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Chapter 1

Introduction

On May 16, 2018, the UNESCO celebrated the first International Day of Light
to raise awareness of the importance of light science and technology and
their impact on the global society. Although the human being is equipped
with a natural light sensor, it is not easy for us to perceive the extent to
which light-based technologies have penetrated so many aspects of our lives
and have led to countless advances in medicine, communications, energy,
and culture.

Sparked by the invention of the laser in the 1960s, light has also been
employed for processing of materials in an ever growing field of applications.
Today, laser are used for welding, cutting, drilling, and surface treatment
and have become important tools for industrial manufacturing. Moreover,
the advent of 3D printing using lasers might totally change the way we think
about materials processing in the future.

As laser beams can be focused very tightly, laser-based processing tech-
niques are often used for tasks that require very high precision. The perhaps
most impressive example for that is the progress of the semiconductor indus-
try. For decades, constantly improving the technology of optical lithography
has been enabling cost-effective mass production of high-precision micro-
electronic devices with ever smaller structure sizes. Following the famous
law of Gordon Moore [1], fabrication of microchips by optical lithography
has fueled the development of computers and information technology.

For many scientific applications, however, planar lithography techniques
are not sufficient anymore. Instead, recent advances in nanotechnology
require the possibility to create three-dimensional (3D) structures on the
micro- and nanoscale. 3D laser lithography, also known as Direct Laser
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1 introduction

Writing, has proved to meet that demand [2, 3]. In this technique, a tightly
focused laser beam is scanned through a transparent photoresist, inducing a
cross-linking reaction confined to the focal volume. In that way, almost arbi-
trary structures can be 3D printed with feature sizes and resolutions in the
sub-micrometer range. Since its invention about 20 years ago, the technique
has been improved and extended, and has found numerous applications
across many fields in science.

However, light cannot be focused to an arbitrarily small spot. Instead,
being a consequence of the wave nature of light, attainable feature sizes and
resolutions are fundamentally limited by diffraction. Not only lithography,
but all optical techniques are subject to this so-called diffraction limit that was
first formulated with regard to optical microscopy by Ernst Abbe in 1873 [4].
Only recently, this limitation could be overcome by using concepts of modern
physics. Stimulated-emission depletion (STED) microscopy extends regular
confocal microscopy by introducing a second laser beam with a special focus
shape that deactivates a portion of the excited fluorophores and thereby
confines fluorescence to a smaller volume [5]. By increasing the power of
the deactivation laser, the size of this volume can in principle be reduced as
needed. The inventor of this technique, Stefan Hell, was awarded with the
Nobel Prize for Chemistry in 2014.

The STED concept has also been transferred to optical lithography, in
particular to 3D laser lithography [6]. Therefore, the wavelength of light does
not impose a fundamental limit anymore, but ultimately only the size of the
molecules in the photoresist. In practice, however, the implementation of a
STED-inspired scheme is a considerable materials challenge. The photoresist
material has to fulfill several criteria. The most important one is that the
cross-linking reaction induced by one wavelength of light can be suppressed
by a second (different) wavelength. In other words, the reactivity of the
material has to be switchable by light.

The aim of this thesis is the investigation of two novel molecular photo-
switches suitable for STED-inspired laser lithography. The first photoswitch is
based on intermediate-state photoenols generated from methylbenzaldehy-
des. The second one is based on the photochromic compound spirothiopyran.
In both cases, the switching behavior is provided by photoisomerization
processes.
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Outline of This Thesis

In Chapter 2, I describe the fundamentals of 3D laser lithography necessary
for understanding the ensuing discussions. I discuss the requirements that
an adoption of the STED concept sets onto photoresist materials and review
previous approaches found in literature. Chapter 3 covers the experimental
methods used throughout this thesis, such as the lithography setup and the
sample preparation workflows. In Chapter 4, I present the molecular photo-
switch based on intermediate-state photoenols. The underlying chemistry,
experiments on sub-diffraction surface functionalization, and approaches
towards a photoresist capable of 3D structuring are described. In Chapter 5,
the molecular photoswitch based on spirothiopyran is introduced. After
reviewing the chemistry, I describe experiments on surface-functionalization.
Moreover, I present a photoresist that supports 3D structures and allows
for enhanced feature sizes and resolution by employing depletion. After
describing the two photoswitches individually, they are compared in Chap-
ter 6. I describe differences and common limitations and point out ways
for future improvements. Furthermore, I address future related fields of
research. Finally, I summarize and conclude my thesis in Chapter 7.
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2
Chapter 2

Fundamentals

excitation

depletion
excitation +

An artist’s impression of the resolution increase achieved using STED-inspired direct laser writing.

In this chapter, I give an introduction to 3D laser lithography and highlight a few
common aspects of typically employed photoresists. The resolution criteria and
limitations on resolution by optical diffraction are explained. The principle of STED
microscopy is presented that allows to overcome these limitations. I show that this
principle can be transferred to laser lithography and thereby introduce the concept of
a molecular photoswitch. Finally, several previous approaches towards implementing
a STED-inspired scheme for lithography are reviewed.
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2 fundamentals

2.1 3D Laser Lithography

3D laser lithography, also known as Direct Laser Writing (DLW)1 or two-pho-
ton polymerization, is a versatile technique that allows fabrication of almost
arbitrary 2D and 3D structures, realizing 3D printing on the micro- and
nanoscale [2, 3]. A laser beam is tightly focused into a photosensitive ma-
terial, the photoresist, where a physical or chemical reaction takes place
in the center of the laser focus, locally altering the solubility of the mate-
rial. The laser focus thereby acts as a “writing tip”. By moving the laser
beam relatively to the sample, arbitrary 3D structures can be written in a
serial manner. In case of negative-tone photoresists, the exposed parts are
solidified, typically by a network-forming chemical reaction. The unexposed
parts of the photoresist are removed in a development step (Figure 2.1). The
elementary writing volume obtained by a single point exposure is called
voxel. For positive-tone photoresists, the laser light induces a solubility
increase such that the exposed parts are dissolved during development and
the unexposed parts remain.

In contrast to industrial UV lithography, DLW is a very flexible maskless
technology as the patterns are defined only by software. Thus, it is very suit-
able for prototyping or individual fabrication with changing designs, where
high throughput is not a crucial requirement. While 2D laser writing systems
based on continuous-wave UV lasers had already been commercialized in
the 1980s, 3D laser lithography was invented in the late 1990s [7] with the
advent of cost-efficient commercial femtosecond-pulsed laser sources. Using
such ultrashort laser pulses is key for stepping from 2D to 3D structuring
as their high peak intensities allow excitation of the photoresists by two-
or multi-photon absorption. As I show below, such a nonlinear process is
necessary to allow for true 3D fabrication.

Typically, femtosecond-pulsed laser sources such as tunable titanium-sap-
phire oscillators or frequency-doubled erbium-doped fiber lasers are used,
emitting near-infrared pulses with pulse lengths around 100–150 fs. The
requirement of femtosecond pulses can be lifted for certain combinations
of materials and wavelengths, such that pico- or nanosecond-pulsed laser

1 Throughout this thesis, I use the terms 3D laser lithography and DLW synonymously.
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2.1 3d laser lithography

photoresist

laser beam

substrate

3D structure

 

development

voxel

Figure 2.1: The principle of Direct Laser Writing. A focused laser beam is
scanned through a liquid negative-tone photoresist, solidifying the material
by multi-photon-induced cross-linking at the coordinates of the desired
structure. The unexposed resist is removed during development, while
the written 3D structure remains. The elementary writing volume is called
voxel.

sources or even continuous-wave (cw) lasers have been employed for DLW
(see Section 2.1.2) [8–13]. Objective lenses with high numerical apertures,
often oil-immersion lenses, are used to achieve tight focusing conditions.
Constraints to maximum structure height given by the oil-immersion setup
can be lifted by dip-in DLW, where the objective lens is dipped into the
photoresist which thereby also serves as immersion medium [14]. For beam
scanning, piezo-actuated stages offer high precision at the cost of low speeds
limited to the range of 100 µm s−1. The use of beam scanners based on
galvanometric mirrors enabled in-plane fabrication speeds up to meters per
second [15]. Throughput is still low compared to other techniques because
the small exposed volume requires many passes of the laser beam to fill a
considerable area. A further increase in speed can be achieved by parallelized
writing using multiple laser foci generated by microlens arrays [16] or by
spatial light modulators [15, 17].

In the last two decades, DLW has developed from a lab curiosity into
an established fabrication method that has been commercialized by several
companies. While most users of this technique are still found in science and
research, applications in industry are in reach [18].
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2 fundamentals

2.1.1 Materials and Applications

The most common workhorse materials are negative-tone photoresists based
on multifunctional acrylate monomers containing a small amount of pho-
toinitiator. Upon multi-photon excitation, the initiator molecules decay into
radicals that initiate free-radical polymerization leading to formation of a
polymer network. The employed photoinitiators are usually sensitive to UV
light at wavelengths of 400 nm or below and were originally developed for
UV curing of resists for conventional g-line or i-line photolithography. It is
not guaranteed that the one-photon absorption spectra of such initiators can
be translated to two-photon absorption just by multiplying the wavelength
by two, however in practice, their π-conjugated systems can be efficiently
excited by multi-photon absorption at near-infrared wavelengths [19]. Re-
cently, studies have been performed on tailoring photoinitiator molecules
to yield higher two-photon cross sections, in part sparked by parallel ef-
forts in the development of dyes for two-photon microscopy [20, 21]. An
increased sensitivity reduces the exposure dose required for polymerization,
thus enabling higher writing speeds [22].

DLW has found a multitude of applications in various different fields, a
few of which I describe in the following. In the field of nanophotonics, three-
dimensional photonic crystals [27, 28], chiral materials [29, 30], or optical
metamaterials [31] have been realized. To achieve high refractive indices
at optical wavelengths, polymer structures can be coated by [32, 33], or
inverted into semiconductors or metals [34, 35]. DLW has been employed for
fabrication of microoptical elements [36] and allows to write complex optical
systems onto the tips of optical fibers [23]. Here, the high degree of freedom
in the structural design facilitates fabrication of microscale free-form optical
elements for imaging (Figure 2.2 a)) [37], light-guiding applications [38, 39],
or photonic wirebonding for optical interconnects (Figure 2.2 b)) [24]. Hybrid
inorganic-organic photoresists such as Ormocomp (micro resist technology)
or SZ2080 (FORTH) provide almost glass-like optical properties [40, 41]. To
lift the restriction of low throughput, direct-laser-written structures have
been employed as masters for molding replication processes [42]. Apart
from optical applications, the possibility of 3D printing almost arbitrary
structures opened up many new fields. Metamaterials with tailored mechan-
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2.1 3d laser lithography

a) b)

c) d)

Figure 2.2: Images of a few sample applications of DLW. a) Colored electron
micrograph of a microscopic multi-lens objective written onto the tip of an
optical fiber (adapted from [23] with permission). b) Electron micrograph
showing a photonic wirebond for optical interconnects between waveg-
uides on different substrates (adapted from [24] with permission). c) Light
microscope image of a 3D metamaterial that exhibits a sign-reversed Hall
coefficient (adapted from [25] with permission). d) Composite picture of live
cell attached to a two-component polymer cell scaffold for 3D-controlled
cell culture (adapted from [26] with permission).

ical [14, 43, 44], magnetic (Figure 2.2 c)) [25], or thermodynamic [45] response
functions have been realized, exhibiting extraordinary material properties.
There, the large ratio between writing field size (on the millimeter scale)
and minimum feature size (on the sub-micrometer scale) offered by 3D
laser lithography has been the key to recent advances. Using DLW, it was
possible to integrate 3D structures into microfluidic channels for creating
sieves, valves, or pumps on the microscale [46] or create externally driven
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2 fundamentals

micromachines [47]. Here, the epoxy photoresist SU-8 (Microchem) has
proved to yield high-aspect ratio structures.

While most of these applications were realized by using standard photore-
sists and, in some cases, additional material deposition steps, applications
in life sciences require more intricate photoresist materials. Employing
direct-laser-written scaffolds for cell cultivation has allowed to precisely
define the geometry of the extracellular environment and has been used to
study growth, adhesion, or migration of cells (Figure 2.2 d)) [48–51]. How-
ever, cells require the photoresists not only to be biocompatible but also to
offer characteristic distributions of biomolecules. This is usually realized
by either post-functionalization of cell scaffolds made of standard acrylate
resists [52, 53], employing hydrogels [54], or directly using the protein it-
self as a photoresist [55]. Many new material systems have recently been
developed to offer more flexibility with regard to post-functionalization or
biomodification [56].

Along these lines, the development of functional photoresists for 3D laser
lithography recently has become a very active field of research. In order
to achieve a conductive photoresist supporting 3D structuring, different
routes have been explored, e. g., simultaneous photoreduction of a metal salt
and polymerization of a photoresist as a support structure [57, 58]. Other
approaches rely on including conductive nanoparticles such as carbon nan-
otubes into the photoresist [59, 60], or aim for achieving semiconducting
conjugated polymer networks by DLW [61]. Nevertheless, an ideal and uni-
versally applicable photoresist with practically useful values of conductivity
is still elusive. Recent efforts towards cleavable photoresists have achieved
materials that can be cleaved by different chemical stimuli, some of which
are even potentially biocompatible, enabling removable support structures
or cell scaffolds [62–64]. The inclusion of liquid crystal elastomers into the
DLW process allows to incorporate liquid crystal layers into 3D structures
enabling light-triggered actuation of micrograbbers [65] or multilayer liquid
crystal phase modulators [66].
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2.1 3d laser lithography

2.1.2 Thresholding Behavior and Nonlinearity

The exposure dose profile D(~r) is a measure for the energy per area that is
deposited in the photoresist during exposure and is proportional to the time
integral over the laser beam intensity I,

D(~r) ∝
∫

texp

IN(~r, t)dt , (2.1)

with the exposure time texp and the order of nonlinearity N of the process.
Strictly speaking, only the electric field ~E is relevant for absorption processes
of dipole transitions and thus the squared modulus of the electric field, |~E|2
should be used here instead of I. However, as I ∝ |~E|2, I mostly stick to the
term intensity for sake of simplicity. Before I look into the nonlinearity, first
some general aspects connected to the writing process need to be described.

In negative-tone photoresists, the exposure dose usually relates linearly to
the cross-link density. Regardless of the nature of the microscopic chemical
reactions that lead to cross-linking, photoresists effectively accumulate the
exposure doses that they have seen. This is often paraphrased as the pho-
toresist possessing a “memory” [67]. For DLW, this means that subsequent
exposures of neighboring areas are not independent but contribute to each
other as the tails of the intensity distributions of the laser foci are added
to the dose as well.2 The consequence of this behavior are so-called prox-
imity effects, i. e., lines written closely to other structures become wider or
small gaps intended to be between two structures become closed [69]. The
microscopic origin depends on the employed material system. For acrylate
photoresists, the exposure dose defines a spatial distribution of radicals
that initiate polymerization. Partly polymerized material can be further
extended or incorporated into existing networks by polymerization initiated
by subsequent exposures. For photoresist based on cationic polymerization,
e. g. SU-8, the accumulated exposure dose profile translates into a spatial
distribution of photoacids that initiate polymerization when the resist is
heated after lithography.

2 This behavior is present in planar mask lithography, too, limiting the achievable resolu-
tion. Here, double-exposure techniques provide remedy although at the cost of higher
complexity [68].
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2 fundamentals

With increasing locally accumulated exposure dose, the cross-link density
increases and eventually a continuous network is formed. At some mate-
rial-specific degree of cross-linking, at the gelation point, the network is
rendered insoluble with respect to the development step of the DLW process.
The corresponding exposure dose is called threshold dose Dthr as only parts
of the photoresist that have accumulated a dose D ≥ Dthr remain after devel-
opment while the rest is washed away. In DLW, structures are often written
at a constant scan speed which can be thought of a constant exposure time
per voxel given by the quotient of beam width and scan speed. Thus, the
threshold dose usually translates to a fixed writing threshold intensity or
power.

Nonlinearity

As already mentioned above, fabrication of truly 3D structures requires a
nonlinear process, i. e., the value of N in Equation 2.1 needs to be larger
than 1 [70]. Intuitively, N can be understood as the number of photons
that need to be absorbed in a microscopic absorption process leading to
cross-linking, e. g., N = 2 for two-photon absorption. For demonstration, we
consider writing a large plane perpendicular to the optical axis z by scanning
the whole plane with the laser beam (Figure 2.3 a)). If we assume constant
exposure time and temporally constant intensity, the accumulated exposure
dose of a single point in the photoresist at an axial position z is given by the
integral

D(z) ∝
∞∫
−∞

∞∫
−∞

IN(x, y, z)dx dy . (2.2)

We compare two such points at different axial positions, z1 at the beam
waist and z2 at some distance. The different beam diameters3 at these points
lead to different intensities I1 and I2 as the laser power is distributed over
different areas A1 and A2. We assume that the absorption coefficient of the
photoresist is small and thus the laser power is constant along the optical
axis. For sake of simplicity, we approximate the lateral intensity distribution

3 Theoretically, the electric field spans an infinite space. In laser physics, the beam diameter
is usually defined as the 1/e2-width of the intensity distribution.
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2.1 3d laser lithography

a) b)
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Figure 2.3: a) Exposing a plane with a focused laser beam leads to dose
accumulation in all axial planes. b) Two points in the planes at z = z1 and
z = z2, respectively, acquire different doses D(z) depending on the order of
nonlinearity N.

with a rectangular function.4 As an example, we arbitrarily choose z2 such
that A2 = 2 · A1 and thus I2 = 1

2 I1. Solving the integral yields

D(z1) ∝ IN
1 · A1 (2.3)

D(z2) ∝ IN
2 · A2 =

(
1
2

I1

)N
· 2A1 =

(
1
2

)N−1

· D(z1) . (2.4)

Clearly, in case of a linear process with N = 1, both points accumulate
the same dose, i. e., achieve the same degree of cross-linking. This means
that not only the exposed plane at the beam waist is written but the whole
volume below and above the plane is cross-linked as well. This way, no 3D
structuring can be achieved. In case of N > 1, the plane at z1 receives a
larger dose. This allows for spatial confinement of the cross-linked volume if
the laser power is chosen such that the threshold dose is only exceeded in
the vicinity of z1. Figure 2.3 b) demonstrates this for the case of N = 2.

As already indicated above, the value of N is often determined by the
absorption mechanism. For one- or two-photon absorption, one finds N = 1

4 A more realistic treatment can be found in [71].
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or N = 2, respectively. The nonlinearity of a photopolymerization process
can be determined experimentally by different methods [12, 72, 73], one of
which is also used in this thesis (see Sections 4.3.2 and 5.4.1). In experiments,
one often finds non-integer numbers that can be interpreted as mixtures of
several processes with different nonlinearities [72]. Apart from absorption
processes, photoionization of initiator molecules can occur under certain
conditions and exhibits higher nonlinearities.

In this picture, it is interesting to look at the small but rising number
of publications that report on 3D laser lithography using cw laser sources,
some of which stem from our group [8, 9, 11, 12]. Clearly, the comparatively
low peak intensities of cw lasers should not allow for efficient two-photon
absorption if reasonable two-photon absorption cross-sections are assumed.
Instead, it has been assumed that the underlying process is one-photon
absorption with very low extinction coefficients such that most of the light
still reaches the focal position inside the photoresist material. In this case,
N = 1 in the framework presented above, i. e., D(~r) ∝ I(~r). The nonlinearity
is introduced during the process of polymerization that follows after initia-
tion, such that the cross-linking density ρ depends nonlinearly on the dose,
ρ(~r) ∝ DN(~r). However, a detailed analysis or spectroscopic proofs have
not been provided yet. It is also unclear how such chemical nonlinearities
influence cases where very clear two-photon processes are found. While
the nonlinearity is crucial for fabrication of 3D structures, it can have very
different origins.

2.1.3 Resolution Criteria

Important figures of merit for the performance of a lithography process are
the achievable feature size and the resolution. As these two quantities are of-
ten (wrongly) equated in literature, I would like to clarify their meaning. The
minimally achievable feature size is given by the spatial extent of the smallest
structure that can be fabricated. It corresponds to the size of a single voxel
written closely to the threshold. In practice, often the minimal linewidth is
specified as it can be measured more reliably than single voxels and is more
relevant for practical purposes. Theoretically, the feature size would not be
limited at all if the photoresist exhibited an infinitely sharp thresholding
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Figure 2.4: Calculations of achievable feature sizes using a focused Gaus-
sian-distributed laser beam with a FWHM of 295 nm at the beam waist.
The exposure dose profile D is related to the intensity distribution I by
D(x) ∝ IN(x). a) The feature size can be reduced by lowering the laser
intensity such that the peak exposure dose approaches the threshold dose
Dthr (here N = 2). b) A comparison between a linear process with N = 1
and a nonlinear process with N = 2 shows the feature size reduction with
increasing nonlinearity.

behavior. In that case, the feature size could be reduced arbitrarily by setting
the laser power closer to the threshold value (Figure 2.4). However, in real
systems, finite feature sizes are found. Microscopically, this can be traced
back to, e. g., diffusion effects [74], or statistical fluctuations [75, 76]. Typi-
cal values reported for DLW differ as different measurement methods and
geometries are employed. While record lateral linewidths in the sub-20 nm
range have been reported for rather artificial setups [77], a more conservative
range of 50–70 nm has typically been observed in functional 3D structures,
e. g., photonic crystals [15]. It should be noted that the use of a nonlinear
process with N > 1 leads to reduced feature sizes compared to one-photon
absorption at the same wavelength. The reason is that the spatial intensity
distribution I(~r) is taken to the power of N, reducing its width by a factor of√

N (Figure 2.4 b).
The notion of resolution specifies how closely to each other two such

features can be written. In contrast to feature size, this quantity is limited
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by diffraction. Here, it is instructive to first look at the resolution limit in
classical light microscopy as it was formulated by Ernst Abbe [4]. Abbe
considered a periodic grating with grating period a embedded in a medium
of refractive index n and illuminated in transmission by light of wavelength λ

(Figure 2.5). The grating diffracts the incident light into different diffraction
orders denoted by m ∈ Z under angles given by sin θ = mλ/a. In case of
illumination parallel to the optical axis, the zeroth order is thereby emitted
along the optical axis and all higher orders at increasing angles. In order
to resolve the grating, it is necessary to collect at least the zeroth and one
of the first orders inside the opening half angle α of the optical system,
posing a limit to the smallest resolvable grating period ax. In the extreme
case, the two first orders just enter at the edge of the entrance pupil. From
the drawing in Figure 2.5, it can be derived that the angular separation
between m = 1 and m = −1 corresponds to a spatial frequency bandwidth
of ∆kxy = |~k1 −~k−1| = 2k sin α with the wave vector k = 2πn/λ. This leads
to the famous Abbe condition

ax =
2π

∆kxy
=

λ

2n sin α
=

λ

2NA
, (2.5)

with the numerical aperture NA = n sin α. For the axial resolution limit, very
similar reasoning yields

az =
λ

∆kz
=

λ

n−
√

n2 −NA2
. (2.6)

Translated to lithography, these critical distances axy and az correspond to the
minimum distance possible between two features in case of parallel exposure
of the whole sample.5 A first consequence from these relations is that the
axial resolution is always at least a factor of 2 below the lateral resolution if
only one objective lens is used (implying α = 90° ⇒ NA = n). For typical
values used in this thesis, NA = 1.4 and n = 1.5, the ratio becomes 2.91. As
this fundamental resolution limit is a consequence of diffraction of light it is
also referred to as the diffraction limit.

5 In industrial deep-UV lithography, employing tilted illumination allowed to improve by a
factor of 2 by only using the zeroth and one first order [78].
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Figure 2.5: Scheme for the derivation of Abbe’s resolution formulas. A
grating with period a diffracts the transmitted light into different orders
with wave vectors~k0/±1 that are collected by the entrance pupil of an optical
system. The lateral and axial spatial frequency bandwidths ∆kx/z of the
collected light can be determined geometrically.

In 3D laser lithography, a natural choice for a definition of resolution
is Sparrow’s criterion which was originally applied for astronomical spec-
troscopes [79]. The idea here is that two features can still be resolved as
long as they are separated by a local exposure dose minimum. We consider
two consecutive point exposures separated by some distance a as shown in
Figure 2.6. In case of high-NA focusing, the intensity distribution has to be
calculated numerically, e. g., with the method described in Section A.1. How-
ever, we can reasonably approximate the intensity profile with a Gaussian
distribution. If a nonlinear process with N > 1 is employed the intensity
distribution has to be taken to the power of N. For the model calculation,
we assume a focused laser beam with a FWHM of 295 nm at the beam waist
(corresponding to the laser focus achieved for λ = 700 nm, also compare
to Figure 3.5) and N = 2. Because of the dose accumulation behavior of
the photoresist described above, the total exposure dose is given by the
sum of the two intensity profiles. The power can be adjusted such that the
dose in the local minimum is just below the threshold dose while being
above at the two maxima. In that case, we obtain two separated features
as exemplary shown for a = 220 nm in panels a) and c). If we reduce a
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further, the minimum disappears eventually and the two features can not
be resolved anymore. The critical distance at which this transition occurs
determines the resolution according to Sparrow. In the depicted case in
panels b) and d), the critical distance is a = 177 nm. As Fischer and Wegener
have demonstrated [6], the numerical determination of the resolution limit
according to Sparrow’s criterion can be approximated by modifying Abbe’s
formula (see Equation 2.5) as follows,

ax =
λ√

N · 2NA
and

az =
λ

√
N
(

n−
√

n2 −NA2
) .

(2.7)

The additional factor 1/
√

N thereby accounts for the improvement achieved
for higher nonlinearities. In the case of N = 1, the original formula is
recovered. Some example calculations for the setup (NA = 1.4, n = 1.5,
N = 2) and the main wavelengths used in this thesis are given in Table 2.1

Table 2.1: Theoretically achievable resolutions for
the setup and wavelengths used in this thesis.

λ (nm) ax (nm) az (nm) AR1

700 177 515 2.91
820 207 603 2.91

1 Aspect ratio of the voxel, az/ax

Note that the situation is very different in systems that do not exhibit a
thresholding mechanism. Here, the added exposure dose profile will directly
be translated into the photoresist without digitization. The resolution criteria
still apply but the achievable resolution only reflects in a modulation or
corrugation of the chemical reaction induced by the laser light and not in
separation of features. An example is the surface functionalization approach
presented in Section 4.2.

There are several possibilities to improve the resolution. Increasing the
order of nonlinearity N is not straight-forward in practice as absorption
processes of lower order have to be suppressed. Increasing the numerical
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Figure 2.6: Visualization of Sparrow’s resolution criterion for a focused
laser beam with λ = 700 nm in DLW. a) Exposure doses of two subsequent
point exposures at a distance of 220 nm add up. As the threshold dose is
not exceeded at the position of the local minimum, two separate features
are written. b) At the critical separation of 177 nm, the diffraction limit
according to Equation 2.7, the local minimum has disappeared and the two
features have merged. Panels c) and d) show false color plots of the exposure
dose in two dimensions. The laser intensity profiles are approximated as
Gaussian distributions and a nonlinear process with N = 2 is assumed.

aperture NA is limited by geometry and material constraints. At NA = 1.4,
the opening angle of the objective lens is already 69°. While relying on
commercial objective lenses, a considerable increase can only be achieved by
employing 4π-illumination systems at the cost of increased complexity and
decreased flexibility. Another way to improve the resolution is the reduc-
tion of the excitation wavelength λ. In industrial mask-based lithography,
decreasing the wavelength was the main driver of the huge advances in
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miniaturization of electronics in the last decades [78]. A number of publica-
tions demonstrated that this route is viable for DLW, too [9, 12, 15]. However,
the required instrumentation poses some limitations. Commercial high-NA
objective lenses are necessary to achieve a useful axial confinement but are
usually not transparent below 350 nm. 3D structuring close to the resolution
limit at deep-UV wavelengths is therefore still elusive. Further, generating
femtosecond laser pulses at such low wavelengths involves higher-order
nonlinear processes, e. g. third-harmonic generation, which increases equip-
ment costs and lowers the available laser powers. Therefore, it is desirable to
find a way to increase the resolution while staying in the visible wavelength
range.

2.2 Overcoming The Diffraction Limit

For more than a century, the diffraction limit was widely accepted as a
theoretical limit for optical microscopy. The development of improved
far-field imaging techniques such as confocal laser scanning microscopy,
multi-photon microscopy, or structured illumination microscopy allowed to
stretch this limit by up to a factor of 2 [80].

The diffraction limit could be broken with the advent of near-field imag-
ing techniques such as total internal reflection fluorescence microscopy or
scanning near-field optical microscopy. These methods are conceptually not
limited by diffraction as they probe the sample with evanescent fields. How-
ever, those techniques are limited to very thin samples or surfaces, making
them not universally applicable.

Only in the last 25 years, truly diffraction-unlimited far-field microscopy
techniques have emerged that have earned their inventors the Nobel prize
for chemistry in 2014. These techniques can be divided into two branches.
One is formed by stochastic localization microscopy, originally referred to
as STORM [81] or PALM [82], that relies on randomly switching a part of
the dye molecules on the sample from a non-fluorescent “off” state into a
fluorescent “on” state. The fluorescence image is recorded and all dyes are
switched back into the off state before a new random subset of the dyes is
switched on, and so forth. During post-processing, the location of individual
emitting molecules can be retrieved from calculating the centroids of the
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blurred spots in the fluorescence image. The precision of this localization
procedure can be arbitrarily improved by increasing the number of imaging
cycles. The second branch comprises stimulated-emission depletion (STED)
microscopy which I describe in detail in the next section.

2.2.1 The Principle of STED Microscopy

STED microscopy was first proposed by Hell and Wichmann in 1994 [5]
and soon extended and improved [83], until sub-diffraction resolution was
demonstrated experimentally [84]. Ever since, the technique has found
numerous applications, especially in the field of life sciences. In regular laser
scanning confocal microscopy, fluorophores are excited from their ground
state S0 into their first excited singlet state S1 (Figure 2.7 a)). The fluorophores
decay back into S0 emitting fluorescence photons. As the excitation take place
everywhere within the focal volume of the excitation laser, the resolution
of the resulting fluorescence image is diffraction-limited. The idea of STED
microscopy involves a second laser beam with a wavelength fitting to the
energy gap between S1 and a higher vibronic sideband of the S0 manifold,
S∗0 . The second laser beam will cause the molecules in S1 to transit into
S∗0 by stimulated emission. Thus, the population of fluorophores in the S1

state is decreased, hence this second laser beam is called depletion beam.
The molecules thereby cannot contribute to the fluorescence signal which
can be spectrally separated from the stimulated emission signal. Thus, the
fluorescence is effectively suppressed, i. e., switched off, by the depletion laser
light. The depletion laser is employed in a special focus shape that features
a point, line, or plane where the ~E-field has a zero crossing, i. e., the intensity
touches zero. This special point is overlaid with the intensity maximum of
the excitation laser beam (Figure 2.7 b)). By increasing the depletion laser
power, the fluorescence can be suppressed everywhere in the vicinity of this
special point, confining the volume in which fluorescence takes place. As
the two foci are scanned over the sample, an image with sub-diffraction
resolution can be obtained. Obviously, it is important that the switching
of the fluorophores is reversible, as each molecule needs to be excited and
depleted many times while the laser beams scans over its position.
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Figure 2.7: a) Jablonski diagram for a fluorescent dye molecule in STED
microscopy. The dye is excited into the S1 manifold by absorption of UV
light, leading to fluorescence back into S0. By stimulated emission induced
by visible light, the S1 can be depopulated, suppressing fluorescence. b)
Combination of a Gaussian excitation focus and a depletion focus featuring
a point of zero intensity in its center, the effectively fluorescent spot can be
reduced.

The Molecular Photoswitch

While the originally proposed approach relies on stimulated emission for
suppressing the fluorescence, the scheme was soon extended to other mech-
anisms [85]. For example, switching off the fluorescence by the depletion
laser light could also be realized by bringing fluorophores into metastable
dark triplet states [86] or photoisomerization between bistable fluorescent
dyes [87, 88] or proteins [89–92]. Common to all these approaches is that the
on-off transition is reversible, saturable and induced by a one-photon pro-
cess [93]. Any mechanism fulfilling these criteria is referred to as a molecular
photoswitch. In literature, this more general concept is sometimes referred
to as reversible saturable optical linear fluorescence transition (RESOLFT),
however not unambiguously. For the sake of simplicity, I refer to all of
these mechanisms by the term STED-inspired microscopy in the following
although the underlying mechanism does not necessarily have to involve
stimulated-emission depletion.

In order to quantitatively assess the potential resolution increase, the
concept is generalized [83, 94]. We assume the molecular photoswitch
possesses two states, a non-fluorescent state A and a fluorescent state B.
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A B
kAB(x)

(dark) (fluorescent)kBA(x)

The transition A→B proceeds with a spatially varying rate kAB(x) =

αIexc(x), proportional to the excitation laser intensity distribution Iexc(x).
The reverse transition B→A is driven by the depletion laser with intensity
distribution Idepl(x) and proceeds with a rate kBA(x) = βIdepl(x). α and β

denote proportionality factors. An initial excitation pulse brings a part of the
molecules into state B such that the population NB(x) ∝ Iexc(x). After that, a
depletion pulse of duration τ follows, leading to an exponential decrease of
NB(x) by a factor of η(x) = exp(−Idepl(x)/IS), with the saturation intensity
IS = (βτ)−1. The fluorescence probability is proportional to the remain-
ing population of B, NB(x) ∝ Iexc(x) · η(x). For the excitation intensity, we
assume a Gaussian distribution of width σ, Iexc(x) = Iexc exp(−x2/(2σ2)).
In the vicinity of the minimum, the depletion beam shape can be approx-
imated with a parabola, Idepl(x) = Ideplax2, where a denotes the steepness
of the minimum. For the fluorescence probability, we find again a Gaussian
distribution

NB(x) ∝ exp
(
− x2

2σ′2

)
, (2.8)

with a modified width

σ′ =
σ√

1 + 2aσ2 Idepl/IS

. (2.9)

Thus, for high depletion powers Idepl � IS, the fluorescence is confined to a
volume proportional to 1/

√
aIdepl. The improvement in resolution obtained

by the STED scheme can be formulated in terms of a modified version of
Abbe’s resolution criterion (Equation 2.5) [95],

ax '
λ

2NA
√

1 + Idepl/IS

. (2.10)

As the depletion laser power can in theory be arbitrarily increased, the
resolution is not limited by diffraction anymore but ultimately only by
the size of the fluorescent molecules. Experimentally, the highest lateral
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resolution achieved so far with STED-inspired microscopy was 6 nm at an
excitation wavelength of 532 nm and a depletion wavelength of 775 nm [96].
The reasoning above subtly assumed that excitation and depletion light is
delivered in pulses. This is not a crucial requirement and in fact, STED-in-
spired microscopy with cw lasers for both excitation and depletion has been
demonstrated [80, 97]. The scaling laws derived herein still apply.

Creating Depletion Foci for STED Microscopy

Apart from the molecular photoswitch, the second important aspect of
STED-inspired microscopy is the generation of the depletion laser foci. De-
pending on the desired dimensionality of the depletion focus, i. e., whether
a fluorescence confinement should occur in one, two, or three dimensions,
several options are available [80]. The underlying principle is the same
for all approaches and involves destructive interference of different parts
of the focused laser beam in order to create a point, line, or plane of zero
intensity. Therefore, the wavefront of the laser beam needs to be modulated
accordingly.

Most commonly, transmission phase masks are used for this purpose.
By the thickness of the material and its refractive index, an optical path
difference between light propagating through air and through the phase
mask material can be introduced, defining a locally varying phase shift
on the wavefront. Different geometries and the corresponding laser foci
are depicted in Figure 2.8. The foci are calculated for a wavelength of
640 nm and NA = 1.4 by the method described in Section A.1. If one
half-space of the laser beam is phase shifted by π a plane of zero intensity is
created in the center of the focus (panel a)). This allows a one-dimensional
resolution improvement along the direction perpendicular to the plane.
Such a half-space phase mask is used within the experimental work of
this thesis and its properties are discussed in more detail in Section 3.2.2.
For two-dimensional fluorescence confinement, the depletion beam can be
equally split into two beams that are both led through half-space phase masks
that are rotated by 90° with respect to each other. Upon recombination of the
beams and focusing, a intensity distribution with the shape of a rectangular
ring can be achieved [98]. A more elegant way comprises the use of a vortex
phase mask which has a helically increasing thickness modulating the phase
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Figure 2.8: a) A 1D confinement can be achieved by using a half-space
phase mask. b) A vortex phase mask leads to a donut-shaped intensity
distribution in the focus with a line of zero intensity along the optical
axis. c) Using a disk phase mask leads to the so-called bottle-beam focus
with a point of zero intensity, allowing for 3D confinement. Laser foci are
calculated assuming a wavelength of 640 nm and NA = 1.4.

from 0 to 2π around the beam center (panel b)). The result is a donut-shaped
intensity distribution with a line of zero intensity along the optical axis in
its center. In order to create a three-dimensional confinement, the so-called
bottle beam focus is generated by a phase mask consisting of a central circle
that imposes a phase shift of π onto the central part of the beam (panel c)).
The size needs to be correctly matched to the diameters of the beam and the
objective lens pupil such that 50 % of the intensity pass through the mask.
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In case of an overfilled objective lens pupil, the disk diameter is 1/
√

2 of
the pupil diameter. However, the intensity in the donut-shaped ring in the
lateral plane is low compared to the axial maxima. Therefore, this phase
mask has been combined with aforementioned vortex phase mask, again by
splitting into two depletion beams [94].

Spatial light modulators based on polarization-sensitive liquid crystals
are usually operating in reflection and offer a freely programmable phase
pattern (within the limits of pixelation). Thus, it is possible to not only realize
different phase patterns with just a single device but also dynamically adapt
the phase pattern. This allows fine-tuning and correction of aberrations of
wavefronts. Furthermore, adaptive optics can enable imaging deeper into
scattering tissue [80]. Other approaches aim for increasing the stability of the
beam alignment by passing aligned excitation and depletion beams through
specially designed optical elements that only modulate the depletion beam
and leave the excitation beam unaltered, e. g., dual ramp phase filters [99] or
segmented birefringent waveplates [100].

2.2.2 From Microscopy to Lithography

Soon after the development of STED microscopy, it was proposed to transfer
the concept to laser lithography [93]. Out of all different lithography tech-
niques, DLW is a natural choice because of its similarity to STED microscopy
with regard to the illumination scheme and the required optical setup. Thus,
the concept of STED microscopy can be adopted without significant changes.
Importantly, the resolution increase in STED microscopy does not require
any post-processing of the image data (although e. g. deconvolution is used
in practice). It is obtained purely by means of optics and should therefore
be achievable in lithography, too. The first experimental demonstrations
STED-inspired lithography have been pioneered by the Fourkas group and
the McLeod group in 2009 [101, 102]. During the last decade, new suit-
able photoresist materials have been identified and the technique found its
first applications [6, 67, 103, 104]. Especially in the field of nanophotonics,
the obtained resolution increase allowed to scale many structures down
to exhibit extraordinary optical properties in the visible wavelength range.
However, the technique is still at an early stage. Interestingly, several reports
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on STED-inspired lithography do not rely on stimulated emission for writ-
ing inhibition but exploit different microscopic mechanisms that exhibit a
similar effective behavior. Therefore, before going into details on the mecha-
nisms and experimental results, I would like to review the requirements that
STED-inspired lithography imposes on photoresist materials.

A Molecular Photoswitch for STED-Inspired Lithography

In order to be suitable for lithographic applications, the scheme of a molecu-
lar photoswitch introduced above for microscopy needs to be adapted. The
off and on states of the chromophore no longer correspond to fluorescence
but to a change in chemical reactivity upon which a reaction can occur that,
in case of a negative-tone photoresist, leads to formation of a cross-link. The
chromophores, i. e., the molecules in the photoresists interacting with light,
should feature an unreactive state A (off) and a reactive state B (on) which
can transit into each other by absorption of different colors of light. The
transition A→B is assumed to proceed with a rate kAB that is a function of
the excitation intensity Iexc, e. g., kAB ∝ IN

exc, with the nonlinearity N (see Sec-
tion 2.1.2). For the reverse transition rate kBA, we assume linear dependence
on the depletion intensity, kBA = βIdepl, where β is a proportionality con-
stant. The state B is metastable and eventually, after its lifetime τ has passed,
induces a chemical cross-linking reaction during which the chromophore
is usually consumed. This is modeled by the irreversible conversion into
a third state C that proceeds with a rate kBC, independent of intensity or
location.

A B
kAB(x)

(unreactive) (reactive)

C

(cross-linked)
kBA(x)

kBC

Note that the molecular photoswitch does not necessarily have to be realized
by a single molecule but should rather be thought of as a local property of
the photoresist. As I will show in Section 2.3, there are examples in literature
where the switching behavior is distributed over different molecules. The
exposure dose D that the photoresist acquires is proportional to the number
of molecules that end up in state C. Therefore, the dose is proportional to
the probability that a single molecule reaches C, which is a product of the
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probabilities for the transitions A→B and B→C,

D ∝ pAB · pBC . (2.11)

The probability pAB can be assumed to be proportional to the excitation
intensity Iexc. The probability pBC is given by the ratio kBC/kBX, where
kBX and the combined rate of all transitions originating from state B. For
simplicity, we assume that all transitions besides the described ones possess
a negligible rate.6 Thus, kBX = kBA + kBC. Without any depletion laser, i. e.,
in regular single-beam DLW, pBC = 1 and we obtain an exposure dose D0. If
the depletion laser is switched on,

pBC =
kBC

kBA + kBC
=

1
1 + kBA/kBC

=
1

1 + γIdepl
, (2.12)

with the proportionality constant γ = β/kBC. Thus, the depletion effect leads
to an lowered effective exposure dose

Deff = D0 ·
1

1 + γIdepl
. (2.13)

We can plug in assumptions for the intensity distributions to find the
asymptotic behavior for large depletion powers. Close to the point of zero
intensity in the depletion beam, the excitation beam profile can be assumed to
be constant, while the depletion beam profile can be described as a parabolic
minimum, Idepl(x) = Ideplax2. From the condition that a certain threshold
exposure dose has to be exceeded for writing, one finds that the width ∆x of
the written volume follows

∆x ∝
1√

aIdepl
. (2.14)

The same scaling law for large depletion powers has already been found for
STED microscopy (compare Equation 2.9). For visualization, the expected
scaling of feature size and resolution is depicted in Figure 2.9 for laser foci
employed in the experimental part of this thesis. A nonlinearity of N = 2

6 In case of photoinitiators, fluorescence or non-radiative decays of the excited singlet state
can offer such an alternative transition.
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is assumed. Panels a) and b) show the dependence of the feature size of an
individual point exposure on the depletion laser power. The feature size
quickly decreases with rising depletion power as a result of the deviation
from the Gaussian intensity distribution. The critical distance according to
Sparrow’s criterion is determined by placing two such point exposures next to
each other and iteratively decreasing the distance until, at the critical distance,
the local minimum in the combined exposure dose profile disappears (see
Section 2.1.3). As argued above, the individual exposure doses can simply be
added because of the “memory” of the photoresist. Panel c) shows the dose
profiles for zero and a finite depletion power. In the first case, the critical
distance is 177 nm, as already determined in Figure 2.6. For a depletion laser
power of 3γ−1, the resolvable distance is considerably reduced to 58 nm. As
depicted in panels b) and d), the curves for both figures merit become flatter
with increasing depletion laser power.

Time Constants Matter

As a rule of thumb, one can expect a 10-fold increase in resolution for a
100-fold increase in depletion power due to the inverse square root scaling.
With the same increase, possible parasitic writing by one- or two-photon
absorption of the depletion laser beam due to residual absorption would
increase by a factor of 100 or 10000, respectively. In other words, the rate kAB

can have a contribution proportional to the depletion intensity (or powers
thereof) as well. To avoid such unwanted parasitic writing processes, it is
highly desirable that the lifetime of the B state, τ = k−1

BC is very long. In
this way, only low depletion laser powers are necessary to achieve efficient
photoswitching.

On the other hand, very large lifetimes impose limits on the feasible writ-
ing speed [6]. If a donut-shaped depletion focus is used to write thin lines,
the time window for depletion τ for one voxel needs to be closed before
the adjacent voxel can be exposed. Otherwise the crest of the tailing part
of the depletion focus would decrease the exposure dose again. There-
fore, the ideal lifetime range is a trade-off. For example, if voxel sizes of
d = 10 nm are aimed for and τ = 1 ms, the writing speed v is limited to
v ≤ d/τ = 10 µm s−1. For comparison, the fastest commercially available
systems for regular 3D laser lithography offer writing speeds up to 10 cm s−1,
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Figure 2.9: Anticipated scaling of feature size and resolution in STED-in-
spired DLW. Calculations are based on excitation (λ = 700 nm) and de-
pletion (λ = 440 nm) foci used in the experimental part of this thesis (see
Figure 3.5) and assume a nonlinearity of N = 2. a) With increasing de-
pletion laser power the dose profile deviates from the originally Gaussian
shape and reduces in width. The feature size is determined by the width
of the above-threshold part of the profile. b) Plot of feature size versus
depletion intensity. c) The resolution according to Sparrow’s criterion is
determined numerically by the critical distance between two consecutive
point exposures for which the local minimum in the dose profile disappears.
d) Dependency of the critical distance on the depletion intensity.
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at feature sizes of ≈ 100 nm, with further increases expected in the near
future. However, for real-world applications, very high fabrication precision
requiring sub-diffraction resolution is often only needed in some parts of
the structures while the bulk can be written with only the excitation beam.
Therefore, lower writing speeds for highest precision can be tolerated to
some extent.

2.3 Depletion Mechanisms

The technical and optical aspects necessary for STED-inspired lithography
can be directly transferred from STED microscopy, e. g., the depletion foci can
be generated in the same way. The main challenge in adopting a STED-in-
spired scheme for lithography is to identify suitable materials that offer
a molecular photoswitch that allows for optically induced writing inhibi-
tion [105]. In literature, several approaches have been reported that are
based on acrylate photoresists that cross-link via free-radical polymerization,
i. e., the standard photoresists used in DLW. In the following, I briefly re-
view these approaches. For a more extensive treatment, refer to reviews in
literature [6, 103] or textbook chapters [67, 104].

2.3.1 Depletion by Stimulated Emission

In standard DLW photoresists, a photoinitiator molecule is excited from
the ground state S0 into the first excited singlet state S1 by multi-photon
absorption (Figure 2.10 a)). After typically 0.1–4 ns [5], it is likely to undergo
intersystem crossing into the lowest triplet state T1. The triplet lifetime
varies between different species and ranges from 0.1 ns [106] up to microsec-
onds [107]. From there, the molecule cleaves into radicals that subsequently
initiate free-radical polymerization of acrylic monomers. This scheme is
very similar to the activation of fluorophores in microscopy (Figure 2.7) and
therefore would suggest that one generally can suppress radical generation
by stimulated emission. However, many typically employed photoinitiators
do not work in this regard [101, 105]. The reason is that these photoinitiators
have unfavorably short S1 lifetimes of around 100 ps [101] which makes
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depletion by stimulated emission very inefficient. This cannot simply be
countered by increasing the depletion laser power because increased parasitic
effects avert effective inhibition [6]. So far, only one family of photoinitiators,
7-diethylamino-3-thenoylcoumarines (DETC), has been reported to support
deactivation by stimulated emission. Here, the S1 lifetime in acrylic monomer
is about 1 ns as determined by pump-probe experiments [106]. DETC can
be excited via multi-photon absorption at 800 nm and can be depleted by
stimulated emission at 532 nm [106, 108].
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Figure 2.10: a) Jablonski scheme showing the typical initiation and
cross-linking process of a radical photoinitiator. By using stimulated emis-
sion, the S1 manifold can be depleted before intersystem crossing (ISC)
into the triplet state occurs (adapted from [6] with permission). b) Lateral
resolution improvement achieved by STED DLW in comparison to regular
DLW (adapted from [109] with permission). c) Gold triple helices fabricated
by inverting shell structures written by STED DLW (adpated from [110]
with permission).

Using DETC-based photoresists, 3D structures were fabricated with res-
olution below the diffraction limit in both lateral and axial directions (Fig-
ure 2.10 b)) [109, 111]. Current state-of-the-art lateral feature size and
resolution are 55 nm and 120 nm, respectively [111]. In the same work, the
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smallest axial feature size measured on a suspended line was 53 nm. Apart
from demonstration experiments, a number of applications has been enabled
by STED lithography based on DETC, many in the field of nanophoton-
ics. Woodpile photonic crystal structures were fabricated with lateral rod
distances down to 175 nm (corresponding to an axial resolution of 375 nm)
exhibiting pronounced optical stop bands in the visible spectrum [109]. By
a double-inversion process, such structures were transferred into titania,
yielding photonic crystals with a complete 3D bandgap in the visible wave-
length range [35]. Further, carpet invisibility cloaks [112] and different helical
metamaterials were fabricated (Figure 2.10 c)) [110, 113, 114]. In all these
publications, the results were mainly enabled by the improvement in axial
resolution gained by STED lithography. Recently, functional photoresist
formulations based on DETC that allow for sub-diffraction structuring was
demonstrated. By including metal oxo clusters [115] or acrylate monomers
carrying functional moieties into the photoresist [116], orthogonal post-
functionalization of composite sub-diffraction-sized 3D structures has been
enabled, e. g., for applications in biomedical research. Other approaches aim
for post-modification of structures made of pure acrylate [117] or parallel
reduction of metal salts [118].

At high depletion laser powers, parasitic writing by the depletion laser
poses a limitation to the performance of DETC-based photoresists. Unfor-
tunately, reducing the pulse repetition rate or adding coinitiators to the
photoresist does not provide a remedy [119].

2.3.2 Depletion by Excited-State Absorption

For some photointiators, the pathway towards radical generation can be
interrupted by excited-state absorption from the lowest triplet state T1 into
higher triplet states (Figure 2.11 a)). From there, the molecules undergo
reverse intersystem crossing leading to non-radiative decay back into the
S0 ground state or formation of a non-reactive species, evading radical
formation. This mechanism was used in one of the first experimental demon-
strations of STED-inspired DLW, based on malachite green carbinol base
(MGCB) as photoinitiator [101]. Pulsed two-photon excitation and one-pho-
ton depletion were both at 800 nm. Using a bottle-beam depletion focus, the
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voxel aspect ratio was decreased to from > 3 to 0.5 and the smallest lateral
feature size was measured to be 40 nm (Figure 2.11 c)). Other authors used
the photoinitiator isopropyl thioxanthone (ITX) and proved sub-diffraction
patterning using a depletion wavelength of 532 nm (Figure 2.11 b)) [105].
Originally, it was assumed that depletion for ITX takes place via stimulated
emission, however later studies of transient absorption spectra showed that
excited-state absorption is prevalent [108]. Interestingly, the triplet state of
the photoinitiator DETC can also be depleted by excited-state absorption
at 642 nm, although the details of the deactivation mechanism are not clear
yet [107, 120].

MGCB exhibits very long triplet lifetimes on the order of milliseconds and
does therefore not allow high writing speeds in combination with 2D or 3D
confinement. ITX performs better in this regard with triplet lifetimes on the
order of microseconds [107]. Recently, an ITX-based photoresist suitable for
STED-inspired DLW was doped with fluorescent dyes, allowing for inspec-
tion of the resulting nanoscopic structures with STED microscopy [121].

2.3.3 Photoinhibitor Lithography

In contrast to the approaches presented above, here, the photoinitiator is not
affected by the depletion laser at all. Instead, inhibitor molecules are added
to the photoresist that can be activated by one-photon absorption of the
depletion laser light (Figure 2.12 a)). Once activated, these molecules cleave
into weakly reactive radicals leading to chain termination or scavenging of
radicals. Thus, the polymerization process is inhibited. In literature, first
one-photon absorption was reported for the excitation of the photoinitia-
tor [102, 122]. Later, two-photon excitation with pulsed laser sources was
employed [123]. The photoinhibitor that has been used in most reports is
tetraethylthiuram disulfide. Using this technique, feature sizes down to
40 nm were reported for isolated dots and linewidths down to 130 nm for
individual isolated lines (Figure 2.12 b)) [122]. If written in the vicinity
of large previously exposed structures, linewidths were reduced down to
10 nm and still resolved in a distance of 52 nm [123]. However, these extreme
results have to be taken with a grain of salt as useful applications have
not been demonstrated yet. Furthermore, in the regime of sub-threshold
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Figure 2.11: a) Scheme showing the depletion of intermediate states by
excited-state absorption, suppressing polymerization (adapted from [6]
with permission). b) Linewidth enhancement achieved by STED-inspired
DLW using the photoinitiator ITX. Subpanel depletion laser powers range
from 0 to 80 mW a)–d) and up to 270 mW e)–f) (adapted from [105] with
permission). c) Towers with rings fabricated without (J) and with (K) the
depletion laser switched on demonstrate the axial feature size improvement
using the photoinitiator MGCB (adpated from [101] with permission.)

exposures in the vicinity of existing structures, similar results were reported
for regular DLW without any depletion beam [77]. A conceptual draw-
back of this approach is the irreversible consumption of the photoinhibitor
molecules. Especially when writing dense patterns, the depletion effect
could be less efficient if the density of photoinhibitor molecules decreases.
Further, diffusion of molecules and radicals might pose major limitations to
this technique [124]. Nevertheless, the achieved resolution increase allowed
for fabrication of gyroid structures mimicking naturally grown patterns in
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Figure 2.12: a) Scheme of Photoinhibitor lithography. Photoactivated in-
hibitor generates radicals that interrupt the radical polymerization (adapted
from [6] with permission). b) Linewidth enhancement achieved by using this
technique. Depletion laser powers range from 0 to 2 µW in subpanels (b)–(e)
(adapted from [122] with permission). c) Gyroid structures fabricated by
photoinhibitor lithography replicate structures found in butterfly wings
(adpated from [125] with permission).

the wings of butterflies (Figure 2.12 c)) [125].

2.3.4 Other Approaches for Super-Resolution Lithography

Apart from STED-inspired approaches, a number of different schemes have
been proposed and realized to achieve sub-diffraction resolution in optical
lithography. These concepts rely on manipulating the optical near field
close to the photoresist and are limited to planar structuring. For example,
Menon and coworkers introduced absorbance-modulation optical lithogra-
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phy (AMOL) [126]. Here, a thin film of a photochromic material is deposited
on top of a photoresist layer. The photochromic material is initially opaque
and switches into a transparent state and under exposure to a wavelength
λ1 which is also used to expose the photoresist underneath. By a second
wavelength λ2, the material is driven back into the opaque state. Similar
to the concept of STED microscopy, overlaying a intensity peak of λ1 with
a minimum between two peaks of λ2 leads to a lateral confinement of the
transmittance window for λ1. This concept has been demonstrated exper-
imentally for interference lithography, where feature sizes of 30 nm have
been achieved [127]. Sub-diffraction resolution can thereby be achieved by
consecutive exposure steps with spatially shifted wave patterns [128]. The
development of AMOL has been mainly driven by the original inventors
and has led to a number of advances [129]. For example, it was possible
to leave the photoresist layer away by using the photochromic layer itself
as the photoresist [130]. However, AMOL is conceptually limited to planar
surfaces.

A different avenue was opened up by developments in transformation
optics in metamaterials that allowed to achieve extraordinary material prop-
erties such as negative indices of refraction. Sparked by the theoretical
proposal of the perfect lens [131], various designs for such hyperlenses or
metalenses have emerged, that can achieve focusing that is not limited by
diffraction [132]. Generally, the idea is to create efficient coupling of evanes-
cent modes in the near-field to propagating far-field modes. An application
in lithography is prospected and first experimental results have been recently
reported [133, 134]. However, the concept is limited to planar structures
and is still far from meaningful applications. Further, hyperlenses comprise
complex multi-material architectures that need to be fabricated directly on
top of the photoresist, which makes the lithography process extremely more
complex.

2.3.5 On the Work in this Thesis

In conclusion, the search for efficient molecular photoswitches for STED-in-
spired laser lithography is not over yet and provides significant challenges
to both physics and chemistry [56]. Especially the constraints in terms of
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reversibility and time constants rule out many prospective materials. All
mechanisms presented in the previous section are based on photoresists that
cross-link via free-radical polymerization. These photoresists exhibit good
writing performance and high resolution and are the well-known workhorse
resists in DLW. However, the depletion mechanisms have to compete with the
fast dissociation process of the photoinitiator molecules. Further, the voxel
size is only in part determined by optics as the polymerization proceeds fast
and freely after initiation (see Section 2.1.3).7

Instead of free-radical polymerization, direct photocontrol of the individ-
ual cross-link formation provides an interesting avenue. If each cross-link
is formed upon an individual absorption process, the network formation
is expected to follow step-growth dynamics which is slower and reaches
higher conversions than radical-induced chain growth [135]. Thus, it can be
expected that the cross-linked volume more precisely follows the optically
applied exposure dose distribution.

In this thesis, I present two novel materials that can act as molecular pho-
toswitches for STED-inspired laser lithography, namely intermediate-state
photoenols generated from methylbenzaldehyde and photochromic spiro-
thiopyran. They can be excited by nonlinear multi-photon absorption and
form networks by step-growth cross-linking. In both cases, photoisomeriza-
tion between a reactive and a non-reactive state constitutes the switching
behavior necessary for efficient depletion. During switching, the molecules
undergo electronic rearrangement and form chemically distinct intermedi-
ates that have comparatively long lifetimes in the range of microseconds,
leading to low requirements on depletion laser powers.

7 Photoinhibitor lithography tackles this issue to some extent.

42



3
Chapter 3

Experimental Methods

A few of the many parts that compose the lithography setup.

In this chapter, I describe the laser lithography setup used for sample fabrication
in this thesis. The methods for generation and characterization of the laser foci
are explained. Moreover, I describe the general workflows for sample processing
and characterization for two different experimental approaches taken in this thesis:
surface functionalization and 3D laser lithography.
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3.1 Laser Lithography Setup

For all DLW experiments reported throughout this thesis, a custom-built
laser lithography setup was employed. It was originally built by Joachim
Fischer and was used in previous work of our group [72, 119, 136]. To match
the requirements for the photoresist investigated in this work, the setup was
modified. A scheme of the setup is depicted in Figure 3.1.

The main laser source is a tuneable titanium-sapphire oscillator (Chameleon
Ultra II, Coherent) delivering pulses with a duration of 150 fs and a repetition
rate of 80 MHz, used for excitation of the chromophores in the photoresist.
The wavelength was usually tuned to 700 nm for experiments with the pho-
toenol system based on the methylbenzaldehyde chromophore (see Chap-
ter 4) or to 820 nm for experiments with the spirothiopyran chromophore
(see Chapter 5). The laser beam is attenuated using a λ/2-waveplate and
a polarizer (not depicted). In order to modulate the laser power, the beam
is passed through an acousto-optic modulator (AOM) (MTS40-A3-750.850,
AA Opto Electronic). The first diffraction order is used for DLW, while the
zeroth order is removed from the optical path. The beam is then expanded
by a Kepler telescope to match the beam width with the back aperture of the
objective lens. A motorized mirror allows for computer-controlled precise
and automated adjustment of the beam angle and thus of the lateral focus
position in the focal plane. Depending on the photoswitch material to be
investigated, one of two different depletion laser sources can be used:

Photoenol photoswitch. A continuous-wave diode laser at 440 nm (LD-
H-D-C-440, Picoquant) at a fixed power is passed through a telescope
to reduce the beam diameter and a polarizer. The laser power is
modulated by an AOM (MT80-A1,5-400.442, AA Opto Electronic) be-
fore the laser is coupled into a polarization-maintaining fiber (PMC
400Si-2.3-NA014-3-APC-300P, Schäfter & Kirchhoff).

Spirothiopyran photoswitch. A continuous-wave diode laser at 640 nm
(iBeam smart PT 640, Toptica) is used. It allows for external analog
modulation of the laser output power. The laser features a fixed laser
coupling into a polarization-maintaining fiber.
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Figure 3.1: Scheme of the employed setup for laser lithography. As deple-
tion laser source, either a 440 nm diode laser is used for lithography using
photoenol-based materials (depicted case) or a 640 nm diode laser is used
for the spirothiopyran chromophore. Instead of a phase mask (depicted
case), a partially closed aperture can be introduced into the depletion beam.

The depletion laser light is coupled out using a beam collimator (60FC-L-4-
M30-01, Schäfter & Kirchhoff) and passes an additional polarizer for po-
larization clean-up. At this position, the depletion beam wavefront can be
altered by introducing a transmission phase mask, that imposes a spatially
variant phase shift. This leads to a depletion focus featuring a point, line,
or plane of zero intensity. Alternatively, a partially closed aperture can be
introduced to widen the depletion beam. The excitation and depletion beams
are combined using a dichroic beam splitter (zt 640 rdc, AHF) and both
beams pass through a 10R/90T beamsplitter (F21-032SG, AHF). To allow a
convenient measurement of the laser powers, the reflected portion of the
light is guided to a power meter. The transmitted light is focused by an

45



3 experimental methods

oil immersion objective lens with a numerical aperture of NA = 1.4 (HCX
PL APO 100×/1.4-0.7 OIL CS, Leica) that is aligned upwards in an invert-
ed-microscope fashion. Both laser beams are linearly polarized. The power
values specified throughout this thesis correspond to the power entering the
objective lens pupil.

A 2D piezo stage (P-734.2CD, Physik Instrumente) holds the sample and
allows for its relative lateral movement with respect to the fixed laser beam
foci within the scanning range of 100 µm × 100 µm. It is mounted onto a
motorized stage (P-M-686, Physik Instrumente) that enables coarse move-
ment. For movement along the optical axis, the objective lens is mounted
onto a vertical piezo actuator (P-733.ZCL, Physik Instrumente) with a range
of 100 µm. The lateral directions will be denoted by x and y, the axial di-
rection by z. The sample is illuminated by a LED at 660 nm in transmission
and can be monitored with a CCD camera (DCC1545-M, Thorlabs). The
setup is controlled by a PC using a custom-built software written in Matlab
(Mathworks). Two data acquisition interface cards (PCI-MIO-16XE-10 and
PCI-6731, National Instruments) provide the necessary digital and analog
input and output ports.

A common and sometimes challenging task (especially for novel photore-
sist mixtures) during lithography experiments is the identification of the
interface between substrate and photoresist. To simplify this task, an auto-
matic routine is implemented, where a laser diode at 675 nm (LPS-PM675-FC,
Thorlabs) is switched on while the sample is scanned axially. Initially, the
emitted light is linearly polarized which leads to reflection on a polar-
izing beam splitter. After this beam splitter, the light passes through a
λ/4-waveplate creating circularly polarized light that is focused onto the
sample. The light is reflected at the glass-photoresist interface, changing the
handedness of circular polarization traveling back through the beam path.
At the λ/4-waveplate, the light is converted back into linearly polarized
light with polarization now being perpendicular to the original orientation.
Thus, the light can pass through the polarizing beam splitter and is focused
through a pinhole onto a photodiode. To suppress noise and the influence
of ambient light, the diode laser is electronically chopped at 4 kHz and
the signal is recorded using a lock-in amplifier (SR830, Stanford Research
Systems). The z-position at which the reflectance signal peaks marks the
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position at which the laser focus hits the interface.

3.2 Generation and Characterization of Laser Foci

3.2.1 Measurement Method

A very important task in STED-inspired DLW is the adjustment of the two
laser foci. Also, it is crucial that both beams are precisely overlaid. An
appropriate measurement technique is necessary to be able to characterize
the intensity distributions of the laser foci, i. e., their point-spread functions.
Therefore, subwavelength-sized gold nanoparticles are scanned through the
foci and the back-scattered signal is recorded (Figure 3.2).

For preparation of the measurement sample, a dispersion of gold beads
with an average size of 100 nm was dropcasted onto a plasma-activated cover
glass. In order to reduce unwanted background signal by Fresnel reflections
from the glass-air interface, the sample was covered with a layer of the
photoresist Ormocomp (micro resist technology) with a thickness of 20 µm
that was cured by UV light. The refractive indices of cured Ormocomp and
the glass substrate match very well. To suppress Fresnel reflections from the
resist-air interface, a droplet of immersion oil was placed on top.

While scanning the focal volume with a single gold bead, the laser beams
are electronically chopped with a frequency of 4 kHz. This is achieved
either by modulating the AOMs or, in case of the 640 nm diode laser, by
directly modulating the diode current. A part of the backscattered light is
reflected when passing the 10R/90T beamsplitter and collected by a lens
which couples the light into a multimode fiber with a core diameter of 50 µm.
The fiber is connected to an avalanche photodiode (APD) (a-Cube S500-01-FC,
Laser Components). The signal is extracted by the lock-in amplifier and
recorded with the PC. The point-spread function is reconstructed by software.
In order to measure both laser foci in parallel, the two laser beams are both
chopped with a duty cycle of 50 % and a relative phase shift of 90°. Thus,
both laser foci can be measured in one single pass by using the two channels
of the lock-in amplifier. This becomes especially important when overlaying
the beams, as small drifts of the gold beads between consecutive scans might
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Figure 3.2: Scheme of the laser focus measurement method. A gold bead is
scanned through the fixed laser beam. The back-scattered light is collected
by the objective lens and recorded on a photodiode. The gold beads are
encapsulated in a layer of cured index-matched photoresist to reduce Fresnel
reflections from the glass interface. The laser beam and the back-scattered
light have the same wavelength but are depicted in different colors for
clarity.

impair the results. By using the motorized mirror to shift the excitation
beam, the lateral offset between the two foci can be corrected automatically.

3.2.2 Half-Space Phase Mask

In Section 2.2.1, I have presented several means to create a special deple-
tion focus necessary for STED-inspired lithography. For the experiments
conducted in this work, half-space phase masks that work in transmission
were used exclusively. These phase masks impose a phase shift of π onto
one half-space of the depletion focus (Figure 3.3 a)). Thus, opposite parts of
the beam interfere destructively in the center of the focal plane creating a
focus that features a plane of zero intensity along one lateral and the axial
direction.1 Figure 3.3 shows results of theoretical calculations of the focal
intensity distribution (more precisely |~E(~r)|2) for this kind of focus. The
employed calculation method is explained in detail in Section A.1. The sim-
plicity of this phase mask allows for quick and easy phase mask fabrication

1 The resulting shape is also sometimes referred to as a “hotdog bun”.
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Figure 3.3: a) A transmission phase mask imposes a phase shift of π onto
one half-space of the laser beam (beam diameter depicted by dashed line).
The edge of the phase mask is parallel to the linear beam polarization.
b) Isointensity surfaces of the resulting laser focus calculated for the ideal
case depicted for 25 %, 50 %, and 75 % of the peak intensity. c), d) Line cuts
denoted by A and B indicate the area of zero intensity in the center of the
focus. The calculations assume a wavelength of 640 nm and NA = 1.4.

and a convenient beam adjustment that is feasible to be performed on a daily
basis. As a trade-off, the depletion is only effective in one lateral direction
perpendicular to the plane of zero intensity. While this is a limiting factor
for real-world applications, this depletion focus is sufficient to investigate
novel photoresist systems and molecular photoswitches as was done in this
work. Along the effective direction, feature sizes of less than 20 nm and
distances of less than 50 nm have been resolved using such a focus in STED
microscopy [95].
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Fabrication

The phase masks were fabricated by spin-coating a thin layer of SU-8-5
photoresist (Microchem) onto a plasma-activated cover glass. After prebaking
the sample on a hotplate at 90 ◦C, a mask that covered half of the sample
was carefully pressed onto the resist film. The sample was flood-exposed
with a UV lamp for 2 min and then post-baked at 90 ◦C for 1 min. During
the post-bake process, the exposed photoresist was cross-linked by cationic
polymerization. By developing in mr-Dev 600 (micro resist technology) and
blowing with nitrogen, the unexposed resist was removed and the desired
phase mask pattern was obtained. The thickness of the final phase mask
is determined by the spin speed. To achieve a phase shift of π or λ/2 in
terms of wavelength λ, the thickness d of the phase mask has to fulfill the
condition d = λ/(2 · (n− 1)). The refractive index n of the spin-coated film
is only known approximately as it depends on the degree of cross-linking
and thus on the exact exposure and baking conditions [137]. Therefore, a
number of phase masks with varying thicknesses was fabricated and tested
in the experimental setup to iteratively optimize the spin-coating parameters
towards the ideal thickness.

Alignment

When it comes to alignment of the half-space phase mask, there are a number
of degrees of freedom that have different influences on the laser beam focus.
Figure 3.4 shows aberrations caused by different types of misalignments
which are determined by theoretical calculations. First, the most critical
degree of freedom with respect to the intensity minimum is the lateral
placement (Figure 3.4 a)). Even a slight shift between the position of the
phase mask edge and the center of the collimated Gaussian beam disturbs
the destructive interference, leading to a non-zero residual intensity in the
center of the focus. In parallel, this leads to a relative shift of the two
intensity maxima along the axial direction. Second, the direction of the linear
polarization needs to be well aligned in parallel to the edge of the phase
mask. Contributions of the orthogonal polarization (or elliptically polarized
components) lead to non-zero intensity in the focus center (Figure 3.4 b)).
Interestingly, the thickness or the refractive index of the phase mask do
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Figure 3.4: Calculations for different cases of phase mask misalignment and
the resulting intensity distributions in the focus. a) A lateral shift of the
phase mask (10 % of the beam diameter in the depicted example) leads to
a distorted focus with finite residual intensity in the minimum. b) If the
polarization is oriented perpendicular to the phase mask edge, the residual
intensity in the minimum increases considerably. c) An error in phase mask
thickness, i. e., phase shift, results in unequal intensity maxima that are still
separated by a valley of zero intensity at a laterally shifted position. The
calculations assume a wavelength of 640 nm and NA = 1.4.
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not influence the minimum intensity (Figure 3.4 c)). Instead, a non-ideal
optical path difference leads to an asymmetry in the lateral direction. The
two intensity maxima end up with unequal peak intensities.

3.2.3 Laser Foci Employed in This Work

Depending on the employed photoswitch material and the purpose of the
experiment, different excitation and depletion laser foci were used for the
experiments presented this thesis. Generally, the excitation laser was always
employed in a diffraction-limited Gaussian focus. For some experiments,
the depletion laser was used in a Gaussian mode as well. In that case,
it was intentionally widened to match the width of the excitation beam
by introducing a partially closed aperture into the depletion beam path
(see Section 3.1). This scheme is referred to as global depletion and was
mainly employed for characterizing the depletion effects observed in the
different systems. The aperture was replaced by the half-space phase mask
mentioned above for experiments where a linewidth enhancement or a
resolution increase was intended to be investigated. The measured foci
employed for experiments on the methylbenzaldehyde chromophore (see
Chapter 4) with two-photon excitation at 700 nm and depletion at 440 nm are
shown in Figure 3.5. In experiments with the spirothiopyran chromophore
(see Chapter 5) using two-photon excitation at 820 nm and depletion at
640 nm, the foci depicted in Figure 3.6 were employed.

52



3.2 generation and characterization of laser foci

70
0 

n
m

44
0 

n
m

half-space
phase mask

without
mask

(widened)

y 
p

o
s.

 (
µ

m
)

x pos. (µm)

0

0.2

-0.2

0

0.2

-0.2

0

0.2

-0.2

0 0.2-0.2 0 0.2-0.2
x pos. (µm)

in
te

n
si

ty
 (

n
o

rm
.)

0.5

1

0

1

0

0.5

1

0

0.5

1

0

1

0 in
te

n
si

ty
 (

n
o

rm
.)

y 
p

o
s.

 (
µ

m
)

y 
p

o
s.

 (
µ

m
)

in
te

n
si

ty
 (

n
o

rm
.)

Figure 3.5: False-color plots of the laser focus point-spread functions used
for the photoenol system based on the methylbenzaldehyde chromophore,
measured by gold bead scattering experiments. Both laser beams can be
employed in a Gaussian shape, where the depletion laser at 440 nm is
intentionally slightly widened to match the beam width of the excitation
laser at 700 nm. The depletion laser can be modified by introducing a
half-space phase mask, imposing a line of zero intensity onto the focus.
Intensity profiles along the dashed lines are shown on the right, respectively.
Adapted from [138].
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Figure 3.6: False-color plots of the laser focus point-spread functions used
for the spirothiopyran chromophore measured by gold bead scattering
experiments. Both laser beams can be employed in a Gaussian shape, where
the depletion laser at 640 nm is intentionally slightly widened to match the
beam width of the excitation laser at 820 nm. The depletion laser can be
modified by introducing a half-space phase mask, imposing a line of zero
intensity onto the focus. Intensity profiles along the dashed lines are shown
on the right, respectively. Adapted from [139].
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3.3 Sample Processing Workflows

In the experimental part of this thesis, samples were processed according to
one of two different workflows. In this section, I describe these workflows in a
very general way. Depending on the investigated chromophore, the materials
and wavelengths differ and are described in detail in the corresponding
chapters.

3.3.1 Surface Functionalization

In this approach, the chromophores, either methylbenzaldehyde or spiro-
thiopyran, were fixed onto a glass surface, while a maleimide species was
supplied in solution. By 2D laser lithography, chromophores were excited
in areas defined by the exposed patterns and subsequently reacted with
maleimides, leading to spatially resolved surface functionalization. The
processing steps are depicted in Figure 3.7 and described in the following.

Silanization

A specifically synthesized silane species carrying the photoactive chro-
mophore was covalently bound onto the glass substrate via silanization
(Figure 3.7 a)). Therefore, a 1 mmol L−1 solution of the silane in anhydrous
toluene was prepared. A standard microscopy cover glass (22 mm × 22 mm,
170 µm thickness) was thoroughly cleaned and activated by oxygen plasma
treatment for 15 min, before being immersed into the silane solution. After
4 h, the substrate was immersed in toluene for 30 min, followed by rinsing
with acetone, isopropyl alcohol, and deionized water, and drying in a stream
of nitrogen.

2D Laser Lithography

The reaction partner for both investigated chromophores was a bromine-
carrying maleimide which was dissolved at a concentration of 1 mmol L−1

and added as a droplet resting on top of the sample during the laser lithog-
raphy step (Figure 3.7 b)). For the photoenol system, dimethylformamide
(DMF) was used as solvent, while dimethylsulfoxide (DMSO) was utilized
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Figure 3.7: Schematic workflow for surface functionalization by STED-in-
spired lithography. a) A plasma-activated glass sample is silanized by
immersion into a solution containing a silane moiety bearing the chro-
mophore. b) The sample is functionalized selectively by laser lithography.
In areas solely exposed to the excitation laser, the two-photon-activated
chromophores react with bromine-carrying maleimide derivatives. In con-
trast, the reaction is suppressed in areas that are simultaneously exposed to
the depletion light. c) Initiated by the bromine moiety, poly(ethylene glycol)
methyl ether methacrylate brushes are grown from the functionalized areas
by surface-initiated atom transfer polymerization (SI-ATRP). d) The sample
is characterized by atomic-force microscopy (AFM). Adapted from [138].

56



3.3 sample processing workflows

for the spirothiopyran chromophore. The solution was held in place by a
PDMS ring. Writing experiments were performed by scanning the sample
through the fixed laser foci while modulating the laser powers to excite
the chromophores. The maleimide moieties react with the photoactivated
chromophores by either Diels-Alder cycloaddition or thiol-Michael addition
(see Sections 4.2 or 5.2). Thus, in the areas that were exposed solely to the
excitation laser, bromine was covalently bound to the surface. In areas that
saw both excitation and depletion light simultaneously, the reaction was
suppressed as a portion of the photoreactive species was deactivated again
by the depletion laser. As a result, the substrate surface was functionalized
with an area density that spatially varied following the lithographically de-
fined patterns. After fabrication, samples were rinsed with DMF or DMSO,
respectively, followed by acetone, isopropyl alcohol, and deionized water,
and dried in a stream of nitrogen.

Surface-initiated Atom Transfer Radical Polymerization

After lithography, the bromine groups were used as initiators for grow-
ing polymer brushes by surface-initiated atom transfer radical polymer-
ization (SI-ATRP) [140] (Figure 3.7 c)). The polymerization thereby pro-
ceeds via controlled radical polymerization with a comparatively slow speed
as the dynamic equilibrium of the reaction is strongly shifted towards
a dormant species. The technique offers precise control over molecular
weight, dispersity, and composition of the grown polymer. In this work,
SI-ATRP was performed according to a previously reported procedure [141].
The samples were transfered into a reaction vial that was subsequently
flushed with nitrogen. A solution was prepared consisting of 2,2’-dipyri-
dine (435 mg), poly(ethylene glycol) methyl ether methacrylate (PEGMEMA,
8.5 g, Mn = 300 g mol−1, previously deinhibited by passing through a ba-
sic alumina column), CuBr2 (12.2 mg), and CuCl (80 mg) in water:methanol
(1 : 1 vol%). The solution was degassed by nitrogen bubbling for 1 h and
transferred into the reaction vial, starting the polymerization reaction by
heating to 60 ◦C. After 45 min, the samples were removed, thoroughly rinsed
with methanol, deionzed water, and DMF, and dried in a stream of nitrogen.
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Atomic Force Microscopy (AFM)

By growing polymer brushes by SI-ATRP, the surface functionalization was
rendered measurable by atomic force microscopy (AFM) (Figure 3.7 d)).
A compact AFM instrument (Easyscan 2, Nanosurf) was equipped with
precision cantilevers (PPP-NCLR, Nanosensors) with a tip radius of <7 nm.
The device was operated in intermittent contact mode. Feedback loop
parameters were individually adapted to optimize the images. The software
Gwyddion was used for post-processing the images, e. g., subtracting constant
z-offsets and correcting for sample tilt or scan field bow.

In principle, the functional group on the maleimide species can be chosen
arbitrarily, enabling different applications of the described surface function-
alization technique (not necessarily involving SI-ATRP and AFM). Some
examples are described in Section 4.2.2. However, for investigating diffrac-
tion-unlimited laser lithography, the procedure described above proved to
be most insightful. While surface functionalization is limited to creating 2D
structures on the substrate surface, there are two advantages concerning the
characterization of the depletion mechanism: First, the chromophores are
fixed on the surface which eliminates diffusion effects blurring the results.
Secondly, the photo-induced linkage is separated from the polymerization
(or more general, network formation). Therefore, it is possible to obtain a
clearer view on the behavior of the chromophore as compared to when both
processes take place simultaneously.

3.3.2 Writing of Negative-Tone 3D Photoresists

This approach resembles the standard process of DLW as described in
Section 2.1. Figure 3.8 schematically shows the processing steps. Here,
methacrylate copolymers were synthesized that bear the respective chro-
mophore as side groups. Again, details on the materials and the cross-linking
mechanisms are given in the corresponding sections. A solution containing
the copolymer was prepared, yielding a liquid photoresist. The photoresist
was applied onto a cleaned cover glass and inserted into the lithography
setup. The desired patterns were serially fabricated by scanning the sample
relative to the fixed foci. Volumes that were exposed to the excitation laser
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cross-linked
material
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Figure 3.8: Schematic view of the workflow for processing 3D photoresists.
Methacrylate copolymers bear the photoactive chromophores to be inves-
tigated as side groups. A liquid photoresist is prepared and applied onto
a glass substrate. The desired structures are written by laser lithography,
where cross-linking by the excitation laser can be suppressed by simulta-
neous exposure with the depletion laser (not depicted). After exposure,
the unexposed, still liquid photoresist is removed in a development step,
obtaining the cross-linked structures. Adapted from [139].

underwent cross-linking, i. e., were written. In contrast, cross-linking was
suppressed by the depletion effect in volumes that were simultaneously
exposed to both excitation and depletion laser. After exposure, the samples
were developed in toluene for 2–5 min (depending on the resist viscosity),
followed by immersion in isopropyl alcohol for 1 min, and blowing with
nitrogen. Written structures were typically inspected by light microscopy or
scanning electron microscopy.

Scanning Electron Microscopy (SEM)

Samples were glued onto a sample holder using conductive silver paste.
A thin layer of gold with a thickness of typically 5 nm was sputtered onto
the samples using a sputter coater (108auto, Cressington). The written
structures were inspected with an Ultra Plus SEM (Zeiss), typically using
an acceleration voltage of 5 kV and an aperture with a diameter of 20 µm.
For quasi-2D structures on the substrate surface, the in-lens detector was
employed. The secondary electron detector was used for oblique views on
3D structures.
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Chapter 4

The Photoenol

Molecular Photoswitch
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OH
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OR OH
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depletion
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linkage

Schematic view of the photoswitch introduced in this chapter.

In this chapter, a molecular photoswitch is introduced that is based on photoisomer-
ization of intermediate-state photoenols. The fundamentals of photoenol chemistry
and reaction pathways are reviewed. I describe an approach for spatially resolved
surface functionalization that allowed to achieve sub-diffraction resolution and to
obtain insights on the photoenol photoswitch. Moreover, I introduce a negative-tone
photoresist that is based on methacrylate copolymers and allowed for fabrication of
3D structures. Experiments on writing inhibition by depletion and its limitations
are discussed.
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4.1 Fundamentals of Photoenol Chemistry

The photochemical generation of highly reactive enol intermediates from
ortho-alkylphenylketones or -aldehydes, commonly referred to as photoeno-
lization [142], has proven to provide a versatile route to light-triggered chem-
ical ligation. Ortho-methylbenzaldehyde (o-MBA) chromophores have been
employed as photoremovable protecting groups, e. g. for the photorelease
of acids or alcohols [143, 144] and more recently also for readily generating
highly reactive ortho-quinodimethanes, which found numerous applica-
tions in polymer photochemistry [145]. The most utilized reaction pathway
here is Diels-Alder trapping, i. e., a [4 + 2] cycloaddition reaction with an
activated dienophile, which I describe in more detail below. The system
was utilized for the photochemical synthesis of polyimides [146] and block
copolymers [147, 148], the formation of conjugated polymer networks [61] as
well as spatially resolved surface functionalization [149].

In the context of multi-photon laser lithography, Diels-Alder trapping of
photoenols was employed for spatially resolved post-modification of the
surface of direct-laser written 3D structures [53] and orthogonal modification
of microscopic cell scaffolds [150], allowing for selective cell attachment [151]
for studies on manipulations of individual cells. In a different study, DNA
arrays bearing o-MBA chromophores were patterned onto maleimide-func-
tionalized surfaces, allowing for further encoding of fluorescent markers
or proteins [152]. By using different oligonucleotide sequences, orthogonal
surface functionalization was demonstrated by exploiting the high degree
of selectivity in DNA hybridization. Furthermore, Quick and coworkers
introduced a 3D-capable photoresist based on Diels-Alder cross-linking of a
small 4-arm molecule carrying o-MBA moieties and methacrylate copoly-
mers with maleimide functionalities as side groups [136]. It was possible to
further functionalize the fabricated 3D structures in a similar way to the cell
scaffolds mentioned above by using unreacted o-MBA moieties on the struc-
ture for immobilization of maleimides. A similar approach relied on using
reversible activation fragmentation chain transfer (RAFT) polymerization for
the synthesis of 4-arm star polymers bearing o-MBA chromophores [153]. In
combination with maleimide-carrying methacrylate copolymer, a photore-
sist was prepared that allowed for fabrication of 3D structures. Potentially,
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the high degree of flexibility in RAFT polymerization allows for tayloring
material properties by adapting the backbone of the 4-arm star polymers.

A common observation across all publications using two-photon excitation
of o-MBA chromophores is the necessity of using light at shorter wave-
lengths than in standard DLW where typically h- or i-line photoinitiators
are used [19]. The reason is that the (one-photon) absorption of the o-MBA
chromophore only sets in at wavelengths smaller than 350 nm [154, 155]. The
one-photon absorption spectrum cannot necessarily be translated into the
two-photon absorption spectrum by simply multiplying the wavelength by 2.
However, in practice, at least the spectral positions of the absorption peaks
largely follow this rule [19].

In the following, I explain in more detail the underlying chemistry leading
to generation of photoenols, their reaction pathways and how photoiso-
merization can constitute a molecular photoswitch for sub-diffraction laser
lithography.

4.1.1 Photoenolization of Methylbenzaldehydes

Ortho-alkylphenylketones or -aldehydes can appear in two different tau-
tomeric forms referred to as keto and enol. At room temperature, the
keto form predominates in equilibrium. When exposed to UV light, these
molecules undergo light-driven tautomerization leading to the formation
of the enol species, therefore also called photoenols. Photoenols are inter-
mediates that eventually revert to the keto ground state. In this work, we
specifically investigate photoenols generated from ortho-methylbenzaldehyde.
The process of photoenolization is shown in Figure 4.1. By absorption of UV
light, o-MBA transits into its excited singlet state followed by intersystem
crossing into its triplet state. By 1,5-hydrogen transfer under participation
of the methyl group in ortho position, a biradical species is formed. After
typically some tens of nanoseconds, the radicals recombine with the de-
localized π-electrons of the aromatic ring, forming an (photo)enol species
under loss of aromaticity. Depending on bond rotations during this process,
the photoenol is present in one of the two isomeric configurations, (E)-enol
(trans) or (Z)-enol (cis).

The lifetimes of the two isomers typically differ by at least two orders
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Figure 4.1: UV light excites ortho-methylbenzaldehyde into the singlet state,
followed by intersystem crossing into the triplet state. By hydrogen trans-
fer a biradical is formed, that eventually leads to formation of (Z)-enol
or (E)-enol, depending on the bond rotation in the biradical state. Both
photoenols are intermediates, that revert to the o-MBA ground state by
reketonization, but their lifetimes differ substantially.

of magnitude, depending on the solvent. For small molecules in benzene,
lifetimes of 10 ms (Z) and 225 ns (E) were reported [156]1. The generated
photoenol species belong to the class of ortho-quinodimethanes, a very reac-
tive functional group. Thus, the long-lived (Z)-enol is present long enough to
undergo chemical reactions with other components. On the other hand, the
short-lived (E)-enol exclusively reketonizes2 via reverse hydrogen transfer,
reforming o-MBA [157]. Possible reactions of the intermediate state (Z)-enol
will be described in the following.

1 Note that the naming convention is independent of the lifetimes but follows from
Cahn–Ingold–Prelog priority rules which are applied in this thesis. In our publication
on photoenol-based STED-inspired lithography [138], we followed a different conven-
tion which explains why the roles of (E)-enol and (Z)-enol seem to be interchanged in
comparison to this thesis.

2 While, strictly speaking, reketonization means reformation of alkylphenylketones, the term
is also applied to alkylphenylaldehydes by literature convention.
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Figure 4.2: Different reaction pathways of (Z)-enols. a) Reketonization
reforming the ortho-methylbenzaldehyde. b) Electrocyclic ring closure
leading to benzocyclobutenol. c) Diels-Alder cycloaddition of a maleimide
forming a stable cycloadduct. d) Self-dimerization generating different
[4 + 4] cycloadducts.

4.1.2 Reaction Pathways of Intermediate-State Photoenols

Typically, ortho-quinodimethanes can undergo different chemical reactions
which are shown in Figure 4.2 for the case of a (Z)-enol generated from
o-MBA. One possibility is the reketonization that was already mentioned
in the last section. Here, reverse hydrogen transfer of the hydroxyl proton
recreates the starting product o-MBA (Figure 4.2 a)). Another less likely
pathway that does not require a second molecule is electrocyclic ring closure
as depicted in Figure 4.2 b) [158]. In the presence of activated dienophile
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such as a maleimide, the (Z)-enol can undergo a Diels-Alder cycloaddition
resulting in a stable cycloadduct (Figure 4.2 c)). Diels-Alder cycloadditions
are very efficient at room temperature, show high reaction yields largely
independent of reaction conditions and provide high selectivity, i. e., no
byproducts are formed. Furthermore, the reaction products are very stable
as the aromaticity of the benzaldehyde ring is restored [159]. Thus, this
reaction classifies as a so-called click reaction, a versatile class of chemical
reactions widely used in material science [160, 161]. The Diels-Alder reaction
not only constitutes the underlying mechanism for all of the preceding
work on photoenol-based laser lithography described above, but is also
employed herein for sub-diffraction surface functionalization in Section 4.2
below. While dienophilic reaction partners are available, the Diels-Alder
reaction dominates all other reaction channels for the long-lived (Z)-enol.
If such dienophiles are absent but instead (Z)-enols are present at a high
concentration, self-dimerization is a likely reaction pathway [142]. Here,
different products can be obtained, namely [4 + 2] or [4 + 4] cycloadducts.
A recent study on small molecules in solution determined the three [4 + 4]
adducts depicted in Figure 4.2 d) to be the main reaction products with a
combined yield of approximately 80 % [162]. The 3D photoresist presented
in Section 4.3 is based on this cross-linking mechanism.

4.1.3 Effective Depletion by Cis-Trans Isomerization

In 1991, Netto-Ferreira and Scaiano reported on cis-trans photoisomeriza-
tion of intermediate-state photoenols from o-MBA, i. e., the light-triggered
conversion from (Z)-enol to (E)-enol, at a wavelength of 420 nm [163]. This
discovery opened up the possibility to adopt the o-MBA chromophore for
STED-inspired laser lithography. As mentioned above, only the long-lived
(Z)-enol can effectively participate in chemical reactions with other molecules
by Diels-Alder cycloaddition or dimerization, while the short-lived (E)-enol
rapidly transits back into the o-MBA ground state. Thus, a light-triggered
conversion of (Z)-enol to (E)-enol leads to a suppression of subsequent re-
actions by depleting the population of (Z)-enols. Therefore, a molecular
photoswitch is constituted by the light-triggered switching between o-MBA
and (Z)-enol, as depicted in Figure 4.3 a). To refer to the scheme of the

66



4.1 fundamentals of photoenol chemistry

OR

OH

(E)-enol
(short-lived)

OR OH

(Z)-enol
(long-lived)

OR O

o-MBA

dimerization

Diels-Alder
cycloaddition

rapid
reketonization

excitation
700 nm

depletion
440 nm

dieno-
phile

300 350 400 450 500

wavelength (nm)

0

1

2

3

ab
so

rb
an

ce

a)

b)

440 nm

700 nm

(2 photon abs.)

Figure 4.3: a) Principle of the molecular photoswitch employed for STED-in-
spired laser lithography. (Z)-enol generated by two-photon excitation of
ortho-methylbenzaldehyde (o-MBA) at 700 nm can undergo photoisomer-
ization into (E)-enol by exposure to light at 440 nm. The short-lived (E)-enol
then rapidly reketonizes, reforming o-MBA. Thereby, the population of
(Z)-enols is effectively depleted, averting further reactions such as Diels-
Alder cycloaddition or dimerization. b) The absorption spectrum of o-MBA
(copolymer PE-1 (see Section 4.3), 1 mg ml−1 in acetonitrile). The employed
wavelengths for two-photon excitation and one-photon depletion are indi-
cated.

ideal molecular photoswitch introduced in Section 2.2.2, o-MBA represents
the ground state A, (Z)-enol represents excited intermediate state B and
the reaction product, i. e., one of the different cycloadducts, represents state
C. Excitation takes place by two-photon absorption of femtosecond laser
pulses at a center wavelength of 700 nm. This wavelength is a compromise.
Two-photon excitation of o-MBA would be more efficient at shorter wave-
lengths as the corresponding one-photon absorption band peaks at 312 nm
(Figure 4.3 b)). However, the tuning range of the employed titanium-sapphire
laser is limited. In the past, two-photon excitation at 700 nm proved suitable
for the o-MBA chromophore [136]. For depletion, a continuous-wave diode
laser at 440 nm is employed. This wavelength is well separated from the
one-photon absorption band but still efficiently triggers photoisomerization.
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Later reports in literature also found evidence for photoisomerization
occurring in both directions, i. e., also in the reverse direction from (E)-enol to
(Z)-enol [156]. In that case, the (Z)-enol population is still effectively depleted
as the concentration of (E)-enol can be assumed to be zero due to the rapid
reketonization process. Thus, no considerable (Z)-enol formation occurs
by irradiation with the depletion light. In both cases the concept remains
applicable for STED-inspired laser lithography.

This concept was developed within our group and led to a patent appli-
cation [164]. The authors conducted proof-of-principle experiments using
optics with low numerical aperture which were published in the thesis of
Alexander Quick [165].
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4.2 Sub-Diffraction Surface Functionalization

In this section, I describe experiments on STED-inspired laser lithography
that enabled covalent surface functionalization with sub-diffraction resolu-
tion. While Diels-Alder cycloaddition of photoenols was already employed
for surface functionalization in the past [149], the achieved resolution and
feature sizes were considerably above the diffraction limit and not limited
by optics [53]. Clearly, a key requirement for conducting high resolution
experiments is to render the surface functionalization measurable by a tech-
nique that can resolve features beyond the diffraction limit of conventional
confocal microscopy. This was achieved herein by growing polymer brushes
onto the functionalized areas that can be characterized by AFM. The work
presented in this section was presented at a conference [166] and published
in a peer-reviewed journal article [138]. As long as not indicated otherwise, I
conducted the experimental work presented in this section including sample
preparation, processing, and characterization. The co-authors of these publi-
cations performed preliminary experiments in preparation for this work and
participated in interpretation of the experimental data.

For sample preparation, we followed the experimental procedure de-
scribed in detail in Section 3.3.1. A triethoxysilane bearing the o-MBA
chromophore was prepared by Thomas Paulöhrl and Markus Zieger (ITCP,
KIT) following a literature procedure [149] (Figure 4.4 a)). Bromine-carry-
ing maleimide (Figure 4.4 b)) synthesized by Alexander Quick (ITCP, KIT)
according to literature [141] was dissolved in DMF at a concentration of
1 mmol L−1 and applied onto the sample in the laser lithography step. To
relate to the previous section, the R and R’ group in Figure 4.2 c) were
chosen to be triethoxysilane and a moiety containing bromine respectively.
The lithography setup described in Section 3.1 was configured to 700 nm
excitation and 440 nm depletion wavelength. A scan speed of 10 µm s−1 was
used for exposure. Thus, the o-MBA chromophores on the substrate were
excited by two-photon absorption at 700 nm, leading to photoenol formation.
Areas that were exposed with solely the excitation light were covalently
functionalized with bromine by Diels-Alder cycloaddition of (Z)-enol and
maleimide. The bromine density on the surface followed the exposure dose
profile. In areas that saw both excitation and depletion light, the reaction
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Figure 4.4: a) The o-MBA-carrying triethoxysilane species used for coating
of the glass surface via silanization. b) The maleimide species bearing a
bromine group used as polymerization initiator.

was suppressed by the depletion effect. Compared to standard DLW using
3D photoresists, there exists no pronounced threshold behavior, i. e., lower
excitation intensities lead to lower functionalization densities without a clear
cut-off. In the development step, samples were thoroughly rinsed with DMF,
acetone, isopropyl alcohol, and deionzed water to avoid unspecific binding
of bromine groups in unexposed regions. PEGMEMA polymer brushes were
grown by SI-ATRP using the bromine groups as initiators and characterized
by AFM.

Saturation Effects

In first writing experiments using only the excitation beam in a Gaussian
mode, sets of polymer brushes were written with increasing laser power.
AFM images of the results and derived graphs are depicted in Figure 4.5. The
height of surface-grown polymer brushes is reported to relate linearly to the
area density of bromine groups, i. e., polymerization initiators, on the surface
because the conformation of individual brushes is influenced by the presence
of adjacent brushes [167, 168]. This allows to relate the height information

70



4.2 sub-diffraction surface functionalization

0 1 2

excitation power (mW)

0

100

200

300

400

500

F
W

H
M

 (
n

m
)

1 µm
0

5

10

15

20

25

a)

0 2 4 6
x position (µm)

0

5

10

15

20

25

b
ru

sh
 h

ei
g

h
t 

(n
m

)

b)

0.21 0.26 0.31 0.36 0.41 0.46

excitation power (mW)

c)

3.9 4.0

d)

2

1

b
ru

sh
 h

ei
g

h
t 

(n
m

)3.8

0 1 2 3
x position (µm)

e)

0 1 2

excitation power (mW)

0

10

20

30

40

b
ru

sh
 h

ei
g

h
t 

(n
m

)

measured

model

Figure 4.5: a) AFM images of a set of polymer brushes written with in-
creasing excitation laser power. At high powers, the height is decreased
again in the center of the lines. b) Line cuts through the data are used to
determine height and full width at half maximum (FWHM) for each line.
c) For excitation powers below 0.5 mW, the brush height increases with
the square of the excitation power before saturation effects arise. d) The
FWHM of the brushes exceed the lower limit given by the squared intensity
distribution of the excitation laser. The results of a simple rate equation
model describing the data is drawn in black in panels c) and d). e) The
minimum on a line written with a high laser power (1) can not be filled
again by a second pass at a lower power (2). Adapted from [138].
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gained in AFM measurements directly to the initiator density and thus to
the effective exposure dose of the lithography step. Ideally, in a system
without any threshold, one would expect the line shape to follow exactly
the intensity distribution of the excitation focus squared, as a two-photon
process is present (panel b)). Clearly, a high grafting density of the silane on
the glass surface is favorable as this enables a high density of initiators, and
thereby also higher polymer brushes. However, the silane grafting density is
finite and therefore saturation effects can occur. As shown in Figure 4.5 c),
the height of the polymer brushes increases with the square of the excitation
laser power until a saturation level is reached, which leads to deviations of
the line shape. Therefore, the full width at half maximum (FWHM) of the
squared excitation intensity is only a lower limit to the achievable linewidth
in the case of depletion being switched off (panel d)). The saturation behavior
can be reproduced using a simple rate equation model, that will be explained
in more detail below. For higher excitation powers deep in the saturation
regime, another limiting factor becomes apparent. The height in the center of
the lines decreases again, while the edges keep the height corresponding to
the saturation level. This effect is irreversible as it was not possible to write
through such an area again afterwards. Instead, the surface remained empty
as shown in Figure 4.5 e). We attribute this effect to irreversible destruction
of the o-MBA chromophores by the excitation laser.

A Rate Equation Model for 2D Laser Lithography

For modeling our experiments on surface functionalization, we need to de-
velop a basic understanding on how the exposure to the lasers translates into
a initiator density profile on the sample surface. Therefore, we employ a sim-
ple rate equation model along the lines of the model derived in Section 2.2.2
describing a molecular photoswitch. We need two simplifying assumptions.
First, we assume that the population of (E)-enol is zero at any given time
due to its short lifetime. Second, we assume that the (Z)-enol population
is eventually fully converted into the cycloadduct, i. e., no reketonization or
side reactions take place. These assumptions are well satisfied given a high
concentration of maleimide species. Therefore, the system can be modeled as
an effective two-level system. The ground state population, i. e., the unexcited
o-MBA, is denoted by NG(x, t). The excited state population, i. e., the (Z)-enol,
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o-MBA (Z)-enol

kGE ∝ I2exckGE ∝ I2 (x)

kEG ∝ Idepl(x)

ground
state

excited
state

NG(x,t) NE(x,t)

Figure 4.6: Scheme of the two-level rate equation model used for numerical
reproduction of the measured data.

is denoted by NE(x, t). Figure 4.6 shows that the space-dependent transition
rate kGE from ground state to the excited state is assumed to be proportional
to the squared excitation intensity profile I2

exc(x), as a two-photon process
is present. The reverse transition rate kEG is assumed to be proportional
to the depletion intensity profile Idepl(x). Populations and intensities are
normalized to 1. Under the boundary condition NE(x, 0) = 0, i. e., there are
initially no excited species, the solution to the resulting system of differential
equations is given by

NE(x, t) =
1

kGE + kEG
· kGE ·

(
1− e(kEG+kGE)t

)
. (4.1)

The laser focus intensity distributions are modeled by the analytical functions

Iexc(x) = exp
(
− x2

2σ2
exc

)
(4.2)

and

Idepl(x) = exp

(
− x2

2σ2
depl

)
· x2 , (4.3)

where the values of σexc = 0.1254 µm and σdepl = 0.1079 µm are obtained
from fits to line cuts through the measured foci (Figure 3.5). The term
x2 in Equation 4.3 superimposes a parabolic minimum onto the center of
the depletion focus. We assume the initiator profile after exposure to be
proportional to NE(x) which, scaled by a constant factor, yields the polymer
brush height profile.
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Figure 4.7: AFM measurements for two sets of lines written on the same
sample with identical writing conditions, but under different atmospheric
environments. Line cuts show that polymer brushes grow up to 135 %
higher under nitrogen atmosphere. Adapted from [138].

Influence of Oxygen

Another piece of evidence for the presented mechanism is the influence of
the atmospheric environment. Figure 4.7 a) shows a set of lines written with
varying excitation power inside a sealed chamber under nitrogen atmosphere.
After writing, the chamber was opened to allow ambient air, in particular
oxygen, to diffuse into the maleimide solution. Afterwards, another set of
lines was written with the same parameters, depicted in part b) of Figure 4.7.
Line cuts derived from the AFM measurements indicate that the heights
of the lines written under nitrogen atmosphere are higher compared to
the nominally identical lines written in ambient air. Below the saturation
regime, at a laser power of 0.4 mW, the difference in line height is 135 %.
Moreover, the height of the saturation level also differs between the two
sets. These effects can be attributed to partial scavenging of the intermediate
biradical states present during the course of photoenolization (Figure 4.1) by
oxygen [169]. As a result, the affected o-MBA molecules are lost irreversibly,
leading to lower initiator density and thereby to reduced polymer brush
heights.
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4.2 sub-diffraction surface functionalization

4.2.1 Proving the Reversible Depletion Effect

To demonstrate the expected depletion effect, precisely overlaid Gaussian
laser beams were employed (see Figure 3.5) and a series of patterns was
written as depicted in Figure 4.8. While the excitation laser was activated
permanently, the depletion laser was only switched on in the central part. It
is clearly visible, that the depletion beam completely suppressed the func-
tionalization. Previously written lines were not affected by the depletion
light (dashed area A). Furthermore, by writing through the previously de-
pleted area (dashed area B), it was demonstrated that the depletion effect
is predominantly reversible, i. e., that (Z)-enols are converted to (E)-enols
and transit back into the o-MBA ground state. These findings are neces-
sary prerequisites for STED-inspired lithography systems and are crucial for
fabrication of more complex patterns other than single isolated lines. How-
ever, line height decreases by 23 % at the second crossing point, indicating a
certain amount of irreversible reaction pathways. This contribution became
more pronounced for larger excitation and depletion powers as depicted in
Figure 4.9. For higher excitation powers, higher depletion powers are needed
to achieve a considerable depletion effect and in consequence the irreversible
contribution becomes larger. At yet higher excitation and depletion powers,
previously written lines were damaged as well, presumably due to similar
effects as seen above when writing far in the saturation regime. While these
effects pose a limitation to the practicable excitation and depletion powers,
the depletion effect worked very well within a certain power range and we
restricted our experiments in the following to this range.

Determination of Intermediate-State Time Scales

The effective lifetime of the intermediate (Z)-enol can be assessed by impos-
ing a time-gating scheme onto the excitation and depletion lasers, following
a method known in literature [106]. By electronically gating the acousto-optic
modulators used for power control of the laser beams, we switched each
of them on for a super-pulse of 5 µs within a time windows of 250 µs (cor-
responding to a modulation frequency of 4 kHz). We varied the time shift
∆t between the excitation and depletion super-pulses from −10 µs to 100 µs
and wrote a test pattern with varying excitation and depletion power for
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Figure 4.8: A test pattern was written using overlaid Gaussian beams as
depicted schematically on the left. The AFM image of the written pattern
(right) shows that the depletion light completely suppressed functional-
ization while leaving previously functionalized parts unaffected (dashed
area A). By writing through a previously depleted area, the reversiblity
of the depletion effect is demonstrated (dashed area B). Excitation power:
0.33 mW, depletion power: 0.6 mW. Adapted from [138].

each ∆t. Figure 4.10 shows AFM images of these patterns and, as a proxy
for the strength of the depletion effect, a graph tracking the height of a
particular line, i. e., for a fixed pair of excitation and depletion laser power.
The results demonstrate that for ∆t between 0 µs and 5 µs the lines at high
depletion laser powers were suppressed by a prominent depletion effect.
At higher ∆t, the depletion effect was gradually reduced until it is barely
visible anymore for ∆t ≥ 25 µs. At such large time delays, the vast majority
of activated E-enol species has already undergone the cycloaddition reaction
and is therefore no longer affected by the depletion light. This value fits to
reported lifetimes of similar species [143].
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Figure 4.9: AFM images of a set of loop patterns similar to Figure 4.8,
but with different excitation and depletion powers. Gaps in the crossing
points of the exposure paths reveal irreversible contributions high depletion
powers. Adapted from [138].

4.2.2 Lateral Resolution Enhancement

In order to investigate the possible resolution enhancement of the mecha-
nism, a depletion laser focus with a plane of zero intensity in its center was
employed, as shown in Figure 3.5. To generate such a focus, we introduced
a half-space phase mask into the depletion beam path at the position indi-
cated in Figure 3.1. The laser beams were overlaid such that the minimum
of the depletion focus was positioned on the maximum of the Gaussian
excitation focus. In such a configuration, one can expect to achieve a reduc-
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Figure 4.10: AFM images of patterns written for determination of the
effective intermediate-state lifetime of (Z)-enol. During exposure, the lasers
are electronically super-pulsed as shown in the scheme. In the graph at the
bottom, the height of the marked line (*) is plotted over the pulse delay
∆t. The depletion effect is most pronounced for ∆t between 0 µs and 5 µs.
Adapted from [138].
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tion in linewidth with increasing depletion laser power, as the Diels-Alder
cycloaddition is suppressed in the outskirts of each line.

Feature Size Reduction

Line patterns were written using the excitation laser where the depletion laser
was switched on for the central part of each line. The AFM images depicted
in Figure 4.11 represent typical results of such writing experiments. The
depicted depletion laser powers range from 0.07 mW to 5.95 mW, i. e., span
almost two orders of magnitude, while the excitation laser power is fixed at
0.8 mW. Within the reversible depletion regime, very similar results were
obtained using different excitation laser powers and appropriately shifted
depletion powers. Clearly, the depletion effect leads to a very pronounced
linewidth reduction that is accompanied by a parallel reduction of the
polymer brush height. Different line profiles are obtained from the AFM data
at the indicated positions and averaged along the direction perpendicular to
the lines in order to compensate for the typical roughness stemming from
the non-uniform polymer growth. The FWHM of an undepleted line at this
excitation power is found to be 355 nm. The shape of the corresponding line
profile A exhibits a flattened top which can be attributed to the saturation
effects mentioned above. Evaluation of the line profiles B to E shows that
the lines could be narrowed down to 60 nm FWHM, which is a factor of
3.5 below the FWHM of the squared excitation intensity profile. Over all
conducted experiments, this is a typical value. The smallest FWHM found is
54 nm. As I have explained above, the linewidth is expected to be equal to
or larger than the squared excitation intensity profile when using only the
excitation laser. In that sense, a sub-diffraction linewidth, i. e., feature size,
was achieved.

The line profiles in Figure 4.11 also show that the height of the polymer
brushes decreases with increasing depletion laser power and thus limits
further linewidth reduction. This behavior can be explained by a combination
of conformational properties of the grown polymer brushes and optical
imperfections in the lithography process. In order to understand these
effects in a quantitative way, we extend the rate model described above.
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Figure 4.11: AFM images of patterns written for determination of accessible
linewidths. a) Excitation and depletion powers are varied in order to identify
the ideal parameters. b) The depletion laser is switched on in the central
part of each line. With increasing depletion laser power, the linewidth is
reduced. c) Profiles along the labeled lines are used to determine the full
width at half maximum (FWHM) of each line. The smallest values are
typically around 60 nm. d) The FWHM of the lines undercuts the FWHM of
the squared excitation intensity, indicating sub-diffraction linewidth. e) The
height of the lines is decreased with rising depletion power. The data from
panels d) and e) can be reproduced in good agreement by a rate equation
model (see main text for details). Adapted from [138].

Rate Equation Model Modified by Nonlinear Polymer Growth

Previously, we assumed that the initiator density on the functionalized
substrate surface translates linearly into the polymer brush height. For
modeling patterns that were written with the depletion laser switched off,
this turned out to be a reasonable assumption. However, when going to
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Figure 4.12: Results of calculations based on a rate equation model modified
by nonlinear brush growth under the assumption of the depletion laser
minimum touching zero. The spatial initiator distribution is convoluted
by a Gaussian to account for nonlinear brush growth effects and then
translated into polymer brush height, which leads to a decrease in height
for high depletion powers. Experimental data from Figure 4.11 is shown as
a reference. Adpated from [138].

low initiator densities or when the initiators are confined to lithographically
defined patterns of sub-micron size this does not hold true anymore [170].
In those cases, the polymer brushes do not erect to full height but rather
fold into a so-called mushroom configuration [171]. In order to model such
nonlinear brush growth effects, we convolute the calculated initiator density
NE(x) by a Gaussian with σ = 0.25 µm. The resulting initiator distribution is
linearly translated into brush height. The results of these calculations shown
in Figure 4.12 reveal a decrease in line height with rising depletion power,
although the brush height is overestimated compared to the experimental
data.
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Rate Equation Model Modified by an Imperfect Depletion Focus

Another approach to explain reduced brush height with increasing depletion
laser power is to assume that some finite residual intensity remains in the
minimum of the depletion focus. In this way, the initiator density and thus
the height polymer brushes is also lowered in that area, comparable to global
depletion when using a Gaussian depletion focus. This even holds true
when the aforementioned effects of modified polymer growth are neglected.
We incorporate this into our rate model by rewriting the analytical function
describing the depletion intensity profile given in Equation 4.3,

Idepl(x) = exp

(
− x2

2σ2
depl

)
·
(

x2 + r
)

, (4.4)

where residual intensity in the minimum of the depletion focus by constant
term r. The focus measurement (Figure 3.5) shows a residual intensity of
1.6 % of the maximum, which corresponds to a value of r = 1.4 · 10−4. It
remains unclear, whether this is reasonably close to the real value, as the
typical measurement uncertainty is on the order of 1 %. Further, it is con-
ceptually impossible to measure infinitesimally small features by scanning
finite-sized gold beads. In Chapter 6, this issue will be discussed in more
detail. Nevertheless, the calculation results depicted in Figure 4.13 demon-
strate that employing this approach reproduces the decline in brush height
observed in the experimental data, although FWHM is systematically under-
estimated. Similar effects are also reported for STED microscopy employing
the same type of phase mask with comparable fractional intensity [98].

While both investigated models on their own only partially explain the
experimental findings, we assess a combination of both effects. The combined
model reproduces the experimental data very precisely, as shown by the
black curves in panels d) and e) of Figure 4.11. Therefore, we can conclude,
that both effects play a role in our experiments.

Grating Structures

After assessing the potential linewidth reduction enabled by employing the
depletion effect, we want to investigate the resolution of the process, i. e.,
the minimum distance two such lines can be written next to each other
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Figure 4.13: Results of calculations based on a rate equation model assuming
a finite residual intensity of 1.6 % in the depletion laser minimum. The peak
values of the spatial initiator distribution decreases for increasing depletion
power. The distribution is linearly translated into polymer brush height.
Experimental data from Figure 4.11 is shown as a reference. Adpated
from [138].

while they are still separated. Therefore, we fabricated line gratings that
consist of several sequentially written lines. The grating period a was varied
as well as excitation and depletion power. AFM images of a typical set of
such gratings for different values of a are depicted in Figure 4.14. Similar
to the individual line patterns presented above, the depletion laser is only
switched on for the second half of each line. Clearly, in the parts that were
exposed solely to the excitation laser, flat top plateaus were formed that
feature irregular surface corrugations stemming from the polymer growth
process, as shown in the profiles A, C, and E in panel b) of Figure 4.14.
A clear periodicity is not visible. With decreasing grating period, these
plateaus heighten due to increased initiator density on the surface, implying
that the functionalization is still not completely saturated at the depicted
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Figure 4.14: a) Line gratings with varying a lattice constants a were fab-
ricated by writing individual lines sequentially. The depletion laser is
switched on for the lower part of each grating. Down to 100 nm, the grating
corrugation can be retrieved in those parts. b) Line profiles of the images
show that the space between the lines is partially filled up. The experimen-
tal data can be described by a rate equation model (details see main text) in
good agreement. Adapted from [138].

excitation powers and grating periods. When looking at the profiles B, D, and
F through the parts that were simultaneously irradiated with the depletion
laser, we find that periodic corrugations of the polymer brush surface are
still visible down to a grating period of a = 100 nm. Below that value, e. g.
at a = 75 nm, surface roughness of the polymer prevents unambiguously
retrieving a periodicity. For comparison, according to Sparrow’s criterion
for a two-photon process at 700 nm wavelength and focusing with NA = 1.4,
the resolution limit without any depletion effects is 177 nm (calculated using
Equation 2.7). Therefore, we can conclude that we achieved sub-diffraction
resolution. The AFM images reveal that the gaps between the lines of the
gratings are partially filled up. This can easily be explained by the fact that
the surface functionalization approach does not possess a writing threshold
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as typically present for network-forming photoresists. The exposure doses of
neighboring lines add up leading to the growth of polymer brushes between
the actually exposed lines. Similar to the experiments on individual lines,
we observe decreased heights for lines that have seen the depletion light.
Again this effect can be explained by the aforementioned combined model
that reproduces the experimental data in good agreement.

Alternative Functionalities

With the surface functionalization approach described in this section, we
have demonstrated that photoisomerization of intermediate-state photoenols
generated from the o-MBA chromophore can in fact be employed to achieve
sub-diffraction feature sizes and resolution. I would like to emphasize again
at this point, that the described process can be easily adapted to achieve
different surface functionalities by simply exchanging the maleimide species
employed in the lithography step. Especially with regard to biological
functionalities, a variety of different maleimide-functionalized molecules is
commercially available.

As an example, we conducted experiments using a biotin-carrying malei-
mide. Instead of growing polymer brushes, we used the the biotin groups on
the surface for immobilization of streptavidin dyes, followed by investigation
with fluorescence microscopy. After the lithography step, the surface was
first passivated by applying a drop of a 1 mmol L−1 solution of poly(ethylene
glycol)-maleimide in DMF, followed by UV flood exposure for 1 h. After
thorough rinsing, streptavidin functionalized with the fluorescent dye Alexa
647 was applied as a solution in phosphate-buffered saline at a concentration
of 0.01 mg mL−1 for 30 min. In this way, the fluorescent dye was immobilized
on the functionalized areas. As explained in the beginning of this section,
to resolve sub-diffraction features the measurement method itself needs
to be diffraction-unlimited, ruling out simple confocal microscopy. There-
fore, samples were inspected using super-resolved stochastic localization
microscopy which was performed on a custom-built setup by Lu Zhou (APH,
KIT). Unfortunately, the resulting images suffered from unspecific binding
(Figure 4.15) and thus did not offer as much insight as the AFM images
discussed above. Nevertheless, a depletion effect is clearly visible.

While surface functionalization is conceptually limited to fabrication of
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planar structures. In the next section, I present a different approach based
on the o-MBA chromophore that allows for true 3D structures.
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Figure 4.15: Written patterns functionalized with fluorescent dye, imaged
by Lu Zhou using stochastic localization microscopy. The depletion laser
is switched on in the central part of each line, decreasing the linewidth.
Adapted from [138].
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4.3 3D Photoresist Based on Dimerization

The first photoenol-based negative-tone photoresist was introduced by Quick
et al. and proved to be suitable for fabrication of complex 3D structures [136].
The resist solution was composed of two solid components, a tetrafunctional
o-MBA linker and a methacrylate copolymer bearing maleimide moieties as
side groups, and a solvent mixture. Upon two-photon excitation of o-MBA,
Diels-Alder cycloaddition of generated (Z)-enol and maleimide leads to for-
mation of a stable covalent cross-link between two such molecules. Thus, the
formation of an insoluble network proceeds via step-growth polymerization.
While this approach allowed the fabrication of freestanding 3D structures
such as woodpile photonic crystals [27, 34, 35, 172], the structures exhibited
grainy surfaces which limited the achievable resolution [165]. The cause of
these deteriorations remained unclear but it was speculated that it is con-
nected to the rather low achievable concentration of solid compounds in the
photoresist of 10 wt% [165]. As a result, the volume concentration of chro-
mophores was low as well, averting a high cross-linking density. Moreover,
the structures were probably swollen immediately by the solvents leading to
severe shrinkage effects after development. Therefore, that photoresist is not
suitable for investigating possible resolution enhancement by STED-inspired
DLW.

To break new ground, we herein introduce a 3D-capable photoenol pho-
toresist that consists of methacrylate copolymers carrying o-MBA chro-
mophores as side groups. Instead of Diels-Alder cycloaddition with a
dienophile, we rely on self-dimerization of photoenols (see Figure 4.2 d)) for
cross-linking between individual chains. Thus, the photoresist consists of just
the copolymers and a solvent. Figure 4.16 schematically shows the chemical
structure of the copolymers and the principle of cross-link formation upon
two-photon excitation of the chromophores. As the self-dimerization also
proceeds via intermediate-state (Z)-enols, writing inhibition should be pos-
sible by depletion of the (Z)-enol population. The choice of a methacrylate
backbone was motivated by the feasibility in synthesis of the molecules
and the high resolution that has been achieved with poly(methyl methacry-
late)-based copolymers in electron beam and UV lithography [173, 174].

The methacrylate copolymers were synthesized by Tim Krappitz (QUT,
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Figure 4.16: Scheme of the copolymers bearing o-MBA units. Upon
two-photon excitation of the o-MBA chromophores, formation of cova-
lent cross-links between copolymer chains proceeds via dimerization.

Brisbane) according to a literature procedure based on thermally initiated
free-radical polymerization [162]. At KIT, I prepared the photoresist solutions
and performed the work for processing and characterizing the samples.
Eva Blasco (ITCP, KIT), Tim Krappitz, Christopher Barner-Kowollik (QUT,
Brisbane), and Martin Wegener were involved for interpretation of the data
and planning of experiments. Sample processing followed the steps given in
Section 3.3.2. The lithography setup remained unchanged from the surface
functionalization experiments described in Section 4.2. Therefore, the same
wavelengths and laser sources were employed as in the previous section,
i. e., 700 nm for two-photon excitation and 440 nm for depletion. For all
lithography experiments in this section, a scan speed of 100 µm s−1 was used.
The fabricated structures were analyzed by light microscopy and scanning
electron microscopy (SEM).

4.3.1 Copolymer and Photoresist Parameter Study

There are several degrees of freedom in the design of the copolymers and
the photoresist composition, i. e., choice of solvent, functionalization degree,
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copolymer concentration in the resist solution, molecular weight (given by
the chain length), and choice of side groups. In order to understand the
influence of these parameters and optimize the photoresist, we conducted
screening experiments. By adjusting the composition of the monomer feed
used for the synthesis, different copolymer compositions listed in Table 4.1
were realized with varying number average molecular weight Mn and vary-
ing molar ratios between the constituent monomers. Employed monomers
were o-MBA-carrying methacrylate (BAMA), methyl methacrylate (MMA),
butyl methacrylate (BMA), tetrahydrofurfuryl methacrylate (THFMA), and
isobornyl methacrylate (IBOMA) (Figure 4.17). Different copolymers were
used to prepare photoresists that were characterized in experiments using
solely the excitation laser beam. One important quantity that was deter-
mined is the laser power that is necessary to generate a cross-link density
sufficient to overcome the gelation point, i. e., to make the resulting network
insoluble during development. This so-called threshold power was deter-
mined by writing a dose test pattern which consists of a set of lines written
with stepwise increasing laser power. Moreover, the capability of writing
freestanding 3D structures was evaluated by writing simple bridge structures
at laser powers above the threshold power by a fixed percentage.

Table 4.1: Copolymer compositions used for the parameter study.

Mn BAMA MMA BMA THFMA IBOMA
(g mol−1) (mol%) (mol%) (mol%) (mol%) (mol%)

PE-1 7500 23 77 - - -
PE-2 6700 42 58 - - -
PE-3 9300 79 21 - - -
PE-4 26400 22 78 - - -

PE-5 7200 20 15 65 - -
PE-6 7100 24 - - 76 -
PE-7 6700 20 - - - 80

Molar ratios given by the monomer feed applied in synthesis.
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Figure 4.17: Different monomer units employed for copolymer syn-
thesis (compare to Table 4.1): o-MBA-carrying methacrylate (BAMA),
methyl methacrylate (MMA), butyl methacrylate (BMA), tetrahydrofur-
furyl methacrylate (THFMA), and isobornyl methacrylate (IBOMA).

Choice of Solvent

A suitable solvent for the photoresist should fulfill several criteria. i) It
should dissolve the copolymers well and allow for highly concentrated
solutions, ideally in the range of several 10s of weight percent. ii) It should
be transparent for the employed wavelengths. iii) It should be inert to
the employed components, i. e., not lead to cross-reactions. iv) It should
have a low vapor pressure such that no significant evaporation takes place
during handling and processing of samples. After screening several possible
candidates, acetophenone was identified as the best solvent thereof that
fulfills all conditions above and allowed for the highest polymer loads.
Acetophenone was already employed in the past as a solvent for DLW
resists [63, 136, 153].

Functionalization degree

The number ratio of BAMA groups to other methacrylate groups in the
copolymers, i. e., the functionalization degree of the copolymer, is a trade-off.
On one hand, a high volume density of chromophores is desired for efficient
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Figure 4.18: The writing threshold power in dependence of different pho-
toresist parameters. The solvent was acetophenone in all cases. The used
copolymers are indicated next to the data points. a) Influence of the content
of BAMA (functionalization degree) in the copolymer for fixed chain length
and concentration. b) Influence of the copolymer concentration in the
photoresist solution for fixed functionalization degree and chain length. c)
Influence of the chain length of the copolymer, represented by the molecular
weight Mn, for fixed functionalization degree and concentration.

dimerization but on the other hand, high functionalization degrees typically
lower the solubility of the molecules and increase the probability of unwanted
intra-molecular dimerization. The copolymers PE-1, PE-2, and PE-3, which
have similar molecular weights and thus similar chain lengths, were dissolved
at 20 wt% in acetophenone. Figure 4.18 a) shows the dependency of the
threshold power on the functionalization degree. The threshold power only
moderately decreased by 13 % for an increase in functionalization degree by
almost a factor of 4. On the other hand, the solubility of copolymers strongly
decreased with increasing functionalization degree.

Copolymer Concentration

The concentration of copolymers in the photoresist solution, given the weight
percentage, is proportional to the volume density of chromophores. Thus, we
expect that higher concentrations lead to lower threshold powers. This is con-
firmed by the experimental data shown in Figure 4.18 b) for the copolymer
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PE-1 at different concentrations in acetophenone. The threshold decreases
roughly linearly with concentration but between 40 wt% and 60 wt% the
slope decreases. A possible explanation is, that the volume of the solution is
no longer constant but increases with the copolymer load. Thus, an increase
in weight percentage does not lead to a proportional increase in chromophore
density anymore. This was not investigated in more detail within this work.
While it was possible to dissolve the copolymer PE-1 at concentrations of
even more than 60 wt%, the maximally feasible concentrations of copoly-
mers PE-2 and PE-3 were 40 wt% and 20 wt%, respectively, due to their
higher functionalization degree. This limitation becomes more apparent
when looking at SEM images of 3D structures depicted in Figure 4.19. The
structure written using PE-1 at 60 wt% shows significantly less shrinkage
than the structure at lower concentration of 40 wt%, indicating a higher
degree of cross-linking, most probably due to the higher molar concentration
of chromophores. Structures written using the copolymers PE-2 or PE-3
at a concentration of 20 wt% suffer from stronger shrinkage as well. The
higher functionalization degree of PE-2 and PE-3 compared to PE-1 cannot
compensate for the lower concentrations with regard to the cross-linking
density. Furthermore, partial fallout occurred during the writing time of
about 1 h, causing spots of material on the substrate surface.

Chain Length

Another parameter is the length of the polymer chain, i. e., how many re-
peating units a chain consists of on average, represented by the number
average molecular weight Mn. Due to synthesis by free-radical polymer-
ization, the copolymers were not monodisperse.3. Comparing shorter and
longer chains with the same functionalization degree, one can expect a de-
crease in threshold laser power if longer chains are employed. The reason for
this scaling is that with each cross-link made a greater mass is added to the
existing polymer network compared to shorter chains. Thus, less cross-links
are needed in total to achieve a polymer network that cannot be dissolved
anymore in the development step, i. e., to cross the gelation point. As a

3 The measured polydispersity index, i. e., the ratio between weight average and number
average molecular weight, was 2.0.
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Figure 4.19: SEM images of 3D bridge structures fabricated using different
photoresist compositions as indicated in the panels.

result, the cross-link density in a structure written with an excitation power,
e. g., 10 % above the threshold, is expected to be lower when using long
chains. Such a dependence was reported in literature [175] and we could
find this behavior in our resist system as well, as shown in Figure 4.18 b).
By comparing copolymers PE-1 and PE-4 which have approximately the
same functionalization degree at the same concentration, we found that an
increase in Mn by a factor of 3.5 led to a 50 % decrease in threshold power.
3D structures written using PE-4 exhibited shrinkage very similar to PE-2
and PE-3 (not depicted), which can be interpreted as a direct result of the
lower cross-linking density.

Copolymer Side Groups

The material properties of copolymers, especially glass transition temper-
ature or Young’s modulus, can be tuned by introducing other side groups
additionally to methyl and o-MBA. In the procedure used herein, this was
achieved by simply adding the BMA, THFMA or IBOMA in the correspond-
ing ratios to the polymer feed during synthesis [162]. Different photoresists
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consisting of the resulting copolymers PE-5, PE-6, and PE-7 (listed in Ta-
ble 4.1) were evaluated. The structures written using PE-5 at 60 wt% in
acetophenone show very similar quality to PE-1 at the same concentration.
In contrast, the use of PE-6 resulted in very grainy structures while em-
ploying PE-7 led to a high degree of shrinkage (not depicted). Thus, by
adding different side groups, no improvement could be observed within our
experiments.

To conclude, the concentration of copolymers in the photoresist solution
is the most critical parameter for the tested systems with regard to achiev-
ing high cross-linking densities. Thus, the photoresist consisting of PE-1
dissolved at 60 wt% in acetophenone was employed for further experiments.

4.3.2 Fabrication of Complex 3D Structures

Order of Nonlinearity

As demonstrated in Section 2.1.2, an effectively nonlinear process is nec-
essary in order to be able to fabricate truly three-dimensional structures.
While the bridge structures shown above have already demonstrated the 3D
capability of our photoresist, the experimental determination of the order of
nonlinearity N can still provide some insight into the resist system.

To determine N for our photoresist, we employed an established method
that was previously published by our group [12, 72], which I briefly revisit
in the following. In multi-photon lithography, the exposure dose necessary
to cross the gelation point, Dthr, is given by a time integral over the exposure
time texp as

Dthr ∝
∫

texp

PN
avg(t)dt , (4.5)

with the average laser power Pavg. Instead of delivering the laser light as a
continuous train of femtosecond laser pulses, we applied super-pulses of
width ∆t and repetition rate R by electronically gating the excitation beam
using the acousto-optic modulator, as shown schematically in Figure 4.20 a).
Thus, the threshold dose can be rewritten as

Dthr ∝ texp · R · ∆t · PN , (4.6)
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Figure 4.20: a) Scheme of the super-pulsing scheme imposed onto the exci-
tation laser using the acousto-optic modulator. b) A linear regression of the
threshold laser power dependence on the duty cycle q of the super-pulsing
scheme yields the effective order of nonlinearity N of the process.

with the peak power P of one super-pulse. The exposure time is inversely
proportional to the writing speed and is kept constant. Therefore, the laser
power necessary to cross the threshold, Pthr, is given by

Pthr ∝

 Dthr

R · ∆t︸ ︷︷ ︸
=:q


1
N

. (4.7)

The quantity q can be identified as the duty cycle of the super-pulsing
scheme. For different sets of repetition rate R and super-pulse width ∆t,
i. e., for different values of q, dose test patterns were written to determine
the threshold power. A double-logarithmic plot of the resulting threshold
powers over the duty cycle is depicted in Figure 4.20 b). The data points lie
on a straight line. By taking the logarithm of Equation 4.7, one finds

log Pthr = −
1
N
· log q +

Dthr

N
. (4.8)

Therefore, the negative inverse of the slope calculated by linear regression
yields the effective order of nonlinearity N = 2.07. The resist shows an
effective two-photon behavior.

This result could be explained by assuming that two photons need to be
absorbed to create a single cross-link between two copolymer chains. How-
ever, this would be contradicting to the underlying chemical processes as
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two photoenols must be present for dimerization [162], which would require
N = 4 photons. This contradiction can be possibly explained by taking a
view on the greater picture. The formation of a network is a highly nonlinear
process whose theoretical description is challenging. In the case of DLW, the
exposed volume is very small such that diffusion effects [74] and statistical
fluctuations [75, 76] play a major role. A study by Fischer et al. on several
acrylate-based photoresists that were presumably initiated by two-photon
absorption, revealed that depending on the repetition rate and the employed
photoinitiator, regimes exhibiting different effective orders can be found [72].
In our case the network formation can be assumed to follow step-growth
dynamics [135]. As each molecule carries on average 10 o-MBA moieties,
intramolecular reactions which impede network formation possibly play a
role. Furthermore, in DLW experiments, the exposure volume is usually hit
by many consecutive pulses and is moving through the resist, which both
influence the gelation process. It was reported that the employed scan speed
influences not only the effective order of nonlinearity but also the shape of
polymerized structures due to the interplay of oxygen diffusion [176]. A
nonlinear polymerization behavior could even be observed using continu-
ous-wave lasers that for typical two-photon absorption cross-sections should
not at all permit an efficient two-photon absorption [8, 11, 12, 70]. Instead,
photoactivation is presumably taking place via inefficient one-photon absorp-
tion while the necessary nonlinearity is stemming from the polymerization
process. Thus, the effective order of nonlinearity determined in experiments
such as the one described above is not necessarily related to the number
of photons absorbed in microscopic processes initiating the cross-linking
process.

Shrinkage and Stiffness

The optimized photoresist formulation was employed for fabrication of a
variety of 3D structures. In the SEM images shown in Figure 4.21, simple
bridge-like structures were written with either varied laser power (panel a))
or varied bridge width (panel b)). At the lowest laser power, which is
just at the writing threshold, the resulting structure bent over, most likely
during development of the sample, but without losing the connection to
the substrate. This indicates that the resist is very soft when written at low
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Figure 4.21: SEM images of various 3D microstructures. Stiffness and
stability of the structures depend on the laser power (a)) and the geometrical
shape (b)) of the structures. Shrinkage induces deteriorations as shown in
the scaffold structure in panel c).

powers and that the stiffness can be controlled by the laser power. Such a
behavior was also reported for other photoresists employed in 3D DLW [177]
and is due to the dependence of the cross-linking density on the laser
power. Panel b) shows that elongation of the bridges without appropriate
precompensation leads to increased deviations of the actually exposed shape
due to shrinkage. Similar shrinkage-induced deteriorations are also visible
in the SEM image of a scaffold structure depicted in panel c) of Figure 4.21.

Woodpile Photonic Crystals

Further, woodpile photonic crystals were fabricated varying the laser power
and the rod distance a. Figure 4.22 a) – c) shows SEM images of a set of
such woodpile structures with a rod distance of a = 600 nm. The edges
of the structures are heavily deformed as a result of anisotropic shrinkage
in the development step. In the center however, the desired structure is
retained in good quality. The linewidth on the top layer of the structure is
notably reduced to typically 65 nm, at some points even 43 nm, compared to
the lines in the two layers below written with nominally the same param-
eters exhibiting a linewidth of 125 nm and 170 nm respectively. This huge
difference can be attributed in part to shrinkage and proximity effects Sec-
tion 2.1.2. The lines written deeper inside the structure are widened because
marginal exposure dose contributions of the neighboring lines added up
during writing. Evidently, such proximity effects are very pronounced in
the studied photoresist. Panel d) of Figure 4.22 shows a light microscope
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Figure 4.22: a) – c) Scanning electron micrographs of woodpile photonic
crystal structures with a nominal rod distance of a = 600 nm. The lines of
the top layer show reduced linewidths of typically 65 nm due to shrinkage
effects. d) A light microscope image under reflection illumination from a
different woodpile structure with a = 700 nm shows blueish and greenish
color impressions. e) This can be attributed to formation of a stop band in
the crystal structure, which is confirmed by a corresponding transmittance
decrease in the visible wavelength range.

image of a different woodpile structure with a = 700 nm under reflection
illumination. The structure exhibits blueish and greenish color impressions.
A transmittance spectrum of the woodpile structure, measured using a white
light source and an optical spectrum analyzer with a collecting angle of 24°,
is depicted in panel e). The transmittance is almost 100 % above 900 nm but
drops down to 20 % between 800 nm and 500 nm due to formation of a stop
band in the photonic crystal. The part of the light that is not transmitted
must be reflected (neglecting scattering and absorption losses). The existence
of a stop band explains the color impression seen in the light microscope
image and proves that the woodpile structure is retained in the center of the
structure in good quality.
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4.3.3 Depletion Experiments

Reversible Depletion

Similar to the experiments on surface functionalization in Section 4.2, a first
test towards investigating the depletion effect is assessing the reversibility of
the depletion. Therefore, we employed the excitation and depletion lasers
with overlaid Gaussian focus shapes (see Figure 3.5) and wrote loop patterns,
similar to those already presented in Section 4.2.1 for varying excitation
and depletion laser powers. A typical result is depicted in Figure 4.23.
Panel a) shows the exposure scheme, where the depletion beam is switched
on only for the central part. Writing was clearly suppressed by the depletion
light, as can be seen in the scanning electron micrograph in panel b). The
crossing in dashed area A shows no degradation of the previously written
line. Moreover, it was possible to write through a formerly depleted volume
again, as proven by the second crossing marked by dashed area B. Thus, the
3D photoenol photoresist exhibits a reversible activation/depletion behavior
very similar to the results of the surface functionalization approach.

Employing the same Gaussian laser foci, the writing threshold power
Pthr was determined for several depletion laser powers. As expected, the
threshold power increases with rising depletion laser power, as the partial
depletion effect needs to be compensated by a higher number of chro-
mophore excitations. To quantify this effect, the relative threshold shift ∆Prel
is calculated with respect to the threshold power at zero depletion Pthr,0 by
∆Prel = Pthr/Pthr,0 − 1. The result obtained for a resist consisting of copoly-
mer PE-1 at 40 wt% in acetophenone is plotted in Figure 4.23 c). For depletion
powers above 0.8 mW, we find a steady decrease in threshold power, which
can be attributed to parasitic one-photon writing by the depletion laser.
Such a behavior was also observed for other material systems discussed in
literature [106]. While the exact power at which this phenomenon kicks in
shifted depending on the resist composition and foci used, no parameters
could be found to avert it. Therefore, the maximally attainable depletion
power is limited, potentially limiting a resolution increase by STED-inspired
laser lithography. Still, there is a considerable window for such experiments.
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Figure 4.23: Depletion experiments with Gaussian laser foci. a) Scheme
of the exposed patterns. b) The depletion laser does not affect previously
written lines (dashed area A). It is possible to write through a formerly
depleted area again (dashed area B). c) The relative threshold shift caused
by the depletion effect in dependence of the employed depletion laser power
reveals parasitic writing above depletion laser powers of 0.8 mW.

Enhancement of Lateral Linewidth and Resolution

Having characterized the depletion effect, we investigated possible linewidth
and resolution enhancements. By employing a half-space phase mask, a
depletion focus featuring a plane of zero intensity through its center was
achieved (see Figure 3.5) and line patterns were written where the depletion
beam was switched on for the central part of each line. Figure 4.24 shows
typical results of such experiments. The linewidth was evidently reduced
with rising depletion power until at some point the lines are not continuous
anymore. A profile of a line can be obtained from the gray value data of a
SEM image, allowing calculation of the FWHM of the line. By taking the
mean over a section along the line, fluctuations in linewidth are averaged. In
the best case, the FWHM could be reduced down to 51 nm (Figure 4.24 b)).
The width of a line written with solely the excitation laser at the same laser
power of 2.25 mW is 102 nm. For comparison, the smallest linewidth found
without the depletion laser at an excitation power close to the threshold
of 1.64 mW was 75 nm. At such low powers, employing the depletion laser
directly resulted in disconnected lines. Thus, by employing depletion, a
linewidth improvement of 32 % was achieved.
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Figure 4.24: a) Line patterns were written by the excitation laser, where the
depletion laser was additionally switched on for the central part of each
line. The SEM image shows that the linewidth decreases with increasing
depletion laser power until the lines are non continuous anymore. The lines
are wiggly due to partial detachment from the substrate. b) Close-up view
of the thinnest line found. c) A profile of the line averaged along the writing
direction is extracted from the SEM data and reveals a FWHM of the line of
51 nm.

However, the SEM images show very prominently that the lines were not
straight in the depleted sections but rather formed wiggly lines. Presumably,
this stems from the lines being detached from the substrate surface during
the development step, when the unused photoresist is removed by immersing
the sample in toluene. In order to avoid attachment issues, the cover glasses
were silanized with an acrylate-bearing triethoxysilane before conducting
the lithography step. In this way, the (Z)-enols could covalently bind to
the glass surface via Diels-Alder cycloaddition of photoenol and acrylate.
As expected, surface adhesion was greatly enhanced. A typical set of line
patterns is depicted in Figure 4.25 a) and reveals that the silanization did not
allow a further reduction of the linewidth. Instead, the increased adhesion
caused the lines to bend over or deform and stick to the substrate. It can be
assumed that the lines swell to a significant degree during the development.
Figure 4.25 b) explains schematically how this assumption explains wiggly
shapes or deformed cross-sections. Directly after writing, the lines written
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Figure 4.25: a) SEM image of a set of depletion test patterns written onto an
acrylate-functionalized substrate. The parts of the lines that were exposed
to the depletion laser stuck to the substrate. b) Scheme of possible shrinkage
effects. During development, the cross-linked polymer network of a written
line swells considerably in toluene, followed by deswelling in isopropyl
alcohol. If bare glass substrates are used, the line shrinks in all lateral
directions, disconnecting it from the surface. In case of silanized substrate,
the line deforms and adheres to the substrate.

with both excitation and depletion beam exhibit a high aspect ratio due
to confinement by the depletion focus shape. During development, the
structures swell while immersed in toluene. At the same time, their density
decreases as unused copolymer is removed. Then the structures shrink
again when immersed into the non-solvent isopropyl alcohol due to the
loss of residual toluene in the network. In case of a bare glass substrate,
the lines detach from the glass substrate and shrink laterally. Without
contact to the substrate, the line is deformed by liquid or nitrogen flow while
still suspended by the neighboring undepleted lines. If instead a silanized
substrate is used, a part of the line is fixed to the glass substrate. When
deswelling, the line collapses onto the substrate.

By writing grating structures consisting of sequentially written lines, we
assessed the achievable resolution. The lattice constant a, excitation power,
depletion power and the z position with respect to the glass surface were
varied in fine steps. When writing gratings using solely the excitation laser,
it became apparent that the limitations observed for individual lines applied
to grating structures as well. Typically gratings consisted of wiggly lines
that formed connections with neighboring lines at several positions (Fig-
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Figure 4.26: SEM images of grating structures written with different pa-
rameters. a) A grating written using only the excitation laser shows wiggly
lines and microbridge formation. b) The number of microbridges increased
for decreasing lattice constants. c) Using silanized cover glasses and the
depletion laser allowed for resolving smaller lattice constants. Increasing
the depletion laser power did not reduce the number of microbridges but
led to deterioration of the grating structure.

ure 4.26 a)). These connections occur in the form of so-called microbridges
connecting two neighboring lines with a thin strand or in the form of two
lines having collapsed onto each other, called pattern collapse. The number
of such connections increased for decreasing lattice constant (Figure 4.26 b)).
Only gratings with lattice constants significantly above the diffraction limit
of 177 nm were achieved without the occurrence of such microbridges. If
the phase-modulated depletion laser and silanized substrates were used
additionally partly resolved grating structures with a = 175 nm were feasible
(Figure 4.26 c)). However, increasing the depletion power did not result in
less microbridge formation or pattern collapse but rather in a continuous
degradation of the structure, very similar to the transition towards discon-
nected lines in the single line experiments described above. Presumably, the
microbridges were formed in the swollen state during the development step,
when neighboring lines touched each other. A part of these non-covalent
connections was retained during deswelling and drying of the sample. In
other parts, the tension led to collapse of adjacent lines. Such defects have
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been reported for many different photoresist systems across all kinds of
microlithography processes [178–181]. For some methacrylate-based re-
sists, this problem can be averted by employing very mild development
conditions [182–184]. Although a wide variety of developer solvents and de-
veloping conditions was examined in that regard, no improvement could be
found over a simple two-step development in toluene and isopropyl alcohol.
Also, no improvement could be achieved by employing different photoresist
compositions along the lines of Section 4.3.1. As I show in Section 5.4.2, very
similar issues occurred for the spirothiopyran-based photoresist developed
within this thesis. I compare the results in Chapter 6.

In conclusion, the 3D photoresist based on dimerization of photoenols
presented in this section allowed for fabrication of 3D microstructures with
feature sizes of less than 100 nm by two-photon excitation at 700 nm. An
extensive study was performed in order to understand the influence of differ-
ent copolymer and photoresist compositions and enabled the optimization of
the photoresist. Employing depletion at 440 nm, linewidth could be reduced
by 32 %, down to 51 nm. Both, single line experiments and fabrication of
gratings suffered tremendously from lines detaching from the substrate and
swelling effects during development, strongly limiting the achievable resolu-
tion. Yet, a clear and pronounced depletion effect was observed, proving that
photoisomerization of intermediate-state photoenols can effectively suppress
the dimerization reaction.
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Chapter 5

The Spirothiopyran

Molecular Photoswitch

640 nm

820 nm

N S NO2 N

S

NO2

Excited spirothiopyrans undergo supramolecular linkage that can be suppressed by exposure at 640 nm.

Herein, I describe a molecular photoswitch which is based on photochromic spiro-
thiopyran. After an introduction to the photochemistry of spirothiopyran, I present
experiments on surface functionalization. A negative-tone photoresist based on
methacrylate copolymers is described that allowed for fabrication of 3D structures.
Finally, results on linewidth and resolution enhancement by depletion are shown
and discussed.
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5 the spirothiopyran molecular photoswitch

5.1 Photochromism of Spirothiopyran

5.1.1 Photochromic Compounds

Materials that reversibly change their color upon stimulation by light are
called photochromic materials [185]. They possess two (ideally) bistable
forms A and B which can transit into each other by exposure to different
wavelengths λ1 and λ2.

A
λ1−−→←−−
λ2

B

Typically, the starting material A is colorless and develops an absorption
band in the visible range when converted into B by exposure to UV light,
changing the perceived color. The change in the reverse direction, B→A,
can be induced photochemically, by absorption of visible light. In some
materials, the change back into form A can be thermally induced as well.
Common everyday examples for such materials are variable-tint lenses for
glasses that darken in the sunlight.

With regard to organic compounds, photochromic chromophores can be
divided into five major classes. Azobenzenes and chromenes rely on cis-trans
photoisomerization for switching. Photochromism of diarylethenes, fulgides,
and spiropyrans/-oxazines is based on unimolecular electrocyclization [185].
In many cases, it is not only the absorption spectrum that is changed but
also other material properties connected to luminescence, dipole moment, or
refractive index [186].

Photochromic molecules have been applied with great success in su-
per-resolution microscopy. Their switching behavior fulfills the requirements
for a molecular photoswitch necessary for sub-diffraction resolution (see
Section 2.2.2). In super-resolution fluorescence microscopy, the use of pho-
tochromic derivatives of commonly employed fluorescent dyes [87, 88] or
photochromic proteins [89–92] has allowed to decrease the necessary laser
powers for the depletion beams in both STED-inspired microscopy and
stochastic localization microscopy. Recently, a 4π-microscopy technique
enabled imaging of living cells labeled with photochromic proteins with
sub-diffraction resolution [187]. For lithographic applications, a limiting
factor is that the huge change in optical properties is typically not accom-
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5.1 photochromism of spirothiopyran

panied by a change in reactivity. In interference lithography, photochromic
diarylethenes have been used either as absorbance modulation layer on
top of photoresists [127, 129] or directly as the photoresist material [130]
enabling sub-diffraction feature size and resolution by performing multiple
consecutive exposure steps. Regarding “writing” in the sense of recording
information rather than structuring materials, the use of photochromic pro-
teins enabled sub-diffraction recording and read-out both via STED-inspired
microscopy [91].

5.1.2 Spiropyrans

The photochromic compounds used in this thesis stem from the family of
spiropyrans that exist in two isomeric forms: ring-closed spiropyran (SP) or
ring-opened merocyanine (MC). Spiropyrans have been studied extensively
and have found numerous applications in different fields [188]. The structural
formula of the ring-closed isomer shown in Figure 5.1 a) comprises an
indoline and a chromene moiety that are oriented perpendicular with respect
to each other and that are connected by a spiro carbon atom. Depending
on the heteroatom in the chromene moiety, the compound is either referred
to as spiropyran (SP) in the case of oxygen or spirothiopyran (STP) in the
case of sulfur. In the following, I mainly refer to the second species, STP.
Upon exposure to UV light, the C–S bond is cleaved, followed by a rotation
about the central C–C bonds. The result is the planar MC form whereby the
conjugated system of the two molecule fragments are connected. Therefore,
the absorption band is red-shifted into the visible spectrum, typically around
600 nm, depending on the heteroatom, side groups and the environment
(Figure 5.1 b)). The MC form can thermally fade back into the STP form,
although interactions with other MC forms or solvent molecules can extend
the lifetime to minutes or even hours [189], resulting in an effectively bistable
system. The back reaction can be tremendously accelerated by exposure to
light in the spectral range of the visible absorption band of the MC form.
This switching behavior constitutes the molecular photoswitch that we will
employ for lithography below.

The properties of the SP/STP and MC forms are vastly different not only
with respect to the absorption spectrum. The MC form can be drawn as
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Figure 5.1: a) Schematic view of the photoisomerization of closed-form
spirothiopyran (STP) into its open merocyanine (MC) form by UV light.
The back-reaction can be thermally induced and enhanced by visible light.
b) Absorbance spectra of STP (in dark) and MC (UV light, photostation-
ary state) in DMSO (R = hydroxyethyl, 0.2 mmol L−1, 10 mm path length,
measured by Larissa Hammer).

a zwitterionic resonance structure due to the charge separation between
nitrogen and the heteroatom (oxygen for SP or sulfur for STP).1 This leads to
an increase in dipole moment by more than a factor of 4 from SP to MC [191].
While the closed form of SP is not luminescent, the open form shows strong
fluorescence emission around 650 nm which was used for photoswitching of
the fluorescence of nanoparticles [192]. Moreover, the two isomers occupy
different volumes due to the large conformational change and differ in
acidity [188].

Despite these large differences, an application of oxygen-containing SP for
lithography is not straight-forward as the open form is not distinctly reactive.
One possibility is to use the MC form as a switchable photosensitizer for
a radical generator, which enables stepwise photoinitiation of free-radical
polymerization [193, 194]. Irie and coworkers demonstrated that the change
in dipole moment can be employed to alter the solubility of SP-carrying

1 Strictly speaking, the MC form exists as a hybrid of a zwitterionic form and a quinoidal
form without charge separation, depending on the solvent environment. For the STP
species mainly used in this work, the zwitterionic form is predominant [190].
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5.1 photochromism of spirothiopyran

copolymers although the contrast was reported to be low [195]. The open MC
form tends to form complex aggregates with other MC or SP moieties [196].
This behavior was exploited to achieve light-patterned adsorption of SP-func-
tionalized silica nanoparticles onto SP-functionalized surfaces [197]. Further
studies by the same authors demonstrated nanoparticle aggregation by UV
light [198] and direct laser writing of porous colloidal nanostructures by
means of two-photon absorption [199]. Still, directly inducing a covalent
cross-linking reaction is not feasible using SP.

The situation is different for the sulfur-containing STP. Here, the open
MC form features a thiolate anion which can undergo various reactions.
Shiraishi and coworkers used STP as an additive in a suspension to trigger
aggregation of gold nanoparticles by light [200]. Upon UV exposure, the
generated thiolate anions bound to the nanoparticle via the strong sulfur-
gold bond, changing the electronic charge of the surface and promoting
aggregation. However, illumination with visible light did not degrade the
aggregates as the stable gold-sulfur bond prevented the back reaction from
MC to STP. Further, the thiolate anion can react via a thiol-Michael addi-
tion with a second molecule carrying an electron-deficient carbon double
bond, e. g., a maleimide or (meth)acrylate, resulting in a stable covalent bond
(Figure 5.2). Thiol-Michael addition is a versatile reaction that is widely
employed in different branches of chemistry and belongs to the class of click
reactions featuring high yields of highly selective products at fast reaction
speeds [160, 161]. Employing photoswitchable STP allows for precise se-
quential control over thiol-Michael reactions by varying the UV exposure
in time or space [201]. STP incorporated into polymer chains has recently
been used as a mechanophore leading to a color change of the polymer upon
mechanical load [202]. The color change resulted from generation of MC
forms which could further react via thiol-Michael addition with maleimide
linkers encoding the mechanical load into the polymer network.

Vijayamohanan and coworkers have recently proposed to employ the STP
chromophore for super-resolution laser lithography [203]. The proposed
concept is based on a photoresist composed of copolymers bearing either
STP moieties or maleimide functionalities as side groups. By UV exposure,
the STP→MC transition (excitation) is triggered, generating a population
of MC forms with thiolate anions that subsequently form intermolecular
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Figure 5.2: The MC form of STP features a thiolate anion (red) that can
undergo a thiol-Michael reaction with a maleimide, forming a covalent
linkage between the side groups R1 and R2.

cross-links by thiol-Michael addition with maleimides. The reaction can be
suppressed by visible laser light, promoting the reverse MC→ STP transition
(depletion) and reducing the population of MC forms. The beam profile of
the visible laser features points (or lines or planes) of zero intensity such
that the thiol-Michael cross-link formation is confined to the vicinity of these
points, similar to the concept of STED-inspired lithography. The authors have
proved in macroscopic experiments that exposure of the photoresist to both
UV and visible light in fact leads to a reduced reaction yield compared to
exposure to UV light only. Furthermore, they have proposed the application
of this technique in interference lithography and theoretically calculated the
potential resolution increase without experimental demonstration.

An adoption of this approach for STED-inspired DLW requires efficient
two-photon (or multi-photon) excitation of the STP chromophore. For
the oxygen-containing analogue SP, a number of studies showed that the
SP→MC transition can be efficiently triggered by two-photon absorption
in the range of 700–800 nm, although the reported two-photon absorption
cross sections vary [197, 199, 204–206]. Moreover, it was demonstrated that
two-photon excitation of the MC form at these wavelengths leads to fluores-
cence, whereas the reverse transition from MC to SP does not take place in
quantitative amount [207].

In the following, I present experiments that we conducted in order to
employ the STP chromophore for STED-inspired DLW and demonstrate a
resolution improvement in the microscale. First, surface functionalization
experiments are described relying on thiol-Michael addition of MC groups
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5.1 photochromism of spirothiopyran

fixed on a surface and maleimide species in solution. Second, I discuss the
results we obtained when developing a photoresist capable of supporting 3D
structures based on methacrylate copolymers bearing STP side groups. To
refer to the scheme for a molecular photoswitch introduced in Section 2.2.2,
the unreactive state A is represented by the STP form, the reactive state B
is the MC form, which can undergo an irreversible chemical reaction into
state C, the reaction products. The chemical compounds used in these exper-
iments were synthesized by Larissa Hammer and Rouven Müller (ITCP, KIT)
who additionally recorded optical spectra and performed solvent studies. I
prepared the photoresist mixtures and conducted the lithography experi-
ments as well as the characterization of the samples. Eva Blasco (ITCP, KIT),
Christopher Barner-Kowollik (ITCP, KIT), and Martin Wegener participated
in planning of experiments and discussion of experimental results. The work
on the STP-based 3D photoresist described in Section 5.4 was presented at a
conference [208] and published in a peer-reviewed journal [139].
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5 the spirothiopyran molecular photoswitch

5.2 Surface Functionalization

For surface functionalization experiments, sample processing followed Sec-
tion 3.3.1. The STP-carrying triethoxysilane compound and the bromine-
carrying maleimide species were synthesized by Larissa Hammer and are
depicted in Figure 5.3. Glass substrates were coated with the STP-silane and
inserted into the lithography setup. Based on the absorption spectra shown
in Figure 5.1 b), we employed femtosecond laser pulses with a center wave-
length of 750 nm for two-photon excitation of STP which is spectrally well
separated from the visible absorption of the open MC form. For depletion,
a cw laser diode at 640 nm was used (see Figure 3.1). It is well known in
literature that the solvent has a strong influence on the switching dynamics
of spiropyrans and merocyanines [188]. Therefore, it is necessary to carefully
select a suitable solvent for the maleimide-bromine during the lithography
step. Therefore, a series of solution experiments was performed by Larissa
Hammer [209] before I conducted lithography experiments.

Finding the Right Solvent

Solutions of a STP compound (at 0.2 mmol L−1) in different solvents or
solvent mixtures were first exposed to UV light at 385 nm to trigger the
STP→MC transition. In parallel, the absorption spectrum was measured
to determine the spectral position λmax of the peak absorbance of the MC
form in the visible range between 500 nm and 700 nm and the value of
absorbance was taken as a (uncalibrated) proxy for the concentration of
MC species. Results of the study are listed in Table 5.1. For the solvents
DMF, acetonitrile, and anisole a decrease of MC absorbance as well as a
spectral shift were observed for prolonged irradiation times >1 min which
might be attributed to degradation or decomposition of the MC form in
these solvents. This effect is quantified by the irradiation time t10%,UV after
which the absorbance has decreased down to 10 % of the maximum value.
DMSO and a mixture of DMF and water (1 : 1 vol%) did not show such
degradation. Further, all solutions were excited by brief exposure to UV
light (avoiding the degradation regime) and the decrease of MC absorbance
was monitored as the MC forms were thermally converted back into SP. In
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Figure 5.3: Schematic view of a) STP-carrying triethoxysilane and b)
maleimide-bromine.

parallel experiments, the photo-induced back-conversion was recorded under
exposure to a visible light LED with 590 nm peak emission wavelength. The
corresponding times necessary for an absorbance decrease down to 10 % of
the maximum are denoted by t10%,therm and t10%,Vis, respectively. The data
clearly shows that the light-induced MC→ STP transition is much faster
than thermal relaxation, typically by a factor of 50. In Table 5.1, the relative
polarity of each solvent is denoted by Reichardt’s normalized solvatochromic
indicator EN

T (30) [210]. Evidently, MC forms are stabilized in polar solvents
by dipolar interactions and hydrogen-bonding, leading to a hypsochromic
shift (blue shift) of λmax as well as longer MC lifetimes for both thermal and
light-induced isomerization.

To avoid degradation, writing experiments were only assessed using
DMSO or the DMF/water mixture as a solvent for the maleimide-bromine at
a concentration of 10 mmol L−1. All further processing steps were identical
for both solvents. After lithography, PEGMEMA polymer brushes were
grown on the samples by ATRP and characterized by light microscopy and
AFM (see Section 3.3.1). However, samples processed using the DMF/water
mixture suffered from discontinuous polymer brushes with high surface
roughness (not depicted). Possibly, this was caused by water condensat-
ing on the areas decorated with MC forms. As the thiol-Michael reaction
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Table 5.1: Results of the solvent study performed by Larissa Hammer [209].

solvent EN
T (30) λmax (nm) t10%,UV (s) t10%,therm t10%,Vis(s)

DMF/H2O (1 : 1) 0.5991 564 - 6.5 h 80
DMSO 0.4442 648 - 80 min 80

acetonitrile 0.4602 643 20 110 s 1.5
DMF 0.3862 648 25 7 min 2

anisole 0.1982 700 40 50 s 1
1 Value reported in [211].
2 Values reported in [210].

does not proceed efficiently in pure water, these areas were not uniformly
functionalized with maleimide-bromine.

In contrast, samples processed using a solution of maleimide-bromine in
DMSO showed clearly defined structures with good quality. Figure 5.4 a)
depicts a light microscope image of a dose test pattern consisting of lines
written at a scan speed of 100 µm s−1 with varying excitation power and at
different offsets with respect to the sample interface. An AFM image of a
part of such a pattern reveals increasing line height and linewidth which can
be explained by similar saturation effects as already discussed in Section 4.2.

In order to investigate the expected depletion effect, experiments were
performed using overlaid Gaussian laser beams. A pattern was written
consisting of several lines each of which was exposed to a different set of
excitation and depletion laser powers. In Figure 5.5, a light microscope
image of a typical result is depicted. Evidently, writing is not suppressed
by the depletion light. Instead, the depletion light even enhances writing.
Compared to not using depletion, lines can be observed at even lower ex-
citation powers if the depletion laser is switched on (dashed area A). The
MC form apparently did not efficiently revert back into the STP form by
exposure to the depletion light. At even higher depletion laser powers, the
depletion laser light alone led to parasitic writing (dashed area B) which
we attribute to residual absorption of STP at that wavelength. If the ab-
sorption spectrum shown in Figure 5.1 b) is plotted on a logarithmic scale
(Figure 5.6), it becomes clear that the absorbance of the STP form at 640 nm
is non-zero and lies two orders of magnitude lower than for the MC form in
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Figure 5.4: a) Dark field light microscope image of polymer brushes grown
on lithographically defined functionalized patterns. The contrast of the lines
increases with rising excitation power. b) An AFM image of a similar pattern
reveals that both line width and height increase with rising excitation power.
The height is limited by saturation effects.

the photostationary state under UV illumination.
Given the huge evidence of efficient photoswitching of SP and STP re-

ported in literature, we attempted further experiments in solution as well as
under lithography conditions. A study performed by Larissa Hammer aimed
for determining the thiol-Michael reaction yield in equimolar solutions of a
STP species and maleimide-bromine in DMSO under different illumination
conditions by nuclear magnetic resonance (NMR) measurements [209]. After
90 min exposure to an UV LED at 385 nm, 38 % of the initial STP molecules
underwent a thiol-Michael addition in one sample. A second sample simul-
taneously irradiated by UV and visible light (LED with peak emission at
590 nm) showed a decreased reaction yield of 19 %, which proved that the
depletion effect is very pronounced, even in the presence of thiol-Michael
reaction partners, i. e., maleimides. In a third control sample exposed to
only the visible LED, conversion of STP by thiol-Michael addition could not
be detected at all. Several different approaches were assessed in order to
achieve a similar depletion effect in lithography experiments. The use of
other solvents than DMSO listed in Table 5.1 led to deteriorated structures
that did not allow to draw conclusions on the depletion effect. Further,
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Figure 5.5: Dark field light micrograph of a depletion test pattern where
each horizontal set of lines was written as indicated in the scheme shown on
top. While the depletion laser was at a fixed power for the whole line, small
lines were written with increasing excitation laser power. With increasing
depletion power, lower excitation powers were needed to achieve visible
lines (dashed area A). At very high depletion powers, the depletion laser
writes even without excitation light (parasitic writing, dashed area B).
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Figure 5.6: Logarithmic plot of the absorbance spectrum of a small STP
species in DMSO shown in Figure 5.1 b). The gray dashed line indicates the
spectral position of the depletion laser, i. e., 640 nm.
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5.2 surface functionalization

attempting depletion at a shorter wavelength of 532 nm did not lead to an
improvement. The influence of the concentration of maleimide-bromine was
investigated as well and showed that at concentrations below 3.3 mmol L−1

no writing takes place. A possible oversaturation by maleimide species can
therefore be ruled out as well.

These results led us to the conclusion that the absence of depletion in our
lithography experiments must be connected to the STP being attached to a
glass surface. Due to the large conformational changes involved, the conver-
sion from STP to MC and vice versa is sensitive to steric effects [212–214].
Presumably, the MC→ STP transition is not only sterically hindered but in
addition suppressed as the MC forms are stabilized by aggregating with
neighboring MC moieties or by the polar solvent DMSO. Rosario et al. re-
ported similar findings for surface-bound SP-carrying silane [213]. The
authors found an improved switching behavior if the SP-carrying silane
was diluted by a second unpolar silane species prior to silanization. In our
experiments, we therefore assessed the dilution the STP silane by addition
of triethoxy(octyl)silane. Unfortunately, this approach did not prove suitable
for lithography experiments. The dilution of STP silane resulted in a lower
grafting density of MC forms and therefore led to a lower bromine density on
the surface. This is detrimental to the requirement of high initiator densities
for achieving high polymer brushes (compare to Section 4.2). With increasing
STP dilution employed in our experiments, the the height of the polymer
brushes became too low to be effectively measurable anymore by our means
before we could detect a clear depletion effect.

Therefore, we draw the conclusion that the approach of surface function-
alization did not allow to observe the expected depletion effect of the STP
chromophore. While this technique proved successful for characterizing the
photoenol molecular photoswitch (see Section 4.2), the STP chromophore
is more sensitive to the environment, presumably due to the large steric
changes involved in the isomerization process.
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5.3 Spirothiopyran-Based Negative-Tone Photoresists

In order to achieve a photoresist that allows for 3D structures, we followed
the route of attaching STP moieties to the side groups of methacrylate
copolymers. This approach is analogous to the work presented in Section 4.3
on the photoenol molecular photoswitch. Different methacrylate-based
copolymers with either STP or maleimide functionalities as side groups were
synthesized by Larissa Hammer and Rouven Müller by thermal copolymer-
ization of methyl methacrylate (MMA) and previously synthesized STP-car-
rying methacrylate (STPMA) or protected maleimide-carrying methacrylate
(MALMA), respectively [139, 209]. Figure 5.7 a) shows the chemical struc-
tures of the employed copolymers while their compositions and number
average molecular weights Mn are listed in Table 5.2. Upon two-photon
absorption in the near infrared, the STP moieties photoisomerize into their
MC forms. The reverse MC→ STP transition is stimulated by one-photon
absorption of visible light [215]. First, I describe experiments on a two-
component photoresist relying on thiol-Michael addition for cross-linking
between STP- and maleimide-functionalized copolymers. After that, I show
how an interesting discovery allowed us to simplify the photoresist to only a

Table 5.2: Compositions of the different copolymers.

copolymer Mn
1 STPMA2 MMA3 MALMA4

(g mol−1) (mol%) (mol%) (mol%)

STP-1 6100 14 86 -
STP-2 7600 27 73 -
STP-3 8600 56 44 -
STP-4 44000 7 93 -

Mal-Pol 6700 - 84 16

Molar ratios determined by NMR measurements.
1 Measured by size-exclusion chromatography [139, 209].
2 STP-functionalized MMA.
3 Methyl methacrylate.
4 Methacrylate bearing protected maleimide. Deprotection followed directly

after copolymer synthesis [209].
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Figure 5.7: a) Schemes of STP-carrying methacrylate copolymers and the
maleimide-carrying methacrylate copolymer. The compositions of the
copolymers are given in Table 5.2. b) Absorbance spectra of STP-1 in
acetophenone in the dark and in the photostationary state under exposure
to UV light (4.1 mg ml−1, 2 mm path length, measured by Rouven Müller).
Adapted from [139].

single constituting compound, based on supramolecular link formation. In
both cases, a negative-tone photoresist capable of supporting 3D structures
was obtained.

Figure 5.7 b) depicts the absorption spectra of the STP copolymer STP-1
dissolved in acetophenone at 4.1 mg ml−1 in dark and in the photostationary
state under UV illumination. Compared to the small molecule spectrum
shown above in Figure 5.1, the absorption peak of the MC form is red-shifted
to a spectral position of λmax = 700 nm, presumably due to the lower polarity
of acetophenone compared to DMSO. While the depletion wavelength of
640 nm previously used for the surface functionalization experiments was
still suitable, we tuned the titanium-sapphire excitation laser to 820 nm in
order to reduce overlap with the absorption of the MC form. The employed
laser foci are depicted in Figure 3.6.
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5.3.1 3D Photoresist Based on Thiol-Michael Addition

In a first set of experiments, we employed a photoresist consisting of copoly-
mers bearing STP units and copolymers bearing maleimide moieties. By thi-
ol-Michael addition of thiolate anions and maleimides, covalent cross-links
are formed between the copolymer chains. Thus, a polymer network is
formed in a step growth manner within the exposed volume. The cross-link-
ing can be suppressed by simultaneous exposure to visible light which stim-
ulates the conversion of MC back into STP before cross-link formation can
occur. Generally, sample processing followed the procedure described in Sec-
tion 3.3.2. The photoresist was prepared as a mixture of the STP copolymer
STP-42 (31.5 mg, 0.7 µmol) and the maleimide copolymer Mal-Pol (20.6 mg,
3.1 µmol) at 25 wt% in acetophenone and DMSO (1 : 1 vol%). By warming
to 40 ◦C and ultrasonication, a homogeneous mixture was achieved within
20 min. The system of two solvents was necessary to dissolve both copoly-
mers sufficientlyand thus achieve concentrations above 10 wt%. The molar
ratio of maleimide to STP functional groups was 1.5 : 1. A droplet of the
photoresist was placed onto a cleaned glass cover slip, retained by a PDMS
ring and inserted into the DLW setup. After lithography, samples were de-
veloped by immersion in toluene for typically 5 min, followed by immersion
into isopropyl alcohol which is a non-solvent for the copolymers. Afterwards,
the samples were dried in a stream of nitrogen.

The photoresist proved writable and allowed for fabrication of quasi-2D
patterns on the substrate as well as free-standing 3D structures. The writing
threshold power was 1.13 mW. SEM images of exemplary 3D structures are
shown in Figure 5.8 a). Evidently, the structures suffer from very pronounced
shrinkage as indicated by the dashed lines outlining the actually exposed
volume. Dented side faces contribute to the rather bad overall structure
quality. Presumably, the cross-linking density was very low and thus much
unused photoresist material initially resided inside the structures. During
development this surplus material was washed out leading to deteriorations
during drying. Further, the structures are covered by small grains which we
attribute to partial fallout of the photoresist solution.

2 The reason for this particular choice was that this copolymer was the only one available
at the time.
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depletion 640 nm
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Figure 5.8: Writing results using the two-component photoresist. a) A
SEM image of free-standing bridge structures reveals shrinkage-induced
deteriorations. b) Using a Gaussian depletion beam, the schematically
depicted loop test pattern was written. A light microscope image of the
resulting structure shows that a reversible depletion effect has been achieved.
c) SEM image of a depletion experiment using a phase mask-modulated
depletion beam. Adapted from [139, 208]

For assessing the suppression of the cross-linking reaction by the depletion
laser light, both excitation and depletion laser were employed with overlaid
Gaussian foci (Figure 3.6). Loop patterns were written according to the
scheme depicted in Figure 5.8 b), similar to experiments already described
for the photoenol system in Section 4.3. The depletion beam was switched
on for the central part of the line, which completely suppressed writing.
The depletion laser thereby neither damaged previously written lines nor
rendered an area unwritable for later exposures by the writing laser. This
behavior was achieved for depletion powers ranging over two orders of
magnitude. The achievable resolution in STED-inspired DLW scales with the
inverse square root of the depletion power (see Equation 2.14) and as such an
improvement of

√
100 = 10 can be expected. Unfortunately, the bad quality

of the structures ruled out an unambiguous assessment of this theoretical
improvement. In fact, the inherent graininess of the fabricated structures
became even more prevalent when going to small isolated lines, as shown in
Figure 5.8 c). By modulating the depletion beam using a half-space phase
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mask, a depletion focus featuring a plane of zero intensity was achieved
(Figure 3.6) which was switched on for the right halves of the depicted
lines. While the depletion light clearly led to linewidth reduction, the
lines suffer from discontinuities and deteriorations and do not allow a clear
determination of linewidth. Thus, the photoresist composition based on two
copolymer components and two solvents was not suitable for high-resolution
experiments.
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5.4 3D Photoresist Based on Supramolecular Aggre-
gation

While the described experiments using the two-component photoresist were
hampered by the bad structure quality, an unexpected discovery opened
up a promising avenue. We found that the STP copolymers could also be
structured when the copolymers bearing maleimide groups were left out of
the photoresist mixture altogether. This simplification allowed to settle for
acetophenone as the exclusive solvent and to increase the copolymer load
in the solution up to several tens in weight percentage. Furthermore, the
quality of the written structures improved considerably compared to the
two-component approach while the sample processing procedure remained
unchanged. Figure 5.9 shows SEM images of several well-defined 3D mi-
crostructures fabricated using a photoresist consisting of the STP copolymer
STP-1 at 40 wt% in acetophenone. The structures still exhibit shrinkage due
to unused material being washed out during the development step but at a
significantly reduced level compared to the structures depicted in Figure 5.8.
The writing threshold power was 0.46 mW.

5 µm 5 µm

a) b)

Figure 5.9: SEM images of a) a free-standing bridge structure and b) pyra-
mid structures written using a photoresist composed of copolymer STP-1
in acetophenone at 40 wt%. Adapted from [139].
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5.4.1 Characterizing the Photoresist

Identifying the Cross-Linking Mechanism

As there is no activated ene present in the photoresist which could act as
a suitable reaction partner for the thiolate anion, the above-described thi-
ol-Michael reaction cannot account for the cross-link formation. Instead, we
attribute the formation of stable structures to supramolecular interactions
of MC and STP groups. As already explained in Section 5.1.2, the open MC
form features an increased dipole moment compared to the closed form.
For the oxygen-containing SP, Krongauz et al. were the first to report that
the corresponding MC form can form strong intermolecular linkages [196].
They observed aggregation of small SP molecules into microscale struc-
tures induced by formation of SP-MC dimers and charge-transfer complexes.
Later studies along the same lines described aggregates of type SP-MC,
MCn, and (SPnMCm) [216–219]. Using methacrylate copolymers bearing
SP moieties, inducing intermolecular links by a mechanism termed zipper
polymerization led to polymer crystals which were stable up to temperatures
of 150 ◦C [220–223]. Similar mechanisms were exploited for lithographically
defined adsorption or aggregation of SP-decorated nanoparticles as already
listed in Section 5.1.2 [197–199]. In order to validate this interpretation of our
experimental results, Rouven Müller synthesized methacrylate copolymer
bearing oxygen-containing SP in the side groups, SP-1, with a composition
similar to STP-1 (Figure 5.10 a), Mn = 7300 g mol−1, 16 mol% SP) [139]. A
photoresist was prepared by mixing the SP copolymer at 40 wt% with ace-
tophenone and tested by performing DLW experiments. The photoresist
exhibited very similar writing performance, structure quality, and shrinkage
effects compared to the photoresist based on STP copolymer. A SEM image
of a bridge structure obtained using the SP photoresist is shown in Fig-
ure 5.10 c). The writing threshold power was 3.84 mW, which is a factor of
8.3 above the the value obtained for STP-1. While functionalization degree,
molecular weight and concentration are very similar in both photoresists,
this huge difference can be explained by the blue-shifted UV absorption
of SP (Figure 5.10 b). In fact, tuning the excitation laser to shorter wave-
lengths lead to a decrease in threshold power. The cause for this blue-shift
lies in the higher electronegativity of the oxygen heteroatom compared to
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Figure 5.10: a) Scheme of the employed copolymers bearing oxygen-con-
taining spiropyran. b) Absorbance spectra of SP-1 in acetophenone in dark
and in the photostationary state under UV illumination (1 mg ml−1, 2 mm
path length, measured by Rouven Müller). (c) SEM image of a free-standing
bridge structure fabricated from a photoresist consisting of SP copolymer
at 40 wt% in acetophenone. Adapted from [139].

sulfur [224]. Therefore, we attribute the formation of stable 3D structures in
both the STP and SP photoresist to a combination of the strong supramolec-
ular interactions described above leading to intermolecular aggregation and
thereby to physically linked networks. As shown below, writing inhibition
by the depletion laser could be achieved for the STP photoresist but not for
the SP photoresist. Therefore, experiments using the SP copolymers were
discontinued.

The non-covalent cross-link mechanism explains issues arising in the fab-
rication of more complex 3D structures than the ones shown in Figure 5.9.
The structures often collapsed during development because the photoresist
became too soft when swollen by the developer. Evidently, the non-cova-
lent binding can be weakened by solvent intrusion. Similar findings were
reported for aggregated SP-decorated nanoparticles [199]. Moreover, with
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increasing structure volume, an increasing amount of small grains attached
to the structures obscuring the exposed shape. Presumably, material from the
photoresist solution agglomerated onto the structures by similar supramolec-
ular interactions.

Investigating Different Copolymer Compositions

The copolymers STP-1 to STP-4 vary either in degree of functionalization,
i. e., the molar percentage of STP units, or chain length, given by the number
average molecular weight Mn. Additionally, the maximum concentration
achievable in acetophenone depends on these parameters. To find the ideal
conditions, we assessed the writing performance of different photoresist
mixtures. The results of this study are listed in Table 5.3. Generally, we could
observe very similar trends as already described for the photoenol photore-
sists investigated in Section 4.3.1. While the copolymer with the longest
average chain length, STP-4, showed the overall lowest threshold power, the
3D structures suffered more heavily from shrinkage and achievable resolu-
tion (using only the excitation laser) was lowest. This can be explained by
considering the network formation process. With each cross-link formed, the
total weight of the polymer network approximately3 increases by the weight
of a single copolymer chain. The gelation point, i. e., the writing threshold, is
crossed once the network achieves a certain molecular weight. Thus, using
longer copolymer chains, less cross-links are necessary to reach this point,
which leads to a decreased threshold laser power. On the other hand, the
cross-linking density is also lower at the gelation point for longer copolymers,
leading to a softer resist and more material being washed out during devel-
opment [175]. The copolymers STP-2 and STP-3 possess roughly two and
three times as many STP units compared to STP-1. The higher chromophore
density theoretically leads to a higher cross-link density. In practice, there is
a trade-off as the solubility of highly-functionalized copolymers is lower and
switching of STP groups might be sterically hindered [223]. While initially
well dissolved, photoresists containing STP-2 or STP-3 suffered from fallout
during typical writing times of 1 h per sample. We also investigated different

3 Here, it is assumed that each link is formed between two units that are not already linked.
In reality, multiple inter- and intramolecular links could be formed.
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Table 5.3: Comparison of the different STP copolymers.
Adapted from [139].

copolymer Mn STP content cmax
1 Pthr

2

(g mol−1) (mol%) (wt%) (mW)

STP-1 6100 14 40 0.46
STP-2 7600 27 30 0.36
STP-3 8600 56 15 0.72
STP-4 44000 7 30 0.33

1 Highest achievable concentration in acetophenone.
2 Threshold laser power at cmax.

solvents, however, acetophenone proved to allow for highest concentrations
and possesses a high boiling point which avoids changing concentrations
and fallout during lithography experiments. The aforementioned photoresist
consisting of copolymer STP-1 at 40 wt% in acetophenone exhibited the best
writing performance and was thus chosen for further experiments.

Effective Order of Nonlinearity

The effective nonlinearity N of the process was determined by imposing su-
per-pulsing schemes onto the excitation laser and determining the threshold
power for each set of pulse scheme parameters. This method was employed
for the photoenol-based photoresists as well and is described in detail in
Section 4.3.2. The effective order of nonlinearity was determined from a
linear regression of a double-log plot of threshold power in dependency
of the duty cycle of the super-pulsing scheme (Figure 5.11). The obtained
value of N = 1.84 is in agreement with the two-photon behavior that is
expected for a process based on two-photon absorption. Deviations from the
theoretical value of 2.0 can be attributed to further non-optical nonlinearities
occurring in the complex process of network formation.
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Figure 5.11: Double-log plot of polymerization threshold in dependence
of super-pulse duty cycle. The negative inverse of the slope calculated
by linear regression yields the effective order of nonlinearity N = 1.84.
Adapted from [139].
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Figure 5.12: SEM images of depletion test patterns fabricated using a)
the STP-based photoresist, and b) the SP-based photoresist. For each
combination of excitation and depletion power, a line was written. The
yellow lines are a guide to the eye. Different regimes can be identified:
depletion (A), parasitic writing (B and C), and a destructive regime (D).
Adapted from [139].
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5.4.2 Depletion Experiments

For proving the expected cross-linking suppression by depletion, overlaid
Gaussian foci were employed (Figure 3.6). Excitation and depletion laser
powers were varied and a line was written for each combination, resulting in
patterns as depicted in Figure 5.12. Here, the best-performing STP photore-
sist based on STP-1 is compared with the oxygen-analogue SP-1 at the same
concentration. Evidently, while the two photoresists showed similar results
when using only the excitation laser (see above), a very different behavior was
observed when the depletion laser power was increased. For the STP-based
resist, the threshold power first increases with rising depletion power be-
cause the cross-linking is suppressed by the depletion light converting MC to
STP (regime A). Thus, higher concentrations of MC forms are necessary re-
quiring higher excitation powers. Above depletion powers of approximately
0.3 mW, the threshold power decreases again (regime B). We attribute this
to parasitic one-photon absorption of the depletion laser by the STP form.
This phenomenon can also be observed for other resist systems, e. g., acrylate
photoresists [106], or the photoenol-based resist described in Section 4.3.3.
Nonetheless, a considerable window remains for depletion. The picture
looks quite different for the oxygen-containing SP-based photoresist. Here,
using low depletion powers in the microwatt range leads to a decrease in
threshold power, indicating parasitic writing (regime C). Above a depletion
power of 10 µW, the threshold increases again. However, this is accompanied
by increasing degradation of the lines (indicated by the lower contrast in
SEM) until there are no cross-linked lines visible anymore (regime D). This
destructive effect was irreversible and also affected previously written lines.
The cause for these differences between STP- and SP-based photoresists was
not investigated in detail but can possibly be explained by looking at the
MC→ SP/STP transition which takes place via singlet-excited MC* [207].
From MC*, three pathways are possible, transition back in to the MC state
by fluorescence or radiation-less decay, or (radiation-less) conversion into
SP/STP. The MC form of STP is reported to exhibit much weaker fluores-
cence than its analogous SP, while radiation-less deactivation processes are
more pronounced, presumably including transition from MC* into the STP
form [225, 226]. Therefore, the formation of STP by the depletion light is

129



5 the spirothiopyran molecular photoswitch

expected to be more efficient than the formation of SP. Furthermore, the
equilibrium between SP/STP and MC forms in the photostationary state
is shifted more towards the MC form for oxygen-containing SP than for
STP [215, 224]. Thus, for SP, a higher concentration of MC forms is ob-
tained in an exposed volume, which requires higher depletion laser powers,
potentially closing down the working window for an efficient depletion
effect. We therefore concluded that the SP-based photoresist does not offer
a depletion channel suitable for this lithography approach and continued
further depletion experiments using only the STP-based photoresist.4

Reversible Depletion

By writing loop patterns as schematically depicted in Figure 5.13, the re-
versibility of the depletion effect was investigated. The result proves the two
necessary prerequisites for a useful depletion effect. First, lines that had
been previously written were not affected by the depletion light (dashed
area A). The dipolar interactions forming the cross-links in the structures are
stable enough to withstand the depletion laser beam. Second, after an area
had seen the depletion light, it was possible to write in that area again, i. e.,
the depletion effect is reversible (dashed area B).

Similar to Section 4.2.1, it is possible to estimate the lifetime of the MC
form in the photoresist during lithography experiments. Therefore, point
exposures were performed with overlaid excitation and depletion lasers. A
time-gating scheme as depicted in Figure 5.14 a) was imposed onto the lasers
by electronically gating the AOM or the diode current, respectively. Both
beams were switched on for a single super-pulse of 2 µs each with time delay
∆t between the excitation and the depletion super-pulse. For each time delay,
a series of points was exposed with a fixed depletion power of 29 mW and
with increasing excitation power. The threshold excitation power Pthr was
determined for each ∆t by inspection of the sample in a dark-field light
microscope. The dependency of the writing threshold power on the pulse
delay is depicted in Figure 5.14 b). At ∆t = −4 µs, the depletion had no

4 It is worth revisiting the results obtained using the two-component photoresist (see
Section 5.3.1) at this point. While the thiol-Michael addition is an efficient and preferable
reaction pathway, it cannot be ruled out that the supramolecular interactions described
herein contributed to network formation for the two-component system as well.
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2 µm

depletion beam switched on
excitation beam switched on

A

B

Figure 5.13: Loop pattern written for assessing the reversibility of the de-
pletion effect, shown schematically (left) and in a SEM image of a written
structure (right). Neither previously written lines (dashed area A) were af-
fected nor was the depleted area rendered unwritable by the depletion light
(dashed area B), proving a reversible depletion effect. Adapted from [139].

effect and the threshold power was 21.1 mW. Around ∆t = 0, the threshold
shift due to the depletion peaked at 35.1 mW, corresponding to a threshold
shift of 66 %. At time delays of more than about 2 µs, the threshold power
returned to a constant level of 22.5 mW, indicating that the depletion was
not effective anymore after that time. Presumably, the majority of molecules
in the MC state had already undergone irreversible linkage formation and
could therefore not be converted back into STP. To quantify the decay of
the threshold, the data is fitted by an exponential which yields a 1/e decay
time of τ = 0.95 µs. This value is lower than the super-pulse width of
2 µs and should therefore be only regarded as an upper limit to the MC
lifetime. Employing shorter super-pulses was not feasible as due to electronic
limitations.

Linewidth Enhancement by Depletion

With a reversible depletion effect at hand, we subsequently explored achiev-
able linewidth enhancement and resolution increase in high-resolution ex-
periments. Therefore, the depletion beam was modulated by a half-space
phase mask to achieve a focus shape featuring a plane of zero intensity
(Figure 3.6). Test patterns fabricated for assessment of the linewidth en-
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exposure scheme:

a) b)

time

excitation

depletion

2 µs

Δt

τ = 0.95 µs

Figure 5.14: a) Exposure scheme employed for determination of the lifetime
of the MC form by point exposures. Excitation and depletion lasers are
super-pulsed by gating the AOM and the diode current, respectively, with
pulse widths of 2 µs and shifted by a time delay ∆t. b) The threshold laser
power is determined for each time delay ∆t, at a fixed depletion power
of 29 mW. An exponential fit for positive ∆t reveals a 1/e decay time of
τ = 0.95 µs.

hancement consisted of sets of lines written with a fixed excitation laser
power, where the depletion laser was switched on for a part of the line. From
line to line, the depletion power was increased. The SEM image depicted
in Figure 5.15 a) shows a set of lines written with an excitation power of
0.69 mW and depletion laser powers in the range of 1.3–2.7 mW. Evidently,
the linewidth is decreasing with increasing depletion laser power until the
lines become discontinuous at some point. The linewidth is determined
from the gray value of the SEM image by averaging the line profiles along
a section of the line, as indicated by the dashed box in Figure 5.15 a), and
calculating the FWHM of the averaged profile. The smallest achievable
FWHM of such lines was typically in the range of 30 nm to 35 nm, including
the sputtered gold layer of nominally 5 nm. In the depicted case, a FWHM
of 31.2 nm was achieved, as shown in the plot of line profile (Figure 5.15 b)).
In panel c), the dependency of the linewidth on the depletion power Pdepl is
plotted. The FWHM approximately scales with the inverse square root of
the depletion power as expected for a STED-like process (see Equation 2.14),
until the regime of disconnected lines is reached. At the employed excitation
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Figure 5.15: a) Scanning electron micrograph of a typical set of lines written
at an excitation power of 0.69 mW, where the depletion laser is switched on
for the lower part of each line. At depletion laser powers above 2.13 mW,
the lines become unstable and disconnected. b) The averaged line profile
extracted in the area marked by the dashed yellow line reveals a FWHM
of 31.2 nm. c) As expected in theory, the achieved FWHM of lines is pro-
portional to the inverse square root of the depletion laser power. Adapted
from [139].

laser power, which is 50 % above the writing threshold, the FWHM of a line
without depletion is 104 nm. The depletion laser led to a linewidth reduction
of 70 %. For comparison, the thinnest lines that could be fabricated using
only the excitation laser at powers very close to the writing threshold have a
FWHM of around 55 nm. However, employing the depletion laser at such
low excitation powers directly led to discontinuous lines without leaving a
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Figure 5.16: Close-up SEM image of a line where the depletion laser was
switched on for the right part. The line features small grains with approxi-
mate sizes between 30 nm and 50 nm. Adapted from [139].

working window for depletion. Compared to these thinnest lines, the use
of depletion led to an linewidth enhancement of almost a factor of 2. For
comparison, the best value reported in literature for STED-inspired DLW
was a FWHM of 34 nm, achieved by the Klar group using an acrylate resist
with DETC as photoinitiator [111].

A further reduction of linewidth was limited by the decreasing stabil-
ity of thin lines, which, at some point, were not stable enough anymore
to withstand the development process leading to collapsing and breakup.
Another issue that became apparent at such small linewidths is the inher-
ent graininess of the photoresist. As shown in the close-up SEM image in
Figure 5.16, the lines exhibited formation of small grains with diameters
on the order of 30–40 nm, i. e., on the same scale as the smallest linewidths
observed. This defines an inherent minimum length scale for the achievable
linewidths. Possibly, the formation of these microscopic grains is connected
to the highly ordered stacking processes of the MC moieties. In literature,
formation of microcrystallites on very similar scales was reported for zipper
polymerization of SP-functionalized methacrylate copolymers [216].

Assessing the Achievable Resolution

In order to determine the resolution achievable using the STP photoresist,
line grating patterns were fabricated with varying laser powers and grating
period a. Following Equation 2.7, the theoretical diffraction limit for a wave-
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length of 820 nm and a numerical aperture of 1.4 is 207 nm. SEM images of
a typical set of gratings are depicted in Figure 5.17. Gratings with periods
above the diffraction limit could be easily fabricated, as shown in panel a)
for a = 400 nm. However, the gratings show smaller deteriorations as the
individual lines exhibit the graininess mentioned above. In addition, larger
flakes with sizes in the range of hundreds of nanometers attached to the
lines, potentially having the same origin as the smaller grains. By using only
the excitation laser, it was not possible to resolve grating periods below the
diffraction limit (e. g. 175 nm, panel b)), even when setting the laser power
close to the writing threshold. Instead of separated lines, a single block
was obtained. When the depletion laser modulated by the phase mask was
switched on in addition to the excitation laser, the lines could be resolved
again (panel c)). However, it is evident that the quality of the gratings tremen-
dously suffered. Neighboring lines touch each other at numerous positions,
either by formation of microbridges or by pattern collapse. Both phenomena
are common to high-resolution negative-tone photoresists [178–181] and
appeared as well in our experiments on photoenol-based photoresists (see
Section 4.3.3). These two photoresist systems are conceptually very similar.
Therefore, we draw the same conclusion herein and attribute the formation
of these defects to swelling effects occurring during the development process
(panel d)). When immersed, toluene swelled both the unused resist and
the cross-linked structures. Thereby, the cross-linked networks strongly in-
creased in volume, leading to neighboring lines touching each other. Thereby,
some of the MC aggregates were extended by SP and MC forms provided
by the neighboring networks. When deswelling of the structures took place
in isopropyl alcohol (and even more when drying with nitrogen), some of
these connections remained in the form of microbridges. In other parts, the
tension during deswelling led to a collapse of neighboring lines, bridging
the gap in between.

A direct observation of the swelling behavior of the structures during
development proved to be challenging because the contrast in refractive
index between cross-linked structures and photoresist was very low. Instead,
we performed a study monitoring changes of already developed structures.
Figure 5.18 a) shows a grayscale light microscope image of a set of grating
structures with periods in the range of 0.7–1.2 µm, i. e., considerably above
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Figure 5.17: SEM images of different attempts to write grating structures. a)
Gratings written with lattice constants above the diffraction limit of 207 nm
feature clearly separated lines. b) At lattice constants below the diffraction
limit, fabrication using only the excitation laser yields a solid block. If the
depletion laser is used in addition, the lines can be resolved again, but
suffer from microbridging and pattern collapse. Adapted from [139].

the diffraction limit in order to allow monitoring by regular light microscopy.
The sample was developed by immersion in toluene and isopropyl alcohol
and in a dry state at the time of imaging. After taking the picture, the
sample was immersed into DMF, which is a good solvent for the copolymers.
After 1 min, the sample was transferred into isopropyl alcohol and dried in a
stream of nitrogen. The corresponding image (panel b)) shows pronounced
deteriorations of the gratings caused by the strong swelling with DMF. The
formation of microbridges cannot be observed unambiguously. However, is
is evident that the formerly very straight lines now exhibit a rather wiggly
shape and have collapsed in some places.

These effects may be reduced by using shorter copolymer chains with a
smaller molecular weight, thereby increasing the degree of cross-linking (see
discussion above). Another factor which influences the formation of such
defects is the choice of solvents used for development. Therefore, the reso-
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Figure 5.18: a) Grayscale light microscope image of a set of line gratings after
regular development in toluene and isopropyl alcohol. After immersion in
DMF, followed by isopropyl alcohol and drying in a stream of nitrogen, the
structures show wiggles and deteriorations caused by swelling. Adapted
from [139].

lution of the copolymers listed in Table 5.3 as well as several combinations
of solvents were assessed. However, the using a photoresist based on STP-1
and the development in toluene/isopropyl alcohol yielded the best results.
As an alternative approach, we also explored writing in spin-coated thin
films of the STP copolymers with regard to achieving higher cross-linking
densities than in solution. Here, writing was possible as well but no con-
siderable depletion effect could be observed (not depicted). Presumably,
the conversion of MC forms to STP forms was sterically hindered [223]. In
addition, swelling-induced damage was more severe than for liquid pho-
toresists. Thus, the described issues faced when writing grating structures
could not be avoided completely, rendering the high-resolution performance
of the photoresist poorer compared to typical acrylate photoresists based on
free-radical polymerization [6]. For comparison, using an acrylate photoresist
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with the photoinitiator DETC, the Klar group achieved a lateral resolution
of 120 nm by STED-inspired DLW [111]. Nevertheless, the depletion effect
is present and our experiments show clear indications of sub-diffraction
resolution.

Final Remarks on Lithography Using Spirothiopyran

In conclusion, the spirothiopyran chromophore proved to be suitable for
applications in laser lithography. The presented experiments demonstrated
that the thiol-Michael addition of STP to maleimide upon two-photon ex-
citation can be employed for spatially resolved surface functionalization.
However, transferring the photoswitching behavior of the chromophore
found in solution, especially the light-induced transition from its MC to its
STP form, proved to be challenging. The reason is that STP is very sensitive
to the chemical environment, e. g., polarity and steric freedom. For surface
functionalization, no depletion effect could be observed. A more successful
strategy was to employ copolymers bearing STP units as side groups for
negative-tone photoresists enabling 3D structures. While the presented two-
component resists exhibited a rather bad writing quality, a one-component
photoresist which relies on cross-linking by supramolecular interactions
showed considerably improved results. Using this photoresist, a reversible
depletion effect was demonstrated that allowed linewidth reduction by a
factor of 2, down to 31 nm. The resolution could be improved as well by
using depletion, allowing fabrication of gratings just below the diffraction
limit. However, the results were substantially impeded by defects such
as formation of microbridges or collapse of lines which were presumably
caused by swelling effects during development. Very similar issues occurred
in the photoresist based on the photoenol system discussed in Section 4.3. In
the next chapter, I will compare the two photoresist systems in more detail
and discuss options for overcoming swelling-induced limitations.
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Chapter 6

Discussion

The two molecular photoswitches presented in this thesis have been de-
scribed independently in their corresponding chapters. However, one finds
many similarities and differences that are worth highlighting. In this last
chapter of my thesis, I compare the two systems and describe their common
limitations and prospective approaches to tackle those issues. Finally, I
provide an outlook on possible new directions of research on diffraction-un-
limited 3D laser lithography.

6.1 Comparison of Molecular Photoswitches

Both systems investigated in this thesis, photoenols generated from or-
tho-methylbenzaldehyde and spirothiopyrans, proved to constitute a molecu-
lar photoswitch suitable for STED-inspired laser lithography. It was possible
to excite the chromophores by a nonlinear two-photon absorption process
to induce formation of linkage between separate molecules. In case of the
photoenol system, linkage could be suppressed by photoisomerization of
long-lived (Z)-enols into short-lived (E)-enols, depleting the population of
reactive species. In case of STP, the population of reactive MC forms was
depleted by photoisomerization of MC back into STP. Thus, a pronounced
depletion effect could be found in both systems that allowed for writing
inhibition, linewidth enhancement and resolution improvement, in some
cases beyond the diffraction limit.

Useful depletion laser powers were in the range of 1–10 mW. This is
about one order of magnitude below typical depletion powers employed
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in STED-inspired 3D laser lithography using stimulated-emission depletion
or excited-state absorption (see Section 2.3). In photoinhibitor lithography,
on the other hand, depletion powers in the microwatt range are used. Un-
fortunately, parasitic writing limited the usable depletion power range for
both photoenol and STP. As mentioned in the corresponding sections, these
effects could be related to residual absorption at the depletion wavelengths.
As another origin of unwanted effects, one has to consider that a single
chromophore that is simultaneously exposed to both excitation and deple-
tion beam presumably undergoes many cycles between its two states during
typical exposure times of ≥ 1 ms per voxel1. Each activation or deactivation
involves an absorption process and the absorbed energy has to be dissipated
by non-radiative transitions as the electrons and molecules rearrange. Thus,
photodegradation processes could occur, leading to loss of a portion of the
molecules. Such effects, commonly referred to as photo- or switching fa-
tigue, are well-known in the field of photochromic species [188] and pose a
limitation in STED-inspired microscopy [80]. Switching fatigue could partly
explain irreversible depletion effects as described in Section 4.2.1. In this
regard, stimulated-emission depletion has an advantage over other depletion
mechanisms as no additional heat is injected into the material [6].

Comparing between the two investigated systems, the STP chromophore
showed to be more sensitive to influences of its chemical environment. It was
not possible to achieve a depletion effect in surface functionalization experi-
ments where the chromophore was fixed on the substrate, presumably due
to steric hindrance of the transition from the MC to the STP form. In contrast,
for the photoenol system, the very same approach allowed to characterize the
depletion mechanism in both qualitative and quantitative ways. Furthermore,
sub-diffraction feature size down to a FHWM of 60 nm and sub-diffraction
resolution of around 100 nm could be demonstrated. Therefore, the surface
functionalization approach presented herein can provide deep insights for
screening of prospective molecular photoswitches. As the photoswitching
and the polymerization are separated, the behavior of the chromophore can
be studied very precisely. However, it should always be accompanied by
complementary studies because the results cannot necessarily be transferred

1 Assuming a voxel size of d = 100 nm and a maximum speed of v = 100 µm s−1 yields an
exposure time per voxel of d/v = 1 ms.
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to 3D photoresists as seen in the case of STP.

Negative-tone 3D photoresists could be obtained by synthesizing methacry-
late copolymers that bear the appropriate chromophores as side groups. In
case of o-MBA, cross-link formation proceeds via dimerization of interme-
diate-state (Z)-enols which form covalent bonds. For STP, linkage between
different copolymers was achieved by supramolecular interactions induced
by the open MC form. Although the bonds were non-covalent, stable net-
works supporting 3D structures could be achieved. In direct comparison,
however, the photoenol 3D resist exhibited a better writing performance and
allowed fabrication of more complex 3D structures than the STP-based resist.
Figure 6.1 a) and b) show a comparison of a nominally identical 3D structure.
The structure written using the STP-based resist collapsed as the photoresist
softened during development and exhibits small grains agglomerating onto
the structure. By employing the depletion beams at the corresponding wave-
lengths, linewidth enhancement could be achieved in both systems. Here,
the thinnest lines had a FWHM of 51 nm (photoenol) and 31 nm (STP). The
latter result is competitive to state-of-the-art STED lithography [111]. The
lines fabricated using the STP-based photoresist exhibited a grainy structure
with grain sizes on the range of 30–50 nm, while the lines achieved using the
photoenol resist were more smooth but formed wiggles due to detachment
from the substrate (Figure 6.1 c) and d)).

In order to assess the achievable resolution, line grating structures were
fabricated. For both photoresists, resolvable grating periods could be consid-
erably reduced by employing depletion. For the STP-based photoresist it was
possible to achieve slightly sub-diffraction resolution of 175 nm, while the
photoenol-based resist allowed to resolve grating periods just at the diffrac-
tion limit or slightly above. Note that the diffraction limits for both systems
differ because of the different excitation wavelengths. From Equation 2.7, the
critical distances are found to 177 nm (photoenol) and 207 nm (STP). Both
materials showed very similar limitations (Figure 6.1 e) and f)). Numerous
microbridges were formed between neighboring lines and lines collapsed
onto each other at several positions. Presumably, these effects can be traced
back to swelling of the structures during development (see also Figures 4.26
and 5.17). Similar effects can be found in many different negative-tone
resists across different lithography techniques [178–181]. Unfortunately, ap-
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Figure 6.1: Comparison of SEM images of structures fabricated using
the photoenol-based photoresist and the spirothiopyran-based photore-
sist. a) and b) Complex 3D lattice structures. c) and d) Individual lines
where the respective depletion lasers were switched on for the right part.
e) and f) Line gratings exhibiting numerous sites of microbridges and
pattern collapses.

proaches reported in literature to overcome these limitations, e. g., adapting
solvents for development, did not provide remedy in our case. Standard
DLW photoresists based on free-radical polymerization of acrylates show
a better writing performance in that regard, presumably due to a higher
degree of cross-linking achieved in the polymer network. Therefore, different
copolymer compositions were explored for both STP and photoenol in order
to increase the cross-linking density in the written structures. However, the
issues remained (see Sections 4.3.1 and 5.4.2).

One part of the composition that was kept equal for all copolymers in
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these studies is the choice of methacrylate as the backbone of the copoly-
mers. This choice was made based on feasibility of synthesis and on the fact
that methacrylate copolymers are widely used in lithographic applications,
even in high-resolution electron beam lithography [173, 174, 227]. However,
these materials are usually applied as spin-coated solid resist films and not
as liquid solutions as herein. Previous liquid DLW photoresists based on
methacrylate copolymers exhibited similar issues of graininess and strong
shrinkage [136]. Therefore, future studies should involve different copolymer
backbones such as acrylate or styrene. Generally, copolymer-based pho-
toresists have achieved a high level of maturity and success in industrial
planar microlithography and possibly many insights on molecular design of
photoresists can be transferred to photoresists for STED-inspired 3D laser
lithography [174, 227]. A different route is going to small multifunctional
molecules instead of copolymer chains. Standard DLW photoresists of-
ten consist of rather small tri- or tetrafunctional acrylate monomers such
as pentaerythritol triacrylate or multifunctional epoxy monomers (SU-8).
Here, some studies performed for e-beam lithography indicate that going to
smaller molecules can lead to improved resolution [175].

6.2 Is the Minimum at Zero?

Apart from chemical limitations, the question remains whether the achiev-
able resolution and in particular the minimum feature size might be limited
by optics as well. For example, in surface functionalization experiments
using the photoenol system, the experimental data on linewidth and res-
olution were numerically reproduced by adopting a rate equation model
(see Section 4.2). Thereby, it was necessary to assume that the minimum of
the depletion laser focus was not a perfect zero but there was some finite
residual intensity on the order of 1–2 % of the peak intensity. This value
was extracted from laser focus measurements by using the technique of
scanning gold beads described in Section 3.2.1. However, noise levels in the
measurement were on a similar level. Therefore, it is not clear whether the
assumed values are correct.

A different example is shown in Figure 6.2. The figure depicts a SEM image
of a set of test patterns written using a STP-based photoresist (copolymer
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STP-2, 40 wt% in acetophenone) with a fixed excitation laser power. In the
central part of each line, the depletion laser modulated by the half-space
phase mask was switched on. The depletion laser power increases line to
line from left to right. In the left part, the depletion effect leads to decreasing
linewidth until at some point the lines become discontinuous and eventually
completely disappear. Only at even higher depletion laser powers, in the
right part of the image, double line features appear due to parasitic writing
effects by the two intensity maxima of the depletion laser.

One possible interpretation is that there was some finite residual intensity
in the minimum such that the depletion beam inhibits writing not only
at the edges of a line but also in its center. On the other hand, assuming
a near-perfect depletion focus, one could argue that there is a minimum
linewidth inherent to the photoresist below which the resulting line is not
stable enough to withstand the development procedure. The reason is that
during development, the solvent strongly swells the structures. Removing
the solvent induces tensions that destroys thin fragile lines. Both explanations
are reasonable and in fact both effects might contribute to the experimental
results.

Thus, one would like to reduce the residual intensity as much as possible.
Theoretically, the half-space phase mask leads to a plane of (perfectly) zero
intensity in the center of the focus that is even robust against some types
of possible misalignments (see Section 3.2.2). In practice, however, the laser
beam is directed and reshaped by several other optical elements before
and after passing through the phase mask. While all optics were carefully
selected, it cannot be ruled out that wavefront errors are introduced, given
the collimated laser beam covers an area of several square millimeters.2

Therefore, one can only resort to measuring the residual intensity. Within
the master thesis of Tobias Messer which was supervised by me, the use of a
highly sensitive photon-counting APD was assessed for focus measurements.
Using gold beads as scattering particles and confocal detection, the residual
intensity in a laser focus generated by a half-space phase mask could be
distinguished from the optical and electronic background. Thus, it was

2 If the aberrations were known, they could be compensated for by manipulating the
wavefront using a spatial light modulator based on electronically configurable liquid
crystals [15].
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Figure 6.2: SEM image of a series of lines written using copolymer STP-2
at 40 wt% in acetophenone. The depletion laser was switched on for the
central part of each line. Lines become thinner with increasing depletion
power and eventually disappear. At high depletion power, parasitic writing
by the depletion laser occurs.

possible to quantify the residual intensity in the minimum. However, a
careful investigation of the contributions to the background was necessary.
Moreover, the alignment procedure necessary to achieve a reliable measure-
ment proved to be too cumbersome for routine operation on a daily basis.
Small drifts in the alignment led to strong deviations of the measured focus
shape. Therefore, the scheme was not transferred to the regular lithography
setup. Still, confocal detection could be used as a “magnifying glass” for
the minimum in the laser focus. Instead of gold beads, fluorescent beads or
quantum dots were assessed as well. Here, the fluorescence signal can be
spectrally separated from the optical background. However, for adjustment
of a two-wavelength STED lithography setup, it is necessary to measure both
laser foci at the same time. This is not feasible using a single fluorescent
particle due to different spectral sensitivities or fluorescence overlapping
with one of the wavelengths. Thus, further improvements are necessary in
order to be able to quantify the residual intensity in a practicable way.
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6.3 New Directions for STED-Inspired Lithography

In this final part of my thesis, I discuss a few possible future directions for
STED-inspired lithography and beyond. Some of these ideas have already
been published as part of a review article [56].

Photoacid Generators

The development of a photoacid generator (PAG) that constitutes a molecular
photoswitch, i. e., offers the possibility to evade acid formation by exposure
to a second wavelength of light, could open up a wide field of innovations.

Highly developed chemically amplified negative-tone photoresists that are
used in industrial microlithography would become accessible for STED-in-
spired lithography by exchanging the standard PAGs contained in those
resists with a potentially STED-capable PAG [227]. An example is the widely
used epoxy photoresist SU-8 (Microchem) that relies on cationic polymer-
ization initiated by photogenerated acids. The photoacids act as catalysts
of the cross-linking reaction. Therefore, cross-linked networks are gener-
ated efficiently. While SU-8 itself does not support highest resolutions, a
series of similar multifunctional epoxy monomers could potentially support
resolutions in the sub-50 nm range [175].

Moreover, the semiconductor industry has largely moved from negative-
tone to positive-tone photoresists for high-resolution patterning due to issues
related to swelling-induced damage of the exposed structures during de-
velopment, very similar to the issues encountered in the work of this thesis
(see above) [174]. Chemically amplified positive-tone photoresists usually
rely on light-induced polarity changes mediated by photogenerated acids
and can be developed in aqueous developer solutions. Therefore, they are
conceptually less prone to swelling-related deteriorations.

Recently, the semiconductor industry has put tremendous efforts into
establishing extreme-UV lithography in order to achieve higher resolutions
by decreasing the exposure wavelength to 13.5 nm. However, at such ex-
treme wavelengths, development of photoresist materials is a challenging
task, especially since post-processing usually involves etching steps. Here,
adopting a STED-inspired exposure scheme for planar lithography could
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provide a promising avenue. Potentially, one could stay in the optical wave-
length regime where well-established photoresist materials are available and
increase the resolution by exploiting depletion effects [228].

Therefore, screening experiments on two interesting PAGs were performed
in the course of this thesis. These experiments and their results are described
in Section A.2. For one investigated PAG, acid release proceeds via photoeno-
lization and could therefore be potentially suppressed by photoisomerization
of intermediate photoenols, similar to the o-MBA chromophore studied in
Chapter 4. The second investigated PAG is a photochromic species, where
acid formation proceeds via a one of the two isomeric forms of the species,
similar to spirothiopyran chromophore described in Chapter 5. Unfortu-
nately, writing inhibition by the depletion laser could not be observed in
these preliminary screening experiments. Nevertheless, the development of
PAGs suitable for STED-inspired lithography is highly desirable.

A Forgetting Photoresist

As described in Section 2.1.2, photoresists used in DLW usually accumulate
consecutive exposures, i. e., possess a “memory”. This includes exposure
doses below the writing threshold and has a considerable impact on the at-
tainable resolution according to Sparrow’s criterion, as shown in Section 2.1.3.
In planar mask lithography, this aspect is not as important because the whole
sample is exposed simultaneously. In DLW, however, exposures of individual
parts are separated in time. Therefore, a photoresist that locally “forgets”
previous sub-threshold exposures (before the laser focus comes close again)
would allow to sequentially write two lines with arbitrarily small spacing.
The resolution would not be limited by optical diffraction and proximity
effects would be evaded completely [67, 69, 104].

In literature, one can find a few approaches towards erasing the memory
of the photoresist. By adding quencher molecules into the resist, the size of
the voxel was reduced as the polymerization reaction was terminated faster
and radical diffusion out of the focal volume was suppressed [229, 230]. The
concept is similar to photoinhibitor lithography described in Section 2.3.3
but only requires a single laser beam as the quenchers are permanently
active. The issue of irreversible consumption of the quencher molecules
was addressed by Sakellari et al. [231]. Here, writing was performed at very
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low scan speeds using a hybrid organic-inorganic photoresist that contains
highly mobile quenchers. In this way, quencher molecules could diffuse into
the scanned volume as the quenchers were consumed, keeping the quencher
concentration nearly constant. Despite the slow scan speed, improved reso-
lution was demonstrated by fabrication of woodpile photonic crystals and,
more recently, 3D plasmonic metamaterials [231, 232]. A different approach
used a novel cationic PAG that upon two-photon excitation cleaves into two
fragments which can initiate cationic polymerization of epoxy photoresists.
After around 20 µs, the fragments recombine, reforming the initial PAG.
Although a moderate resolution increase was achieved, it remains unclear
whether sub-diffraction resolution is truly in reach with this approach.

These approaches could not yet break the diffraction limit and further
research is required. Nevertheless, a forgetting photoresist would provide
an interesting avenue for lithography.
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Chapter 7

Conclusion

In this thesis, I have investigated two photoswitchable materials that can be
employed as molecular photoswitches for STED-inspired laser lithography.
For both materials, the application for spatially resolved, potentially sub-
diffraction surface functionalization has been assessed and negative-tone
photoresists based on methacrylate copolymers have been described and
characterized with regard to attaining an enhancement of feature size or
resolution by using depletion.

As described in Section 2.2.2, a photoswitch material needs to exhibit an
effective behavior as depicted again in Figure 7.1 a). Switching from an
unreactive state A into a reactive state B is induced by absorption of light
at the excitation wavelength. The reverse switching from B to A takes place
upon absorption of light at the depletion wavelength. After a certain lifetime,
state B undergoes an irreversible reaction into state C which represents the
reaction product. For a potential application in 3D laser lithography, the
transition corresponding to the excitation laser needs to follow a nonlinear,
multi-photon process in order to allow for fabrication of 3D structures (see
Section 2.1.2). In Section 2.3, I have reviewed previously reported materials
utilized as molecular photoswitches for STED-inspired lithography.

In Chapter 3, I have described the employed lithography setup that was
operated at different laser wavelengths depending on the investigated chro-
mophores. Moreover, fabrication and alignment of the half-space phase
masks used for generating the special depletion foci have been presented.
The employed foci featured a plane of zero intensity in the center and
allowed for confinement of the cross-linking reaction along one lateral di-
rection. In principle, a translation of the results to other depletion foci is
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Figure 7.1: Schemes of a) the ideal molecular photoswitch as presented in
Section 2.2.2, b) the photoenol molecular photoswitch described in Chap-
ter 4, and c) the spirothiopyran molecular photoswitch investigated in
Chapter 5.

possible. Moreover, I have shown the general workflows of sample process-
ing and characterization used for 2D surface functionalization and 3D laser
lithography.

In Chapter 4, the molecular photoswitch based on intermediate-state pho-
toenols generated from ortho-methylbenzaldehydes has been described. It is
again schematically depicted in Figure 7.1 b). Upon two-photon excitation
of ortho-methylbenzaldehydes at 700 nm, reactive intermediate-state (E)- and
(Z)-enols are generated that differ in lifetime. The short-lived (E)-enol rapidly
converts back into ortho-methylbenzaldehyde by reketonization, while the
(Z)-enol is more stable with lifetimes on the microsecond scale and can
therefore participate in further reactions with different molecules. By simul-
taneous exposure to the depletion laser light at 440 nm, (Z)-enol undergoes
photoisomerization into (E)-enol which rapidly reketonizes, effectively de-
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pleting the population of (Z)-enols. In experiments on surface functionaliza-
tion, a bromine-carrying maleimide species was utilized as a reaction partner,
leading to spatially resolved functionalization of the surface with bromine
groups. Here, the use of depletion allowed to confine the functionalized areas,
achieving sub-diffraction resolution and feature sizes. By growing poly-
mer brushes from the bromine groups, the functionalization was rendered
measurable for AFM. Moreover, I have presented negative-tone photoresists
based on methacrylate copolymers bearing ortho-methylbenzaldehyde moi-
eties on the side chain. Here, cross-link formation proceeded via dimerization
of (Z)-enols. Using these photoresists, complex 3D structures were fabricated.
Employing depletion led to enhanced feature sizes but issues related to
swelling of the cross-linked networks prevented attaining sub-diffraction
resolution. Grating structures suffered from formation of microbridges and
pattern collapse. Nevertheless, the photoenol system has proved to be an
efficient photoswitch for STED-inspired lithography.

In Chapter 5, spirothiopyran has been introduced as a chromophore ex-
hibiting a molecular photoswitching behavior (see Figure 7.1 c)). Belonging
to the family of photochromic compounds, spirothiopyran possesses two iso-
meric forms, ring-closed spirothiopyran and ring-opened merocyanine which
is formed upon two-photon excitation at 820 nm. The merocyanine form fea-
tures a thiolate anion which can potentially undergo thiol-Michael addition
with activated dienophiles and moreover is a zwitterionic species. Upon ab-
sorption of the depletion laser light at 640 nm, the unreactive spirothiopyran
is reformed. In surface functionalization experiments, excitation proved to
be efficient but no depletion effect could be observed, presumably due to
steric hindrance of the merocyanine forms by the chemical environment. In
order to obtain a negative-tone photoresist, methacrylate copolymers bearing
spirothiopyran moieties on the side chain were employed. A photoresist
composition was identified where cross-linking proceeded via non-covalent
supramolecular interactions. The photoresist was capable of supporting
free-standing 3D structures. By employing the depletion laser, linewidth
enhancement was achieved with FWHM linewidths on the order of 35 nm.
Grating structures were deteriorated by swelling-induced defects but clear
indications of sub-diffraction resolution were found.

Finally, I have compared the two investigated systems in Chapter 6 and
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discussed their similarities and differences. Using methacrylate copolymers
for obtaining negative-tone photoresists led to similar issues for both, pho-
toenol and spirothiopyran. Potentially, these limitations can be overcome
in the future by tailoring the copolymer backbone for high-resolution ap-
plications. Furthermore, I have pointed out two avenues which have not
been intensively investigated yet and might contribute to achieving higher
resolutions in STED-inspired lithography in the future: the development of
photoswitchable acid generators and finding ways to eliminate the “memory”
of photoresists.

The work presented in this thesis demonstrates that photoisomerization
is a suitable mechanism for realizing molecular photoswitches for STED-
inspired lithography. Further research towards a better understanding of the
microscopic processes effecting the performance of the photoresists might
lead to further improvements in the future. Moreover, chemistry still offers a
plethora of unexplored materials some of which might prove to provide even
more interesting properties. Therefore, I am confident that future research
in this interdisciplinary field between physics and chemistry will ultimately
make the diffraction limit a tale of the past.
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Appendix

A.1 Numerical Method for Calculating Laser Foci

When focusing a laser beam with high numerical aperture, the intensity
distribution in the focus deviates from the Gaussian distribution obtained
in the paraxial approximation as the vectorial nature of the electromagnetic
field has to be taken into account. Therefore, a numerical method is used
in order to calculate the expected intensity distributions of laser foci in the
experimental setup. The method was reported by van de Nes et al. [233] and
is based on the diffraction theory as formulated by Richards and Wolf [234].
Figure A.1 shows a scheme of the calculation method. The wavefront of
the electric field ~E0(kr, kΦ) with wavelength λ in the back focal plane Ω of
the objective lens describes the incoming laser beam. Different phase mask
patterns ψ(kr, kΦ) can easily be imposed by multiplication with a phase
factor exp (−iψ). The objective lens is described as a transformation operator
M, mapping ~E0 onto ~E1 which is defined on a spherical shell Ω′. Note
that by this rotating transformation, a purely transverse electrical field can
generate longitudinal components as well. In order to propagate the electric
field towards the focal point, the coordinates kr and kΦ are converted into
lateral cartesian coordinates kx and ky and interpreted as lateral components
of wave vectors~k = (kx, ky, kz) of plane waves originating from the curved
surface of Ω′ and interfering in the focal region. The electric field ~E(~r) in the
focus can then be determined by calculating the diffraction integral

~E(~r) =
−iR
2π

∫∫
Ω′

~E1(kx, ky)√
kzk

exp
(

i~k~r
)

dkxdky , (A.1)

153



a appendix

M
x

y

z

Ω Ω´

E0 E1

kr

kΦ

back focal
plane

objective
lens

exit
pupil

focal
spot

Figure A.1: Scheme of the focus calculation method. The incident electrical
field E0 is defined in the back focal plane. The objective lens is represented
by a transformation M, creating the field E1 defined on the curved surface
Ω′. The intensity distribution is calculated in the vicinity of the focal spot.
Adapted from [233] with permission.

where R is the distance between Ω′ and the focal point, k = |~k| = 2πn/λ, n is
the refractive index of the medium and~r = (x, y, z) are cartesian coordinates
at the focal point. Numerically, this integration can be performed by efficient
fast Fourier transform algorithms. Additionally, the calculation method can
be extended to layered media with different refractive indices [233]. The
algorithm was implemented in Matlab by Joachim Fischer. Details on the
implementation can be found in his PhD thesis [71].

A.2 Experiments on Photoacid Generators

Apart from the main work presented in this thesis, two specific photoacid
generators (PAGs) were investigated in lithography experiments. These PAGs
are chemically related to the molecular photoswitches presented in the main
part and were expected to provide a similar switching behavior that might
be exploited for STED-inspired lithography. However, these experiments
have a very preliminary character and should rather be considered screening
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experiments than thorough investigations. In both experiments, no depletion
effect, i. e., writing inhibition could be observed.

A.2.1 Photoacid Generation from Photoenol

In the work presented in Chapter 4, the chromophore ortho-methylbenzalde-
hyde has been employed for generating intermediate-state photoenols. A
very similar class of chemical compounds, ortho-alkylphenylketones, can
act as a photoremovable protecting group [143]. Thereby, the light-induced
deprotection proceeds via photoenolization. In fact, the inspiration for using
photoenols for STED-inspired laser lithography originally came from re-
ports studying the photorelease of HCl from ortho-alkylphenylketones [163].
Therefore, we investigated whether these species can be used as photoacid
generators for DLW and, critically, whether a depletion effect by photoiso-
merization can be observed.

A suitable commercially available compound, 2-chloro-1-(2,5-dimethyl-
phenyl)ethanone (PE-PAG) (Sigma Aldrich), bears a chlorine atom in the
α-position and should be capable of releasing HCl. In preliminary exper-
iments this expected photorelease was confirmed by dissolving a small
amount of the compound in water. Upon exposure to UV light for 5 min, the
pH value of the solution decreased from 7 down to 1, indicating an efficient
acid release.

In order to assess the lithographic performance, a photoresist was pre-
pared consisting of 39 mg of poly(hydroxystyrene) (Mw = 11 kg mol−1,
Sigma Aldrich), 10 mg of hexamethylolmelamine (TCI) as cross-linking
agent, and 14 mg of PE-PAG, dissolved in a mixture of 300 µl propylene
glycol methyl ether acetate and 100 µl γ-butyrolactone (Figure A.2 a)). This
composition is expected to act as a negative-tone photoresist. The pho-
toacid released by the PAG reacts with the melamine cross-linker that subse-
quently undergoes electrophilic substitution onto the electron-rich styrene
ring [174]. As the melamine is tri-functional, it can cross-link between
different poly(hydroxystyrene) chains, leading to network formation. The
photoresist was spin-coated onto a plasma-activated glass substrate.

Using the same optical configuration as for the photoenol experiments
(Figure 3.5), different patterns were written with the excitation laser tuned

155



a appendix

n

OH

N

N

N

N

NN O

O

O

O

O O

Cl

O

PE-PAG poly(hydroxystyrene) hexamethylolmelamine

a)

b)

20 µm20 µm

Figure A.2: a) Scheme of molecules included in the photoresist. b) Light
micrographs of writing results indicate that no writing inhibition could be
obtained by the depletion laser.

to 700 nm and the depletion laser at 440 nm. After writing, the samples
were post-baked for 4 min at 125 ◦C as the cross-linking reaction needs to be
thermally activated. Development was performed in an aqueous developer
(ma-D 533S, micro resist technology). Light microscope images of the results
are shown in Figure A.2 b). Clearly, writing by the femtosecond-pulsed
excitation laser is possible, starting from excitation laser powers of about
7 mW, presumably by two-photon absorption. Some of the lines have de-
tached from the glass surface during the development process. However, no
writing inhibition by the depletion laser could be observed. Instead, parasitic
writing by the depletion laser occurred at powers of about 0.3 mW, probably
by one-photon absorption at the depletion wavelength. Employing a more
red-shifted depletion laser at 532 nm (picosecond-pulsed) did not lead to an
improvement.
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Photoresist compositions containing epoxy materials, e. g., poly(glycidyl
methacrylate), were also assessed as many commercial photoresists (e. g.
SU-8) rely on acid-catalyzed cationic polymerization of epoxy groups. How-
ever, no writing could be observed for these class of materials. Presumably,
the generated photoacid HCl is not efficient for initiating cross-linking of
epoxy groups. In literature, photorelease of carboxylic acids from different
ortho-alkylphenylketone species has been reported which might provide
more efficient initiation for epoxy resists [143].

A.2.2 Photochromic Photoacid Generators

Many commercial high-resolution photoresist formulations rely on onium
salt PAGs that can release sulfonic acids upon UV exposure. Examples are
epoxy-based negative-tone photoresists (such as SU-8) or chemically ampli-
fied positive-tone resists that are used as workhorse photoresists in industrial
microelectronic fabrication [174]. Apart from spirothiopyran that was in-
vestigated in detail in this thesis, there are other classes of photochromic
molecules that offer a similar optical switching mechanism (see Section 5.1.1).
In the group of Prof. Kawai (NAIST, Japan), a family of compounds based
on photochromic terarylene was developed that can release triflic acid upon
UV exposure and could therefore be used as PAG in lithography appli-
cations [235, 236]. Very similar to spirothiopyran, the molecule possesses
an open and a closed form. Upon UV irradiation, the open form converts
into the closed form which features an absorption band in the visible and
eventually leads to acid release. For spirothiopryan or the closely related
photochromic diarylethenes, exposure to visible light leads to switching of
the molecule back into the open form. Therefore, photoacid generation might
be suppressed by visible light, offering a depletion channel that could possi-
bly be used for STED-inspired lithography. In particular, such a mechanism
could be easily transferred to commercial high-resolution resists by simply
exchanging the PAG. To assess this potential application, a cooperation with
the Kawai group was initiated. While they supplied the PAG material, I
prepared the photoresist and performed lithography experiments.

A photoresist was prepared consisting of 0.5 mg of PAG (species PAGQ-CF3

from [236]), 4.5 mg of poly(glycidyl methacrylate) (Mw = 10–20 kg mol−1,
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Figure A.3: a) Scheme of the expected photoswitching of the photochromic
PAG leading to acid release (according to [236]). b) Electron micrographs of
writing results indicate a minimum linewidth of 130 nm.

Sigma Aldrich), and 58 mg of anisole as a solvent (Figure A.3 a)). The epoxy
groups of the glycidyl polymer are expected to cross-link with each other
by cationic polymerization initiated by the triflic acid. The resist was spin-
coated onto a plasma-activated cover glass and baked for 1 min at 60 ◦C.
Then lithography experiments were performed using excitation at 700 nm
and depletion at 532 nm (picosecond-pulsed). After writing, a post-exposure
bake was performed for 1 min at 60 ◦C before developing in acetone and
isopropyl alcohol. Figure A.3 b) shows SEM images of the results. Writing
was possible for laser powers above 1.5 mW, presumably by two-photon
absorption. Some parts of the lines detached from the substrate during
development. The smallest linewidth observed using only the excitation
laser was approximately 132 nm. However, using depletion did not lead to
writing inhibition but only to parasitic writing (not depicted). Using other
depletion wavelengths, 440 nm or 640 nm, did not lead to an improvement.
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