface is em-
bedded in between the two materials and cannot be accessed easily. Common methods
used to characterize the AF and its interface to the F, like X-ray re�ectometry, were not
readily available within this work group and at the time of these investigations.
It can now be argued that the next best surface to be analyzed would be the AF surface

without added F and bu�er layers. But due to the rapid oxidation of the AF layer, this
approach does not represent an easy task. Ideally, each sample would be characterized
immediately after its deposition process, slowing down the overall progress. At the same
time, oxidation as well as other contamination of the AF surface when exposed to air
does not allow for the same samples to be used for AFM characterization and reused for
magnetic characterization after deposition of the complete EBLS. This further increases
the number of required samples. On the other hand, it is possible that the morphology
of the silicon capping layer directly relates to that of the AF/F interface and even to the
underlying Cu bu�er layer. Multiple sources have reported that the surface morphology
of �lms deposited on Cu is conformal during �lm growth and that AFM measurements
re�ect the initial growth of Cu on Si(100) substrates [52, 112, 113].
Under the premises that a) this also applies to PMMA substrates, b) the CoFe layer

is thin enough to follow the growth of the IrMn layer and c) the deposited Si layer on
top of the EBLS is amorphous, it is possible to assume that the measured roughness
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directly relates to that of the AF layer. The roughness then scales proportionally to the
thickness of material in between [114]. It is also possible that those parameters relate to
those of the underlying Cu bu�er layer, but in the context of discussing the EB e�ect,
this layer is not of interest.
Considering the sensitivity of an AF layer to oxidation and other contamination, it

seems more reasonable to utilize the less sensitive samples which are already available.
By doing so, the samples can be discussed in relation to one another, although the
�ndings cannot be compared to literature. The measured property (e.g. roughness and
grain size distribution) will be compared to the EB e�ect a sample shows.
Based on these considerations, the samples of the four categories were investigated via

AFM, scanning three points of each sample to minimize the in�uence of any location-
dependent variations in surface property. The �rst property that is discussed is the grain
size distribution, which could not be measured for the samples using tape as substrate,
as shown in �gure 45. According to literature, the grain size distribution follows a

Figure 45: Left: Grain size distribution of the three samples. No signi�cant di�erence can be
seen comparing the silicon-extracted (A) and the two PVA-tape extracted (B and
C) samples. Right: HEB plotted against the respective sample's mean equivalent
radius req (top) and against its surface roughness SRMS (bottom). The latter shows
an inverse relation, while no relation can be identi�ed for the former.

logarithmic normal distribution. The probability density p(req) for a grain to have a
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radius req is given by

p(req, µ, σ) =
1√

2πσreq
exp

(
−(ln req − µ)2

2σ2

)
(15)

with the determining parameters σ and µ [60, 115]. The mean value E(req) and the
variance Var(req) are given by

E(req) = exp

(
µ+

σ2

2

)
(16)

Var(req) = exp
(
2µ+ σ2

) (
exp (σ2)− 1

)
. (17)

The logarithmic normal distribution can also be seen for the data displayed in Equa-
tion 15 (left), which shows the GSD as histograms for the samples. Continuing to build
on the assumption that the measured grains relate to the AF grains, one would expect
a signi�cant di�erence in grain sizes for the large di�erences observed in EB �elds. But
comparing the three histograms shows virtually no di�erence. The data can be used
to �t a log normal distribution using Equation 15. Utilizing the �t, the parameters σ
and µ of the distribution can be extracted to calculate the mean grain size E(req) using
Equation 16 and the variance using Equation 17. Plotting the corresponding EB �elds
against this data results in the graph shown in �gure 45 (top right). It can be observed
that the mean grain size E(req) shows very little change for the three samples. As the
di�erence in grain size distribution is insigni�cant, this property cannot be the cause
of the signi�cantly di�erent EB �eld. This �nding corresponds well to the results one
would expect when using identical deposition parameters.
Imaging via AFM was done for areas of 10µm edge length, recording 256pixels per

line for 256 lines. From this, the resolution can be calculated as 39.06nm/px. With a
resolution of 39 nm for the AFM measurement, the roughness measured for a 10µm
range does not resolve the morphology of individual grains, which have a mean size
of about 20nm (see �gure 45 top right). Accordingly, the data in �gure 45 (bottom
right) contains information about the heights of grain areas compared to each other.
It shows an inverse dependence of the EB �eld to the roughness. The high EB �eld
corresponds to a comparatively low roughness and, thus, excellent coupling between
AF and F grains (�gure 46a), while increasing roughness disturbs the uniform exchange
interaction, resulting in a decrease of EB �eld (�gure 46b). This interpretation builds on
the model of Fulcomer and Charap, who introduced a roughness parameter to correlate
the EB strength with the amount of coupling domains per area (see 2.2.3) [65]. According
to this model, the EB �eld is approximately proportional to the sum of the contributing
grains' surfaces multiplied with their respective coupling constant (compare equations
10 and eq:2-grain.free.energy2). A high number of frustrated bonds hence causes poor
coupling of the F to the AF, reducing the EB e�ect.
The AFM measurements of the sample using double-sided tape as substrate show

seemingly contradicting results. While evaluation of the grain size distribution was not
possible for this sample, the measured roughness had a value of about 62nm. This value

64



Master's Thesis 5 Results and Discussion

~ 40 nm
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Figure 46: a) Illustration of the AF/F interface for Si-extracted samples with a macroscopic
area of interface magnetization which enables interface coupling and, therefore, the
formation of a unidirectional anisotropy. For the PVA extracted samples (b), these
areas are either disrupted or signi�cantly smaller due to frustrated bonds of a com-
paratively high number of grains, preventing e�ective coupling of the F to the AF.
Illustration of the AF/F interface compared for Si-extracted samples (a) and PVA-
extracted samples with an increased surface roughness (b). The increased roughness
reduces the EB e�ect by introducing frustrated bonds (marked by a red x) and
domain walls in the AF (blue dashed line).
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is signi�cantly higher compared to the other samples, while it still shows an EB �eld of
HEB = −5.2 kA/m and a coercivity of HC = 5.88 kA/m. One possible explanation for
this result stems from the work of Liu et al., who found the dependence of the measured
EB �eld on the interface roughness to vary signi�cantly for di�erent substrates [112].
While there was a strong correlation for samples with a Cu underlayer grown on Si
substrates, they found the EB e�ect to be insensitive to a change of roughness for
samples deposited on Si substrates. Changing the substrate used here from PMMA to
tape could have a similar e�ect, rendering the data incomparable.
Another explanation lies in the way of data acquisition and the de�nition of the mea-

sured roughness itself, which becomes evident when smaller areas are regarded. Figure
47 shows a falsely-colored AFM image of a tape substrate sample after line correction
using the line median. Signi�cant height di�erences can be seen when comparing large
areas. However, for this sample, the roughness depends tremendously on the kind of
data correction applied and the area measured. Subtracting the background using a
polynomial �lter with a polynomial degree of 5 (�gure 47a), instead of using the line
median for line correction, as done for the other samples (�gure 47b), yields much smaller
roughness values, as does measuring over a much smaller area of 1 µm (�gure 47c). In
both cases, the measured RMS values lie in the range of (6.0 ± 0.9)nm, representing
roughly 10 % of the original values. It is possible that the roughness is even smaller for
an area that includes only several grains.
Considering the above arguments, it is plausible that small areas of less than 1 µm2

locally show successful coupling between AF and F grains, while being separated from
other areas due to the high macroscopic roughness, resulting in the observed EB �elds
of around HEB ≈ 5 kA/m.
It can be said that using tape as substrate comes with such di�erent conditions that

this category cannot be compared to the PMMA samples, which is why this data point
is not included in �gure 45.
Regarding the experiments above, it can be concluded that the change of EB e�ect

for di�erent sample preparation methods, speci�cally PMMA extraction methods, �nds
its origin in the interface roughness. While the grain size distribution is insensitive to
the di�erent preparation methods, the resulting di�erence in roughness in�uences the
exchange interaction at the AF/F interface to di�ering extents, causing variances in
the EB �elds. PVA-tweezer as well as PVA-tape extraction hereby cause an increased
roughness, which correlates to a decrease in EB �eld. This �nding further increases
interest in the alternative extraction method hypothesized in section 5.2.5. This extrac-
tion, in theory, not only represents a rigid extraction, which comes with a lower surface
roughness. The heating to a temperature exceeding the glass transition temperature
of PMMA could also smooth the patterned surface. It can therefore be regarded as a
promising approach that should be strongly considered in future research of this topic.
It must be mentioned, however, that the above interpretations rest on the assumption

that the measured morphology directly relates to the AF/F interface. It is possible that
the morphology observed instead relates to the top of the ferromagnetic CoFe layer,
rather than the AF/F interface. In this case, the data allows no conclusions about the
interface. Consequently, the observed grain size distributions, belonging to the CoFe/Si
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Figure 47: AFM images of a sample using tape as substrate. Using Gwyddion to determine the
RMS roughness yields very di�erent results depending on the way it is measured.
Row alignment using a polynomial function with factor 5 (a) gives values in the
range of 10% of those obtained using the line median (b), as does measuring of
selected 1 µm2 sized areas (c).
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interface, show no correlation to the measured EB �elds, simply because there is no
correlation. The trend regarding the surface roughness (�gure 45 bottom right) would
then be coincidental.
Answering this question, however, is not trivial. As mentioned above, the correlation

between the morphology of underlying layers and of the top layer has been shown for
systems grown on Si substrates with and without a Cu bu�er layer of varying thick-
ness [112, 113], but not for the system employed here, which uses a PMMA substrate
and di�erent materials for the AF and F layers. The respective investigation could be
performed similarly to the approach of Liu et al. by measuring the surface morphology
before and after �lm deposition. This was attempted in this thesis. Using PMMA as
substrate, however, complicates this approach due to a poor interplay of substrate and
cantilever tip rigidness. As a consequence, the measurements did not provide usable
information. One way to solve this issue could be the use of a more suitable, softer can-
tilever tip. Another solution could be the deposition of a very thin layer of amorphous
material, e.g. silicon, on top of the PMMA layer to turn it `accessible' with minimal
in�uence on the surface morphology. As this approach still in�uences the surface energy
and in turn the whole EBLS growth, changing the cantilever material might be more
advantageous.
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6 Summary and Outlook

The main objectives of this thesis were to establish the reversal nanoimprint lithogra-
phy technique for the production of residual layer-free, anisotropic structures, and to
investigate the compatibility of this technique with succeeding magnetic surface func-
tionalization via sputter deposition. The groundwork laid by this thesis should enable
expansion of the research involving micro- and nanopatterning via RNIL by establishing
reliable methods transferable to other shapes and materials. It should further pave the
way for experiments involving exchange biased patterned polymer �lms and particles.
This thesis investigated how easily sputter deposition of a metallic thin �lm containing
an exchange bias layer system can be applied to a patterned polymer surface, and how
the sample properties in�uence the resulting EB e�ect.
In the �rst part of research, the preparatory steps involved in the RNIL process were

adapted to optimize e�ciency of the experiments. At �rst, utilizing the molding methods
described in literature yielded non-trivial issues. Without further precautions, transfer-
ring the pattern from the master template to the PDMS mold was found to occasionally
lead to unsatisfactory molding results and high risks of damaging the master template.
To ensure safe and e�cient molding, the the MT was glued to the underlying ground -
here, an aluminum plate - using a drop of aqueous PVA solution on each MT corner.
After thermal curing of PVA, this prevents suction of the MT during PDMS application.
In turn this prevents tilted molds and, more importantly, prevents the viscous PDMS
mixture from �owing under the MT before its hardening by polymerization, which en-
dangers safe MT retrieval. The gluing PVA can be safely removed using water. If
desired, baking paper can be used to enable easy separation of excess PDMS also from
under the MT, although this does not prevent mold tilting.
To prepare for the tests examining the compatibility of RNIL produced patterns and

sputter deposited exchange bias thin �lms, a varied RNIL technique was used to pro-
duce a patterned polymer �lm with a thick RL, which is not harmful regarding this
application. A PMMA solution of low viscosity was drop cast onto an untreated PDMS
mold and hardened for 15minutes at 115 ◦C while in contact with the silicon sample
substrate. Peeling o� the substrate with the attached polymer �lm was termed silicon
extraction to contrast other extraction methods tested in this thesis. A good copy of
the original MT structures with a sub-micrometer resolution was veri�ed via SEM and
OM.
Onto these patterned samples with a thick RL, an exchange bias layer system of

Cu(50 nm)/IrMn(30 nm)/CoFe(10 nm)/Si(10 nm) was deposited using sputter deposi-
tion. The samples were then magnetically characterized using Kerr magnetometry, �nd-
ing an EB �eld of HEB = −9.9± 2.0 kA/m and a coercive �eld of HC = 4.5pm1.4 kA/m,
con�rming the compatibility of an EBLS with a patterned polymer.
To serve as reference and gain an understanding of the general interaction of the mag-

netic thin �lm on various involved materials, unpatterned PMMA �lms as well as PDMS,
PVA and double-sided tape were cast onto a silicon substrate and similarly equipped
with an EB layer system. The averaged EB �elds of the respective materials varied
roughly between 5 and 7 kA/m, while the coercive �elds varied between 4 and 6 kA/m.
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The number of two samples for each material does not allow for statistical certainty of
these values. Still, the general practicability of magnetic surface functionalization via
sputter deposition of PMMA as well as the other materials is demonstrated.
Applying polymer photo resists onto metal substrates via spin coating is a well estab-

lished process. Many resists are available for purchase from suppliers like allresist GmbH
or MicroChemicals GmbH. Applying these materials onto molds of PDMS, however, fol-
lows di�erent rules and is thus not always easily achievable. In this thesis, PMMA
solutions in a variety of solvents and solvent mixtures have been tested for wetting of
a surface patterned PDMS mold. While a variety of available PMMA stock solutions
have been tested in preliminary work, this thesis continued these tests by mixing the
most promising stock solution AR-P 639.04 (allresist GmbH ) with other solvents to
improve wetting. Mixing with a DCM:EtOH solution of as well as mixing with water
was tested in di�erent ratios, both leading to limited improvement of wetting but also
highly inhomogeneous mold-�lling and RL.
The experiments of this part of the thesis have proven that the solvent of the imprint

material plays a vital role regarding mold �lling, if no hydrophilic surface treatment
of the mold is desired. Since the tested stock solutions and their mixtures with other
solvents have failed to signi�cantly improve mold �lling, the necessity of more careful
solvent selection becomes evident.
Another approach to improve resist adhesion was by surface modi�cation of the mold

before its spin coating. In this regard, 5 seconds of oxygen plasma treatment of the hybrid
molds (consisting of an s-PDMS bulk and a h-PDMS top) drastically improved resist
adhesion, but also damaged the mold's structural integrity, and caused extensive surface
cracking for treatments exceeding 1minute. These molds could not be separated from
the imprinted material without serious damage. This problem was solved by utilizing
a mold made up solely of s-PDMS. These molds stayed intact after repeated use and
showed immensely improved mold �lling. Due to the observed destructive behavior
of the oxygen plasma treatment, two other treatments have been tested: Prolonged
exposure to oxygen gas for up to 45minutes did not show visible wetting improvement.
On the other hand, UV treatment for 90minutes led to limited improvement, although
not enough to lead to a good mold �lling.
Using oxygen plasma treatment of the s-PDMS mold, good wetting and near residual

layer-free patterning of the PMMA �lm could be achieved for all four triangle sizes.
When added to water, the structures were observed via OM to break lose from one
another and were released as particles.
Concerning the separation of an imprinted polymer from the mold, the utilized ex-

traction method inspired by Kavre et al. and Ha et al. has proven simple and e�cient.
Using a PVA extraction foil, the imprinted PMMA �lm can be peeled o� using tweezers
and stored on a substrate or added to water to release the particles.
However, this method does not attach the extracted polymer �lm to the substrate. As

PVA is very sensitive to water, changes in moisture cause the �lm to curl up over time.
This proposes a hindrance for further processes that require a �at sample. Accordingly,
several variations to the above extraction method have been tested. A simple way was
found by utilizing double-sided tape to attach the PVA layer to the sample substrate
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before its separation from the mold. This method held the samples �at and the polymer
�lm can be peeled o� the tape to release the embedded particles.
In the �nal stage of this thesis, RL-free patterned PMMA was used for sputter de-

position. Magnetic characterization via VSM and Kerr magnetometry con�rmed ferro-
magntetic behavior with a coercive �eld of HC = (4.4± 0.5) kA/m. On the other hand,
no EB �eld could be measured. Investigation of several possible causes allowed for the
extraction method to be identi�ed as the reason for the absence of a measurable EB
�eld. Detailed AFM investigations were then carried out to compare samples with and
without a measurable EB �eld for their surface roughness and grain size distribution.
While no correlation was found between the samples' properties and their grain size
distribution, it could be shown that the measured EB �eld of a sample decreases with
an increase of its roughness. Due to the resolution of the roughness measurements, they
were interpreted to re�ect the height relation of multiple grains among each other in-
stead of the topography of individual grains. Using the model for a polycrystalline AF
by Fulcomer and Charap, an increased roughness was correlated to an increased number
of frustrated bonds and domain walls at the AF/F interface, both hindering e�cient
coupling of the interface grains.
It was interpreted that the �exibility of the PVA �lm during extraction via tweezers

or tape as well as the applied pressure during tape attachment increase the roughness of
the patterned surface. Hence, the extraction process has to be more controlled and rigid
if succeeding EB layer system deposition is desired. To achieve this, a combination of
the methods employed by Ha et al. and Huang et al. was suggested. This new method is
hypothesized to enable a �at an rigid PMMA extraction, hence lowering PMMA surface
roughness, while still utilizing the PVA foil for later particle release.

Based on these results, several recommendations can be given for future research of
this topic.
If surface treatment of the mold is not desired, resist adhesion must be improved by

�nding a suitable imprint material solvent. In other works, solid the imprint resist was
obtained by dissolving the respective solid polymer in Anisole [24] or dichloromethane
with succeeding dilution using ethanol [94] (not as mixture with AR-P 639.04, but as
sole solvent). Using these solvents to dissolve solid PMMA is hence reasonable to test.
Apart from this, considering possible solvents for PMMA based on their surface tension
and generally using hydrophobic solvents like toluene is another suggested approach.
Further testing of less aggressive mold surface treatments remains important. Al-

though immense improvement of mold wetting was achieved by its surface treatment
with oxygen plasma, the destructive in�uence of this treatment was demonstrated in
this thesis. Especially regarding the expansion to a broader use of imprint materials,
oxygen plasma treated PDMS molds might show too strong adhesion to the imprint
material, as was observed for PVA. A promising route in this regard might be the com-
bination of UV and ozone treatment as performed by E�menko et al.
Ferromagnetic surface functionalization via sputter deposition of RNIL patterned

polymer particles can be achieved as reported in this thesis and used for micro�uidic
experiments or fabrication of multifunctional polymer particles. For example, a guest-
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host polymer system can be fabricated as by Kaban and then surface functionalized
as performed here. Exchange biased, patterned polymer �lms can similarly be used in
further research, for example in combination with magnetic �eld landscaping.
In order to be able to produce exchange biased polymer particles, further experiments

addressing rigid extraction methods are required. Reproducing the substrate transfer
method employed by Fernández et al. while using a PVA release layer as employed in
this thesis seems a promising route to prevent increase of surface roughness, which was
observed to decrease the EB e�ect. In this regard, it would be useful to quantify how
surface roughness changes after adding of each layer, in order to learn if and how the
morphology of the capping layer provides information about the AF/F interface. This
could provide important information about the related results of this thesis. Alterna-
tively, the deposited layer system can be modi�ed to be more comparable with other
works investigating the correlation of AF/F interface roughness and resulting EB e�ect,
like that of Liu et al. [113].

The goal of this thesis to establish the RNIL technique for the reliable production of
residual layer-free, anisotropically shaped poylmer �lms and particles was achieved by
assessing the factors most in�uential for a successful imprint and by �nding a way to
drastically increase resist adhesion through mold surface treatment. The results of this
thesis can be either transferred to other patterns and materials directly, or used to
develop reasonable approaches to expand its applicability, some of which are already
suggested. The last step necessary for the fabrication of free, exchange biased polymer
particles has been identi�ed through AFM investigation as a modi�cation of the extrac-
tion method for the imprinted polymer �lm, a promising example of which has also been
provided.
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