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Abstract

X-ray imaging is an indispensable tool in many areas from medicine over
materials science to industrial quality control. Most applications rely on the
differences in absorption between materials to generate image contrast.
While this provides excellent results in many cases, the achievable contrast is
severely limited for materials with similar absorption coefficients, such as
different types of soft tissue. Grating based X-ray phase contrast imaging
sets out to overcome this limit by also measuring the derivative of the X-rays
phase and the scattering power of the sample. This can not only increase
contrast for light materials but also provide information on the samples
microstructure without the need to spatially resolve it. The implementation
of this technique heavily relies on high quality gratings, which is a major
challenge for fabrication, because the grating lines need to be both narrow
and high, with a width in the single micrometer range and a height of up to a
hundred times larger. These extreme aspect ratios can be achieved with
X-ray lithography, where a photoresist is exposed with X-rays through a mask
with gold absorber structures and the resulting polymer template is filled
with metal.

This work aims to optimize the lithography process for higher quality X-ray
optics, like gratings that can improve sensitivity in X-ray grating interferome-
try and compound refractive lenses with reduced aberrations. Two aspects
of the lithographic process are in the focus: The thermomechanical proper-
ties of the photoresist template and the grating substrates. Key process pa-
rameters for improved grating quality could be identified by a combination
of several techniques, most importantly tensile testing and gas pycnometry.
The studies showed that the main factor for deformation of grating struc-
tures during the lithography process is not cure shrinkage of the resist but
thermally induced stress, which can be mitigated by reducing the process
temperatures. The introduction of new substrates allowed to better tailor
gratings to low energy applications. These advances lead to a doubling of the
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sensitivity of a three grating interferometer at 27 keV and enabled the setup
of an interferometer at only 8.3 keV design energy.

The optimization of lens fabrication first requires a precise metrology to
quantify aberrations. As grating based phase contrast imaging provides an
ideal tool for this purpose, a highly sensitive grating interferometer was
designed and set up at the synchrotron ESRF. It allowed the quantitative
comparison of X-ray lenses from different manufacturing techniques, high-
lighting the individual advantages and disadvantages, and specifically
provided important feedback for lithographic lens fabrication. A gradient in
the focal length of the lenses could be detected and traced back to the same
thermally induced deformation that compromised grating quality. The pro-
cess adaption that was shown to increase grating quality is therefore
expected to also increase lens quality and in general the quality of any litho-
graphic structure made from this photoresist.



Kurzfassung

Die Rontgenbildgebung ist als Werkzeug in vielen Bereichen wie Medizin,
Materialwissenschaften oder der industriellen Qualitatskontrolle nicht mehr
wegzudenken. Die meisten Anwendungen nutzen dabei die Unterschiede in
der Absorption verschiedener Materialien um Bildkontrast zu generieren.
Wahrend dies fur eine Reihe von Proben exzellente Ergebnisse liefert, ist der
Kontrast zwischen Materialien mit dhnlichen Absorptionskoeffizienten stark
limitiert, wie etwa im Fall verschiedener Weichgewebe-typen. Die gitterba-
sierte Rontgen-Phasenkontrastbildgebung versucht diese Limitierung zu
Uberwinden indem neben der Absorption auch die differentielle Phase der
Strahlung und die Streustdrke der Probe gemessen wird. Das kann nicht nur
den Kontrast zwischen Materialien aus leichten Elementen erhéhen, sondern
auch Informationen Uber die Mikrostruktur einer Probe liefern ohne dass
diese raumlich aufgelést werden muss. Die Implementierung dieser Technik
bendtigt Gitter von hoher Qualitat, die eine besondere Herausforderung fur
die Mikrofertigung darstellen, da die Gitterlinien gleichzeitig schmal und
hoch sein mussen, mit einer Breite im einstelligen Mikrometerbereich und
einer um einen Faktor bis zu 100 gréReren Hohe. Diese extremen Aspektver-
haltnisse lassen sich mit der Rontgenlithographie erreichen, bei der ein Pho-
toresist durch eine Maske mit Goldabsorbern hindurch mit Réntgenstrahlung
belichtet wird und die resultierende Polymermatrix anschliefend mit Metall
befillt wird.

Diese Arbeit zielt darauf, den Lithographieprozess zu optimieren um durch
die Herstellung von Gittern mit hdherer Qualitdt die Sensitivitdt von
Rontgeninterferometern zu verbessern und die Aberrationen von Roéntgen-
linsen zu verringern. Zwei Aspekte des Prozesses sind dabei im Fokus: Die
thermomechanischen Eigenschaften der Photoresistmatrix sowie die Sub-
strate fUr die Herstellung. Die Schlisselrolle einiger Prozessparameter
konnte durch die Kombination verschiedener Analyseverfahren, insbe-
sondere Zugversuche und Gaspyknometrie, identifiziert werden. Die Versu-
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che zeigten, dass nicht der Volumenschwund bei der Vernetzung, sondern
thermisch generierter Stress die Hauptursache fir die Verformung von Git-
terstrukturen wahrend des Prozesses ist. Dieser kann durch Verringerung der
Prozesstemperaturen reduziert werden. Die Einflhrung von neuen Git-
tersubstraten erlaubte weiterhin eine bessere Anpassung der Gitter an
Anwendungen bei niedriger Photonenenergie. Die Fortschritte flhrten zu
einer Verdoppelung der Sensitivitdt eines Drei-Gitter-Interferometers mit
einer Designenergie von 27 keV und erlaubten den Aufbau eines Interfero-
meters mit einer Designenergie von nur 8,3 keV.

Die Optimierung der Herstellung von Linsen erfordert zunachst eine hoch-
prazise Metrologie, um Aberrationen zu quantifizieren. Da die gitterbasierte
Phasenkontrastbildgebung ein ideales Werkzeug fur diesen Zweck darstellt,
wurde ein Gitterinterferometer mit besonders hoher Sensitivitat konzipiert
und an der Synchrotronstrahlungsquelle der ESRF aufgebaut. Es erlaubte
einen quantitativen Vergleich von Linsen aus verschiedenen Herstellungsver-
fahren und stellte deren individuelle Vor- und Nachteile heraus. Im Besonde-
ren lieferte es wichtige Informationen fir die lithographische Linsenherstel-
lung, indem ein Gradient in der Brennweite Uber der Apertur detektiert
wurde, dessen Ursprung sich auf dieselbe thermisch induzierte Verformung
zurtickfihren lieR, die auch die Gitterqualitdt beeintrachtigte. Es wird daher
erwartet, dass die Adaptierung des Prozesses, die bei der Gitterherstellung
zu hoherer Strukturtreue fuhrte, auch zu kleineren Linsenfehlern fihrt und
sich generell in einer héheren Strukturqualitdt von rontgenlithographischen
Strukturen niederschlagt.
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1 Introduction

The discovery of X-rays by Wilhelm Rontgen in 1885 [1] opened a whole new
field of research that quickly sparked numerous applications that nowadays
are indispensable in many fields like medical diagnostics, industrial quality
control or security [2]—[5]. X-rays penetrate matter much better than visible
light and can be used to get an image of the inside of samples without the
need for mechanical slicing or opening. For the most part, today’s imaging
systems use the same experimental setup that Rontgen used in his
laboratory: a source, based on accelerated electrons hitting a target, emits
X-rays which then travel through the sample and are detected in a plane
downstream. Image contrast is created by the absorption of photons in the
sample and the resulting local intensity decrease on the detector. This yields
excellent results when large differences in absorption coefficients are pre-
sent in the sample, like bones in soft tissue. When little absorption is pre-
sent, e.g. in very thin structures or material composed of light elements, the
achieved contrast is limited. Materials with similar absorption coefficients
are hardly distinguished in X-ray radiography; this is a major drawback espe-
cially in medical imaging, because the tissue that forms the inner organs,
muscles and body fat is mainly composed of light elements and there is little
difference in the absorption coefficients of different tissue types. This limita-
tion can be overcome when using not the absorption, but the phase shift
that X-rays undergo inside the sample. Both properties are described by the
complex refractive index n=1—-06+iB, where § describes the phase shift and
B the absorption. For light materials, 6 can be three orders of magnitude
larger than B, which means that a strong phase signal can be present even in
cases of very faint absorption [6].

The phase cannot be directly measured by a detector, but various tech-
nigues have been proposed to access this information, the most popular
being propagation based, coded aperture, and crystal or grating interferom-
etry [7]. A particularly interesting method is grating based interferometry,
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which was first employed at synchrotron sources [8], [9], and transferred to
conventional laboratory based sources in 2006 [10]. The technique relies on
the Talbot effect, a self-imaging effect in periodic structures under coherent
illumination [11]. A grating is used to create an interference pattern whose
position is analyzed with the help of a second grating in case it cannot be
directly resolved, e.g. when medical X-ray detectors with typical pixel sizes of
tens to hundreds of micrometers are used. At X-ray tube sources, the neces-
sary coherence is created by a third grating placed directly in front of the
source. One of the gratings is then scanned in steps smaller than the grating
period in the direction perpendicular to the grating lines and an image is
recorded for every step. This procedure is done twice, once for reference
and once with the sample in the beam path. The sample distorts the inter-
ference pattern, absorption reduces the mean value, refraction shifts the
pattern to another stepping position and scattering reduces the amplitude of
the pattern [12]. These three alterations of the interference pattern are
calculated for each pixel and provide the absorption image, the differential
phase contrast and the dark field or scattering image. The dark field image is
of special interest, because it is sensitive to the microstructure of the sam-
ples on a scale that is not resolved by the imaging system, and can thus pro-
vide information altogether inaccessible to classical radiography.

The gratings are the key elements of this interferometric technique, they
need to have periods in the range of a few micrometers, while the structure
height should reach up to 200 um and more for high photon energy. The
resulting extreme aspect ratio presents a major challenge for microfabrica-
tion and can only be reached by highly specialized techniques. Aspect ratios
of 100 and more in polymer and metal microstructures of the relevant sizes
are possible with the X-ray LIGA technique (German acronym for “Lithogra-
phie, Galvanik, Abformung”, meaning “lithography, electroplating, mold-
ing”) [13], [14]. In this technique, a photoresist is patterned by X-ray lithog-
raphy using a mask fabricated by a mask-less technique such as electron
beam lithography or direct laser writing. The photoresist used for grating
fabrication is based on SU-8, a widespread resist in microlithography that
undergoes a crosslinking reaction in the irradiated regions and becomes
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insoluble in most solvents [15]. After development, the resist forms the tem-
plate for electroplating, during which the metal structure is grown in the
resist matrix to form the grating structure.

The process can also be used to create other X-ray optical elements, in par-
ticular Compound Refractive Lenses (CRLs [16], [17]). CRLs have a lot of dif-
ferent applications, especially at synchrotron sources. Recent applications
include illumination to create micro- to nanoscale beams, interferometry,
and objectives for microscopy [18]-[20]. For all these, high manufacturing
precision is of great importance, but difficult to achieve because of the
extreme curvatures necessary because of the weak refractive power of the
available materials, which in the case of X-ray lithography CRLs is the
photoresist.

Both grating and lens fabrication require extreme precision of the litho-
graphic structures and suffer from deformations of the photoresist that alter
the structure geometry. The structure quality is highly dependent on the
thermomechanical properties of the photoresist, which in turn are influ-
enced by the process parameters like radiation dose, residual solvent con-
tent or crosslinking reaction temperature. In this work, the thermomechani-
cal properties of the resist are studied under variation of the processing
parameters, all with the goal of achieving optimal structure quality for both
X-ray gratings and lenses for different applications. The presentation of
these topics is divided into six chapters following this introduction. Chapter
two provides the theoretical background of this work, starting with a short
introduction to the creation of X-rays, their interaction with matter and X-ray
optical elements. Following this, the principles of grating based X-ray phase
contrast imaging are explained. The principle and state of the art of X-ray
lithography as grating fabrication technique are described more detail in
chapter three, and a special section is dedicated to the photoresist in X-ray
lithography.

Chapter four describes the thermomechanical characterization of the photo-
resist. It contains a short overview of standard processing conditions and
explains the main analysis techniques used for characterization: Differential
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scanning calorimetry (DSC), tensile testing and gas pycnometry. The results
presented highlight the influence of radiation dose, waiting times between
process steps and processing temperatures on the properties of the resist
like Young’s modulus, tensile strength, volumetric shrinkage during crosslink-
ing and crosslinking reaction speed. A main result is that by reducing the
temperature during the crosslinking reaction, one can reduce waviness in
long grating lines and thus increase the structure quality of gratings. The
stress generated in the structures by thermal expansion coefficient mis-
matches therefore appears greater than the stress induced by the chemical
shrinkage.

Microscopic inspection of the structure quality of gratings is not sufficient to
rate their performance in phase contrast imaging, because defects may be
sub-surface and invisible to electron and light microscopy. The only way to
fully assert the quality of a grating is by using it in an interferometric setup
and determining the achievable fringe visibility and homogeneity. Chapter
five shows experiments at an X-ray tube source, comparing gratings with
equal period and structure heights but different substrates. It is shown that
the substrate material does not influence structure quality significantly at
moderate aspect ratio; switching from the standard silicon substrates to
graphite and polyimide has no negative influence on the visibility, but the
increase in transmission led to a decrease of the smallest resolvable refrac-
tion angle of a setup with given exposure time, thus increasing its sensitivity.
Additionally, the gratings on low absorbing substrates enable grating inter-
ferometry experiments at low design energy, demonstrated by results from a
synchrotron-based interferometer operating at 8.3 keV design energy.

The structure quality of X-ray lenses is not as easy to judge from the experi-
ments they are intended for as in the case of gratings. The size and shape of
the focus of a lens only provide limited information about structural defects.
To analyze single refractive X-ray lenses, an interferometer was specifically
designed and built up at the beamline ID06 of the European Synchrotron
Radiation Facility (ESRF), which is presented in detail in chapter six. The
interferometer was used for the analysis of refractive lenses made by Beryl
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lium imprinting and X-ray lithography and showed their respective
advantages and disadvantages, namely a high shape accuracy but some
localized defects in the Berylium lenses and high material homogeneity but a
shape deviation that caused the focal length of the lens to vary over its aper-
ture for the X-ray lithography lenses. This last effect is shown to stem from
the deformation of the photoresist during the crosslinking reaction, and just
as in the case of gratings, the dominant cause for deformation appears to be
thermal stress during the processing instead of the stress introduced during
the shrinkage in the crosslinking reaction. Chapter seven concludes this work
with a summary of the results and an outlook for further experiments.






2 Theoretical background

2.1 X-rays

The following paragraphs describe the sources of X-rays in use today, the
interaction of X-rays with matter and the optical elements used to manipu-
late X-ray beams.

2.1.1 X-ray sources
X-ray tubes

In most applications today, X-rays are produced using a principle very similar
to what Rontgen used for his experiments. Electrons emitted from a cathode
in an evacuated tube are accelerated in an electric field with a potential
difference between a few and hundreds of kilovolt, and directed to a target,
usually made out of a metal such as Copper, Molybdenum or Tungsten [21].
shows a schematic depiction of the principle.

X-rays\ / Exit window

Anode Electrons Cathode

+]|-
|l
Figure 2.1: Principle of the X-ray tube

The accelerated electrons lose their kinetic energy mainly in two ways: Hit-
ting electrons in the target material and transferring momentum to them,
and decelerating in the field of an atomic nucleus. Both processes lead to the
emission of X-rays. When an accelerated electron liberates an electron from
the inner shell of a target atom, this void is filled with electrons from outer
shells, and the energy difference between the two states is either radiated as
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an X-ray photon or transferred to another electron which is then liberated
from the atom (Auger electrons). The difference of potential energies
between the states of an atom, and therefore the energy of the emitted
photon, is characteristic of the chemical element of the target. The second
process, the deceleration in the electric field of the nucleus, is mostly gov-
erned by the initial energy of the electron. An accelerated or decelerated
electric charge emits electromagnetic radiation called Bremsstrahlung. The
photon energy corresponds to the amount of energy lost; the highest possi-
ble photon energy is therefore identical to the initial kinetic energy of the
electron. The spectrum created by this process is continuous; the X-ray
emission from these so-called tube sources is therefore polychromatic and
highly dependent on the target material and acceleration voltage [21].

The output of a tube source is a cone beam. Apart from the radiation pro-
duced in the deceleration of electrons in the target material, a lot of heat is
created, which limits the output intensity of a tube source. Several
approaches exist to overcome this problem, a very important step forward
was the introduction of the rotating anode principle, in which a constant
rotational movement of the anode distributes the heat load over a larger
area in the target and facilitates cooling [22]. These rotating anode tubes
allow much higher output power; modern devices achieve around 100 kW
with a source size of about 1 mm?, see e.g. reference [23].

High resolution X-ray imaging requires small source sizes, and electron focus-
ing optics are used in so-called micro focus tubes to narrow the impact zone
on the target to a spot of only a few micrometers in diameter. With decreas-
ing focal spot size, the local heat load increases, which in practice means that
conventional micro focus tubes have a limited output power. A more recent
approach replaces the solid target material with a liquid metal jet, which
allows a substantial increase of the brilliance [24].

Synchrotrons and storage rings

Synchrotrons are large particle accelerators that use a series of bending and
focusing magnets to put a charged particle on a closed trajectory. Radio
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frequency electric fields are used to accelerate the particles, and upon gain-
ing energy, the fields in the bending magnets have to be ramped up syn-
chronously (hence the name) in order to keep the particle trajectory con-
stant. The change of direction in a magnetic field is an acceleration of the
charged particle and thus gives rise to the emission of electromagnetic radia-
tion. With electrons at relativistic speed, this effect provides the possibility
to create intense X-ray beams that are called synchrotron radiation. The
ANKA (Angstromgquelle Karlsruhe) synchrotron in Karlsruhe is an example for
an accelerator specifically built to create synchrotron radiation; other exam-
ples are the European Synchrotron Radiation Facility (ESRF) in France,
Spring-8 in Japan or the Advanced Photon Source in the USA. The radiation
used for experiments at these facilities is referred to as synchrotron radia-
tion for historical reasons, although it is usually not produced in a synchro-
tron, but in a storage ring. Storage rings have a similar layout as synchro-
trons, but operate at constant energy and thus require acceleration of the
particle to the final energy prior to injection, which is usually done with a
series of linear acceleration and a booster synchrotron [25].

Synchrotron radiation can be produced in different devices, the simplest
being the bending magnets used to keep the particle on its closed trajectory.
The Lorentz force exerted on the electrons in the magnetic field accelerates
the charges which consequently radiate photons. Because the particles are
moving at relativistic speed, the photons are emitted in a narrow cone
pointed in the momentary direction of the particle, tangential to the orbit.
The need for higher intensity, brilliance and monochromatic illumination has
led to the introduction of more sophisticated devices for the production of
synchtrotron radiation, namely wigglers and undulators, which are based on
alternating magnetic fields [26].

2.1.2 Coherence

For X-ray imaging, especially for high resolution or phase contrast imaging,
the spatial coherence of the beam is a very important property. Essentially,
spatial coherence is a measure of how well the wavefront resembles a wave-
front created by a theoretical point source. The transversal coherence length
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¢ of a monochromatic source can be calculated from the wavelength A, the
distance / of the source to the observer and the source size s by [26]

g (2.1)

By definition, the transversal coherence length of a plane wave and of a
wave from a point source is infinite. Apart from astronomical objects, the
most coherent real X-ray sources available are synchrotron sources and X-ray
free electron lasers, whose transversal coherence length can reach hundreds
of micrometers [27], while the typical transversal coherence of X-ray tube
sources is only several hundred nanometers.

2.1.3 Interactions with matter

In the following section, a brief introduction to the basic concepts of the
interaction of X-rays with matter will be given. A more thorough approach
can be found in Refs. [26], [28]. Figure 2.2 shows a schematic depiction of
what happens on a macroscopic level when an X-ray passes through an
object. Wave B propagates undisturbed, while wave A passes an object. In
the object, the propagation speed differs from the surrounding, which
means that the wavelength is changed, and after the object there is a differ-
ence A between the phase of A and B. Moreover, the intensity of A is
attenuated in the object, leading to smaller amplitude. Both effects can be
described with the complex refractive index n:

nix,y,z)=1-08(x,y,2)+iB(x,y,2) (2.2)

The quantities 6 and B in equation (2.2) are real numbers, and for X-rays,
both are also positive; 6 is called the refractive index decrement, and
relates to the linear attenuation coefficient u (see following section). If we
describe the X-ray in terms of the scalar wave field E(x,y,z), its propagation
along the direction z through an object of thickness Z can be written as

10
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Attenuation i
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—NI :4— Phase shift
'

>

Beam direction

Figure 2.2: Schematic representation of attenuation and phase shift introduced to a beam
by an object

E(x,y,Z)= E(X,y,O)~exp(ikj()zn(x,y,z)dz)
(2.3)

=E(x,y,0)- exp(ik_[oz(l - 5(X,y,z))dz) . exp(—kf()zﬁ(x,y,z)dz).

Here, k=2m/A\ is the wavenumber and A is the wavelength of the radiation.
The second line in equation (2.3) shows that the effect of the object on the
wave field can be separated into a term only affecting the phase (phase shift)
and one only affecting the intensity (attenuation). Both are described in
more detail in the following.

Attenuation

The intensity / of a wave is defined as the square of its amplitude
/(xyz):\E(x,y,z)\z. Applying equation (2.3), the transmission of an object is
given by:

‘ 2

lxy,2) _ [Eby,2) =exp( -2k Blx.y, 2l .

T(lelz): - 2
I(X’ylo) ‘E(lelo)‘
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This is equivalent to the Beer-Lambert law T(X,y,z):exp(—ju(x,y,z)dz) with the

linear attenuation coefficient |« =2kB. In the energy region relevant to this
work, i.e. the energies used for X-ray lithography and imaging, three physical
mechanisms are responsible for attenuation of the beam:

e Photoelectric absorption
e Elastic scattering (Rayleigh scattering)
e [nelastic scattering (Compton scattering)

In light materials and for low photon energies, the dominant process is pho-
toelectric absorption. The photon is completely absorbed and its kinetic
energy is transmitted to an electron. If the transmitted energy exceeds the
binding energy of the electron to the atomic nucleus, it is liberated from the
atom, leaving behind a vacancy in the orbital state it occupied. This vacancy
will be filled with an electron from a state with a higher energy, and the
excess energy can be emitted as a photon of the characteristic energy
described in section 2.1.1. The other possibility is the transfer of this energy
to another electron, which is also emitted from the atom. This process,
called the Auger effect, is dominant for light elements.

The cross section of the photoelectric absorption has a strong dependence
on the photon energy £ and the atomic number Z of the absorber, the rela-
tionship can be approximated as

o ol (2.4)

If the photon energy is very close to binding energy of an electronic state of
the absorber, the absorption cross section becomes much larger and rela-
tion (2.4) is not a good approximation any more. This step in o is called an
absorption edge, and corresponding to the orbital angular momentum of the
electronic state involved, the edges of an element are referred to as K-, L-,
M-edge etc.

Elastic scattering, i.e. scattering without transfer of energy, is a process
mainly occurring at low photon energy, it can be explained using only the

12
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classical electromagnetic theory. The scattered photon has a defined phase
shift of m with respect to the incoming photon, in other words, the process is
coherent. At X-ray energies higher than 10-20 keV, inelastic scattering
becomes more important, and at high energies, it is the dominant interac-
tion process of X-rays with matter. Opposed to elastic scattering, there is no
relation between the phase of the scattered and the initial photon, the pro-
cess is incoherent. In literature, the terms Compton, inelastic and incoherent
scattering are used to refer to the same process.

The total attenuation cross section is calculated as the sum of the contribu-

tions from the three processes: 0,,; =0, +0cop + Ojncon-

Phase shift

The phase Qqy(x,y,z) of the wave E(x,y,z) after passing through an object of
thickness Z is given by the imaginary part of the exponent in equation (2.3)
added to the initial phase. In many cases, it is interesting to know the phase
shift relative to an undisturbed reference ray travelling the same geometrical
distance. A simple subtraction yields

DO=0, ~ Oy =k[ dz =k (1-8(x,y,2))z=k{, 8(x,y, 2.

For a homogeneous object of thickness Z, the phase shift is thus AO=k&2.

It is interesting to note that & is positive for X-rays, the real part of the
refractive index is thus smaller than 1. At first sight, this seems like a viola-
tion of the principle that no information can travel faster than the speed of
light ¢, but one has to consider that the velocity that determines the refrac-
tive index is the phase velocity, but information can only travel with the
group velocity, which is smaller than ¢ [29].

2.1.4 Optical elements

Over the course of the decades, many different devices for the manipulation
of X-ray beams have been developed. These optical elements can be
grouped by the physical process they are based on:

13
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e Absorption
e Diffraction
e Reflection
e Refraction

Absorbing optics include filters to reduce intensity or to shape the spectrum
of a polychromatic source, slits and apertures are used for a variety of pur-
poses. Another type of absorbing optics are the shadow masks used in X-ray
lithography, see section 1, as well as the source and analyzer grating in a
Talbot-Lau interferometer, see section 2.2.2.

Two types of diffracting optics are commonly used with X-rays: Fresnel zone
plates and diffraction gratings. Fresnel zone plates, named after Augustin-
Jean Fresnel who first described the principle [30], are used for focusing
X-rays; they consist of concentric rings with a thickness that shrinks from the
center to the outer part. The width of the outermost ring determines the
diffraction limit when using a zone plate [31], so the image resolution that
can be obtained is limited by the fabrication technique used for the zone
plate. State of the art fabrication techniques yield feature sizes down to
12 nm, but due to limited zone height, these high resolution zone plates
reach very low efficiency and are not well suited for high energy applica-
tions [32]. The other type of diffractive optics, the grating, will be described
in more detail in section 2.2.2.

As a consequence of the refractive index being smaller than one, the phe-
nomenon of total external reflection occurs at air-material interfaces. It is
the same principle as total internal reflection used e.g. in fiber optical ele-
ments. However, as the difference between the refractive index of air and
any material is typically in the order of 10°, the critical angle for total
external reflection ©, =arcsin(n,/n,) is very close to 90°. For convenience, it
is thus usually given not measured from the normal to the interface as it is
customary in visible light optics, but from the tangent to the interface.
Angles in total external reflection geometries then are very small and the
geometry is typically referred to as “grazing incidence”. An example of a
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type of X-ray optic using this principle is the Kirkpatrick-Baez-mirror [33],
that uses two curved mirrors to create a focal spot downstream. A distinct
advantage of mirror optics over other types is their inherent achromaticity,
disadvantages are the complicated alignment, and the extreme manu-
facturing precision needed on a large area which makes the mirrors very
expensive.

The fourth type of optics is refracting, i.e. lenses that are based on the
refraction of a ray at the interface between two materials. The focal length f
of a lens depends on the parabola apex radius R and the refractive index
decrement 6, as well as the number N of elements it consists of. As & is very
small, a single refractive lens, even with extreme curvature, has a weak
refractive power; many refractive elements have to be combined to achieve
a smaller focal length. Such a lens is called a compound refractive lens
(CRL[16]). If all elements have the same radius of curvature, the effective
focal length is given by

R

fzzslv'

(2.5)

As the refractive index is smaller than 1, a focusing lens for X-rays is bicon-
cave, instead of biconvex as it is the case for visible light. The principle of a
CRL is depicted in Figure 2.3.

Figure 2.3: Principle of a compound refractive lens for X-rays with parabola apex radius R and
focal lengths f; and f,, from [34]

With & of the order 10°®, it is obvious from equation (2.5), that for a focal
length below a meter, R has to be in the micrometer range, requiring
microfabrication techniques with high precision. In addition, the material of
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the lens should be highly transparent for X-rays, and consequently light
materials are used for lens fabrication, such as beryllium, aluminum, silicon
or polymers. In ductile materials like Aluminum and Beryllium, lenses can be
fabricated individually by imprinting [35]. This provides the possibility of
directly fabricating point focus lenses, but is limited in terms of minimal apex
radius. Current commercially available lenses have a minimum apex radius of
50 um [36]. To get to smaller focal length, other manufacturing techniques
have to be employed. Lenses can be fabricated in silicon by reactive ion etch-
ing (RIE) [37], allowing much smaller apex radius, or in polymer by X-ray
lithography, a process which will be described in more detail in section 1.
Lenses with small apex radius are limited in aperture, because with distance
from the optical axis, the thickness of the lens material increases and the
transmission decreases.

All refractive lenses for X-rays suffer from chromatic aberration, which is
very hard to correct for because of the small differences in refractive index
between different materials. They are thus mainly suited for monochromatic
illumination.

2.2 X-ray phase contrast imaging

Although the images obtained in hospitals or non-destructive laboratories
nowadays are of much higher quality than what Réntgen was able to
achieve, they essentially use the same principle, only exploiting the absorp-
tion, and thus the particle nature of X-rays. As pointed out in section 2.1.3,
the absorption of a photon mainly depends on its energy and the atomic
number of the absorber. For a given spectrum, the contrast that can be
achieved between materials of similar atomic number, such as different
types of soft tissue, is therefore limited.

Over the years, several methods have been developed to overcome this limit
by also measuring the phase of X-rays, which is not directly accessible by
detectors, as they only measure the intensity of a beam. The contrast in the
phase shift can be as much as a factor of 1000 higher than in absorption for
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2.2 X-ray phase contrast imaging

light materials [6]. The first successful attempt was an interferometer based
on a single silicon crystal [38], other approaches used a crystal as
analyzer [39]. Today, a widespread method is based on the propagation of
the wave, also called in-line phase contrast [40], [41]. All crystal based meth-
ods require highly spatially coherent and or monochromatic illumination and
can only be applied efficiently at synchrotron sources. The requirements of
propagation based phase contrast are less strict; it is tolerant to divergent
polychromatic beams with moderate coherence and can be realized at
microfocus X-ray tubes, for example. Another interesting technique uses the
displacement of a speckle pattern generated by a random phase modulator,
such as sand paper, to detect the phase shift of the sample. This technique,
too is tolerant to polychromatic radiation and requires only the grade of
coherence that is available at microfocus laboratory sources [42]. To be able
to access the higher flux that can be provided by a rotating anode source
with less coherence, one has to switch to a setup called a Talbot-Lau inter-
ferometer [10], whose basics will be explained in the following section.

2.2.1 The Talbot effect

In 1836, Henry Fox Talbot published his findings that a periodic structure,
when illuminated through a slit, produced an image of itself in discrete dis-
tances downstream [11]. This phenomenon is now known as the Talbot
effect, and analytical calculations show that when illuminated by a plane
wave, any periodic structure will produce such a self-image at distances z,
determined by

Zp

2
:n'z%. (2.6)

In this equation, n = 1,2,3,... is referred to as the Talbot order, a denotes the
period of the structure, and lambda refers to the wavelength of the illumina-
tion. The interference pattern between these distances can be complicated
and depends strongly on the properties of the periodic structure. It is often
called the Talbot carpet. A particularly interesting case of the periodic struc-
ture is a pure phase object, called a phase grating. In the idealized case, such
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an object absorbs or scatters no photons, but only introduces a box-like
periodic phase shift to the wavefront. Depending on the amount of this
phase shift, there are distances between the Talbot orders, at which this
phase contrast is entirely transformed into intensity and can thus be meas-
ured by a detector.

Figure 2.4 shows such a Talbot carpet for a phase grating with a duty cycle
(the ratio of the width of the phase shifting lines to the grating period) of 0.5
and a phase shift of /2 up to the second Talbot order. As the structure is a
pure phase object, there is no intensity contrast at the Talbot distances, but
at 0.25-z,and then recurring every 0.5-z,, all the intensity is concentrated

in one half of the grating period.

! el e e :
0.25 0.5 0.75 1 1.25 1.5 1.75 2
Propagation distance / Talbot distance

Figure 2.4: Simulated Talbot carpet for a m/2 shifting phase grating under plane wave
illumination

If the phase grating is changed to induce a phase shift of m instead of /2,
the Talbot carpet changes its shape quite strongly, as shown in Figure 2.5.
There are still fractional Talbot orders at which the phase contrast is conver-
ted to pure intensity contrast, but instead of two, there are now 8 such dis-
tances before the first full Talbot distance. Another difference is that at
these fractional distances, the period is half the period of the phase grating.
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0.5 1 1.5 2
Propagation distance / Talbot distance

1/16

Figure 2.5: Simulated Talbot carpet for a m-shifting phase grating under plane wave
illumination

If one introduces an object into the beam, the Talbot carpet is disturbed, the
simple case of a wedge shaped pure phase object is depicted in Figure 2.6
for a /2 phase grating. The refraction by the object shifts the lines of the
Talbot carpet to different positions, and the analysis of these positions can

yield the phase shift introduced by the object.

1/2 1 3/2 2
Propagation distance / Talbot distance

Figure 2.6: Simulated Talbot carpet with a wedge shaped pure phase object in the beam path
immediately before the grating

2.2.2 Grating based phase contrast imaging

To estimate the dimensions of a Talbot interferometer and the necessary
gratings, we look back at equation (2.6) on page 17. The wavelength of

—-10

X-rays is roughly in the order of 1 A, which is 1-107°m. A reasonable demand

is a setup length that fits on standard optical tables, so the Talbot distance
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should be in the meter range, which leaves the grating period in the order of
10°-10"° m, meaning a few micrometers. To resolve a grating period like
this, high resolution cameras are needed, which necessarily come with a
small field of view. Detectors in medical imaging or other applications that
need a larger field of view come with pixel sizes above 50 um, making it im-
possible to resolve the interference pattern. The solution for this problem is
the introduction of a second grating, whose period matches exactly the one
of the interference pattern. This grating needs to have absorbing lines and
acts as a shadow mask at a fractional Talbot distance, it is commonly re-
ferred to as either analyzer grating or G2, with the phase grating being G1.
The detector is placed directly behind the analyzer grating, the setup is

Phase grating

shown in Figure 2.7.

" Detector
pixels

Beam direction
f
f

_—

Analyzer grating

Figure 2.7: Setup of a Talbot interferometer with phase and analyzer grating

If the lines of the analyzer grating are exactly at the positions of the intensity
maxima, no photons reach the detector in the ideal case and displacing the
analyzer grating by half a period will transmit the full intensity. To access the
whole interference pattern, one of the gratings is moved in steps smaller
than a period in the direction x4 perpendicular to the grating lines and the

20



2.2 X-ray phase contrast imaging

optical axis. The intensity is recorded for each position, yielding a so-called
stepping curve for each detector pixel. For an ideal phase and absorption
grating with the perfect relative distance and plane wave illumination, this
curve would have a triangular shape, as it is the convolution of two rectangu-
lar intensity profiles. In practice, due to the finite source size and grating
imperfections, this curve is smeared out and can usually be modeled by a
sinus curve. Figure 2.8 shows two model stepping curves, one reference
curve and one with a sample.

® @ Reference Scan

® ® Sample scan

Intensity
e

4 12 3/ 1
Stepping position / grating period

Figure 2.8: Schematic of a reference stepping curve and a stepping curve with sample
in beam

The period of the stepping curve is given by the period of the interference
pattern, so three parameters are left to describe the curve: The mean value
0o, the phase ¢ and the amplitude a;. All three parameters are influenced
when a sample is put in the beam. The absorption in the sample will reduce
the mean intensity, refraction in the sample will displace the interference
pattern and therefore change the phase, and scattering will reduce the
amplitude of the stepping curve. While the contributions to the amplitude
can be complicated, it is important to note that the mean value and the
phase are independent of each other, in particular the phase contains
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no contribution from absorption [9]. An important parameter for the
analysis of the stepping curve is its contrast, which is usually quantified by
the visibility V:

V= ;max ;;mm ] (2.7)

max min

The higher the visibility, the more robust the extraction of the curve
parameters, which in turn results in a higher contrast to noise ratio in the
final images. A stepping curve can be analyzed by doing a sinusoidal fit for
each pixel, but a much faster approach in terms of calculation time uses a
discrete Fourier transform [43]. The stepping curve intensity /(x,)can be writ-

ten as a Fourier series:

I(xg) =0+ > a, ~cos(k - x, +dy) = ay +ay -cos(k-x; + ;) (2.8)
k=1

It is easily seen that with this notation, the visibility becomes

Note that most implementations of the discrete Fourier transform in modern
programming languages such as Python or Matlab return the coefficients in a
format where the a, does not correspond to the amplitude, but twice the
amplitude of the fundamental frequency. The visibility then becomes
V=2-g, /a,. When the reference stepping curve (superscript r) and the
curve with sample (superscript s) are analyzed, three image modalities can
be extracted. First, the transmission T, as measured in a conventional radiog-
raphy, is given by

S
_%

T (2.9)

.
Go

The shift Ad of the interference pattern is calculated as Adp=¢,, — ¢, and

the differential phase 0®/0x of the wavefront can be calculated from it
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using the period p, of the interference pattern, the inter-grating distance d
and the wavelength \ of the illumination:

o P,
—=Ap2. 2.10
Ox d))\d (2.10)

The refraction angle a is related to the differential phase as

A 0O
a—ii

= . (2.11)
21 OX

The third imaging modality is the loss of visibility, often called the dark field
D because of its relation to small angle scattering [12]

p=Ys.
v,
Within this work, this imaging modality will always be referred to as dark
field, as there is no overlap with other techniques that use the term with a

different meaning.

Figure 2.9 shows an example to illustrate the differences between the imag-
ing modalities. The sample is a plastic keychain figure with a textile cape,
part B of the figure shows the X-ray transmission image, which clearly shows
the metal screw inside the figure used to attach it to a keychain. The con-
trast between this screw and the plastic is excellent because of the large
differences in absorption coefficients. The differential phase image in part C
shows nicely the structure details and gives an idea of the three-dimensional
shape. The textile cape of the figure is only visible in the dark field image, as
it is very thin and produces only very little absorption. However, its fibrous
fabric scatters the photons and it therefore reduces the visibility, making it
appear very clearly in this modality.
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Figure 2.9: Example for the modalities of grating based X-ray phase contrast imaging.
A: Photograph of the sample, a plastic keychain figure, B: X-ray transmission image,
C: Differential phase, D: Dark field image. Taken from [44].

In order to observe the Talbot carpet up to the first Talbot order, the spatial
coherence ¢ (see section 2.1.2) has to be greater that the period p; of the
phase grating. A standard X-ray tube does not meet this requirement, and so
another absorption grating, called GO, must be introduced between source
and phase grating. This grating produces an array of slit sources, which indi-
vidually provide enough coherence to observe the Talbot effect, but are
mutually incoherent; the loss of spatial resolution of the sample through
blurring is still determined by the original source size. In order for the indi-
vidual slits to contribute constructively to the interference pattern in the
detector plane, their period pg has to satisfy the geometrical condition [10]

/
po:pz'g- (2.12)

Again, p, refers to the period of the interference pattern and d is the inter-
grating distance. The quantity / now denotes the distance from GO to the
phase grating. The transverse coherence now becomes €=\-//(1—vyg)-pg,

with yg as the duty cycle of the source grating.

An interferometer that uses a source grating to provide the necessary
coherence is called a Talbot-Lau-Interferometer, or often a three-grating
interferometer, although still only one of the three gratings actually acts as a
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diffraction grating. It was first realized in 2006 [10], and allows the use of
virtually any kind of X-ray source for the formation of X-ray phase contrast
images, which makes it a very promising technique for industrial applications
that rely on accessibility. Aside from the use with X-rays, such an
interferometer can also be used with common neutron sources [45]. Inter-
ferometers can be realized in a wide variety of geometries, depending on the
priorities, e.g. compactness, high sensitivity or high spatial resolution. Any
choice of a grating parameter affects all the other parameters, a full set of
the formulas required for the setup of a new interferometer can be found in
reference [46], a web-based tool for the calculation is freely available at [47].

2.2.3 Sensitivity

The key parameter for evaluation of the performance of a given interferom-
eter setup is the sensitivity. It is usually expressed by the smallest detectable

refraction angle a,,,. The smaller a,,, the higher the sensitivity. From

min’

equations (2.10) and (2.11), the refraction angle can be expressed in terms
of interferometer parameters

p
azﬁAcb.

It is directly obvious that for a high sensitivity, the grating period should be
chosen as small as possible and the inter-grating distance should be maxim-
ized. The grating period is limited by fabrication issues, and the inter-grating
distance is practically limited by the available flux and the coherence of the
source. Apart from these geometrical factors, the angular sensitivity is
determined by the noise oy of the measured signal A¢ [48], which for a pho-
ton counting detector can be expressed in terms of the visibility V and the
number of photons N:

N

Op=—r
f V«/N (2.13)

In general, the visibility decreases with increasing inter-grating distance, so a
compromise must be made to maximize the sensitivity.
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2.2.4 Applications

Both the differential phase contrast and the dark field contrast provide com-
plimentary information on the sample. As they are of different nature, they
also have different applications. The phase signal can for example be used
for quantitative analysis of light materials that hardly show any contrast in
absorption [49] and offers the possibility to detect the cartilage within a joint
in an human hand [50]. It is also a useful tool for the characterization of
X-ray optical elements, such as mirrors and lenses [51], [52], and its applica-
tion as such a tool is a main part of the experimental section of this work,
see chapter 0.

The dark field signal is sensitive to scattering; it emphasizes interfaces
between materials and depends strongly on the microstructure of the sam-
ple. This is particularly interesting, because it means that the signal is sensi-
tive to details of the sample that are well below the systems spatial resolu-
tion. An example of a strongly scattering structure in mammals is the lung,
with its millions of micrometer-sized air chambers called alveoli. Some lung
diseases like emphysema change the microstructure of the lung, effectively
reducing its surface area and negatively affect its function. While such
changes are almost invisible in a conventional transmission radiograph, they
have a much stronger effect on the dark field signal and could thus
potentially be detected at a much earlier stage [53]. Other interesting appli-
cation are the detection of microcalcifications in mammography, as these
are indicators for breast cancer [54], [55] and the classification of renal sto-
nes from radiographs [56].

In materials science, the dark field is especially useful for the investigation of
porous materials. One example is the visualization of water transport in con-
crete [57]. The scattering strength of a particle depends not only on its shape
and size, but also on its orientation relative to the incoming wave field. A
fiber, for example, will scatter light strongly in the direction perpendicular to
its long axis, but hardly along this direction. This fact can be exploited to
detect the orientation of anisotropic scatterers in a sample, both in two and
three dimensions [58], [59].
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These are just some examples of application studies with X-ray grating inter-
ferometry. The last decade has seen an impressive development of the tech-
nigue and efforts to push it to commercial applications are growing, e.g. with
the integration of a grating interferometer into a commercial micro CT scan-
ner [60]. A key for the success of the technique is the advancement in the
fabrication of the gratings, which poses a challenge to microfabrication
techniques due to the small period and large absorber thickness required for
the gratings.

2.2.5 Grating requirements

Two types of gratings are used in a Talbot-Lau interferometer, a phase grat-
ing and two absorption gratings. While the necessary periods are in the same
range for all gratings, the other properties differ a lot: While the absorption
in the lines of an ideal phase grating is zero, the absorption in an ideal ana-
lyzer grating is 1, meaning no photons can pass through. Real gratings can of
course reach neither of these ideal values.

Phase gratings

The period and phase shift of the phase grating define the overall length of
the setup. The main requirements for a phase grating are

e Low photon absorption
o Well defined lamella height

e Excellent structure quality

Two factors contribute to the absorption: The lamellas and the substrate.
Light materials are therefore favored for both, although the determining
factor for the lamellas is not the absorption, but the ratio of the real to the
imaginary part of the refractive index. A large real part means that a lower
structure height is required to achieve a defined phase shift. The most com-
mon materials for phase grating lamellas are silicon and Nickel. For higher
energies, one can also consider gold, because of its high refractive power for
X-rays. The height of the lamellas defines the phase shift, and a good control
over it ensures a high visibility over the whole field of view. As this parame-
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ter is hard to control and most manufacturing techniques have an inherent
height gradient that cannot always be overcome, the height is usually speci-
fied to a target value +/- 10 %. Higher precision is often not needed because
of the polychromatic spectrum of X-ray tube sources; if the grating design
energy is slightly off the optimum, there is still sufficient flux at this energy.

Absorption Gratings

The absorption gratings are the biggest challenge for fabrication. The period
is defined by the interference pattern created by the phase grating, and the
height must be sufficient to absorb enough photons to achieve a high visibil-
ity in the stepping curve. Gold is the material of choice for the absorption
lines because of its high density and high atomic number, which both lead to
a relatively small penetration length for X-rays. Absorption of 90 % of the
incoming photons is considered a sufficient value for an absorption grating;
Figure 2.10 shows a plot of the necessary gold height to achieve this goal as
a function of the photon energy. At around 40 keV, the necessary height for
this absorption surpasses 100 um, and together with the demand for grating
periods of a few micrometers, the necessary aspect ratio (AR, defined as the
structure height over the structure width) for the grating lines can be
100 or larger.
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Gold thickness / um
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Figure 2.10: Plot of the necessary gold height for an absorption of 90 % of all photons as a
function of photon energy, based on data from [61]
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2.2 X-ray phase contrast imaging

These extreme aspect ratios call for specialized fabrication methods, and a
variety of techniques has been applied to fulfill the needs of X-ray grating
interferometry. The first experiments were done using gratings fabricated by
deep reactive ion etching (DRIE) [62], other groups used an imprinting pro-
cess to structure metallic glass [63] or fabricated each grating lamella indi-
vidually by a layer deposition technique [64]. Recently, a metal assisted wet
etching technique has also gained attention, which is particularly suited for
the fabrication of nanometric structures [65]. For micrometric structures
with an extreme aspect ratio and a comparatively large area, the currently
most powerful technique is the so-called X-ray LIGA process, a combination
of X-ray lithography with electroplating, which is described in the
following section.
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3 X-ray lithography

The word lithography comes from the Greek words lithos (stone) and
graphein (to write), and originally referred to a printing technique using an
etched limestone as print master. Nowadays, any fabrication technique
where a pattern of some sort is transferred to a (typically photoactive) poly-
mer layer is called lithography. The most important lithography application
certainly is UV lithography used in semiconductor chip fabrication, and the
development of lithographic techniques has been the key enabler for the
impressive advancement of microelectronics in the past decades. The scien-
tific literature contains numerous examples for other lithography techniques
like electron beam, two-photon or nanoimprint lithography [66]—([68], and
the choice of technique greatly depends on the desired properties and
dimensions of the structure to be fabricated. When it comes to microstruc-
tures with high aspect ratio, which means the ratio of the height of a struc-
ture to its width, X-ray lithography with subsequent electroplating is an
excellent choice [13], [69], [70]. The process is also called “direct LIGA”,
which comes from the German acronym LIGA for “Lithographie, Galvanik
und Abformung”, meaning “lithography, electroplating and molding”. The
molding step is left out in the direct process, because demolding becomes
difficult at high aspect ratios. An overview of the process can be seen
in Figure 3.1.

The starting point is a substrate, with a conductive electroplating seed layer,
which is coated with a photoresist, usually by spin-coating (Figure 3.1 A). The
coated substrate is then exposed with soft X-rays using a mask with the grat-
ing pattern (B). If a negative photoresist is used, the irradiated sample
undergoes the so-called post-exposure-bake, in which the exposed parts of
the resist are crosslinked and become insoluble (C). The other parts of the
resists are then washed away in a development step (D), leaving a polymer
template which can then be filled with a metal like gold or nickel (E).
Depending on the aspect ratio and intended use, the remaining photoresist
can be removed by plasma etching (F) or left in the structures.
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Figure 3.1: Schematic overview of the Direct LIGA process using a negative photoresist

The following sections describe the process in more detail as it is established
at the institute of Microstructure Technology of the Karlsruhe Institute of
Technology, for the resist mr-X, which is an epoxy-based negative resist. The
properties of this photoresist are a main theme of this work; a dedicated
chapter on this topic follows the process description.

3.1 Substrates

The choice of the substrate has several effects on both the fabrication pro-
cess and the use of the final structure as X-ray grating. The fabrication pro-
cess places some constraints on the substrate; it must have the
following properties

e Mechanically stable

e Resistant against solvents used in the process

e Resistant against radiation damage

e Thermally stable in the temperature range -40 °C < T < 100 °C
e Conductive surface

The standard material for the bulk substrate is silicon, because it is compara-
tively inexpensive and easily available with excellent surface quality. As pure
silicon is not a good conductor at the temperatures used in electroplating, it

32



3.2 Mask and exposure

must be coated with a conductive material. Two different conductive layers
are used in the process at the Institute of Microstructure Technology;
titanium with an oxidized surface and a chromium base layer with gold on
top. The oxidation of the surface of titanium increases the surface roughness
and thus leads to a larger surface area which provides excellent adhesion of
both photoresist and electroplated metal structures. On the other hand, it
reduces the conductivity and makes height control in electroplating more
difficult. For good height control it is favorable to use a Cr/Au coating. The
effects of the conductive layer in the irradiation are explained in the follow-
ing section.

The bulk material influences the overall X-ray transmission of the grating.
While at high energies, the absorption in silicon can be neglected, it poses a
problem for low energies, which is why alternative substrate materials have
been investigated in this work.

3.2 Mask and exposure

The exposure in X-ray lithography is done with X-rays through a shadow
mask that is fixed to the substrate by a specifically designed holder. Recently,
another approach with a mask fixed to the synchrotron beam and a moving
substrate was introduced [71]. The mask must fulfill two main criteria: High
transparency in the openings and high absorption in the structures. These
criteria resemble the criteria for the final absorption gratings, but for the
exposure with so-called intermediate masks, a height in the order of 2 um
gold is sufficient to block enough intensity (see also Figure 2.10). This limits
the aspect ratio of the mask structures and allows the use of direct laser
writing for coarser structures down to about 5 um period and electron beam
lithography for smaller structures. The standard substrate for the masks is a
2.7 um titanium foil, which is on a carrier wafer during mask fabrication and
afterwards glued to an invar frame and lifted off the carrier. The stability of
the membrane, particularly its transfer to a frame without waviness or
bulges, limits the size of the mask; the technique is suited for the area of a
4-inch wafer but not easily upscalable.
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3 X-ray lithography

In this work two beamlines of the ANKA synchrotron have been used for the
exposure: LIGA | and LIGA Il. Both beamlines are placed behind the same
1.5 T bending magnet and a mirror is used to cut off the high energy pho-
tons. The calculated spectra of the two beamlines are plotted in Figure 3.2.
The main difference between the two beamlines is the energy range, the
largest part of the flux at LIGA | is between 2.2 and 3.3 keV, while LIGA Il has
considerable flux up to about 12.5 keV. This means, that at LIGA [, an inter-
mediate mask as described above is sufficient, but for exposure at LIGA II,
the mask first must be copied to structures with higher aspect ratio, which is
done with X-ray lithography at LIGA |. Masks fabricated like this are called
working masks. Soft X-rays are attenuated and scattered easily, also when
going through air. The exposure therefore takes place in a chamber that is
first evacuated and then filled with helium to a pressure of about 100 mbar,
to allow convectional heat transfer from the mask. As a very light element,
helium barely influences the beam. The beam dimensions are similar in both
beamlines, with a width of about 100 mm and a height of about 8 mm
FWHM. For the exposure of a whole 4-inch wafer, it is moved up and down
through the beam at a carefully controlled speed.

The choice of beamline for grating fabrication mainly depends on the height
of the desired resist structures; up to about 100 um, LIGA | is used, LIGA Il is
better suited for thicker resist layers. The dose deposited at the point where
the X-rays enter the resist (“top dose”) should not differ greatly from the
dose deposited near the substrate ground (“bottom dose”). This is
important, because the bottom dose must be high enough to completely
crosslink the photoresist; but if the ratio of top to bottom dose is too high,
the resist on the top of the structures will be overexposed, which can lead to
closed structures that cannot be electroplated. In practice, the top/bottom
ratio should be kept below 3, which is easier to achieve at LIGA Il because
the higher energy means less absorption and therefore a more homogene-
ous intensity over the resist height. Decreasing the top/bottom ratio at
LIGA | is possible by introducing filters to harden the spectrum. Exposure
doses are calculated using the program DoseSim, which takes into account
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3.2 Mask and exposure

the spectra of the beamlines, the filtering through mask materials and
optional additional filters as well as the absorption in the photoresist [72].
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Figure 3.2: Unfiltered spectra of the beamlines LIGA | and Il at the ANKA synchrotron

While the top/bottom ratio is better at high photon energy, it also has a
disadvantage: In the soft X-ray range, the dominant process for photon
absorption is the photoelectric effect (see section 2.1.3), where the
photon energy is completely transferred to an electron. These electrons then
travel on complicated paths with numerous interactions with other elec-
trons; the mean length of such a path, and consequently the volume in
which one initial photon leads to dose deposition, depends on the initial
energy of the electron. This leads to a lower limit of the grating period
that can be fabricated as a function of the photon energy. Currently, the
smallest period fabricated at the LIGA Il beamline is 4.8 um, while at LIGA |
a period of 2.4 um is possible, smaller periods are under investigation at
both beamlines.

The absorption in the photoresist is not the only process contributing to the
dose deposited in it; the effects of the substrate must also be considered. A
drawback of the titanium layer is that its Ka-line is at 4.95 keV, which can be
excited by the illumination at the beamline LIGA II. As the fluorescence radia-
tion is isotropic, it also exposes resist in areas under the mask absorber. If a
chromium/gold layer is used, there is no fluorescence from the substrate,
because the Cr layer is only a few nm thick and the Ka-line of the thicker gold

35



3 X-ray lithography

layer is at 82 keV and can thus not be excited by the exposure. Both for Ti
and Au, the X-ray absorption is a lot higher than for the photoresist, which
means that more photoelectrons are created, that can diffuse into the pho-
toresist from the substrate material, leading to additional dose deposition
near the substrate ground. Because of its high atomic number, this effect is
far larger for gold than for Ti. This additional dose can lead to crosslinking of
resist also between the lamellas close to the substrate and prevent electro-
plating. As the layer is thin and often not fully crosslinked, it can be removed
by reactive ion etching after development and prior to electroplating.

3.3 Development and drying

After exposure, the crosslinking of the photoresist takes place at elevated
temperature, for a more detailed description see chapter 3.5. After the
crosslinking reaction is done, the unexposed parts of the resist must be
removed. This is done using the solvent propylene glycol methyl ether
acetate (PGMEA), which is exchanged once after a time that is dependent on
the structure height. The solvent used in the second step is saved to be
reused in the first step for another sample to save solvent costs. After the
second step, the structures are rinsed using Isopropanol. From the isopropa-
nol bath, the structures must be dried. During drying, the Isopropanol evap-
orates gradually, and at the boundary between liquid, vapor and structures,
capillary forces occur due to the surface tension of the liquid. The pressure
p. on the convex side of a curved liquid surface is always lower than the
pressure p; on the concave side. This relationship is described by the
following equation [73]:

20
p; =pa+7. (2.14)

Here, o denotes the liquids surface tension and r the radius of curvature of
the liquid surface. This pressure pulls the two sides of the capillary together,
and because the liquid level on the two sides of one grating line will not be
equal throughout the drying, it creates an asymmetric force that can be large
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enough to deform structures and even break them off the substrate. The
surface tension is a function of the temperature and can be decreased with
rising temperature. To make use of this, structures are usually dried in a
convection oven at 35 °C, which reduces, but does not eliminate capillary
forces. A way to eliminate them is freeze drying, a process originally devel-
oped for the preparation of biological samples. In this technique, the liquid is
frozen and then sublimated at reduced pressure. In this way, the liquid
phase is completely avoided and no capillary forces occur. As the freezing
point of Isopropanol is very low (-89.5 °C), the solvent must be exchanged to
avoid unnecessary thermal stress to the sample. A good liquid for freeze
drying is Cyclohexane, as its triple point lies only slightly below ambient con-
ditions (5319.6 Pa, 6.82 °C [74]) and it is fully miscible with Isopropanol. After
the solvent exchange, the liquid is frozen inside a chamber which is then
evacuated to speed up the sublimation process. After complete sublimation,
the sample is slowly heated up to room temperature and then taken out of
the vacuum. It has been shown that the maximum possible aspect ratio of
X-ray lithography structures can be increased by a factor of 2.25 using this
process instead of conventional drying [75].

3.4 Electroplating

The electroplating of Nickel structures for phase gratings is done in a
specially developed bath [76]. Provided the starting ground is free from
residuals and the surface area is precisely known, it provides excellent height
uniformity with a deviation of +/- 200 nm. As a small variation of the duty
cycle in the polymer grating matrix can change the electroplating area signif-
icantly, the actual precision of the absolute height value is less than this, but
still sufficient for the application as phase gratings. Moreover, it is possible to
achieve relatively smooth surfaces, which prevents unwanted scattering.

Electroplating of gold for absorbing gratings is done using a sulfite-based
electroplating bath. It provides good adhesion of the metal structures, is well
compatible with the polymer matrix and yields structures with low inner
stress [77].The temperature of the electroplating bath is 55 °C, which can
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lead to problems for two main reasons; the crosslinking reaction during the
post bake can create inner stress in the polymer matrix, that can be released
at higher temperatures and lead to a deformation of the matrix. Moreover,
the coefficient of thermal expansion of the substrate material and the pho-
toresist matrix differ by an order of magnitude when using silicon substrates,
creating thermally induced stress during heating. For these reasons, a lower
temperature electroplating bath operating at 30 °C is under test, which
shows good results but at a lower deposition rate than the standard bath
at 55 °C [78].

3.5 Photoresist in X-ray lithography

Nowadays, many photoresists are available for different lithographic tech-
nigues. Independent of application, they can be grouped in two major cate-
gories, the positive and negative photoresists. For positive resists, the parts
that are exposed with radiation are dissolved, which for mask-based lithog-
raphy techniques results in a geometry identical to the absorber structures
on the mask. In negative resists, a crosslinking reaction is triggered by irradi-
ation, and the unexposed parts are washed away in development, resulting
in the pattern being the negative of the mask absorber pattern. In X-ray
lithography negative tone resists are based on the well-known resist SU-8,
originally developed for UV lithography [79]. Owing to their chemical amplifi-
cation, these resists require significantly less exposure dose than PMMA,
which is a commonly used positive resist.

The two main parameters to describe the performance of a photoresist are
sensitivity and contrast. For a negative tone resist, the sensitivity is related to
the minimum dose needed to crosslink the material. A higher sensitivity
means a lower necessary exposure dose, but at the same time it increases
the sensitivity to secondary effects, such as residual dose deposited under
the mask absorbers in X-ray lithography. A highly sensitive resist can there-
fore limit the achievable resolution. The contrast y is defined as the loga-
rithm of ratio of the dose D, necessary to crosslink 90 % of the resist
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3.5 Photoresist in X-ray lithography

material and the dose D; necessary for 10 % crosslinking, which can also be
used to quantify the sensitivity [80].
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In this work, the production of X-ray diffraction gratings with the resist mr-X,
developed by the company microresist technology, Berlin, is investigated.
The following sections describe its composition and function.

3.5.1 Composition of mr-X

The principal components of a negative tone photoresist are resin, photoac-
tive compound, and solvent. The basis for mr-X is the SU-8 resin with the
photo acid generator (PAG) Triarylsulfonium/hexafluoroantimonate salt and
Gamma-butyrolactone (GBL) as solvent [81]; the structural formulae for
these components are shown in Figure 3.3. The SU-8 resin monomer consists
of 4 interlinked units of bisphenol-A (BPA) which is the basis of many epoxy
resins. The two hydroxyl groups of the BPA units are replaced with epoxy
groups, providing in total 8 epoxy groups per monomer in the ideal case
(hence the 8 in the name). In practice, the synthesis of the monomers does
not yield a perfect epoxidation, and some variations between different
batches of the resin are to be expected [82]. The PAG is an onium salt, as it is
used in several chemically amplified resists, and irradiation triggers its disso-
ciation. The solvent GBL was also used in the original SU-8 formulation [15],
it is fully miscible with water and most common organic solvents.

Mr-X comes in two variations, called mr-X 10 and 50, which have different
solvent content and therefore different viscosity. The low viscosity variation,
mr-X 10, has the higher solvent content and can be used for the preparation
of layers between 5 um and 100 um, while the higher viscosity mr-X 50 is
used for layers with more than 50 um thickness.
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Figure 3.3: Structural formulas of the main components of the mr-X photoresist, adapted
from [83]

In addition to the basic components resin, PAG and solvent, mr-X contains an
additive with lower molecular weight than the resin monomers to increase
the adhesion to substrates and a buffer, whose function is described in the
post-exposure-bake section.

3.5.2 Layer preparation

The preparation of mr-X layers is done using a spin-coating process. The
resist is placed on the substrate and through fast rotation it is evenly distrib-
uted over the substrate. The final thickness of the layer depends on the rota-
tion speed. In the process, and mainly in the last phase, solvent already
evaporates from the resist [84]. After the coating, the resist is soft-baked at
95 °C on a hot plate to reduce the solvent content further. Three main prob-
lems arise when the solvent content is too high

e Formation of bubbles during crosslinking reaction
e Reduced mechanical stability of final structures [85]
e Reduced contrast due to better diffusion of protons [85]

On the other hand, a solvent content that is too low may lead to a lower
degree of crosslinking in the final structure, because of the reduced diffusion
of protons. For SU-8, reported values for acceptable residual solvent con-
tent vary around 7 %, while in X-ray lithography experiments with mr-X, it
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was found that the solvent content should be below 3 % for good results in
structuring [86], [87].

3.5.3 Post exposure bake
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Figure 3.4: Crosslinking mechanism of the epoxy groups in the mr-X photoresist, adapted
from [83].

Figure 3.4 shows an illustration of the crosslinking mechanism in the photo-
resist. When absorbing a UV photon, the PAG dissociates and HSbFg is creat-
ed which is a strong Lewis acid and thus acts as proton donator. The proton
associates with the oxygen atom of an epoxy ring at an oligomer of the resin
and induces the opening of another ring which then binds to the first via a
methylene bridge. The proton is not consumed in this reaction, and can thus
trigger further ring openings. The absorption of soft X-rays is mainly due to
the photoelectric effect, a photon liberates an electron which creates a cas-
cade of secondary electrons. These secondary electrons lead to dissociation
of the PAG via impact ionization, and ultimately trigger the same chemical
amplification as UV irradiation, the polymerization mechanism is therefore
the same for both techniques [88], [89].

The crosslinking reaction starts immediately upon irradiation, but due to the
limited mobility of the protons only creates a very small degree of crosslink-
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ing. In thicker layers, a latent image of the final structures can already be
seen after irradiation. To achieve a high degree of crosslinking, the sample
has to undergo a post-exposure-bake (PEB). This step takes place at an ele-
vated temperature, e.g. 75°C. During the PEB, the molecular weight
increases exponentially. The polymerization eventually stops if steric effects
hinder the binding of two epoxy sites, or the proton encounters a quencher,
such as the buffer that is added to the mr-X. The buffer limits the space, in
which a single initial proton can trigger polymerization. This has two effects
on the resist — it lowers the sensitivity, i.e. it increases the dose necessary to
crosslink the material, and it increases the contrast, making the resist less
vulnerable to dose deposition in areas that are not primarily irradiated [81].

Due to the increase in molecular weight in the crosslinking, the photoresist
becomes insoluble in most solvents by the PEB. The unexposed areas can
then be developed; this is done using PGMEA, as described in section 3.3.
The necessary development time can be long, as overdevelopment is not an
issue, contrary to the case of positive resists like PMMA.

A very important side effect of the crosslinking is that it reduces the space in
between the resin molecules, and thus the overall volume of the resist
shrinks. For SU-8, a shrinkage of about 7 % has been reported in a study that
looked at the height of crosslinked versus uncrosslinked resist [90]. In the
first phase of shrinking, the volume is just decreasing, and the material still
shows viscous-plastic behavior, the shrinkage introduces no stress. Once a
certain degree of crosslinking is achieved, the material shifts to a rigid elastic
phase. This transition is called the gel point of a polymerization; it corre-
sponds to individual polymerization centers interconnecting [91]. After this
point, the shrinkage in one polymerization center affects neighboring areas,
leading to stress in the structures. This stress can lead to deformation of
structures and can be so severe that it causes cracks. The investigation of the
crosslinking reaction and its effects on volumetric shrinkage of the resist is
another main theme of this work, details are described in chapter 4.4.
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The thermomechanical properties of the photoresist are a major determin-
ing factor for the quality of lithographic structures. This chapter deals with
the determination of properties like the Young’s modulus, tensile strength,
volumetric shrinkage and thermal behavior of both the unexposed and
exposed resist. The influence of process parameters, namely the exposure
dose, post-bake temperature and substrate storing time were varied to
assess their influence. Unless otherwise stated, all results were obtained
using the photoresist mr-X 50. It should be noted that some variations in the
yield and quality were seen between gratings fabricated with resist from
different bottles that were bought from the manufacturer mrt. When a new
bottle is used, contrast and sensitivity are evaluated by studying the
so-called contrast curve [92]. These samples are named with the letter K for
the German “Kontrastkurve” and a consecutive number, e.g. K110. This
number is then also used to identify the resist bottle. Precautions were taken
to always use resist from the same bottle in all experiments that were
designed to assess the influence of a single process parameter on the prop-
erties of the final structures. In some experiments, this practice had to be
abandoned because the respective resist bottle was emptied in the mean-
time. These cases are explicitly mentioned in the description.

4.1 Standard parameters

The fabrication of gratings with the resist mr-X has been the subject of sev-
eral research projects at IMT already, among them the INNOLIGA project,
and the dissertations of Johannes Kenntner and Jan Meiser [87], [93], [94].
From these projects, a set of standard parameters emerged for the different
process steps, which was used as a basis for the variations performed in this
work. The most important parameters for the main steps are listed below;
every time a standard parameter is mentioned in the experiment descrip-
tions, it is a reference to the parameters listed here.
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Soft bake

All spin-coated substrates are soft baked immediately after the layer deposi-
tion on a hot plate. For a target thickness below 40 um, the substrates are
placed directly on the hotplate with the soft bake temperature of 95 °C. The
holding times are dependent on the thickness: 0-12 um: 10min; 13-25 um:
15min; 26-40 um: 20min. If the target thickness exceeds 40 um, a stepwise
soft bake is employed, where the sample is heated up to 75 °C in 30 minutes,
held at that temperature for one hour, and then heated up to 95 °C in
30 min. This temperature is held for 4 hours, cooling down to room temper-
ature also occurs gradually in 4 hours.

Exposure

The standard exposure dose varies with the beamline that is used for expo-
sure. At LIGA |, the standard bottom dose is 140 J/cm3, whereas at LIGA 1l it
is only 60 J/cm?3. At both beamlines, filtering is used to keep the top/bottom
dose ratio below 3. Between mask and resist, a Kapton foil of 7.5 um thick-
ness is used to capture photoelectrons from the mask membrane.

Post exposure bake

For post exposure bake, the exposed substrates are placed inside a Heraeus
Vacutherm oven. The oven is evacuated to a residual pressure below
20 mbar and upon reaching this pressure, all valves are closed and the pump
is shut off. Then the temperature is increased to 75 °Cin 20 min and held for
2 hours. Cooling down takes place overnight, and the oven is ventilated at
the next morning. After the PEB, the substrate is stored for at least 24 hours
until further processing.

Development and drying

The development time depends on the structure height, substrates with a
height up to 15 um are developed for 10 min in reused PGMEA, then 10 min
in fresh PGMEA and afterwards rinsed for 10 min in Isopropanol. The respec-
tive times for higher structures are 30 min, 60 min, 20 min. Drying takes
place either in a convection oven at 30 °C or via freeze drying after a solvent
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exchange to cyclohexane using a Labconco FreeZone Tray dryer. For a more
detailed description of the freeze drying process, see [95].

4.2 Thermal analysis by differential
scanning calorimetry

Differential scanning calorimetry (DSC) is a technique for thermal analysis of
a material. The measurement signal is the difference in the amount of heat
needed to increase the temperature of a sample in a container compared to
an empty container of the same material and weight. It is a sensitive tool for
detecting phase transitions and chemical reactions happening at different
temperatures inside a material. All measurements reported here were car-
ried out using a Netzsch DSC 204 Phoenix device. The samples were placed
inside aluminum cups; one sample had an average weight of 15 mg.

The purpose of these measurements was to establish the temperature
range, in which other experiments had to be carried out, especially concern-
ing the PEB. For this, three different samples were prepared in the same way
up to different stages of the process. All samples were prepared on a silicon
wafer with an oxidized titanium layer. Before spin-coating the resist, the
substrates were cleaned using oxygen plasma. Then, a layer of mr-X 50 was
spun on to get a layer of ca. 100 um, and the standard soft-bake parameters
were used (see section 4.1). The first sample was prepared from a wafer
after the soft bake; it was not exposed to X-ray or UV radiation. The second
sample was exposed at LIGA Il with a bottom dose of 60 J/cm?® without any
mask or filtering, but did not undergo the PEB; the third sample was exposed
in the same way and subjected to the standard PEB at 75 °C. The results
from the DSC measurements are plotted in Figure 4.1 A. The temperature
was scanned from 0 °C to 400 °C with a heating rate of 10 °C/min.
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Figure 4.1: A: DSC curves of one sample after spin-coating and softbake, one after X-ray expo-
sure and one after standard PEB at 75 °C; B: Close-up of dashed area of sample after X-ray
exposure with temperatures for PEB test measurements

The blue curve in Figure 4.1 A shows the sample that was measured after
softbake and before exposure. An interesting feature is that the curve shows
a change in slope at around 40 °C, which is a hint to a glass transition in the
material. In measurements with SU-8, this transition was found to be around
50 °C [96]. However, a disagreement of this magnitude can easily be caused
by the sample preparation, especially by variation in the solvent content. At
around 200 °C, an exothermal process starts, which can be identified with
thermal crosslinking of the epoxy resin. At this point, a crosslinking starts
even without the influence of the photoinitiator. The green curve shows the
sample after X-ray exposure, the most important sample for the determina-
tion of parameters for other experiments; the transition at 40 °C is not visi-
ble here, which is an indication for a small degree of crosslinking already
being present after exposure. Between 50 °C and 60 °C, there is the onset of
a peak that signifies the start of the crosslinking reaction, this peak is magni-
fied in Figure 4.1 B. It is endothermic up to a temperature of ca. 70 °C and
then becomes exothermic. The standard PEB temperature of 75 °C lies in the
exothermic part of the curve. From the analysis of the reaction footprint in
the DSC, a useful starting point for PEB temperature variation is 60 °C. Below
this temperature, no significant change in the material is to be expected. The
temperatures used in further experiments are indicated with blue circles in
Figure 4.1 B.
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The red curve in Figure 4.1 A shows the curve of the sample after the stand-
ard PEB. The peak of the reaction seen in the green curve is gone here,
which is expected because the reaction has already occurred in this sample.
At temperatures over 90 °C, the reaction starts again, leading to a further
crosslinking. This behavior is also expected, as it is known that a so-called
hardbake can increase the degree of crosslinking and the stiffness of
SU-8 structures [97].

4.3 Mechanical analysis by tensile testing

Young’s modulus, ultimate tensile strength and elongation at break are the
key properties that describe the mechanical stability of a specific material.
For any simulation of structural deformation of lithographic structures, these
values must be known as input parameters. All these properties can be influ-
enced by the structure dimensions and fabrication method, and thus must
be tested on microstructures with dimensions comparable to the grating
structures. This was done using a micro tensile testing setup developed for
high temperature testing of metal alloys at the Institute of Applied Materials
at KIT [98], [99], based on earlier work by Zupan et al. [100]. The schematic
of the setup is shown in Figure 4.2; the dog-bone shaped sample is mounted
on a fixed support at the top and the bottom end is fixed to a holder that is
connected to a step motor and force measurement device with a wire. The
step motor is used to exert a continuously increasing uniaxial tensile load on
the sample, and the deformation of the sample under this load is recorded
by a camera. As the force is increased, a LabVIEW script simultaneously rec-
ords camera images and force measurement values at an adjustable time
interval, which was chosen as one frame per second.
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Fixed support

Camera

Force | —

measurement

PC, controller,
LABView script

Step motor

Figure 4.2: Schematic of the tensile testing setup used with sample dimensions

The stress exerted on the sample was calculated using the known dimen-
sions of the sample with the data from the force measurement, and the
strain was calculated using an image correlation algorithm implemented in a
Matlab script that tracks points on the camera image from frame to frame,
yielding the displacement of each point as a function of the image [101].
Combining these values yields the stress-strain curve of the material, which
reveals many details about the material behavior. An exemplary curve for

the photoresist samples measured is shown in Figure 4.3.
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Figure 4.3: Exemplary stress-strain plot with the significance of the extracted data

The experimental data shown in blue in Figure 4.3 show a linear relation of
stress and strain at low strain; the curve then flattens at higher strain until
the sample breaks at its point of maximum elongation. The linear region of
the curve is the domain of elastic deformation, where the sample returns to
its original shape upon release of the stress. The slope of this linear regime is
defined as the Young’s modulus E, also called elastic modulus. Materials with
a high Young’s modulus experience little deformation with stress; it is thus a
quantification of the stiffness of a material. There are different ways to
define the end of the elastic regime; a commonly used one is illustrated in
Figure 4.3, where a line is drawn parallel to the fit of the experimental data
that is shifted by 0.2 % to higher strain. The point at which this line intersects
the stress-strain curve is called the yield point of the material and marks the
transition to the regime of plastic deformation, where an initial deformation
of the sample induces a permanent deformation and the sample does not
return to its original shape upon release of stress. Materials that show little
to no plastic deformation are called brittle, e.g. glass; those that show a large
plastic deformation are called ductile, aluminum is an example of a ductile
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metal. Note that the yield point defined in this way is only an orientation —
the point where actual plastic deformation starts can be different depending
on the material.

The ultimate tensile strength (UTS) of a material is the highest stress it with-
stands without rupture and is easily identified in the stress-strain plot as the
highest stress value; the highest strain value is the elongation at break of the
sample.

The Young’s modulus for mr-X structures fabricated by X-ray lithography has
been measured by Lemke looking at the deflection of a beam when pressing
on it with a defined force [81]; this method measures a different property
than the uniaxial tensile test used here, because the deformation includes
torsional stress, to which a material may react differently. Nevertheless, the
values provide a reference for the tensile tests and were found to be highly
dependent on the process parameters, with values ranging from 2.3 GPa to
5.1 GPa. The samples for these measurements were soft baked at a temper-
ature of 95 °C and the PEB was done at 65 °C. The variation was seen to be
due to the exposure dose and the residual solvent content, which are thus
also expected to influence the Young’s modulus measured by tensile testing.
The values reported by Lemke are in the same range as measured for SU-8,
where it was found that the Young’s modulus depends on the degree
of crosslinking and can be increased by performing a hardbake
at 200 °C [97], [102].

4.3.1 Variation of exposure parameters

As the exposure dose was found to have a major impact on the Young's
modulus in earlier works by Lemke [81], experiments were designed to
assess the influence of this process parameter. As the tensile test specimens
must be lifted off the substrate for the measurement, all samples for these
measurements were prepared with a thickness between 100 um and 125 um
on Si wafers with a titanium layer that was not oxidized. After development,
the Ti layer was etched in HF until the specimens could easily be removed.
Due to the excellent chemical stability of the crosslinked photoresist, this is
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not expected to influence the mechanical properties significantly, and no
deformation or dissolution of the specimens due to the etching could be
observed.

Samples were exposed at both LIGA | and LIGA II, and the bottom dose and
filters were varied. The parameters are summarized in Table 1. One sample
set contains 70 tensile test specimens, of which 15-25 were analyzed; all
reported values are the average over these specimens, with the standard
deviation given as error. The bottom dose at LIGA | was varied from
105 J/ecm?® to 210J/cm?3, always using 125 um of Kapton as Filter, which
results in a top/bottom ratio of about 3, depending on the actual sample
thickness. At LIGA II, the dose was varied from 60 J/cm® to 120 J/cm3, and
two filter sets were used. The same Kapton thickness as at LIGA | resulted in
a top/bottom ratio of 1.4. To simulate the influence of a working mask on a
silicon substrate, another filter set was used here, with a nickel filter of
27.5 pm thickness and a 100 um silicon filter. This filter set had previously
shown good results in the structuring of thick mr-X layers. This reduces the
top/bottom ratio to 1.1 and increases the exposure time roughly by a factor
of 50, but the total exposure time was still below 20 min. For the standard
exposure doses, 140 J/cm?® at LIGA | and 60 J/cm? at LIGA II, two sets of sam-
ples had already been measured before by Amberger (samples 0442-5 and
0562-5) [78], and the experiments were repeated to assess the
reproducibility of the results.

From the listing of the tensile testing results in Table 2, no clear dependence
of Young’s modulus, UTS, elongation at break and yield point can be identi-
fied. Instead, a plot of the results as function of the sample age at exposure
(Figure 4.4) shows a trend towards both higher Young’s modulus and UTS
with increasing sample age, which saturates at a final level at a sample age of
ca. 3 weeks. The difference in both values is considerable, the Young's
modulus increases from the lowest value of 2.8 GPa to an average of 4 GPa,
and the UTS increases from around 100 MPa to around 150 MPa. Both the
yield point and the elongation at break do not seem to be influenced
significantly.
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Table 1: Parameters for tensile sample sets with varying exposure dose and spectrum

Sample | Beamline | Filter Bottom | Sample age
number dose at exposure
/J/ecm® |/ days
0602-5 LIGA I 125 um + 7.5 um Kapton 105 18
0529-5 LIGA | 125 pm + 7.5 um Kapton 140 390
0442-5 LIGA | 125 um + 7.5 um Kapton 140 2
0601-5 LIGA I 125 um + 7.5 um Kapton 210 16
0562-5 LIGA I 125 pum + 7.5 um Kapton 60 4
0530-5 | LIGA I 125 pm + 7.5 um Kapton 60 390
0566-5 | LIGA I 100 um Si + 27.5um Ni + 60 120
7.5 um Kapton
0563-5 | LIGA I 125 pm + 7.5 um Kapton 120 4
0564-5 | LIGA I 100 um Si + 27.5um Ni + 120 270
7.5 um Kapton
Table 2: Sample sets for tensile testing, ordered by sample age at exposure
Sample | Sample Young’s UTS /MPa | Elongation | Yield point
set age at modulus at break /%
number | exposure |/ GPa /%
0442-5 2 2.8+/-0.5 | 105+/-11 | 9.7+/-7.9 -
0562-5 4 3.3+/-0.2 99 +/-3 4.6+/-0.4 -
0563-5 4 3.6+/-0.2 118 +/-1 | 5.6+4/-0.6 | 3.0+/-0.2
0601-5 16 3.9+4/-0.2 | 145+/-9 | 6.5+/-1.1 | 3.3+/-0.3
0602-5 18 3.74/-0.2 | 132+/-11 | 4.8+/-09 | 3.3+/-0.2
0566-5 120 41+/-03 | 139+/-8 | 43+/-0.7 | 3.3+/-0.2
0529-5 390 40+/-0.2 | 153+/-10 | 5.6+/-0.8 | 3.4+/-0.2
0530-5 390 4.1+/-0.2 150+/-7 | 49+/-0.7 | 3.4+/-0.3

With these results, it is obvious that the influence of the exposure dose can

only be investigated by the comparison of samples with similar waiting time

between spin-coating and exposure. This is the case for the samples 0562-5
and 0563-5, both with a waiting time of 4 days. The sample 0562-5 was
exposed with the standard bottom dose of 60J/cm® at LIGA Il with only

Kapton filtering, the sample 0563-5 was exposed with the same spectrum

and twice the dose, 120 J/cm3.The Young’'s modulus of the latter was meas-
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4.3 Mechanical analysis by tensile testing

ured to be 3.6 GPa compared to 3.3 GPa of the sample with the lower dose,
an increase of ca. 10 %. The UTS increases from 99 MPa to 118 MPa with the
doubling of the dose, and also the elongation at break rises from 4.6 % to
5.6 %. The situation is similar for a second set which can be used to track the
influence of the exposure dose, this time at LIGAI: Sample 0601-5 was
exposed 16 days after coating with a bottom dose of 210J/cm3, sample
0602-5 had a similar waiting time of 18 days and a bottom dose of
105 J/cm3. With the increase in bottom dose, the Young’s modulus increases
from 3.7 GPa to 3.9 GPa, the UTS rises from 132 MPa to 145 MPa and the
elongation at break shows an increase from 4.8 % to 6.5 %. From these two
sample sets, it can be concluded that an increase in dose does enhances the
mechanical properties of the resist structures in a similar way a hardbake
does [97], it can thus be assumed that the higher dose results in a higher
degree of crosslinking. The influence of the dose on the Young’s modulus
found here is not as large as seen by Lemke, which can be explained by the
dose range in which the measurements were done. The values for the
Young’s modulus of around 4 GPa after sufficient waiting time match those
reported by Lemke.

Another result from these measurements is that there is no significant influ-
ence of the exposure dose on the yield point, all samples except for the one
with the shortest waiting time between coating and exposure agree within
their standard deviation.
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Figure 4.4: Results from tensile tests with variation of the exposure parameters as function of
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The reason for the dependence of the mechanical properties on the sub-
strate age is most likely to be found in the distribution of the residual solvent
after the softbake. It is known that the solvent GBL can copolymerize with
the SU-8 epoxy resin; excess solvent was found to act as a plasticizer [103]. It
is also known that after the softbake, the solvent distribution over the height
of the resist is not homogeneous, instead there is a solvent depletion region
near the surface of the sample and the solvent content gradually increases
with depth in the resist layer[104]. This gradient is expected to level out over
time, yielding more homogeneous mechanical properties. A larger solvent
content on the lower part of the tensile specimen and thus a higher plasticity
would lead to a situation where the force exerted by the step motor in the
tensile testing machine is countered mainly by the more rigid upper part.
This results in increased stress in this part compared to the calculated stress
and thus in a rupture at a smaller overall force.

4.3.2 Variation of storage time and temperature

To further investigate the influence of the substrate age at exposure, seven
wafers were spin-coated on the same day with the same parameters and
underwent the same softbake. Three of these samples were then stored at
40 °C on a hot plate after the softbake, the other four samples were stored
in a climate controlled chamber, just as the samples of the dose variation
experiment. The samples were then exposed at different times at LIGA Il
with the same bottom dose of 60 J/cm?® and the same filter set using 100 um
Si and 27.5 um Ni with 7.5 um Kapton, to achieve a small top/bottom dose
ratio and therefore a homogeneous material. They underwent the same PEB
in the vacuum oven, the same waiting time between PEB and development
and also the same development times. The tensile tests were carried out
within 3 days after development for all samples.
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Table 3: Sample sets and results from tensile tests with controlled substrate age and storing
temperature with reference sample

Sample |Sample |Storage|Young's |UTS Elongation |Yield point
number |age at tempe- |[modulus /|/ MPa at break /%
exposure |rature |GPa /%

1004-5 2 22°C 41+/- |154+/-4| 5.7+/-0.4 [35+/-0.1
0.1

1010-5 2 40°C | 43+/- |160+/-6| 5.1+4/-0.6 |3.4+/-0.1
0.1

1006-5 9 40°C | 43+/- |164+/-7| 5.0+4/-0.4 |3.5+/-0.3
0.2

1008-5 9 22°C 42+/- |163+/-5| 5.4+/-0.4 |3.5+/-0.2
0.1

1005-5 17 22 °C 4.1+/- |150+/-6| 5.4+/-0.7 |3.3+/-0.1
0.1

1007-5 17 40°C | 43+/- |160+/-5| 5.1+4/-0.5 |3.3+/-0.1
0.1

1009-5 43 22°C | 43+/- |154+/-8| 4.4+/-0.7 |3.4+/-0.2
0.2

0566-5 120 22°C | 41+/- |139+4/-8| 4.3+/-0.7 |3.3+/-0.2
0.3

The results from the sample sets with controlled sample age at exposure and
storing temperature are listed in Table 3 and plotted in Figure 4.5. Again,
15-25 tensile specimens were analyzed for each sample set, and the errors
given in Table 3 represent the standard deviation. The results were expected
to fall in the range of sample 0566-5 from the previous set of measurements,
which had the same exposure parameters. It was found that the Young's
modulus and elongation at break in the new series resembled sample
0566-5, but the UTS was consistently higher, and the yield point also showed
a small increase, which means that the new sample set appears overall a
little more brittle than the previous one. These differences can be explained
by the fact that the samples originated from two different resist fabrication
batches, in between which the resin batch had to be switched. The resin is
the main factor determining the achievable mechanical properties; unfortu-
nately, it can only be fabricated with a certain variance in the epoxidization,
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i.e. the number of epoxy groups per resin monomer. Different batches can
therefore yield slightly different mechanical properties due to a difference in
the number of sites per monomer available for crosslinking [83].
The increase in brittleness suggests a higher degree in epoxidization in the
new batch.

The results within the series are more homogeneous than within the first
series. One thing that can be concluded is that the samples with storage at
40 °C show no dependence of the mechanical properties on the substrate
age at exposure. Except for the yield point of sample 1006-5, all experi-
mental values obtained for Young’s modulus, UTS and elongation at break lie
no further apart than one standard deviation. This excellent agreement
between the results of samples at different storage times suggests that stor-
age at an elevated temperature of 40 °C for 24 h is enough to provide the
same effect as the sample ageing of more than two weeks. However, the
difference in mechanical properties between samples of different age was
much less pronounced in this series compared to the previous series with
variation in the exposure; the Young’s modulus of the ‘youngest’ sample set
with storage at 22°C was found to be 4.1+/-0.1GPa, compared to
4.3 +/- 0.2 GPa for the sample set with the longest storage time of 43 days.

Apart from the higher Young’s modulus of the samples with elevated storage
temperature, they also show less plastic deformation than the samples
stored at 22 °C with the same age, which results in lower values of the elon-
gation at break. With no visible influence on the yield point, this means that
the heat-treated samples are slightly more brittle than the samples stored at
22 °C, which hints to a lower overall solvent content. The same is true for the
sample with the longest storage time. In conclusion, no difference in the
mechanical properties could be found between sample sets with a storage
time of at least 24 h at 40 °C and a sample set that was stored for 43 days in
a climate controlled cabinet at 22 °C, and the samples with either a storage
at 40 °C or a long waiting time between coating and exposure show mechan-
ical properties that are explained with a higher degree of crosslinking com-
pared to ‘fresh’ samples.
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4.4 Measurement of the volumetric shrinkage during crosslinking

4.4 Measurement of the volumetric shrinkage
during crosslinking

Apart from the mechanical properties of the crosslinked resist, a major fac-
tor for the achievable structure quality is the volumetric shrinkage the resist
undergoes during the PEB, as described in section 3.5.3. The measurement
of cure shrinkage is a problem not only relevant to photolithographic tech-
niques, but also in many other fields like microelectronics packaging or den-
tal medicine. It can be measured indirectly via the deformation of a sub-
strate with a resist layer on top [81], but this technique relies on exact
knowledge of the elastic modulus and layer thickness of both the resist and
the substrate. An approximate method is the determination of dimensional
changes of structures during the PEB, such as the height of the structures
that was used in reference [90], or lateral dimensions, which are more diffi-
cult to measure before and after PEB. However, both approaches are not
direct volumetric measurements, but only measure one or two spatial
dimensions. Various true volumetric methods are in use, like dilatometers,
gravimetric methods or rheometric methods, most of which require
relatively large samples and are difficult to operate with photosensitive pol-
ymers [105]. When it comes to the investigation of thin layers of photosensi-
tive material on a substrate, the most promising techniques are the capillary
dilatometer and gas pycnometry [106], [107].

As a capillary dilatometer for a sample of several centimeters in size requires
large amounts of mercury and is difficult to set up, gas pycntometry with
nitrogen as analysis gas was chosen for the volumetric analysis. Gas
pycnometers are based on Boyle’s law, which states that p-V =const., when
temperature and number of gas particles are constant. The schematic of a
gas pycnometer is shown in Figure 4.6; the sample is placed inside a cham-
ber with a pressure sensor and a known volume V. In the first step, the
valve Ais opened and the sample chamber, whose volume is reduced by the
volume Vs of the sample, is filled to the initial pressure P;, while the expan-
sion chamber is at the atmospheric pressure P,. Then, valve A is closed and
valve B is opened, and the gas enters the expansion chamber of the known
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volume V;. The machine then waits until the pressure is constant and rec-
ords its value P,. Under the assumption, that the temperature is constant
and there is neither a gas leak nor gas evaporating from the sample, Boyle’s
law yields

(Ve =Ve)- B+ Ve -Py=(Vc —Vs+ V)R

PF)

=Vs=Ve— 2
271

Ve.
As the experimental values are not absolute pressures, which are the subject
of Boyle’s law, but gauge pressures, the measured initial pressure is
P =P -P, and the final pressure is A. =P, - P,. With these definitions, the
sample volume becomes

Ve

VS:VC_Pi (4.1)

1/
p 1

Both the volume of the sample chamber and the volume of the expansion
chamber have to be calibrated prior to any measurements. This is done using
a calibration standard made from stainless steel with a known volume.

Pressure | I
sensor
®— Sample

chamber
Gas flow ; Gas flow
E
Xpansion
® ® chamber @
Valve A Valve B Valve C

Figure 4.6: Schematic of a pycnometer

All measurements presented in this work were done using an AccuPyc I
1340 device by the manufacturer micromeritics, with a custom modification
of a sample chamber that can be heated up to 95 °C. Upon heating the
chamber, the volume changes, which means that for each measurement
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4.4 Measurement of the volumetric shrinkage during crosslinking

temperature, a separate calibration must be carried out. The shape of the
sample chamber is cylindrical, with a nominal volume of 100 cm3. The inner
diameter of the sample chamber is 46.2 mm, which restricts the sample size.
A standard 4-inch wafer was cut into pieces with 32.5 mm maximum edge
length to fit inside the chamber.

The absolute precision of the device is limited by the accuracy of the pres-
sure sensor and the size of the sample chamber. The manufacturer guaran-
tees a volume measurement precision of +/- 0.02 % of the sample chamber
volume, and the device operates at its maximum precision when filled to
about 2/3 of the sample chamber volume. A single piece of 32.5 x 32.5 mm?
Si wafer with a thickness of 525 um and a layer of 300 um photoresist only
has a volume of 0.87 cm?, which means that the device will not operate at its
optimum and the precision will only be about 2 % of the sample volume if a
single sample piece is used. As the goal is to measure the shrinkage of the
resist during PEB, which is expected to be in the range of 7 % of the resist
volume, this precision is not sufficient for an accurate measurement. To
overcome this problem, a sample holder was designed to fit several of the
same 32.5x32.5 mm? wafer cutouts in the sample chamber for measure-
ments. The dimensions of the sample holder, the wafer cutting scheme and
an artist rendering of the loaded sample holder that was manufactured in
aluminum by the IMT workshop can be seen in Figure 4.7. With this setup,
12 of the wafer cutouts were measured at the same time, the total resist
volume was around 4 cm?, resulting in a minimum precision of around 0.5 %
of the resist volume of a single measurement, which should be sufficient to
see the volumetric changes during the PEB. The precision can be increased
by measuring the volume several times and averaging the results. In practice,
50 cycles were run for most measurements, and the standard deviation for
these extended measurements varied between 0.004 cm?® and 0.012 cm?,
with an average of 0.010 cm3. The typical error of the value for the resist
volume should thus be around 0.25 %.

The pycnometer measures the sum of the volume of all objects in the sam-
ple chamber; in order to get the volume of the resist only, a series of offset
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measurements has to be taken. The term ‘measurement’ refers to a volu-

metric measurement in the pycnometer with 50 — 300 cycles, the individual

results are identified with the letter V, the subscript indicated and the tem-

perature T of the measurement. The measurement procedure was

conducted as follows:

1.

Measurement of the empty sample holder
- Veu(T)

. Measurement of substrates + sample holder at room temperature and

PEB temperature
- Vw(T)

Spin-coating and softbake of samples

Measurement of coated samples at room temperature
- Vus(T)

Exposure of samples

Measurement of exposed samples at room temperature

VWRE(T)

. Heating up pycnometer to PEB temperature

Measurement of volumetric change during PEB
VPEB(T)

Measurement of final sample volume at room temperature
VEND(T)

L —
e~
32.5mm

W

————1 I NG

—_— 32.5mm

Figure 4.7: A: dimensions of the pycnometer sample holder; B: Wafer cutting scheme for
Pycnometry samples; C: Artist rendering of sample holder with samples, from [108]
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The resist volume Vg is obtained by V4(T)=V,z(T)—V,, (T). This procedure
theoretically allows the determination of the shrinkage of the resist by com-
parison of Vwe/Vwee and Venp, as well as by directly looking at the volumetric
change during the PEB. The exposures for the Pycnometry samples were
done with UV light using a LH5 device by Karl Siiss to be independent of the
synchrotron time schedule. As pointed out in section 3.5.3, the polymeriza-
tion mechanism is assumed to be the same in both cases.

The volume evolution during the PEB does not only provide a start and end
value for the resist volume, but also allows quantification of the speed of the
volume shrinkage. Figure 4.8 shows the evolution of the resist volume for a
sample of mr-X 50 with a thickness of 300 um during the standard PEB. As
the heating of the pycnometer to the PEB temperature is very slow — heating
up to 75 °C from room temperature can take several hours — the samples
must be inserted into the heated sample chamber. The sample holder is also
heated up, but obviously must be taken out of the chamber to be loaded.
During the loading, the sample holder cools down; when inserting the holder
with the samples into the chamber, both heat up again to the chamber tem-
perature. During this heating process, the volume first increases, and then
decreases as the resin starts to crosslink. This is visible in the experimental
data as a rising volume at the beginning of the measurement. After this
initial rise, an exponential of the form

V(t)=Venp +A-exp(—ij
is fitted to the data starting at the point of maximum volume to quantify the
speed of the crosslinking reaction. The fit is executed via the parameters
Venp: A and T, the time constant T provides the measure of the speed, the
smaller it is, the faster the shrinkage is going. Volume shrinkage also is a
measure of monomer conversion, the time constant of the volume shrinkage
therefore also is a measure of the speed of the polymerization
reaction [109].
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Figure 4.8: Evolution of the resist volume during the PEB at 75 °C. The dashed line represents
the standard PEB time, the solid red line is an exponential fit to the experimental data

The dashed line in Figure 4.8 marks the standard PEB time; the major part of
the shrinkage has already happened at this point, as it was also seen in the
DSC measurements in section 4.2. However, the evolution of the resist vol-
ume suggests, that a higher degree of crosslinking would still be achievable
by extending the PEB. The following sections show how the substrate stor-
age time and the PEB temperature influence the course of the crosslinking
reaction.

4.4.1 Variation of storage time

As the tensile testing experiments revealed a strong influence of the sub-
strate age on the mechanical properties of the final structures, an analogue
set of samples was also prepared for the measurement of the shrinkage with
pycnometry. A series of 4 sample sets, each consisting of 12 wafer cutouts of
32.5x32.5 mm? was prepared with a layer of ca. 300 um resist from the
same bottle (mr-X 50, K102). The samples were stored for 1, 5, 20 and 33
days before exposure with UV light. The PEB was done inside the pycnome-
ter for all samples at a temperature of 75 °C. For all of the samples, a fit like
presented in Figure 4.8 was performed. The results for the time constant t
are plotted in Figure 4.9; the errorbar signifies the uncertainty of the fit
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4.4 Measurement of the volumetric shrinkage during crosslinking

parameter. A clear trend to shorter time constants is visible with increasing
storage time, 1 falls from 37 min for the “fresh” sample with a storage time
of only one day to 13 min for the sample with a storage time of 33 days. A
time constant of 13 min means that after4-13 min=52 min, more than 98 % of
the shrinkage has happened, whereas the same percentage of shrinkage
would take 148 min for the fresh sample. This is longer than the standard
PEB time of 120 min, which in this case would still result in 96 % of the pos-
sible shrinkage at this temperature has happened. These results provide an
explanation for the supposed lower degree of crosslinking in fresh samples
derived from the mechanical testing — a larger time constant means that in
the fixed PEB time, a lower degree of crosslinking is achieved.
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Figure 4.9: Time constant T of fit to shrinking resist volume during PEB at 75 °C for samples
with different storage time between spin-coating and exposure

The most important results apart from the PEB time constant are the abso-
lute shrinkage of the resist as measured during the PEB,
AV(75 °C) =1~V gnp(75 °C) / Vi ppax (75 °C) - The values are compiled in Table
4, a shrinkage between 1.5 % and 3.3 % has to be compared to the reported
value of 7.5 % for SU-8 [90]. A lower value than for SU-8 is expected, as in
previous studies, the tension introduced by the crosslinking of SU-8 and mr-X
was compared by measuring the deformation of a glass substrate with resist
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4 Photoresist Characterization

coating, the values for SU-8 ranged from 11 MPa to 16 MPa, while for mr-X,
a tension of 6 +/- 3 MPa was found [81], [88]. In the pycnometry data, there
seems to be a trend towards lower shrinkage with increasing substrate stor-
age time; the values for the three samples with the shortest storage time
agree within their errors, while the samples with 20 and 33 days storage
time show less shrinkage. The error for AV(75 °C) is realtively high, because
the volume Vg uax(75 °C) is determined with a single measurement, while the
other values rely on averaging multiple measurements.

Table 4: Resist volumes measured at different process steps with varying storage time

Sample | Vg VR enp Y Vg max Ve eno AV

age (23°C) (23°C) (23°C) | (75°C) (75°C) (75 °C)

/days |/cm3 /cm3 /% /cm? /cm? /%

1 3.523 +/-|3.558 +/-|-1.0 3.710 +/-13.609 +/-|2.7 +/-
0.010 0.010 +/-0.4 |0.023 0.014 0.7

5 4111 +/-|4.103 +/-]0.2 +/-|4.322 +/-|4.180 +/-|3.3 +/-
0.008 0.010 0.3 0.020 0.009 0.5

20 3.309 +/-13.359 +/-|-1.5 3.443 +/-(3.389 +/-| 1.6 +/-
0.010 0.008 +/-0.4 | 0.026 0.021 1.0

33 3.563 +/-]3.318 +/-|6.9 +/-|3.683 +/-|3.628 +/-|1.5 +/-
0.010 0.015 0.5 0.021 0.010 0.6

Another way to quantify the shrinkage would be to compare the
resist volume at room temperature before and after PEB,
AV(23 °C)=1—V, p(23 °C) / V(23 °C). However, there is no consistent out-

come of this procedure, some samples even show an increase in volume
after PEB. These results are likely incorrect, because volume shrinkage dur-
ing PEB was observed for all samples. The errors of the individual measure-
ments are as expected and do not account for the large discrepancy to the
expected values, which means that there must be a systematic error. The
most plausible reason is that before PEB, the samples tend to outgas, espe-
cially solvent molecules. Consequently, the assumption of constant number
of particles is not valid any more, and the final pressure P: of the measure-
ment will be higher than without the emission of extra particles. According
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4.4 Measurement of the volumetric shrinkage during crosslinking

to equation (4.1) on page 60, this leads to a result for the sample vol-
ume which is smaller than the real volume. After PEB, this outgasing is
significantly reduced, and therefore these two measurements cannot be
compared due to different systematic errors.

Variation of PEB temperature

A major contribution to stress in crosslinked resist structures comes from
different thermal expansion coefficients of resist and substrate and is thus
thermally induced [110]. A reduction of the PEB temperature is desirable to
reduce the resulting stress in the structures which can lead to deformations
and breaking of structures in the worst case. A change of the PEB tempera-
ture is expected to have an impact on the speed of the crosslinking reaction
and might also affect the shrinkage, because a lower temperature may lead
to less crosslinking. To test this influence, a set of 5 samples was prepared
from the same resist bottle (mr-X 50; K116) using the same spin-coating and
soft bake parameters as for the storage time series. All samples were stored
for six weeks between spin-coating and exposure and were exposed with the
same UV dose. The PEB temperature was varied according to the results
from the DSC measurements from 60 °C to 80 °C, see Figure 4.1 B.
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Figure 4.10: Time constantT of exponential fit to shrinking resist volume during PEB at
varying temperature
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The results for the PEB time constants are plotted in Figure 4.10. The
expected trend to a faster reaction with increasing PEB temperature is
apparent, only the sample with a PEB temperature of 65 °C shows a larger
time constant than the sample with 60 °C instead of a smaller one. An expla-
nation could be that the PEB temperature of 60 °C only induces partial cross-
linking and seems faster because it reaches a steady state at a lower degree
of crosslinking. To test this hypothesis, both samples were developed for 1 h
in PGMEA and rinsed in Isopropanol. Their weight was tracked to see any
loss of material, but no change in weight was found in either of the samples,
indicating that both were crosslinked enough to withstand the development.
This means that the difference in degree of crosslinking cannot be very large,
and likely one of the measurement points is an outlier. The sample with a
PEB temperature of 75 °C shows a much larger time constant as the sample
with 33 days storage time from the previous sample set, which is unexpec-
ted. The only known difference between the two samples is that the resist
comes from two different fabrication batches, which could explain varying
behavior. This indicates that it is difficult to compare the results from differ-
ent batches. One has to be aware that the differences from batch to batch
could be higher than the differences due to changed process parameters.

Table 5: Resist volumes measured at different process steps with varying PEB temperature

PEB VR VR eno AV Vi max Vg enp AV

temp [(23 (23°C) (23°C) [(75°C) (75 °C) (75 °C)

/°C °C)/ecm® |/ cm? /% /cm? /cm3 /%

60 3.913 +/-13.925 +/-|-0.3 +/-|4.052 +/-|3.941 +/-{2.7 +/-
0.008 0.011 0.3 0.026 0.017 0.8

65 3.940 +/-|3.979 +/-|-1.0 +/-|4.130 +/-|4.021 +/-{2.6 +/-
0.012 0.008 0.4 0.024 0.016 0.7

70 4454  +/-|4.465 +/-1-0.2 +/-14.218 +/-|4.142 +/-|1.8 +/-
0.009 0.016 0.4 0.028 0.020 0.8

75 4.025 +/-|4.078 +/-1-1.3 +/-14.239 +/-|4.127 +/-|2.6 +/-
0.007 0.014 0.4 0.022 0.010 0.5

80 3.997 +/-|4.062 +/-|-1.6 +/-|4.190 +/-|4.121 +/-{1.6 +/-
0.009 0.011 0.4 0.023 0.016 0.7
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4.4 Measurement of the volumetric shrinkage during crosslinking

Table 5 summarizes the resist volumes at the different process steps for the
samples with varying PEB temperature. For this set, all the volumes meas-
ured at room temperature after the crosslinking are larger than the volumes
measured before exposure. The shrinkage AV(75 °C) is comparable to the
values measured at constant PEB temperature before, but no trend is visible
that is larger than the measurement error.

4.4.2 Modified PEB for lithographic process

With the result that crosslinking the structures at 60 °C instead of the stand-
ard 75 °C yields a comparable shrinkage at just a moderate increase of reac-
tion time, the effect of this parameter change on X-ray lithographic struc-
tures needs to be studied. A low PEB temperature is desirable, because it
reduces stress induced by the mismatch in the coefficient of thermal expan-
sion (CTE) between the resist and the substrate. While the CTE for the
standard substrate silicon is 2.6-107° K™}, the coefficient of crosslinked
SU-8 was measured to be 52-107° K™* [111]. Uncrosslinked epoxy resins
have a significantly higher CTE, the difference can be a factor of 5[112]. To
judge whether a lower PEB temperature increases quality of grating struc-
tures, a layout was chosen that gave unsatisfactory results with the standard
parameters. A mask with a period of 2.19 um and a duty cycle of 0.66 was
used, leading to a width of the transmitting mask lines of about 750 nm. The
resist height was chosen as 10 um (AR 13.3). To ensure that no influence
from the preprocessing disturbs the results, one sample was prepared and
then exposed with 140 J/cm® bottom dose at LIGA |. After exposure, the
wafer was broken in parts that were subjected to PEB with different parame-
ters. One part was subjected to the standard PEB at 75 °C in a vacuum oven
and one to a PEB at 60°C on a hotplate. To track possible differences
between oven and hotplate, another part was subjected to PEB on a hot-
plate at 75 °C. To account for the slower reaction time, the duration of the
PEB at 60 °C was increased to 4 hours, additionally the time for heating up
from room temperature to the PEB temperature was increased to 2 hours.
The 75 °C PEB on the hotplate was done with the same timing as in the oven,
i.e. heating in 20 min, hold PEB temperature for 2 hours.
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4 Photoresist Characterization

Figure 4.11: Comparison of 2.19 um period grating structures after PEB with varied parame-
ters: 75 °Cin vacuum oven (A), 75 °C on hot plate (B), 60 °C on hot plate (C)

The outcome of the three samples can be seen in the representative
microscope images taken after PEB of the sample with 140 J/cm?® bottom
dose, shown in Figure 4.11. While the lines in both Figure 4.11 A and B,
which represents the PEB at 75 °C in the vacuum oven (A) and on the hot
plate (B), appear wavy and are of comparably poor quality, the lines in the
image C are straight, the pillow-like deformation at the edges only stems
from optical aberrations in the imaging system. A repetition of this proce-
dure with a sample with a higher bottom dose (180 J/cm?3) yielded better
structure quality in the parts with a 75 °C PEB, but also showed the best
results in the part with 60 °C PEB. Furthermore, the structure quality was
preserved after development, but freeze drying is necessary in all cases to
prevent lamella collapse. Thus, it can be concluded that the shift to a lower
PEB temperature and longer PEB duration is beneficial for structure quality
in small periods. It is expected that this improvement also translates to larger
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4.5 Summary of photoresist characterization

structure sizes that show waviness after PEB. It also suggests that the wavi-
ness is not introduced by the stress introduced by the chemical shrinkage of
the resist, since the amount of shrinkage measured was similar for all PEB
temperatures, but instead is governed by thermal stress, which is reduced
when using lower PEB temperatures. Note that this is specific to the mr-X
resist and cannot be directly transferred to standard SU-8, because of its
higher chemical shrinkage. Nevertheless, minimizing the PEB temperature
should also lead to less deformations in the case of standard SU-8.

4.5 Summary of photoresist characterization

The study of the thermomechanical properties of the photoresist under
different processing conditions showed a large influence of the storage time
between coating and exposure of the sample on the Young’s modulus and
tensile strength, with the older samples appearing stiffer than fresh samples.
This was underlined by investigation of the crosslinking reaction speed
measured by gas pycnometry, where the older samples showed a shorter
time constant of volumetric shrinkage which results in a higher degree of
crosslinking after the fixed PEB time. It was found, however, that a second
softbake step at lower temperature (40 °C) can have the same effect on the
mechanical properties as the storage time and can thus be used to shorten
the waiting time for a sample. The samples with a second softbake also
showed a more brittle behavior than the standard samples, which hints to a
lower overall solvent content. The solvent content and distribution therefore
appears as the key parameter in the change of mechanical properties during
the substrate ageing. The tensile testing also confirmed that with increasing
exposure dose, the Young’'s modulus, tensile strength and elongation at
break of the samples are increased in a similar way as by a hard bake.

The volumetric measurements also revealed that the crosslinking reaction
speed depends on the PEB temperature, but no significant change in the
absolute shrinkage was found after long waiting times, indicating that the
PEB temperature can be lowered when the duration is increased. Doing so
resulted in grating structures with strongly reduced waviness and thus
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4 Photoresist Characterization

increased quality, which was shown as an example with grating lines of
800 nm width, 10 um height and 500 um length. These results also show
that the wave-like deformations are not caused by the chemical shrinkage,
but by thermally generated stress. Reducing the PEB temperature to 60 °C
while increasing the duration to at least 4 hours should therefore be inte-
grated as standard to the process, especially for structural dimensions that
are prone to waviness, like long lines with an aspect ratio above 10.
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5 Grating interferometry with low
absorption substrates

In the previous chapter, it was shown that grating structure quality can be
enhanced by adjusting the process parameters. The structure quality is the
main determining factor for the achievable visibility in a grating interferome-
ter. However, the sensitivity of a grating interferometer is not only deter-
mined by the visibility of the interference pattern, but also by the number of
detected photons (see section 2.2.3). The substrates of the gratings play an
important role for this aspect, because they act as absorbing filters for the
radiation. The effect of additional, unwanted absorption in the substrate
depends on the grating position. If the grating is upstream of the sample, the
absorption decreases the available flux and thus causes longer exposure
times. If the grating is downstream of the sample, the photons absorbed in
the substrate carry information from the sample that is lost; the signal-to-
noise ratio is decreased and the necessary dose applied to the sample is
increased, which can be problematic for radiation-sensitive samples in
biomedical imaging.

The standard substrate in the direct LIGA process is a 4-inch silicon wafer
with a thickness of 525 um. At 30 keV, this substrate has a transmission of
85 %, which is still acceptable, but with decreasing energy this gets worse, at
10 keV only 2 % transmission are left and interferometry becomes practically
impossible. An easy way around this for moderate energies is the use of
thinner silicon wafers, and wafers with a thickness of 200 um are now rou-
tinely used along with the 525 um thickness, although their fragility decreas-
es the fabrication yield. Silicon can also be thinned by a variety of techniques
after the fabrication of the grating structures, but such an approach compli-
cates the process and also reduces the yield [113]. A more promising way is
to replace the silicon substrate with a less absorbing material.
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5 Grating interferometry with low absorption substrates

In the low energy regime (<30 keV), where the substrate transmission
becomes important, the mass attenuation coefficient u/p of a material is
approximately proportional to the third power of the atomic number Z

w/p o<z

Any material with a lower atomic number than silicon (Z = 14) is therefore a
candidate for an alternative grating substrate. The main criteria for grating
substrates from a fabrication point of view are pointed out in section 3.1;
Table 6 shows how different light materials fulfill them. Along with the light
elements Beryllium and Boron, Graphite and several polymers were investi-
gated. Graphite is the most interesting form of Carbon for the purpose of
grating substrates because of its intrinsic conductivity; as polymers we con-
sidered Polyimide, Polyetheretherketone (PEEK) and Polycarbonate. Polyi-
mide is very resistant both to chemicals and ionizing radiation and is there-
fore used in many radiation related applications, e.g. as filter or as vacuum
window, PEEK is a semi crystalline thermoplastic polymer that has a high
resistance against most chemicals and is often used in medical applications
due to its high biocompatibility and Polycarbonate is a lighter and much
cheaper alternative to the two which is also comparatively resistant to the
chemicals used in the process.

The best rating of the materials in Table 6 is achieved by beryllium (Z =4),
followed by boron (Z=5), but as beryllium is highly toxic and boron is rare
and therefore expensive, both are excluded from consideration. Figure 5.1
shows the maximum affordable substrate thickness for the other materials
when imposing the condition that at least 90 % of incoming photons should
be transmitted. It is obvious that from the point of view of transmission, it is
highly favorable to use graphite and the polymers instead of silicon, the
thickness difference is roughly one order of magnitude. All four materials
were tested for fabrication, but only graphite and polyimide were available
with sufficient quality for processing, especially in terms of substrate
planarity. A substrate with insufficient planarity will lead to an inhomogene-
ous resist thickness after soft bake and is thus an exclusion criterion.
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Figure 5.1: Maximum substrate thickness to retain 90 % transmission per grating for different
materials on a semi logarithmic scale, based on data from [114]

5.1 Polyimide

Polyimide was used in three different thicknesses: a 125 um foil (DuPont
Kapton®) and plates of 500 um and 1000 um thickness (DuPont Vespel
SEK®). For grating fabrication on polyimide substrates, they first have to be
coated with an electroplating seed layer. This was done using an evaporation
process to deposit a layer of 7 nm chromium and 50 nm gold either at IMT or
at the commercial supplier Micromotive GmbH, Mainz, Germany. This seed
layer is optimal for good height control, but the large X-ray absorption coef-
ficient of gold leads to more secondary electrons from the substrate during
exposure, which is especially limiting for the exposure of high structures at
the LIGA Il beamline. However, this is not of importance here, since gratings
on low absorption substrates are important only for low imaging energies,
where a gold thickness of up to 100 pm, which can be fabricated at LIGA |, is
already sufficient.
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Table 6: Evaluation of different materials for the use as grating substrates

Mechanical | Chemical Radiation | Thermal Conductivity | X-ray Other
stability resistance | hardness stability transmission | characteristics
Silicon Excellent sur-
+ ++ ++ ++ - - )
face quality
Beryllium )
++ ++ ++ ++ ++ ++ Toxic
Boron . .
++ ++ ++ ++ + ++ High price
Graphite
+ ++ ++ ++ 0 ++ Porous
PEEK Insufficient
+ + 0 ++ - ++ )
planarity
Polyimide
++ ++ + ++ - ++
Polycar- Insufficient
+ + 0 + - ++ :
bonate planarity
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5.2 Graphite

While the Vespel plates are sufficiently stable for processing, the foils have
to be bonded to a carrier during the processing. This is possible using e.g.
Crystalbond 509 [115], dissolved in 80 %wt Acetone and spin-coated onto a
silicon wafer with 2000 rpm for 20 s and then soft baked at 90 °C inside a
vacuum oven. To ensure bubble-free bonding, it is preferable to do the
actual bonding process in a vacuum environment, which was done with a
wafer bonding machine at the Institute of Applied Materials, Institute for
Material Process Technology at KIT Campus north. After processing, the foil
can be released from the substrate by either dissolving it in acetone or
thermally by heating to temperatures over 70 °C. To minimize thermal stress
on the structures, all samples were debonded using acetone.

Apart from the preparation processes just described and the debonding for
the foils after electroplating, there is no need for change in the process
compared to substrates with a CrAu layer on top of a silicon wafer. It was
seen, however, that when attempting to remove the resist after electroplat-
ing with oxygen plasma, the CrAu layer can be sputtered off the substrate,
exposing the PI foil to plasma induced damage. This can lead to deformation
of the foil, which is less severe for the thicker plates, but still present. Thus,
partial resist stripping must be performed with caution and full stripping is
not advised for Pl substrates.

5.2 Graphite

As graphite is already conductive, no electroplating seed layer is necessary.
Graphite wafers were purchased from Ohio Carbon Blank Inc. [116] with a
thickness range from 200 um to 1000 um. The material is synthetic graphite
with a porous structure and an average grain size of 1 um (Supplier identifier
EDM-AF5). Due to the porous structure, it soaks up the photoresist during
spin-coating, which makes height control difficult, but at the same time pro-
vides excellent adhesion of the resist to the substrate and effectively pre-
vents leaking of electrolyte under the lamellae in electroplating.
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The conductivity of graphite along with its low X-ray absorption offer
another advantage, which is that far less secondary electrons from the sub-
strate are to be expected during the X-ray exposure step when compared to
standard substrates with either a titanium or gold electroplating seed layer.
This means that samples on graphite wafers are less prone to unwanted
resist crosslinking near the substrate surface, which is a problem for metal
layers [117].

Due to their microstructure, the graphite wafers produce a lot of small angle
scattering of the incident beam. Small angle scattering is a problem in an
interferometer, because it reduces the coherence of the illumination and
introduces noise. However, for the practical implementation, it is important
at which point of the interferometer the scattering happens. The sensitivity
of a Talbot-Lau interferometer is highest at the position of the phase grating
G1, and scales linearly with the distance of the sample to G1 until it reaches
zero at the positions of GO and G2 [118]. Studies have shown that conse-
quently, at the positions of GO and G2, a strongly scattering substrate does
not have a significant influence on the visibility of the interferometer, while
at the position of G1, it might reduce the visibility to less than 50 % of its
original value [94]. With these results, it is obvious that graphite cannot be
used as phase grating substrate, but is a candidate for the absorption grat-
ings GO and G2.

5.3 Test samples and imaging results

A series of phase and absorption gratings with Pl and graphite substrates
was produced and showed good structure quality under microscopic
inspection. However, this is not sufficient to assess the actual grating per-
formance, as it only provides information about the surface. Therefore, two
different imaging setups were used to show different aspects of the effects
of gratings on low absorbing substrates, a three-grating setup at the Tech-
nical University of Munich (TUM) using a rotating anode tube source and a
two-grating setup built at the beamline IMX at the Brazilian Synchrotron
radiation laboratory (LNLS).
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5.3.1 Sensitivity

The increase in transmission using low absorbing substrates is expected to
increase the sensitivity of an interferometer. To test this influence, a sym-
metrical three gratings setup with a grating period of p; =p; =p, =5.4 um
at TUM was used. The source was an Enraf Nonius FR 591 rotating anode
with a tube voltage of 40 kV, the design energy of the setup was 27 keV and
a Dectris Pilatus Il 100k photon counting detector was used; a more detailed
description of the setup can be found in [119]. The setup was equipped with
gratings on silicon substrates (2x 200 um, 1x 525 um) as a reference, which
were subsequently replaced by a set of gratings on Pl substrates (1000 um
for the absorption gratings, 125 um for the phase grating) and a set of grat-
ings on 200 um graphite substrates, which were combined with the phase
grating on PI foil. As the absorber heights for all gratings were around 70 pm,
a similar visibility is expected and was found for all grating sets, the mean
visibility with both the silicon and the graphite set was 24 %, with the Pl set it
was reduced to 21 %. This small difference can be explained by a slightly
inferior structure quality in one the absorption grating used as GO, which
showed periodic ruptures.
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Figure 5.2: Visibility, counts per second and sensitivity expressed as minimum resolvable
refraction angle for different grating sets, from [120]

Figure 5.2 shows the values for visibility, counts per second and minimum

resolvable refraction angle as calculated from am[n:p%nd-%w(see

equation (2.13) in section 2.2.3), with the inter-grating distance d = 857 mm
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and the respective values for the visibility V and photon counts N, with an
assumed exposure time of 1 s per step. The sensitivity for the silicon grating
set was 112 nrad, 72 nrad with the Pl set and 58 nrad with the graphite set,
which means that the sensitivity could be nearly doubled by changing the
substrate material while keeping all other setup parameters constant [120].

5.3.2 Low energy imaging

With the low absorbing substrates, grating interferometry at energies below
10 keV becomes feasible, which could be shown by experiments performed
at the beamline IMX of the Brazilian Synchrotron Light Laboratory (LNLS) in
Campinas, Brazil. A multilayer monochromator was used to select an energy
of 8.3 keV from a bending magnet source. The source size is approximately
391 um x 97 um (horizontal x vertical), and the phase grating was placed
17 m downstream of the source. The grating lines were oriented horizontally
to make use of the smaller vertical source size and enable the use of a two-
grating interferometer. The phase grating G1 had a period of 2.4 um, with
/2 phase shifting lines that were made from mr-X with a thickness of 10 pm
to ensure high transmission also in the phase shifting lines, the substrate was
1000 um PI. The absorption grating G2 had the same period, with absorbing
lines of ca. 30 um Au, which leads to an absorption of over 99 % of photons.
As substrate, the 125 um Pl foil was used. Together, the substrates lead to a
transmission of 43 % at 8.3 keV. The inter-grating distance was set to 97 mm,
corresponding to the 5th fractional Talbot distance; the sample was placed
135 mm upstream of G1. Detection was done using a pco.2000 camera
mounted behind a microscope objective and scintillator, yielding an effective
pixel size of 1.64 um and a field of view of 3.4 x 3.4 mm?.

The whole experimental setup is shown in the photograph in Figure 5.3. The
phase grating was mounted on a linear piezo and had to be inclined to match
the magnified period of the phase grating to the unmagnified period of the
analyzer. Unfortunately, this axis could not be motorized and the alignment
had to be done by hand with a wedge that was placed under the piezo
mounting.
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Analyzer grating

Figure 5.3: Experimental Setup at the IMX beamline of the LNLS with two gratings on
polyimide substrates

Using an exposure time of 30 s per step over 8 steps, the mean visibility over
the whole field of view was 40%, mostly limited by setup instability and grat-
ing imperfections (Figure 5.4); the inhomogeneous distribution of the visibil-
ity is mostly due to the profile of the beam coming from the multilayer
monochromator. The sensitivity as determined from the standard deviation
of the differential phase signal in a region of interest without sample was
approximately 165 nrad.
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Figure 5.4: Visibility map obtained with the two-grating interferometer at 8.3 keV at the IMX
beamline of the LNLS
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When taking an image, the differences in intensity are normalized with the
flat field correction and the inhomogeneous visibility map only results in a
variation of the sensitivity. Figure 5.5 shows an example of a transmission,
differential phase and dark field image taken with the interferometer
equipped with gratings on low absorbing substrates. The sample is a capillary
with polymer microspheres that are filled with magnetic y-Fe,0s-
nanoparticles, synthesized by the group of Prof. Sidney Ribeiro at State Uni-
versity of Sao Paulo, Brazil. The particles show both a strong absorption and
a significant dark field signal, the profile of the visibility map seen in Figure
5.4 is partly seen also in the dark field signal, but hardly visible in the other
modalities. The results show that the gratings on low absorbing substrates
enabled low energy grating interferometry at the IMX beamline of the LNLS.

Transmission Differential phase Dark field

A 4

i

Figure 5.5: Transmission, differential phase and dark field image of polymer microspheres
with Fe,0s-nanoparticles, taken with the two-grating interferometer at 8.3 keV
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6 Quantitative analysis of X-ray lenses

Just as it is not sufficient to grade the structure quality of a grating using
optical and electron microscopy, these methods can only give a rough idea
about the performance of a compound refractive lens (CRL). Characteriza-
tion of size and shape of the focal spot with a knife edge test is an easy way
to assess a lenses quality in the beam. However, this type of test provides
very little information on the type of aberration and their causes. Absorption
based radiography is limited in the case of lenses because of their high
transmission, which makes it difficult to achieve a reasonable signal-to-noise
ratio. Time consuming techniques such as micro- or even nano-computed
tomography or laminography can yield a 3d image of a lens and reveal voids
and inclusions in the material, but this type of measurement is not suited for
high throughput quality control [121]. Other types of setups are suitable for
lens analysis, such as a Ronchi type interferometer or the analysis of the
image of a grating in a microscopy setup, but these setups do not easily pro-
vide quantitative data [122], [123]. Another interesting alternative is the use
of ptychography, which can provide an image of the wavefront behind a
complete CRL, but is time-consuming and numerically expensive [124].

Grating based phase contrast imaging, as described in section 2.2, provides
an easy and efficient way to measure the wavefront phase gradient, and is
therefore well suited for the characterization of optics [51], [52]. In this
work, a dedicated interferometer for the quantitative characterization of
refractive X-ray lenses was set up at the beamline ID06 of the European Syn-
chrotron Radiation Facility (ESRF) and employed for the analysis of CRLs
fabricated by X-ray lithography and their comparison to other lenses. The
following sections describe the design and setup of the interferometer, as
well as the methods used for data analysis, which are explained using the
example of a lens fabricated by beryllium imprinting [125]. This is followed
by an analysis of the defects and aberrations found in lithographic lenses and
their modeling and explanation using the results from chapter 0.
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6 Quantitative analysis of X-ray lenses

6.1 Experimental setup

The design of the interferometer must consider the properties of the source,
which in the case of ID0O6 is an undulator with a source size of
415(h) x 8.6(v) um? rms. The space for building the setup in the experimental
hutch is ca. 55 m downstream of the source. The design energy of the inter-
ferometer was chosen as 17 keV, because it is close to the K,.emission of
Molybdenum, a common cathode material for X-ray tubes that could be
used for future transfer of the methodology to a laboratory source. The high
monochromatic flux available from the undulator makes it possible to use a
camera with small pixel size and still have short exposure time;
consequently, a pco.2000 camera mounted behind a scintillator screen and
microscope optics with an effective pixel size of 0.74 um was used for detec-
tion. Using this high-resolution camera enabled the setup of a single grating
interferometer, which greatly simplifies the alignment.

The grating was chosen as a m/2-shifting phase grating with a period of
10 um, creating an interference pattern of the same period, which can easily
be resolved by the camera. A piezo drive was employed to perform phase
stepping to make use of the full detector resolution. The setup can also be
operated in single shot mode, but the analysis methods for these images,
such as the evaluation of spatial harmonics [126] or the cross-correlation of
reference and sample image [127] sacrifice spatial resolution in favor of
short acquisition times and low dose which are not of major importance for
optics analysis.

The distance between grating and detector was chosen experimentally by
moving the grating in small steps along the beam direction and analyzing the
contrast of the recorded interference pattern. The distances found to yield
the highest contrast were 0.2 and 0.7 times the Talbot distance
zr=2p*/A = 2.74 m, with respective visibility of 50 % and 46 %. The theory
predicts the positions with the highest contrast to be the fractional Talbot
distances 0.25 z;y and 0.75 z7. Different effects could be responsible for this
discrepancy; the finite absorption and error in height of the grating lines, the
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duty cycle, which was measured to be 0.42 in the grating used here instead
of the usually assumed 0.5, resulting in a different phase shift than expected
and the finite divergence of the beam. To find out whether one of these
factors could explain the findings, numerical simulations were carried out
using a script based on Fourier-Transform Fresnel propagation. The Talbot
carpet was simulated with a lateral precision of 1024 pixels per period and
then binned to 14 pixels per period, corresponding to the situation at ID06.
The maximum detector counts were set to 1000, which corresponds to the
experimental values, additionally a dark count of 100 per pixel was assumed.
The finite source size was implemented as a convolution with a Gaussian; the
divergence was not considered because it would only shift the Talbot dis-
tance to larger values instead of the shorter ones experienced in the
setup [46]. For the resulting Talbot carpet, the visibility was calculated along
the propagation direction. It is plotted in Figure 6.1, with variation of the
parameters duty cycle, absorption and phase shift.

The most asymmetric effect comes from the duty cycle, and a duty cycle of
0.4 shifts the maxima very close to the experimentally observed ones, which
are marked with vertical lines in the plots. Even with a 0.5 duty cycle, the
maximum is not at 0.25 and 0.75 times the Talbot distance z; this effect is
entirely due to the dark counts and disappears when not accounting for
them. A larger absorption has the same asymmetry, but a smaller effect than
the duty cycle; a larger phase shift mainly lowers the contrast at the frac-
tional Talbot orders, but hardly introduces asymmetry. Both a larger phase
shift and a higher absorption are to be expected, as the grating lines were a
little higher than intended. The discrepancy in the distances with the highest
contrast can therefore be attributed to a combination of the three factors
with the duty cycle as the leading contribution.
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Figure 6.1: Simulated Talbot Carpet (A) and visibility along the propagation direction with
variation in different phase grating properties: duty cycle (B), absorption (C) and
phase shift (D)
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For all experiments reported here, a one-dimensional grating was used, with
the lines oriented horizontally. This orientation was chosen to make use of
the much smaller source size, i.e. higher spatial coherence, in the vertical
direction. A setup like this is only sensitive to the phase gradient in the verti-
cal direction; for a full characterization of the wavefront, either the sample
or the grating has to be rotated around the optical axis. Rotating the grating
would be equivalent to the use of a 2d-grating and would lead to highly ani-
sotropic sensitivity in the case of ID06; consequently, the sample was
mounted on a rotational stage whose axis was aligned to the optical axis. A
set of two phase stepping scans with a relative angle of A8=90° is enough to
fully characterize the wavefront. However, to increase robustness and to
identify possible artefacts, scans at multiple angles were performed, in sets
of two with a relative angle of 90 °. One set was then arbitrarily chosen as
the reference directions x (6, =0°) and y (ey —90 °), and the other sets

were projected on these axes and normalized by the number of sets to form
the final image. To achieve correct superposition of the image sets, they
have to be aligned after acquisition, which was done by rotating the trans-
mission images and using cross-correlation to detect the lateral shift.

6.1.1 Focal length limits for quantitative analysis

The interferometer design described here is limited in the focal length of a
lens to be analyzed for different reasons. Obviously, the focal length f must
be longer than the sample to detector distance d; in order to still get an
image of the aperture. It would be feasible to place a lens with a shorter
focal length to a distance where the detector is behind the focus, but in such
a configuration, there is no possibility to obtain a reference image of the
grating, and therefore a quantitative analysis would no longer be easily
available.

To be able to analyze the interference pattern, restricting the focal length to
f>d, is not sufficient, because the demagnified intensity modulation still

must be resolved by the camera. For the following calculations, we set
ds =d +a, with d being the distance from grating to detector and a the dis-
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6 Quantitative analysis of X-ray lenses

tance of sample to grating, which was 80 mm for the setup presented here.
Suppose one period of the interference pattern with original period p must
cover at least M pixels of size s on the detector to be analyzed reliably, sim-
ple geometric considerations with the assumption 0<<d yield a minimal
focal length :

min *

(d+a)-p/Ms

6.1
p/Ms—1 (6.1)

frnin =

With the experimental parameters, this criterion yields f . =0.97 m for the

min

shorter distance 0.2 zrand f,

min

=3m for0.7 zy.

However, the resolution criterion is not sufficient either, because the
focused beam after the lens changes the effective propagation distance L¢
between grating and detector and shifts the Talbot distances [128]:

, =Y=ard (6.2)
f—a—d

For the distances used in these experiments, the worst case is a difference
between L¢ and d of 0.3 z, because it would place the detector at a distance
of 0.5 z; or zy, both of which are positions with no intensity contrast, and
thus no possibility to analyze the interference pattern. To avoid this and to
still retain a high visibility to analyze the interference pattern, we restrict
Ly —d to be smaller than z; /8. Employing this criterion, we obtain a mini-
mum focal length of 1.4 m for 0.2 z; and 12.5 m for 0.7 z7. In practice, this
means that the interferometer is well suited for the analysis of individual
lens elements, which is very helpful to find systematic fabrication errors. It
also provides a way to sort out defective elements from a CRL stack to
improve the overall lens quality. A fully assembled CRL can only be tested
with some limitations: a way to analyze shorter focal lengths with minimal
changes to the setup would be to make a negative, i.e. placing the lens
between grating and detector to a distance short enough to fulfill both the
resolution and the propagation distance criterion. However, this also
reduces the sensitivity of the system, because of the short propagation dis-
tance between sample and detector [118].
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6.2 Data analysis

As described in section 2.2.2, the interferometer measures the differential
phase %, which is proportional to the refraction angle. Figure 6.2 shows
the refraction angle for the two orthogonal directions, calculated as
described in the previous section, for the example of a beryllium point focus
lens. All data analysis in this section will be explained with this lens as
example; it has a circular aperture with a diameter of 430 pum, its nominal
apex radius is 50 um. It was scanned at 10 rotational angles in the 0.2 zy

configuration.

Figure 6.2 shows the horizontal and vertical refraction angle. Two concentric
rings are visible, one with a diameter of about 480 um and one with 430 um;
the gradient between the two rings is a lot smaller than inside the inner ring.
This is because the lens is fabricated by imprinting from two sides, and the
two imprints do not have the same depth. The nominal apex radius of this
lens is R = 50um, assuming a parabolic profile of the thickness T,
T(x) = 1/2R x? the depth can be estimated to 462 um for the smaller circle
and 576 um for the larger circle, a difference of 114 um, or about 25 % of
the depth of the shallower imprint.
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refraction angle / urad

s

Figure 6.2: Refraction angle (proportional to phase gradient) in orthogonal directions for a
beryllium point focus lens with apex radius 50 um. Adapted from [125]
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6 Quantitative analysis of X-ray lenses

6.2.1 Local lens aberrations

As the profile of an ideal focusing lens is parabolic, the gradient, and there-
fore the refraction angle, is linear. The slope 6&/8}( is inversely proportional

to the apex radius R of the parabola, and consequently to the focal length f:

yo_1_ 26 (6.3)
ox f R

Here, a factor y was introduced to account for the fact that the refraction
angle is measured in the detector plane, where the aperture of the lens
appears demagnified. The factor can be calculated by determining the diam-
eter /, of the lens in the detector plane, and afterwards finding the shift of
the interference pattern at the edges of the aperture. For a focusing lens,
the total shift Ap, between the edges is exactly the difference between the
aperture diameter / in the lens plane and the detector plane, /=/,+Ad,,

which gives the factor y [125]:

(6.4)

Refraction angle / yrad
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Figure 6.3: Line plot through the center of the beryllium lens in Figure 6.2. The dashed line is a
linear fit to the data used to determine the focal length and local aberrations
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6.2 Data analysis

The apex radius can then be determined from this corrected focal length.
Figure 6.3 shows a line plot of the horizontal refraction angle through the
center of the beryllium lens in Figure 6.2, and the linear fit to it. The shoul-
ders at the edges of the linear part are again due to the different imprinting
depth on the two sides of the lens.

Apart from the determination of the focal length, the linear fit also offers a
way to quantify local aberrations of a lens, by subtracting the fit from the
data and plotting the residuals. Any non-zero value in the residuals then
represents a deviation from the intended refraction angle. The residuals can
be plotted in two different ways: either for both orthogonal directions indi-
vidually (see Figure 6.4), which also shows the sign of the deviation, or in a
combined plot, showing only the magnitude (see Figure 6.5). In the plots,
distinct, localized points with aberrations in the order of 100 nrad are visible,
namely in the center of the aperture, which is most probably caused by
deformation of the imprinting tool during the process. A defect of this type
has already been reported for another beryllium lens with much larger apex
radius [52]. Other defects can be seen off-center, e.g. one ca. 100 um
beneath the center. This type of defect is caused by material inhomogeneity,
such as voids and inclusions that are known to appear in the beryllium
raw material [121].

horizontal vertical
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Figure 6.4: Map of the individual components of angular deviation vector for the beryllium
lens also presented in Figure 6.2
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angular de

Figure 6.5: Map of the magnitude of angular deviation for the beryllium point focus lens as
presented in Figure 6.2. Adapted from [125].

6.2.2 Global lens aberrations

To characterize not only local defects, but lens aberrations like astigmatism
or spherical aberration, the phase of the wavefront, rather than its gradient,
is needed. This can be determined using 2d Fourier integration, the
approach is explained in the appendix [129]. Assuming a homogeneous
material, the retrieved wavefront shape is directly proportional to the thick-
ness of the lens, which can be quantitatively retrieved, up to a constant off-
set, when the refractive index of the material is known. The quantification of
shape errors is done by decomposition of the shape into a set of polynomials
that must be suited for the particular problem. Spherical apertures with a
point focus, like the beryllium lens example, are usually characterized in
terms of Zernike polynomials [130]. These polynomials form an orthogonal
base of the unit disc and are defined in polar coordinates and characterized
by their radial degree n and azimuthal degree m, Z' and can be identified
with the common lens aberrations. Any shape S with a circular footprint can

be written as 5=ZAWZ;”. The orthogonality condition reads as follows, with
0

6 as the Kronecker delta:
1e2n omom'
I, ], 2rzy drdo=8,,8,,,, (6.5)
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The strict orthogonality of equation (6.5) only holds true for continuous inte-
gration. For discrete datasets, like the image acquired by a camera, there is
some crosstalk between coefficients which must be accounted for. Conse-
quently, the decomposition of the lens shape was done stepwise; the contri-
butions with the largest coefficients were subtracted from the data to quan-
tify the aberrations. These contributions were the defocus term, which is the
desired shape, tip and tilt, corresponding to misalignment of the axis of the
lens to the optical axis of the interferometer, as well as a constant offset
with no physical meaning. The coefficients found for the beryllium lens are
listed in Table 7, along with the names of the aberrations.

The only notable contributions apart from the defocus term are some astig-
matism and horizontal coma, along with the largest contribution of spherical
aberration, whose magnitude is still smaller than 0.5 % of the defocus term.
From this decomposition, it can be said that the lens is accurate to its shape
with a deviation of less than 1 um. From a plot of the thickness when remov-
ing defocus, tip, tilt and the offset, it is also possible to determine whether
the local errors of the lens are voids or inclusions, because inclusions would
have a higher refractive index decrement and therefore appear as larger
thickness than desired, while voids would reduce the thickness. Figure 6.6
shows this plot, and the local errors visible in Figure 6.5 B reappear as dark
spots, meaning a lower Be thickness than in the neighboring region, which
identifies them as voids in the material. The spherical aberration is also visi-
ble as a bright region in the center of the lens. A higher beryllium thickness
in the center is consistent with the deformation of the imprinting tool as the
cause for the spherical aberration.
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Table 7: Zernike coefficients found for the beryllium lens [125]

Name nm | am/
um
Defocus 2,0 | -255.7
Oblique astigmatism 2,-2 | -0.21
Vertical astigmatism 2,2 | 0.04
Vertical coma 3,-1| -0.10
Horizontal coma 3,1 | 042
Vertical trefoil 3,-3 | -0.09
Obligue trefoil 3,3 | 0.02
Primary spherical 4,0 | 0.76
Vertical secondary astig-
matism 42| 008
Oblique secondary as-
tigmatism 4,2 -0.08
Vertical quadrafaoil 4,4 | -0.01
Oblique quadrafoil 4,-4 | -0.05

esidual Be thickness / um

Figure 6.6: Residual thickness of the retrieved beryllium profile after removing defocus, tip,
tilt and constant offset

94



6.3 Analysis of polymer compound refractive lenses

6.3 Analysis of polymer compound
refractive lenses

The tool described in the previous section can now be employed to the anal-
ysis of CRLs made by X-ray lithography to find the specific types of defects
and gain insight to their causes in the fabrication process. Figure 6.7 shows
the two orthogonal directions of the refraction angle of a line focus lens
element made of mr-X, analyzed in the interferometer configuration with
the longer grating-detector distance and scanned at 12 different rotational
angles. This element was taken from a CRL intended for the creation of a
nanofocus beam [18], the element has a rectangular aperture of
1000 x 800 um and an apex radius of 300 um. The two directions for the
refraction angle were chosen to represent the focusing and non-focusing
direction of the lens and consequently there is no visible vertical gradient in
Figure 6.7, only the outline of the aperture is visible due to reflections from
the top and the sides of the lens element and imperfect alignment with the
optical axis. The stripes on the left edge in the pictures of the line focus lens
come from the fact that the lens did not completely fit in the field of view of
the interferometer at all rotation angles, and parts of the final image that are
not covered by data from all rotation angles are incorrectly normalized. The
point focus lens in section 6.2 is much smaller, therefore no such areas are
visible there.

o N W »

refraction angle / yrad

Figure 6.7: Refraction angle (proportional to phase gradient) in orthogonal directions for a
polymer line focus lens with apex radius 300 pum. Adapted from [125]
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The plots of the residuals from the linear fit are shown in Figure 6.8 and
Figure 6.9. As the line focus lens should have no gradient in the vertical
direction, no linear fit was performed; the map presents the average devia-
tion from the mean value inside the aperture. In contrast to the beryllium
lens, no defects of the strongly localized type were found, which is due to
the greater homogeneity of the amorphous polymer. Instead, there are
stripe-like deviations with a lower spatial frequency that indicate global
aberrations. The circular features in the center of the aperture, as well as the
speckle-like deviations with high spatial frequency, are not real defects but
arise from instabilities in the beam, which is explained in more detail in the
appendix. The color scaling in Figure 6.9 is chosen as the same as in the
equivalent plot for the beryllium lens in Figure 6.5, to show that the abso-
lute values of deviation are much smaller in the polymer lens, the average
deviation in the aperture is only 18 nrad, compared to 47 nrad for the
beryllium lens. However, because of the larger differences in aperture and
focal length between the two lenses, the absolute values of deviation cannot
be directly compared. To achieve the same focal length with the polymer
lens as with the beryllium lens, one would need approximately 7 polymer
lens elements. Assuming Gaussian error propagation, this would lead to a
mean deviation of 48 nrad inside the aperture, which is practically the same
as for the single beryllium lens, but on an aperture that is 6.5 times larger.

vertica horizontal

‘
o
angular deviation / nrad

Figure 6.8: Map of the individual components of angular deviation vector for the polymer lens
also presented in Figure 6.7
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angular de

Figure 6.9: Map of the magnitude of angular deviation for the polymer line focus lens as
presented in Figure 6.7, the color scaling is identical to the plot for the beryllium lens in Fig-
ure 6.5. Adapted from [125].

To quantify global aberrations, the integrated phase is decomposed into a
set of polynomials. While the decomposition in Zernike polynomials provides
good insight in the properties of the point focus lens, it is not well suited for
the characterization of the line focus lens with its rectangular aperture. A set
of polynomials must be employed that better matches the symmetry of the
problem. In the literature, several possibilities are described, such as
Chebyshev or Legendre polynomials, or Zernike polynomials adapted to a
rectangular aperture [131]. The adapted Zernike polynomials are not well
suited for the problem at hand, because they do not contain contributions
that are quadratic in only one dimension, which is the expected main com-
ponent of the lens. Both Chebyshev and Legendre polynomials have been
tried out for the characterization of the retrieved profile of the polymer lens,
with the Legendre set yielding much lower residuals after decomposition in
the first 15 terms. Thus, the Legendre polynomials suit the symmetry of the
problem much better.

The one-dimensional Legendre polynomials of degree n, P,, are orthogonal
on the interval [-1,1]. Constructing the 2d Legendre polynomials L; is done by
simply multiplying the polynomials in x and y:

Lj(X/y):Pn(X)'Pm(y)-
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The orthogonality condition reads as follows, again with 6 as the Kronecker
Delta:

11
J IL/(x,y)-Lk(x,y)dxdy:4~5/-k. (6.6)
-1-1

The decomposition of the polymer lens profile was done in the same itera-
tive way as for the beryllium lens but the crosstalk between coefficients was
much less pronounced in this case for two main reasons: On the one hand,
the number of pixels inside the aperture is much larger for the polymer lens
than for the beryllium lens, providing a more accurate approximation of the
integration. On the other hand, the camera pixels have the same symmetry
as the rectangular base area of the Legendre polynomials, while the base of
the Zernike polynomials is circular. The coefficients found in the decomposi-
tion are listed in Table 8. There is no strict association of a specific Legendre
polynomial with a lens error as for the Zernike polynomials, but nevertheless
a lot of information about these aberrations can be drawn from them. The
desired defocus term in this case is described by the coefficient As, which
describes a focus in the horizontal direction, y. Any contribution that is of
higher order than 0 in x-direction can be considered a lens error, the largest
of which is seen in A4, which represents focusing in the direction orthogonal
to the desired one. This coefficient amounts to about 2 % of the desired
coefficient. This effect is undesired and would lead to astigmatism and coma
in an assembled point focus lens.
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6.3 Analysis of polymer compound refractive lenses

Table 8: 2d-Legendre coefficients found for the polymer lens [125]

j Polynomial degree in Afum
X y
4 2 0 -3.74
5 1 1 -0.05
6 0 2 -188.0
7 3 0 0.14
8 2 1 -1.99
9 1 2 -1.52
10 0 3 -0.11
11 4 0 -0.12
12 3 1 0.00
13 2 2 2.29
14 1 3 0.02
15 0 4 0.81

Apart from the decomposition into polynomials, it is useful to illustrate the
errors of the polymer lens by plotting the measured focal length as a func-
tion of structure height above the substrate. This plot can be seen in
Figure 6.10, where a continuous, approximately linear increase of the focal
length with the height is obvious, the difference between top and bottom is
about 2 %. This is consistent with the magnitude of the Legendre coeffi-
cients, and shows the same trend as earlier measurements that used the
deformation of the projection image of a line grating [132]. The same quali-
tative behavior was seen in three other polymer lenses with different apex
radii, it can therefore be concluded that the effect is systematic to the fabri-
cation technique and not a random defect of this specific lens element.

The cause for the variation of the focal length is not directly revealed by
these measurements; possible explanations reach from an effect of the di-
vergence of the beam during exposure, over an effect of beam hardening
over the height of the structure to a deformation introduced by the cure
shrinkage of the resist material. A simple way to check whether beam
divergence or hardening during exposure are responsible for the deviation of
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the focal length over the height is to check a lens that has been exposed
from the backside, through the substrate. As the usual silicon substrate of
the lenses would introduce too much absorption and lead to exposure times
that are too long for practical application, this is possible only when using a
low absorbing substrate, such as the graphite wafers introduced in
section 5.2.
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Figure 6.10: Focal length of the polymer focusing lens as function of structure height, adapted
from [125]

A lens like this was fabricated and analyzed with the interferometer with the
same setup used for the beryllium lens, i.e. at the shorter of the two grating-
detector distances, because this lens had a much smaller apex radius than
the first polymer lens, and consequently its focal length was only about
5.3 m at 17 keV, which makes it impossible to analyze in the larger Talbot
distance (see section 6.1.1). The result for the focal length as a function of
structure height can be seen in Figure 6.11. The lens had a structure height
of ca. 400 um. The focal length varies in the same way as for the lenses that
were exposed from the front: The focal length at the top is about 2 % larger
than close to the substrate. It can therefore be concluded that the gradient
in focal length along the height is not caused by effects during the exposure
of the photoresist, because these effects would be inverted for a lens that
was exposed from the backside.
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Figure 6.11: Focal length of a second polymer lens fabricated with backside exposure, as a
function of structure height

Apart from structure deformation, the variation in focal length could have
another cause, which is inhomogeneity of the refractive index of the
material. The shorter focal length near the substrate means that the refrac-
tive index decrement should be greater near the substrate ground than near
the surface. The only obvious explanation for a gradient in the refractive
index would be a gradient in the residual solvent content. However, meas-
urements have shown that the residual solvent content should be greater
near the substrate surface than near the resist surface [104], from which one
would expect a refractive index gradient in the other direction. It is thus
likely that the aberrations come from a shape deviation, and the reason
must be searched for in the properties of the resist and its behavior and
deformation during the process. This happens mainly during the PEB and is
therefore closely related to the studies presented in chapter 0. The next
section shows an analysis of the deformation using a finite element simula-
tion based on the results of these studies.
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6.4 Finite element modeling of
photoresist structures

The knowledge of the mechanical properties such as the young’s modulus
and the curing shrinkage of the resist, whose measurements were described
in section 4.4, allows the application of finite element modeling techniques
to predict stress and deformation during the fabrication process. Kenntner
and Amberger have used this for the consideration of different grating lay-
outs [78], [87]. Apart from this purpose, the procedure can also be used for
other lithographic structures like the CRL elements discussed in this chapter.

To investigate the influence of cure shrinkage on a lenses’ geometry, a finite
element simulation was performed for the geometry of a single lens ele-
ment. The curing shrinkage was modeled as thermal contraction of the ma-
terial by 1.5 %, the material was assumed to stick perfectly to the substrate.
The value for the shrinkage was assumed lower than what was measured in
section 4.4, because not all of the shrinkage introduces stress to the struc-
tures. Measurements at other, non-photoactive epoxy systems have shown
that the shrinkage roughly follows a linear dependency on the degree of
cure, while changes in the mechanical properties only arise at a degree of
cure of about 40 % [112], [133]. The simulations were performed using
ANSYS Mechanical, the 3d model was constructed from the mask layout with
CAD software. The simulation was first performed for the lens with 300 um
apex radius, the height of the model lens was chosen as 800 pum, just as in
the experimental data presented in the previous section. Figure 6.12 shows
the deformed lens geometry as it is calculated by the FEM simulation, the
maximum deformation is about 16 um, which is very large but mostly to be
attributed to a loss in height, other significant deformations affect mostly
the edges of the structures.
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Figure 6.12: Deformed model of a single refractive lens element. The color coding represents
the total magnitude of deformation. The blue part of the lens is on the substrate surface, the
red part on the top of the lens.

The coordinates of the deformed geometry were exported to a text file and
a python script was used to fit a parabolic function to a cross-section of the
geometry at both sides at height intervals of 10 um. The deformed geometry
consists of mesh points that are not evenly spaced, the points on the surface
of the structure in each height interval were therefore projected to a single
line in the middle of this interval and then a fit was performed. The fit func-
tion was a second order polynomial of the form f(x)=a-x?>+b-x+c. The
parameter a directly relates to the apex radius R of the parabola: R=1/2a
and therefore to the focal length of the lens. The focal length f obtained
from the fit, assuming 17 keV photon energy, is plotted in Figure 6.13 as a
function of height over the substrate. The dashed blue line represents the
undeformed geometry, while the solid green line represents the deformed
geometry. The refractive index decrement of the polymer was assumed as

§=9392-10" for 17 keV, following the relation reported by A. Last:
6=2.7142‘1O4/Ez, with E in keV [134]. For a quantitative match of the focal
length with the results from the interferometer, § had to be corrected by a

factor of 1.02. The total variation of the focal length in the deformed geome-
try is about 2.5 % of its original value, which is comparable to the experi-
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6 Quantitative analysis of X-ray lenses

mental findings, but shows a trend in the opposite direction, to shorter focal
length near the resist surface.
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Figure 6.13: Focal length (calculated for 17 keV) of the simulated lens element as calculated
from fit as a function of the height over the substrate, assuming a shrinkage of 1.5 %

The model of volumetric shrinkage of the magnitude measured by
pycnometry as thermal contraction is therefore not accurate to determine
the final shape of microstructures fabricated by X-ray lithography. This is also
reflected in the fact that a pure shrinkage cannot account for the waviness
found in high aspect ratio grating structures, as described in section 4.4.2.
Instead, it turns out that the assumption of a thermal expansion of the theo-
retical geometry leads to a variation of the focal length of the lens that
resembles the experimental results very strongly, which is visible in the plots
of Figure 6.14. In both Figure 6.14 A and B, the red, solid line represents the
data measured with the interferometer, as presented in Figure 6.10 and
Figure 6.11. The green dots mark the focal length as determined from the
deformed model, the dashed blue line represents the undeformed theoreti-
cal geometry.
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6.4 Finite element modeling of photoresist structures
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Figure 6.14: Variation of focal length as function of height for two polymer lenses
(A: f=159 m, exposure from backside; B: f=5.3 m, standard exposure), experimental and
simulated model data. The simulation was performed using an assumption of 1 % expansion
for A and 0.6 % expansion for B.

The curves plotted in Figure 6.14 are calculated with an assumption of 1 %
expansion for the larger lens with f=159 m and only 0.6 % for the smaller
lens. These curves show excellent agreement with the experimental data.
The difference in the assumed expansion for a good fit is an indication that
the cause for the deformation is not a pure thermal expansion, but size ef-
fects play a role as well. In fact, the evolution of the shape is complicated:
After exposure, the resist material is subjected to the PEB, which in the case
of the lenses was conducted in the vacuum oven at 75 °C. Due to the vacu-
um, there is little convection, and the temperature transfer to the material
takes place through heat conduction by the substrate and through radiation.
The metal shelf of the oven and the silicon substrate are very good heat
conductors compared to the polymer; it is thus expected that the tempera-
ture of the resist near the substrate surface rises first. Since the heating
takes place with the full oven power, and no ramp is used, this results in a
temperature gradient throughout the resist at the beginning of PEB. During
the rise of the temperature, both substrate and resist expand, but due to the
large difference of two orders of magnitude in the thermal expansion coeffi-
cients (see section 4.4), the expansion of the substrate can be neglected
compared to the uncrosslinked resist. When the temperature surpasses a
threshold close to 60 °C, the crosslinking reaction starts, reducing the vol-
ume by about 3 % (see section 4.4.1), but due to the temperature gradient,
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6 Quantitative analysis of X-ray lenses

this does not happen simultaneously in the whole resist volume.
Additionally, the volume shrinkage is not necessarily isotropic.

These simultaneously acting factors make it very difficult to model the volu-
metric changes during PEB in the way they are happening, but the very good
agreement between simulated and measured shape of the lens elements
suggests that thermal expansion provides a good approximation to the
shape. Note that this does not mean that the overall resist volume is increas-
ing during the process, because it is not possible to measure a change in
height with the interferometer. It is obvious, however, that the cause of the
deviation of focal length of the polymer CRLs is to be found in the PEB, and
that just as in the fabrication of gratings, the thermal stress is the dominant
cause for structural deviation as opposed to stress introduced by chemical
shrinkage.
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7 Conclusion and Outlook

The main subject of this work is the processing of negative photoresist in
X-ray lithography for the fabrication of X-ray gratings which are employed in
differential phase contrast imaging (DPCI). High structural quality and opti-
mization of the grating characteristics to the specific DPCI setup are crucial
for achieving high image contrast and eventually establishing the technique
outside of research laboratories. A series of experiments was conducted to
assess the influence of lithography process parameters on the thermome-
chanical properties of the photoresist material. Tensile testing studies con-
firmed that the photoresist structures show higher Young’s modulus, tensile
strength and maximum elongation when increasing the exposure dose.
Moreover, the measurements revealed a strong influence of the storage
time between coating and exposure of the substrate on its Young’s modulus
and tensile strength. This was attributed to a change in solvent distribution,
and the introduction of a second Prebake step at 40 °C for 24 hours was
shown to have the same effect on the mechanical properties as storage for 6
weeks, which makes process management much easier and allows to directly
react to new results, e.g. from varied exposure schemes.

Time-resolved gas-pycnometry was used to measure the volumetric shrink-
age of the photoresist material during the crosslinking reaction. It was found
that with increasing substrate age from one day to 33 days, the time con-
stant of the volume shrinkage dropped from 37 min to 13 min, a decrease
of nearly a factor of three. This implies that with fixed postbake para-
meters, the degree of crosslinking that is achieved in fresh samples
is significantly lower than in samples with long storage time, which
explains the increase of the Young’s modulus and tensile strength with
storage time.

Additionally, the cure shrinkage was studied as a function of PEB tempera-
ture; the time constant showed a slow decrease with rising temperature, but
no difference in the absolute amount of volumetric shrinkage was found,
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leading to the conclusion that similar mechanical properties can be achieved
with lower PEB temperature by increasing the PEB duration. It could be
shown that by decreasing the PEB temperature, thus reducing the thermal
stress, the structure quality of gratings is increased. The waviness in 800 nm
width grating lines with a length of 500 um and a height of 10 pm could be
eliminated by switching from PEB at 75 °C to 60 °C and slowing down the
heating process. Both the lower temperature postbake and the second
prebake at 40 °C introduced in this work were integrated in the existing
process and lead to improvements in the gratings quality. They
are expected to benefit the fabrication of other lithographic structures
with the mr-X resist as well, also when it is exposed with UV light rather
than X-rays.

Apart from the structure quality, the grating substrate plays an important
role for imaging. As the radiation is passing through it, it acts as a filter,
reducing the intensity especially in the low photon energy range. A loss of
photons means a loss of signal-to-noise ratio in the final image, which
reduces the sensitivity of a given setup. The silicon wafers used as standard
in X-ray lithography have low transmission below 15 keV and negatively af-
fect the performance of grating interferometers working in this range.
Therefore, two promising alternatives for grating substrates were introduced
in this work, namely graphite and polyimide. Graphite provides the
advantage of inherent conductivity, thus eliminating the need for an electro-
plating seed layer. However, its granular structure and porosity give rise to
small angle scattering of X-rays. It is thus not suited as substrate for the
phase grating, while it showed good results both as source and analyzer
grating. Polyimide substrates can be used for all gratings but require an addi-
tional seed layer, which was realized as a Cr/Au layer. Additionally, an adhe-
sion promoter had to be used between seed layer and photoresist to pre-
vent delamination of the resist structure from the substrate.

With a combination of gratings on graphite and polyimide substrates, the
sensitivity of a symmetric three grating interferometer could nearly be
doubled compared to the previous setup with silicon substrates at constant
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exposure time. Additionally, the use of low absorbing polyimide substrates
enabled the setup of a two-grating interferometer operating at 8.3 keV at
the Brazilian Synchrotron laboratory, which would be impossible with stand-
ard silicon substrates due to the low transmission. To further increase the
sensitivity and enable more compact setups in the future, the introduction of
smaller grating periods is necessary.

To see how the resist and processing characteristics influence other X-ray
optical components, a set-up was built at the beamline ID06 at the ESRF to
test and compare compound refractive X-ray lenses. It is based on grating
interferometry with a single grating on a piezo motor and a high-resolution
camera, along with a rotation stage for sample mounting. The setup was
used to measure the 2d phase gradient introduced by the refractive lens and
to quantify aberrations from the desired lens shape in two ways: The residu-
als of a linear fit to the refraction angle show local lens errors, while the
decomposition of the retrieved phase shows global lens aberrations such as
spherical aberration or astigmatism.

This methodology was used to analyze the different defects and aberrations
of line focus X-ray lenses made from mr-X resist by the same lithographic
process used for grating fabrication and to compare them to beryllium
lenses made by imprinting. It was found that the lithographically produced
lenses had a superior material homogeneity and did not show strong local
deviations, while in beryllium voids and inclusions lead to localized errors. On
the other hand, the overall shape accuracy appeared higher in the imprinted
beryllium lenses, with only little spherical aberration and coma found. The
focal length of the line focus polymer lenses was found to increase by about
2 % from substrate ground to the top of the structures, possibly leading to
astigmatism and coma in an assembled point focus lens.

The investigation of polymer lenses with different focal length all showed the
same trend in the focal length. Effects from the lithographic exposure could
be excluded as the reason when the same behavior was also found in a lens
exposed from the backside. Using FEM simulation, with the mechanical
properties measured by tensile testing as input parameters, the behavior
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could be accurately modeled by a thermal expansion of the ideal shape of
the lens. This implies that the shape deviation is caused by thermal stress
and most likely has the same reason as the waviness of long lamella grating
structures, which means that the modified process conditions that showed
good results in grating fabrication also promise to enable the fabrication of
X-ray lenses with significantly less aberrations.

These results highlight the importance seemingly simple process parameters
can have for the final structure quality achieved in X-ray lithography. Future
investigations might be carried out to identify the role of the different resist
components at each processing step; this might also provide a key to explain
the lack of reproducibility of microstructure quality between different
resist lots.

110



Appendix






A  Phase retrieval

The phase signal recorded by a Talbot interferometer is the derivative
oD(x,y)/ ox of the phase in the direction perpendicular to the grating lines.
For some applications it is interesting to know the actual shape of the wave
front o(x,y). This can be achieved, apart from a constant offset, by simple
one-dimensional integration of the signal. However, a problem of this meth-
od is that statistical errors in one pixel propagate along the integration direc-
tion, leading to stripe artefacts in the retrieved image. A way around this is
to measure the phase gradient in two dimensions and apply a procedure
based on the Fourier integration theorem. The idea is to combine the two
perpendicular gradients in a complex field g(x,y)as [129]

_3D(x,y) , 0D(x,)
ox oy

glx,y)

Its Fourier transform can then be written as

Fgx )]k, = ﬁg(x,y)exp(—Zn(ikx +1y))dxdy =2milk +il)- F[D(x, )] (k, ).

—0
(8.1)
The phase of the wave front can thus be written as an inverse Fourier
transform
Dl y)=F {W}(x,y). 8.2
2mi(k +il)

Integration of the differential phase in this way yields an image with far less
artefacts.

113






B  Artefacts in angular deviation maps

As pointed out in chapter O, each lens was scanned at several azimuthal
angles to oversample the two-dimensional phase gradient. This can be used
to identify artefacts in the final images. In the polymer lens, concentric circu-
lar features reminiscent of ring artifacts in tomography are visible in the
angular deviation map. There is no step in the lithographic process that
would be likely to cause such a deviation and if one looks at the individual
images at different rotation angles, stripe artefacts can be seen that stem
from the grating lines, see Figure 7.1 for an example.

Figure 7.1: Processed phase gradient for a single rotation angle of a polymer line focus lens.
Horizontal stripe artefacts are visible

Through the superposition of many images with these stripe artefacts, a
spherical feature appears, with the axis of rotation of the lens as the center.
When using only two azimuthal angles for the calculation of the angular
deviation map, the spherical feature becomes rectangular, which clearly
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shows that it is an artefact and not a true deviation of the lens. The same is
true for the high spatial-frequency jitter in the angular deviation maps, which
also changes shape when the number of azimuthal scans is changed. The
reason for the stripe artifacts must be either a mechanical instability of grat-
ing or detector, or a movement of the beam, which can be caused by the
monochromator.
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Figure 7.2: Part of the angular deviation map of the polymer line focus lens, calculated using

scans at 12, 4 and 2 different azimuthal angles, from [125]

angular deviation / nra

A second type of artefact appears when a grating defect is located inside the
aperture of a lens to be analyzed. The single grating, high resolution inter-
ferometer is especially vulnerable to phase grating defects because any
defect that is larger than one pixel will appear at least partly on another pixel
set when the beam is deflected by a sample and therefore will not be cor-
rected by the flat field scan. It will then appear in the phase gradient images
both at the original and at the shifted position. An example for such a defect
is shown in Figure 7.3, a magnification of the angular deviation map for the
beryllium point focus lens presented in section 6.2, again calculated with a
different number of azimuthal angles. The defect appears four times in the
magnified region of the image reconstructed with 10 angles, two times when
using four angles and one time when using two angles, because the defect is
at a different position inside the lens aperture for each scan. With increased
number of angles, the defect multiplies but is leveled out by the contribu-
tions from other angles.
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Figure 7.3: Part of the angular deviation map of the beryllium point focus lens, calculated
using scans at 10, 4 and 2 different azimuthal angles, from [125]

An error in the determination of the refraction angle will also affect the inte-
grated phase and might therefore affect the results of the decomposition of
the retrieved wavefront shape into Zernike or Legendre polynomials. To test
this influence, both the concentric circular features and the localized feature
from the grating defect were modeled, integrated and decomposed in the
same way as the experimental data, but no defect yielded a coefficient larger
than 0.03 um, which is significantly smaller than the aberrations found and
therefore does not need to be taken into account for the characterization of
global lens errors.
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