Low temperature electroplating for highly
conformal x-ray phase contrast gratings
Zur Erlangung des akademischen Grades
Doktor der Ingenieurwissenschaften
der Fakultät für Maschinenbau
Karlsruher Institut für Technologie (KIT)
genehmigte
Dissertation
von
Dipl.-Ing. Maximilian Amberger

Tag der mündlichen Prüfung:

09. Januar 2018

Referent:

Prof. Dr. Jan Korvink

Korreferent:

Prof. Dr. Jost Göttert

“It’s still magic even if you know how it’s done.”
Terry Pratchett

1

Kurzfassung

Die Röntgen-Phasenkontrastbildgebung gilt als vielversprechender Zweig
der medizinischen Bildgebung, der hohe Auflösung mit hervorragendem
Weichgewebekontrast kombiniert. Die dafür notwendigen Röntgengitter
gehen an die Grenze dessen, was derzeit als Aspektverhältnis und lateraler
Auflösung durch das LIGA Verfahren hergestellt werden kann. Diese fragilen Resiststrukturen stellen aber neue Anforderungen an die Galvanik.
Das thermische Budget der noch nicht metallisierten Strukturen ist sehr gering, so dass ein neues Gold Galvanikbad für eine noch präzisere Fertigung
notwendig wird.
Dazu wird ein neues Sulfit- basiertes Gold-Galvanikbad entwickelt, das bei
einer Temperatur von 30 ◦C betrieben wird. Zugprüfungen und thermische
Analysen des Resists nach den Fertigungsprozessen zeigen, dass dieser eine
höhenabhängige Vernetzung aufweist, die unterschiedliches mechanischen
Verhalten von nominell gleich prozessierten Resiststrukturen hervorbringt.
Der Vernetzungsgradient baut zudem mechanische Spannungen zwischen
Gitter und Substrat ab. Zum ersten Mal kann gezeigt werden, dass bei 50 ◦C
ein Übergang zu plastischem Bruchverhalten eintritt, was die Verformung
im Standard Galvanikbad, das bei 55 ◦C betrieben wird, erklären kann.
Dieses Wissen und das neue Galvanikbad wurden schließlich genutzt, um
bisher unerreichte nahezu perfekte Gitterstrukturen ohne jede Verstrebung
herzustellen, die bei Testuntersuchungen die höchsten bekannten Signal-zuRausch Werte liefern konnten.
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Abstract

X-ray phase contrast imaging is seen as a very promising new approach in
medical imaging, combining high spatial resolution with high soft tissue
contrast. This method applies x-ray gratings that are produced in a way
that both aspect ratio and lateral resolution are at the border of what can be
achieved today with x-ray lithography. These highly fragile resist structures
then define new requirements to the electroplating environment. Especially
the thermal budget of the not metalized structures is exceptionally low, so a
new kind of gold electroplating bath was necessary for a more precise fabrication of gratings.
In the wake of this thesis, a new, sulfite based gold electroplating bath is
developed which can be operated at a temperature of 30 ◦C. Additionally it
is shown that only a profound knowledge of the lithography - electroplating
interface will further help to reach the desired precision in the structures.
Therefor investigations on the chemical and mechanical properties of the
resist material after lithography are performed. Those illustrate that the resist has a height dependent state of crosslinkage, a possible root cause of
grating deformation. It can also be shown that at 50 ◦C a transition in the
mechanical characteristics appears, what could be an explanation for the deformation of samples in the regular electroplating bath operated at 55 ◦C.
With this knowledge and the new electroplating bath it becomes possible to
fabricate nearly perfect gratings. Those do not need any supportive structures and therefor feature previously unreached signal-to-noise ratios in xray tube measurements.
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Introduction

3.1 Motivation
"Don’t talk to me about X-rays. I am afraid of them” [25]. Whilst this statement by Thomas A. Edison with the wisdom of hindsight was clearly true
for his time, it certainly is outdated nowadays. More than 100 years after
the discovery of the x-rays [76], even if their field of application has not
changed since, security regulations did.1 And with the deeper knowledge
about the risks of x-rays and how to manage them, they could be put to full
use in a number of applications, but most prominently in medical imaging
[36].
X-ray imaging still accounts for about two thirds of the annual medical
imaging examinations, making them the by far most prominent methods
used [69]. Imaging methods using x-rays have seen a lot of improvements
over the years, steadily increasing the information that can be gathered with
these instruments. Most prominent development steps were the use of digital
photo plates, enhanced x-ray sources, the use of both for 3D tomography in
contrast to single projection imaging and the introduction of contrast agents
for functional imaging. Latest developments in x-ray imaging include spiral
image acquisition, the use of two photon sources and multi spectrum imaging.
When looking at its closest competitor, Magnetic Resonance Imaging (MRI),
1

Roentgen himself got lucky when dealing with x-rays as he used zinc boxes and lead plates to
shield his photographic plate from accidental exposure, which by chance also protected him.
Other researchers weren’t as lucky and skin burn, hair loss and cancer was found among those
working with x-rays. Typically, researchers and engineers showed a happy-go-lucky attitude
towards their experiments. So one of the first applications of x-rays was hair removal.
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there are two distinct disadvantages in x-ray imaging and tomography. The
first is the x-ray dose applied to the patient, which cannot be neglected. The
second is MRI’s ability to distinguish between soft tissue even without the
use of contrast agents. This drawback is being addressed by x-ray phase
contrast imaging, the latest development in x-ray imaging, which is already
in development to be implemented into medical diagnostics.
This radically different approach to x-ray imaging not only measures the
attenuation of the x-rays through a sample but also the phase of the x-rays.
Attenuation in classical x-ray imaging allows to distinguish between materials with high x-ray absorption (bones, teeth) and low x-ray absorption (soft
tissue). Phase contrast imaging can additionally measure both the phase of
the x-rays penetrating the object as well as the dark field. One important
aspect of this approach is that in contrast to absorption, phase shift can be
quite different also for various soft tissues, making it possible to distinguish
soft tissue from each other. And with dark field imaging, which especially
accentuates x-ray scattering, a third kind of differentiation in an image is
possible. X-ray phase contrast imaging can therefor achieve excellent contrast between various tissues in medical samples combined with the high
resolution known from conventional x-ray imaging [4].
For this, principles from conventional optics have been successfully transferred to the x-ray spectrum. The technique is based on phase contrast imaging via diffraction gratings, which was demonstrated in the visible spectrum
by Frits Zernike in 1942 [96]. Among others, the today most promising approach for phase retrieval called Grating Based Imaging (GBI) uses gratings
designed for the x-ray spectrum and conventional x-ray sources to create a
periodic pattern which allows the measurement of phase shift and absorption
of the investigated object. One of the main technological challenges for GBI
is to produce gratings that are able to absorb a sufficiently large fraction of
radiation in their absorbing structures, while being fully transmissive in the
spaces in between. While the first gratings used where made with classical
silicon micromachining [17][91], subsequent experiments typically relied
2
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on gratings fabricated with the LIGA 1 technique that allowed for unprecedented grating heights and aspect ratios. With rapid development in the
fabrication of grating structures by LIGA, aspect ratios (width to height ratio of a single grating line) of 1:100 and heights of 200 µm and more could
be achieved [45]. But with growing height more and more structural deviations stemming from the fabrication processes became apparent during the
electroplating step. The aim of this work is to provide a profound insight
into the interplay of lithography (including development and bake steps) and
electroplating to identify the root cause of the structural deviations. Main
focus will be put into a deeper understanding of the resist material, the way
it reacts to the processes and its state when it enters electroplating. In a second step, to avoid thermal stresses during electroplating which are among
the most likely candidates for the deviations, a low temperature gold plating
bath for the production of absorption gratings shall be formulated. The resulting gratings will provide the information, whether low temperature gold
electroplating can be a viable route to even more precise grating fabrication.

3.2 Outline
At the beginning, basic principles of x-ray phase contrast imaging and the
LIGA process will be discussed in chapter 4. There, especially the close
connection of grating quality and imaging results will be highlighted. After
giving a short summary of the previous work on grating quality improvement, the two main foci of this work are introduced, which are a profound
understanding of the resist material and the second a deformation free electroplating process.
In chapter 5, the new mr-X resist material will be investigated concerning
its basic mechanical properties. A special focus will be on changes in these
properties during different mechanical and chemical surroundings, giving
new insight into the material during lithography and electroplating steps.
1

Abbreviation: Lithographie (lithography)- Galvanik (electroplating)- Abformung (molding)
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Whilst in the previous chapter the root causes for some of the deformations
are defined, in chapter 6 one possible countermeasure is introduced, namely
the use of a low temperature electroplating bath. The impact factors of a reduced bath temperature will be theoretically investigated. Afterwards, in a
three-step approach, a low temperature electroplating bath formulation will
be defined, refined and tested. Those tests will also include grating structures.
In chapter 7 those gratings will finally be put to use to demonstrate the new
possibilities of this enhanced bath formulation. Emphasis will be on demonstrating the high structural conformity of these low temperature gratings.
The last chapter will sum up the results that have been achieved during this
thesis and will give a short outlook to some future topics of research that
arouse in the course of this work.

4

4

LIGA gratings for x-ray phase
contrast imaging

Whilst LIGA processes and final structure quality have been thoroughly investigated over the years, the knowledge about the processes involved have
to be refined continuously to fabricate complex and demanding structures.
Depending on the final use of a LIGA fabricated product, structural quality
can have a range of meanings and implications. For example, in the fabrication of watch parts, sidewall roughness of the final metal parts is considered
most critical [26]. For other applications like x-ray lenses, the spatial conformity of the designed layout with the final polymer structures is of critical
importance [84]. Most of those structures typically rely on only a few but
individual critical process steps which define the respective quality. Process
interactions on the other hand are quite difficult to understand and quantify
but can play critical roles for the desired fabrication results. So as a reference system for the understanding of the structural quality regarding the
interaction of lithographic and electroplating steps, gratings for x-ray phase
contrast imaging are chosen for the following reasons:
• Fabrication is on the edge of what is currently possible with LIGA
• specifications from x-ray imaging on gratings imposes the fabrication
of highly fragile structures, which are especially prone to deformation
through any kind of mechanical stresses
• Gratings for x-ray phase contrast imaging have seen a high demand
over the last few years [10] [65], giving statistics about fabrication
variance in all fabrication steps
5
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• Deviations over large scales can be visualized by generating large area
performance indicators
• Provide an outlook to small scale mass fabrication of LIGA structures
and the challenges for this task.
The following chapter will give a short overview of grating use, fabrication,
the main structural deviations and their potential root causes.

4.1 X-ray differential phase contrast imaging
Grating based X-Ray Differential Phase Contrast Imaging (DPCI) is a rather
new technique that enables the acquisition of phase shift [17], dark field
signal [71] and attenuation of x-rays passing through irradiated material simultaneously by using the Talbot-Lau effect [86]. This effect describes the
appearance of a self-repeating spatial pattern (Talbot effect) in the x-rays
intensity after passing a phase-shifting grating (also called phase grating or
G1) if the incident beam has enough spatial and temporal coherence. For
large sources (i.e. spatially incoherent) a second grating (called G0) can be
used to overcome this limitation [72] (Talbot-Lau effect [50]).
A grating for x-ray phase contrast imaging is defined as a periodic geometry
(typically a line and space configuration), which contains acting structures
and a free (or transparent) space in between. The acting structures can either shift the phase of the incident beam or attenuate the x-ray intensity.
The main challenge for grating fabrication is the low absorption of x-rays
in most materials, making grating fabrication one of the critical steps in the
development of this technique.
When an additional object is inserted behind the phase grating it distorts the
phase information defined by the grating and therefore alters the resulting
intensity distribution. This new interference pattern now also carries information about the phase and attenuation of the object placed inside. But as
typical pixel sizes of x-ray detectors are in the range of a few µm up to
6
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Figure 4.1: Schematics of a DPCI setup with an incoherent x-ray source. The phase grating
for this kind of setup could be placed on either side of the object.

1 mm, they are too large to resolve this new interference pattern directly.
Instead, the alteration can be detected by placing another absorption grating
(called G2) at exactly the Talbot distance, the plane where the self-image
of the phase grating appears. By stepping the grating within this plane in
steps smaller than the grating pitch, one can resolve the "black and white"
pattern of the phase grating’s self-repetition as well as any distortions stemming from objects in the beam. The intensity measured during the stepping
in each of the pixels resembles a sine wave with a constant positive offset
and a random (for an empty setup) but repeatable phase angle. When an
object is inserted into the beam, an object dependent shift in phase is added
so that the altered beam has a slightly different phase than the previously
recorded reference. The intensity for one pixel during these steps is displayed in figure 4.2. The blue line resembles a reference measurement with
a sinusoidal fit of the original, noisy data. The green graph, which represents a measurement with an object included, has a shift in phase, an overall
loss of intensity (equals increased absorption) and a decrease of the sinus’
amplitude, which corresponds to a loss of visibility (). This system param-

7
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Figure 4.2: Intensity values measured along several acquisition steps, giving the characteristic
sinusoidal intensity variations. Phase difference ∆Φ and absorption difference ∆A
are highlighted.

eter called visibility is used to characterize the ability of a setup to measure
the encoded phase signal. The visibility is calculated as the difference of the
minimum and maximum intensity levels for each pixel during the scanning
steps, normalized by the sum of both signals: [1]
Vis =

Imax − Imin
Imax + Imin

(4.1)

The differential phase ∆Φ is measured by subtracting the phase angles of
reference (Φ0 )- and sample (Φ1 ):
∆Φ := Φ0 − Φ1

(4.2)

The differential phase of an x-ray beam can give high contrast for materials
where absorption based imaging can’t, as materials with similar attenuation
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might hold distinctive phase shifts [64]. Also, materials with small absorption coefficients in the x-ray spectrum (e.g. soft tissue) can yield sufficient
phase shift, which allows for a significantly enhanced degree of differentiation in comparison to regular x-ray imaging. But in addition to the detection
of phase differences, it is also possible to calculate the absorption (A) within
such a sample by using the mean value of all steps for each single pixel.
A = −ln

m0
m1

(4.3)

In equation 4.3, m0 and m1 represent the mean intensity values of a single
pixel for all steps with and without an object. A third kind of contrast, which
can be obtained with such a setup is the dark field signal. It is defined as
the ratio of a setups visibility value with and without an object [57]. Just
like dark field imaging in conventional microscopy, it is highly sensitive to
scattering within the sample, especially highlighting interface regions [71].
D = −ln

Visob ject
Visre f erence

(4.4)

For grating evaluation, another factor is of importance, which is the number of photons. When the dose for a sample object is fixed, the number of
photons reaching the detector is mostly influenced by two factors: absorption in the gratings lamellas due to microscopic distortions and absorption
in the grating substrates. Absorption in the gratings after the examined object is problematic, as for equal intensity at the detector the flux has to be
increased, which also means higher dose applied to the sample. To factor in
the flux ( f ) for characterization, one can use the signal-to-noise ratio (SNR)
[32]. The SNR gives a more complete picture of the imaging quality of a
grating instead of visibility, as it also takes photon flux into account.
SNR ∝ Vis ∗

p

f

(4.5)
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The use of x-rays on the one hand combined with finely structured absorbing gratings on the other hand creates unique specifications on the gratings.
And the gratings for such an imaging setup have to be fabricated as precise
as possible. Even the slightest deviation of the gratings’ duty cycle, period
or also an undulation of the grating lines will produce artifacts in the signal.
Additionally, due to the energy of the x-ray photons, strongly absorbing materials have to be used in gratings with high aspect ratios (ratio of a gratings
line width to grating height) to achieve sufficient attenuation. The grating
period is defined by the desired setup geometry and setup sensitivity [88].
To be implemented into current medical x-ray imaging system geometries,
grating periods of 5 µm or less are required. Considering the photon energies of x-ray applications ranging from 10 keV in some medical imaging
setups to 200 keV for material science applications, gold absorber heights of
up to 20 µm to 500 µm thickness are potentially needed to achieve adequate
attenuation [42].
Fabrication errors will result in a loss of visibility due to geometric deviations. Typically, distortions also reduce flux, but in some cases will increase
visibility (e.g. smaller grating periods without deformation or smaller G2
absorption). It is also possible to increase flux, for example by reducing
the metal height in G2 gratings, but this will reduce visibility. This again
highlights the usefulness of an SNR comparison, as geometric deviations
can increase visibility or flux, but not both. In this case, their trend points in
opposite directions and SNR is ultimately lower. As a summary: For grating
fabrication, it is of utmost importance to maximize visibility and minimize
absorption in the setup.

4.2 The LIGA process
All the boundary conditions noted in the previous chapter for phase contrast
setups limit the number of manufacturing methods for x-ray gratings. There
are two main fabrication schemes for x-ray gratings [58]. In addition to
10
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conventional silicon etching [16] a second method for grating fabrication is
the Direct-LIGA technique, where only x-ray lithography and electroplating
are used for the production of gratings [5]. Four typical process steps of the
LIGA technique are pictured in figure 4.3.

Figure 4.3: Schematics of the Direct-LIGA process: Step 1: Exposure of a resist layer through
x-ray lithography Step 2: Chemical development of the resist to remove uncrosslinked material Step 3: Electroplating of a metal into the insulating polymer
mold Step 4: Removal of the surrounding resist to obtain the metal microstructure

In the LIGA process applied for grating fabrication, a substrate is coated
with a thick layer (up to 100 µm or more) of a negative tone resist that can
be patterned by x-rays. During the exposure, the x-rays (typically with a
photon energy in the range of 1 keV to 10 keV) have to pass a working mask
that contains highly absorbing gold structures. This mask is fabricated by
e-beam or direct laser write lithography. A master mask is copied via lithog-

11

4 LIGA gratings for x-ray phase contrast imaging

raphy into a working mask with higher gold thickness. For the typical resists
(including SU-8 and mr-X, see section 4.3) a post exposure bake (PEB) is
done to activate and complete crosslinkage after lithography. As only negative tone resists are used for grating fabrication, exposed areas can be developed afterwards by dissolving uncrosslinked parts of the polymer. The
gratings itself are typically made of resist lines with high aspect ratios (AR).
Depending on the aspect ratio and the processing, there have to be a number
of transversal structures to support the grating lines.
With a conductive substrate, the polymer mold can then be filled by electrodeposition with a range of metals. In grating fabrication, these metals
are gold for absorption gratings and nickel for phase shift gratings. As additional phase shift is not desired, the resist mold is removed for the phase
gratings, as their metal structures have lower aspect ratios and therefor are
mechanically stable without the polymer in between. In the G0 and G2 gratings, mold is typically not removed as it stabilizes the metal microstructures
and is almost transparent for x-ray photons. Samples fabrication in this work
represents state of the art LIGA processing in 2013 and has been described
in detail by Kenntner [45], Meiser [58] and Koch [47]. Therefore, only a
short summary is given in the upcoming sections.

4.2.1 Sample processing prior to and after exposure
Starting base are TiO2-x coated wafers which are one of the standard substrates for high aspect ratio LIGA structures. They are prepared by sputter
depositing 2.5 µm of Ti onto 525 µm thick silicon wafers. To create a nanostructured surface which promotes adhesion, the coated wafers are oxidized
in a sodium hydroxide / hydrogen peroxide mixture for 2.5 min [63]. Those
surfaces yield both high adhesion of the resist on the substrate as well as
a sufficiently conducting surface. As metallic Ti is present at or right below the surface, there are enough nucleation spots to start the electroplating. Thinner silicon substrates (e.g. to reduce absorption when used in

12
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x-ray phase contrast imaging) are fabricated by mechanical backgrinding to
a thickness of 200 µm.
Resist is then applied by spin coating with a resist thickness conformity
of 5 % or better. Subsequently a heating step (called soft bake) follows to
decrease the resists solvent concentration to less than 3 % to 5 % of weight,
which is controlled by measuring the wafer mass before and after the process
step. Drying through heating is done in a vacuum oven at 95 ◦C. Already
after softbake, the resist layers contain significant intrinsic stresses which
are relieved at elevated temperatures [47] or by prolonged room temperature relaxation, as was shown by Lemke [51]. Therefore, the wafers should
not be used right after spin coating and drying but usually after at least one
day of relaxation. Prolonged storage does not harm the exposure afterwards,
but the viscoelasticity of the samples can lead to a reflow of the resist when
not stored properly (e.g. in an upright position the resist flows downward,
creating a slope in resist height).
After exposure (see chapters 4.4.1 and 4.2.2), the samples are put into the
oven again for a second baking step (Post Exposure Bake or PEB), this time
to initiate and catalyze the crosslinkage reaction. Typical parameters used in
this work are 75 ◦C for 140 min [58] followed by a very slow cooling ramp
down to room temperature.

4.2.2 X-ray lithography of mr-X resist
X-ray lithography is performed at both the Litho 1 and Litho 2 beamlines
at the ANKA (Angströmquelle Karlsruhe) facility of the KIT. Most characteristic for the Litho 1 beamline is its relatively low energy of 2 keV [58],
which results in a strong difference in the dose applied to the resist at its
top and at the bottom close to the substrate. Due to the high absorption in
the resist, a dose difference (also called top-to-bottom-ratio) of 3 or more is
typical. Regarding the mechanical state of the resist, a lower top-to-bottom
ratio would be preferred. For the production of gratings with small periods,

13
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only low energy x-ray sources are feasible, as high energy x-rays lead to
stronger crosslinkage in the unexposed areas. This limits the usability of
high energy beamlines like Litho 2 at ANKA for the production of gratings
to periods in the range of 5 µm or larger. Typical grating structures are fabricated at the Litho 1 beamline with a bottom dose of 120 cmJ 3 to 140 cmJ 3 and
a top-to-bottom-ratio of 3.
One important factor that links fabrication issues in x-ray lithography with
electroplating is the unwanted application of additional dose to the top surface of the resist layer through photo electrons of the masks metalization
layer (Ti/TiO2-x ). This effect can be reduced with thin Kapton foil filters to
absorb parts of the misplaced dose. But these filters also create undesired
side effects like particles or resist sticking to Kapton foil. So, depending
on the exposure conditions, small skins of crosslinked material on top of
the structured area can be found. This "skin-effect" effectively hinders the
metal growth by building a barrier to the electroplating liquid. If it is thin
enough, this skin layer can be removed with an additional directional etching step (D-RIE), which also removes residue on the bottom of the cavities
stemming also from secondary effects (photo electrons and fluorescence) in
the TiO2 − x layer of the substrate.

4.3 Material properties of mr-X resist
For the fabrication of all microstructures, a new SU-8 based negative resist called mr-X (from micro resist technology, mrt, Berlin) is used [27]. In
previous work at the IMT it was shown by Kenntner et. al [45] that mrX has favorable mechanical stability concerning the fabrication of grating
structures with very high aspect ratios of 100 or more via the LIGA technique.
As the resist material plays a crucial role in understanding deformation mechanics, the basic crosslinking mechanism and the reaction dependent mechanical parameters of this new resist will be introduced. Afterwards a com14
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parison of SU-8 and mr-X concerning their mechanical properties will be
made.

4.3.1 Crosslinkage reaction during X-ray and UV
exposure
Being a SU-8 based negative tone resist, mr-X mainly consists of epoxy
resin mixed with a suitable solvent (for mr-X: γ-Butyrolactone -GBL),
which is also the most commonly used solvent for SU-8. Both resists contain small quantities of a photoactive agent, also called PAG (photo acid
generator), that releases Lewis-acids upon the absorption of energy (not
necessarily a photon) [12]. In the case of mr-X, the aromatic groups in
Triarylsulfonium hexafluoroantimonate are supposed to absorb photons and
then release HSbF6 , an acid that can easily induce a ring-opening polymerization of the epoxy groups. As it is not consumed during the polymerization
(unlike the Triarylsulfonium group), it acts as a catalyst for the polymerization. The reaction has to be further assisted by thermal treatment of the
exposed material. In contrast to UV lithography, X-ray exposure can release the photoacid in several different ways, including acid generation by
fluorescence of the surrounding material or the breakup of the PAG caused
by low energy secondary electrons. These release mechanisms are both only
partly localized (e.g. the fluorescence is absorbed in the resist within a certain distance), which is the main reason for LIGA’s rather course resolution
compared to UV lithography.
During the post-exposure-bake step, cationic polymerization is initiated.
This crosslinkage is controlled by both the diffusion length of the generated
protons as well as the rearrangement speed of the monomers. Crosslinkage
therefore only happens if both a proton and two matching monomers are
present. Whilst this probability during the starting phase of the PEB process is high at some point of time the increasing mechanical stabilization
due to the growing network hinders the polymer chains in their movements
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and finally inhibits any further reaction [44]. This so-called cage effect will
prevent a 100 % conversion of all reaction sites for crosslinkage even after extremely long times of baking. Also, depending on the PEB duration,
significant amounts of monomers are trapped within the polymers network.
Due to the increasing degree of crosslinkage the glass transition temperature (TG ) rises [24]. As the TG of the uncured resist before PEB is around
50 ◦C, significant polymerization cannot start below that temperature, even
if the protons’ diffusion length is quite large in the time between exposure
and PEB. Below the glass transition temperature, most of the monomers are
frozen in place, which reduces the probability for the nucleophilic attack to
almost zero.
Uncrosslinked resist in not illuminated areas can afterwards be removed by
various solving agents like PGMEA (Propylenglycolmonomethylether) or
GBL (γ-Butyrolacton).

4.3.2 Mechanical properties of crosslinked SU-8 and mr-X
As the resist material is still under development, only a few preliminary results have yet been published. Most of them [51] indicate that mr-X matches
the desired mechanical characteristics of SU-8 very closely for the applied
process parameters.
One important aspect for mechanically unstable results when using mr-X
resist is its viscoelastic nature. This viscoelastic behavior leads to a mechanical reflow, if the material undergoes long-time stresses like after soft-bake
or PEB. As was shown previously by Lemke [51], during a time span of 8 h
the bending of a wafer caused by solvent evaporation can be reduced significantly. This effect is attributed to stress relaxation in the resist material due
to a viscoelastic reflow processes.
As there is no other data reported, it is assumed that mr-X has similar mechanical properties to SU-8. A thorough and detailed analysis of SU-8 has
been done by Feng [24], who performed among others measurements of
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stress vs. strain, glass transition temperatures and dimensional changes during processing, the effect of humidity on residual stresses and DSC (Differential scanning calorimetry) measurements. All those experiments are done
for different processing conditions, most notably variations in PEB time and
temperature. Some of the reported values can be found in table 4.1.
Properties of SU-8

Value

TPEB

Reference

Young’s Modulus

2.5 ± 0.5 GPa

95 ◦C

Feng 2003[24]

4.02 GPa

95 ◦C

Lorenz 1997 [53]

60 MPa

standard

Data Sheet [60]

105 MPa

not published

Feng 2002 [23]

Tensile Strength
Elongation at Break

6.5 %

standard

Data Sheet

11 %

not published

Feng 2002 [23]

16 MPa to 19 MPa

95 ◦C

Lorenz 1998 [54]

11 MPa to 16 MPa

70 ◦C

Schütz 2004 [83]

10 MPa to 25 MPa

40 ◦C to 100 ◦C

Keller 2008[44]

Glass Transition

50 ◦C

after Softbake

LaBianca [49]

Temperature

>200 ◦C

after Hardbake

LaBianca [49]

Coefficient of

52 ppm/K

95 ◦C

Lorenz 1998 [54]

thermal expansion

200 ppm/K

200 ◦C

Feng 2002 [23]

Volume shrinkage

7.5 %

not published

Guerin [31]

Young’s Modulus

2.5 GPa

65 ◦C

Lemke 2010 [51]

3.4 GPa

not published

Grimm 2010 [51]

Residual Film Stress

<1 MPa

unexposed resist

Lemke 2010 [51]

6 ± 3 MPa

70 ◦C

Lemke 2010 [51]

Residual Film Stress

Table 4.1: Summary of the mechanical properties of SU-8 and mr-X

Wouters [94] has already shown that the uptake of water into SU-8 is minimal and only leads to minor swelling of the crosslinked polymer. No data
is available for mr-X, but it is assumed that it behaves accordingly. Nevertheless, even very small water content can lead to noticeable changes in
the mechanical behavior of SU-8, as was shown by Schmid [80]. He states
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that whilst Young’s Modulus is hardly affected by moisture, residual stresses
are significantly lower in high humidity atmosphere, which equals more water/moisture in the structures. Also, elevated temperatures increase the influence of water on the mechanical stability of SU-8. The mechanical investigations in chapter 5.2 will highlight whether any of these factors mentioned
might play a critical role for the processing of x-ray gratings.

4.3.3 mr-X resist inhomogeneities
Like all SU-8 based resists, the mr-X resist shares one common problem,
which is the epoxide content of the resist. These epoxides cannot be bought
in perfectly reproducible quality, which essentially shows in batch to batch
fluctuations of their molecular weight distribution [67]. Especially the high
molecular weight components differ from sample to sample. Those differences in composition can finally lead to changes in the materials properties due to their different reactions during crosslinkage, which will become
apparent for structures that are mechanically fragile. Therefore, most experiments have always to be done with the knowledge in mind that process
variations are related to properties that can ultimately not be accounted for.
Close process observation and detailed sample analysis help to differentiate those variations from process induced sample variations. Also, having
statistically relevant sample sizes helps to differentiate effects from batch
variations. For this, the strong demand for gratings in x-ray imaging setups
has been helpful to gain statistically relevant data regarding those fluctuations.

4.4 Microstructure fabrication and defects
4.4.1 UV lithography
As structures are needed to investigate the performance of gold electrolyte
formulations, UV-lithography as a faster alternative to x-ray LIGA is em-
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ployed. With mr-X it is possible to fabricate microstructures with moderate
aspect ratios (AR up to 10 [51]). To determine the dose necessary to obtain
well defined structures, a set of samples are illuminated with different dose
values. The mask contains finger like structures (see fig. 4.4) going from
the 100 µm range down to feature sizes below 1 µm in both negative and
positive tone. For the lithography of micron sized structures, a 365 nm filter
("I-Line") is used. Large scale (>1 mm) sample structuring is done without
any filters with the full spectrum beam using film masks printed on regular
inkjet printers.

(a) Rad. Exp.: 800 mJ2
cm

(b) Rad. Exp.: 1400 mJ2 (c) Rad. Exp.: 1700 mJ2
cm

cm

mJ
cm2

Figure 4.4: Structures with radiance exposures of 800, 1400, 1700
from left to right,
showing an increasing crosslinkage in shadowed areas and rounding of the edges

As a result, it is found that the radiant exposure1 of 1.4 J/cm2 leads to stable
structures without creating resist skins on the bottom due to backscattering
or rounded edges (see fig 4.4). The most suitable exposure level is also
tested for the creation of the microstructure test pattern explained in chapter
6.4.1. In order to fabricate those structures, a line and space mask of 50 µm
wide gold lines and 30 µm spacing us used. To create hollow structures, two
exposures are done where the second exposure is performed orthogonally
to the first one to create the square pattern. As the resist is double exposed,
the radiance exposure is lowered to 1.1 J/cm2 per single lithography step to
avoid crosslinkage in the pillar-shaped voids.
1

In contrast to X-ray lithography, only the total energy flux and no dose can be given for this
particular setup, as the reflection and absorption coefficient of the TiO2-x substrate is not
known and therefor no dose in resist can be calculated.
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4.4.2 Grating fabrication and layouts

(a) continuous lamellae (b) reinforcement bars

(d) statistical bridges

(e) regular bridges

(c) parallel layout

(f) unit cells

Figure 4.5: Different layouts used for grating fabrication. All pictures show electroplated gold
gratings (bright regions) except for the parallel layout in fig. 4.5c, where only the
resist structures appear bright. The sunray grating in fig. 4.5b is viewed from a
tilted position to highlight the holes that before resist stripping have been holding
the reinforcement bars.

Over the years a range of grating layouts has been established at the IMT.
Figure 4.5 gives a graphical overview of the typical layouts used. For most
of them the goal is to steadily increase structural stability while sticking as
close as possible to a perfect line and space grating pattern. These grating
designs all show different characteristics in those fields: mechanical stability, crosslinkage in shadowed area, duty cycle compliance, electroplating
start and tendency for overgrowth. Each of these affects grating quality before and after electroplating.
Whilst continuous lines (fig. 4.5a) are the ideal form according to their
imaging performance, their mechanical stability is rather poor [45]. CTE
mismatch, resist shrinkage and also capillary forces all contribute to deformation of the lamellae (in grating fabrication, the metal grating lines are
also referred to as lamellae). One way to stabilize the structures is via rein20
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forcement bars that penetrate the lamellae in an 45° angle (fig. 4.5b) [30].
This approach leads to homogeneous structures, but the fabrication process
is quite time-consuming as it involves three lithography steps including at
least one change of the mask after the first step. To fabricate gratings in a
single exposure step but with increased mechanical stability, resist bridges
between the lamellae are used as bracing, although they decrease the visibility of such a grating significantly2 . Those interconnections between the
resist lamellae help to stabilize the structures but also introduce significant
lateral forces that can distribute over the entire wafer. Therefore, bridge designs show significant distortions when going to larger continuous grating
areas.
One way to overcome this problem is to use a parallel layout (fig. 4.5c).
In those tensions in the resist lamellas are decreased, as no connections are
made at the middle of the lamella, its weakest spot. However, the lamellae
are now free standing over their entire length, which decreases their mechanical resistance to bending via capillary forces during development. Intersecting layouts with statistically distributed (fig. 4.5d) or regular (fig.
4.5e) reinforcement bridges reduce the transversal forces, but can create
stress gradients in the grating. Another way to overcome large area distortions are bridged layouts with separation lines between the single cells
(fig. 4.5f). The dimensions of a cell of connected grating lines usually is
100 µm × 10 000 µm.

4.4.3 Grating Defects
Like all manufacturing methods, the LIGA technique has some characteristic flaws regarding the fabrication of grating structures. A detailed analysis
of grating errors including their impact on imaging has been done by Kenntner [45]. Whilst he mainly focused on errors stemming from x-ray lithogra2

a quick estimate of relative visibility loss would be the ratio of resist bridge to metal lamella,
which is typically 10 %
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phy and its pre- or postprocessing steps (e.g. soft- and post-exposure-bake),
little mention was made of errors resulting from electroplating or the interplay of electroplating and the preceding processes. A short summary of the
described grating errors will be given.

(a) mask defect

(b) e-beam subfields

(c) trenches in resist

(d) wavy structures

Figure 4.6: Microscope images of 4 typical types of errors found in grating fabrication. All
structures are examined after electroplating, thus giving yellow patches for gold
and blue/red/gray colors for the resist

One possible way to classify grating errors is to categorize them according to their impact on the final phase contrast image. The first class of
errors includes all kinds of effect which produce localized small error regions. Those defects can be the result of particles or mask errors, where
small pieces cover the mask or the substrate (see fig. 4.6a). Typical size is
up to 100 µm2 , which can make these defects indistinguishable in an x-ray
setup from the background noise. This effect is also depending on the size
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of the particle in relation to the pixel size of the detector. Errors like these
are usually of minor concern, as they can be controlled through the process
by taking special care, if defect-free gratings are required. When apparent
they result in a slight local drop in visibility.
The second error class proves to be more troublesome as it contains all
large-scale errors. Those can also be created by local inhomogeneities or
weaknesses in the resist, but are able to cover the entire grating area. LIGA
grating aberrations are mainly caused by two principle effects, but can show
up in various forms depending on the processing parameters. The first one
is already incorporated into the mask and caused by local misalignments of
the electron-beam writer when creating a mask. To structure large areas,
the machine stitches its 1 mm × 1 mm sized writing field, but with a slight
misalignment from fields to field. This creates a square pattern of locally
weakened grating structures, which then get bent during the process steps.
They act like predetermined breaking points, usually only getting bent but
not broken.
The second source of large-area distortions are intrinsic stresses. Those
forces can result in structures that are entirely bent (fig. 4.6d) or show
trenches (fig. 4.6c). The probability, whether trenches or full bending appears depends on the resist’s and the layout’s ability to withstand deformation. If the resist is strong enough to overcome bending, it can still show
trenches. To fabricate highly regular grating patterns, it is one of the main
work topics of this thesis to understand the origin of these stresses and if
possible overcome them or at least reduce their impact.

4.4.4 Mechanical simulations for layout stability
prediction
To investigate the stability and performance of a new grating layout the typical work flow is to create a mask with the desired structures and test it
by fabricating a set of gratings in all requested resist heights. As mask
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fabrication is expensive and time-consuming, an alternative approach is investigated that allows for faster testing of a larger set of grating variations
without the necessity to fabricate a new test mask for each iteration. The use
of simulations is a widely adapted tool and in this case, is sought to supplement or even replace parts of the development process.
For this means, 3D models are created in AutoCAD and imported to Ansys
as igs files. Meshing is done using the MultiZone method producing mostly
cubic blocks. And especially the meshing of the gratings proves to be among
the most critical points within the process. Precise control over the meshing

Figure 4.7: Four 2D slices extracted from a deformed grating for further processing in a separate matlab script. Colors indicate the degree of lateral deviation (blue=no/little
deviation, red=strong deviation)

process is needed, as the structures are extremely critical for meshing failure. Also, wrong meshing parameters drastically increase computing time.
Another reason for fast and reliable meshing is the need for the simulation
of large-scale grating structures, as symmetries are limited to a maximum of
two planes. To mimic the usual grating defects (see section 4.4.3), an inhomogeneity is incorporated into the resist mold, so the simulated grating has
to be defined at least with the dimensions of a unit cell. This inhomogeneity
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is a zone of weaker material, where the Young’s Modulus is decreased by
10 % to 20 %. For a typical defect grating area, the distance between the
trenches is 100 µm to 500 µm, or 40 to 200 periods. This spacing also defines the gratings cell size in the simulations. Along the grating lines the
dimensions of the simulated cell were 5 to 10 times the length of a lamella.
A set of initial simulations has shown that even for 200 µm wafers instead
of the usual 550 µm no significant differences in grating distortions are to be
expected. Therefor as a boundary condition the bottom of the grating wafer
is implemented as fixed, (i.e. no wafer bow is assumed).
For a mechanical simulation of grating structures, two factors are considered
important when looking at deformations: The first factor is the geometric
deformation of the resist material stemming from resist shrinkage and the
second one is temperature differences in processing which lead to thermal
expansion. Those two effects basically point into opposing directions, as a
temperature increase implies an expansion of the material, whereas shrinkage reduces the size of the resist structures after the postbake process. In mrX resist material, shrinkage (2 % to 5 % volumetric shrink) by far outweighs
thermal expansion (0.35 % to 1 % for 50 K of temperature difference). But
one has to keep in mind that both shrinkage and thermal expansion are interconnected.
It is assumed that both shrinkage and expansion can be added up into one
effect to simplify the simulation. Thermal expansion is modeled using a
temperature dependent CTE parameter, where the shrinkage is already factored into the coefficient [8]. This coefficient is valid for all temperatures
except for the reference temperature, as the simulation, based on the thermal
expansion equation:
∆L
= αt ∗ ∆T
L

(4.6)

always gives zero expansion for ∆T = 0. The value used for thermal expansion is the measured value of 4 ppm/K. Linear shrinkage is assumed to
be 2 %, which equals 6 % of volumetric shrink. For the further processing,
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only the deviations in a plane perpendicular to the beam axis are calculated
and plotted.
For visibility predictions (see section 4.7), a number of deformed 2D slices
through the grating structures parallel to the substrate are extracted and further processed using a matlab script.
To obtain results that are as closely as possible related to the gratings structures, mechanical parameters like Young’s modulus that are generated by
measurements are fed into the simulations parameter set. This need for precise mechanical parameters is also one of the driving elements of the mechanical investigations on mr-X resist. The Young’ Modulus that has been
used for all simulations in this thesis is 3.0 GPa.

4.5 Interaction of x-ray lithography and
electroplating
Unlike other LIGA samples, grating structures that via microscopic examination seem intact after x-ray lithography, PEB and development show serious bending or waviness when electroplated. Those errors can at first not
be addressed to one of the well-known electroplating defects (for those see
chapter 6.1.2). Precisely because electroplating on its own has only a limited
amount of specific and characteristic errors that can appear during grating
fabrication, the origin has to be found in another aspect that so far was not
considered in detail for the microfabrication process: It is the impact of the
electroplating bath’s chemical and physical environment on the crosslinked
polymer material.
In general, there are considerations regarding the chemical stability of resist
to certain pH values found in electroplating baths [79] or swelling of resist
due to the uptake of the electroplating bath’s solvent [94]. Most general
examinations of the resist-electroplating interplay are centered on the pH
dependent adhesion to the substrate [61]. But overall not much effort was
put into the interplay of electroplating and lithography for SU-8 type resists
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as it is known that SU-8 is chemically stable, shows little swelling [93] and
a good compatibility with the pH values of the electroplating baths used in
the LIGA process. Own hands-on-experience on the other hand is that SU-8
based grating structures are highly sensitive to the electroplating process,
bending or ripping up during electroplating. So, for the fabrication of x-ray
gratings the processes have to be tailored to having a minimal impact on
structural integrity. To reach this, one has to understand how lithography
and electroplating interact with each other.
One of the challenging aspects in the fabrication of defect free LIGA samples is that deformations can be caused and/or exposed by almost all of
the process steps. Main source are mechanical stresses which are generated by resist shrinkage, thermal expansion, swelling [29], capillary forces
or a CTE mismatch of resist and substrate. As thermal differences can be
found in almost all fabrication steps, a thorough study on the influence of
temperature and temperature differences during electroplating will be found
in chapter 4.4.4. Capillary forces appear both during evaporation after development as well as during all immersion steps in electroplating. Whilst
the final polymer structures are quite resistant to capillary forces in aqueous
fluids, during development and sample cleaning liquids with higher surface
tensions than aqueous solutions are used [45]. Those create stronger capillary forces which finally can lead to the structural breakdown of unsupported or weakened lamellas. One way to overcome this is freeze drying
[46]. Another possible source for deformation is resist shrinkage during the
crosslinkage reaction of the resist polymer. Typically, one would assume
that resist shrinkage should not be a main source of deformation during the
electroplating process, as crosslinkage is supposed to be completed after the
hardbake. But in a later section (5.5) it is shown that the crosslinkage reaction can still go on during electroplating, possibly causing further shrinkage
in the heated bath surrounding.
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4.6 Importance of environmental conditions
Although gratings are highly susceptible to mechanical and physico-chemical
influences, they are not the best tool to analyze the importance of these factors for defect free structures. This is due to the fact that visible errors can be
attributed to several different root causes, which makes it impossible to tell
which of these is the source of the aberrations. Later on, a number of experiments will be described where these processes are tested individually. As an
example, non-electroplated samples with rather fragile structures (statistical
layout, see section 4.4.2) are exposed to either heat, water or a combination
of both. It can be seen in fig. 4.8e that the sample that has been immersed
and subjected to heat for a short time does show significant deformation. A
second grating that has been immersed in electrolyte at room temperature
for prolonged time in contrast has no visible geometric distortions. Whilst
the diffusion of water into the resist matrix even over an extended timespan
of three days does not lead to any significant deformation, just five minutes at elevated temperatures (figure 4.8e) are enough to introduce waviness
and buckling in the resist. The immersion temperature of 55 ◦C is equal to
the operation temperature of the standard gold plating bath used for LIGA
structures. So, it is likely that the outcome of this experiment in the electroplating bath would have been the same. This demonstrates that decreasing
bath temperature is one of the key factors to enhance structural stability.
As the sample that has been immersed in water (fig. 4.8c) has been taken
out of the bath repeatedly for the measurements, the grating structures also
have been subjected to a series of evaporation and immersion steps. Each
time capillary forces for adjacent lamellae are created and enhanced through
differing liquid filling levels. So at least for this set of bridge layout gratings, capillary forces can also be ruled out as a dominant factor in grating
deformation. But one has to keep in mind that alternative grating layouts
can still be highly susceptible to capillary deformation during the electroplating process, especially those with long, unsupported lamellae.
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As a summary from these first tests it is expected that capillary forces during
the electroplating process are of a minor concern as gratings are typically
already reinforced to withstand those forces acting perpendicular on the
lamellas. Main focus should be put onto thermal processing of the samples and the impact of temperature on mr-X resist. These two issues will
be addressed in the following chapters, starting with a mechanical characterization of the resist and subsequently the setup of a low temperature
electroplating bath.

4.7 Visibility simulations to predict grating
behavior
To demonstrate the impact of those deviations on x-ray imaging, a tool is
created to help identify how the interplay of nonconforming gratings and
detector pixel size can influence the visibility. A detectors pixel size is mimicked by taking the mean of the intensity over a certain area. Typically, in
the simulation images a factor called Binning3 is given, which is the ratio
of the detector pixel size and the grating period. For this intensity data, two
grating pictures are superimposed to each other. Typically, there are 10 to
30 different superpositions, each with a slowly increasing offset perpendicular to the grating lamella. The stepping’s sinusoidal brightness data in each
pixel is then used to calculate visibility according to equation 4.1. While
one of the superimposed gratings is a 2D representation of the absorption
grating (e.g. a gray scale image), the second one represents the x-ray intensity distribution at the (fractional) Talbot distance. For the superposition, in
spaces where white spaces from grating one (i.e. high x-ray intensity) meets
a white space of grating 2 (i.e. transmitting part of the grating), full intensity
is recorded. For all other combinations, no intensity is the signals outcome.
3

binning in this thesis always refers to the binning of calculated matrices. One bin forms one
detector pixel by calculating the mean value of a selected area of the intensity matrix. It does
not relate to the binning of detector pixels, which is commonly used at setups to increase
sensitivity at the expense of spatial resolution.
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(a) original grating

(b) mean Vis: 0.34

(c) immersion (2d/ 22 ◦C)

(d) mean Vis: 0.34

(e) immersion (5 min/ 50 ◦C)

(f) mean Vis: 0.15

Figure 4.8: Three microscope pictures of resist grating structures with varying immersion
times and temperatures (left column). Right column shows their respective visibility simulations. The period to pixel ratio of these simulations is 30:1, so one pixel
has a size of 80 µm. As expected, the distorted grating (bottom left) from fig. 4.8e
shows a massive drop in visibility compared to the other two gratings.
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This simulation setup allows for the demonstration of grating distortions
(grating two) and their relative impact on the visibility of a setup.
This perfect virtual grating setup includes a parallel, monochromatic wavefront, no scattering processes and two gratings with a perfect continuous
lamella phase grating. As a model for the gratings both microscope and artificial images of distorted and undistorted structures can be used. Gray-scale
images are chosen as a 3D representation, where the gray level indicates the
relative absorption of the grating at the particular spot in the image plane.
Whilst cumulative absorption is easily predictable for gratings with equal
electroplating height, control of a single lamellas’ transparency can also be
used to model gratings that are non-uniform along the beam axis. To obtain
those gray scale representations of gratings, regular SEM and microscope
pictures are taken. Brightness and contrast are adjusted in such a way that
the brightest and darkest parts correspond to the desired absorption of the
grating.
Starting with deformed FEM models, this can be achieved by creating a few
grating slices through the FEM model perpendicular to the beam axis with
small shifts to each other (see fig. 4.7). Those 2D slices are superimposed
so that at the lamellas’ edges a transition from black to white emerges that
simulates different gold structure height and thus differences in absorption.
This model does not take into account the lateral dimension of the Talbot
pattern along the beam axis. It just assumes that the entire grating with all
containing slices are placed at the specific (fractional) Talbot Distance. Such
a grating model roughly equals a transmission image from a single grating,
integrating the absorbing parts along the beam axis. This also assumes a
perfectly oriented grating which has no deviation from the plane of the Talbot image (i.e. no wafer bow or warp).
An example of such a conversion of microscope images into visibility maps
can be seen in fig 4.8. The simulations confirm that gratings with those deformations will strongly degrade visibility when used in an imaging setup.
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4.8 Simulations as a tool for layout generation
To demonstrate the combination of both FEM geometric simulation and visibility predictions from distorted images, unit cells are picked due to their
independent cells, which simplifies the boundary conditions of the simulation. And with the visibility simulations, typical grating errors like the
e-beam stitching zones can be reproduced (see fig. 4.9). The combination
of both tools is supposed to demonstrate that mechanical simulations can be
used as a fast prediction tool for grating layouting regarding their imaging
performance.
As a showcase for this rapid prototyping approach, the complete setup of a
unit cell design is simulated and its visibility map compared to results from
the beamline. To simplify the deformation simulations, capillary forces between the unit cells are neglected, effectively isolating the cells from the
outside. This isolation is used in the further processing, as only one cell is
simulated and then copied to create results for large areas. In the examined
case, a unit cell with 4 mm2 area is investigated, but slightly larger areas
would also be possible, up to an area of about 1 cm2 . Above those, a drastic upgrade in computing power (especially memory) for the large matrices
(about 10 Billion entries) is needed.
Real unit cell structures are measured at the Topo Tomo Beamline at the
ANKA facility of the KIT [2]. Gratings with a period of 2.4 µm are tested
using a detector with an effective pixel size of 6.6 µm, allowing a field of
view of 17 mm × 10 mm4 . As its pixel size is rather small compared to the
grating period, the setup is well suited for the characterization of small-tomedium sized errors in the range of only a few periods. Narrow x-ray bands
with energies of 1.5 keV to 30 keV as well as the full spectrum can be used.
The typical energy at this setup is 25 keV. A two-grating imaging system
is installed with the absorption grating placed in the first Talbot order. This
4

The actual field of view for grating characterization also depends on the divergence of the
beam, which for synchrotron sources is typically neglectable
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(a) Simulated visibility

(b) Measured visibility

Figure 4.9: Comparison of a simulation of the visibility map of a unit cell geometry for a
binning size of two periods per pixel (left) and real measurement results (right).
The colorbars are scaled in arbitrary units, as for the experimental results the
visibility is reduced by a range of additional factors that are not included in the
simulation. The qualitative results match nicely, where also horizontal distortions
are suppressed in contrast to vertical fringes. Unit cell size is 24 periods which
corresponds to a grating area of 60 µm × 600 µm for a 2.4 µm grating.

beamline is used for continuous grating inspection and subsequent improvement steps [48].
A comparison of the simulated and measured results (see fig. 4.9) shows
that the combination of mechanical simulation and artificial visibility calculations on semi-transparent 2D grating slices can be a valuable tool for the
layout testing prior to mask and grating fabrication as it can predict visibility distributions beforehand. This will help to identify grating layouts that
can withstand temperature differences during processing. But one also has
to keep in mind that absolute visibility values cannot be drawn from those
simulations, as a wide range of other factors is not accounted for. Those factors include tilting and bending of the gratings (can be included but has to
be measured very carefully beforehand), local resist and mask errors, global
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distortions in both gratings (large areas cannot be simulated mechanically)
and especially x-ray tubes chromatic aberration as well as divergent beams.

4.9 Solutions against resist deformation
Over the years, a number of different approaches have been tested to meet
the challenge of fabricating defect free high aspect ratio grating microstructures:
• Kenntner [62] investigated into highly resistant mechanical configurations of the resist mold to minimize deformation as well as to maximize the flux
• Meiser [58] as well as Kenntner were working on optimizing the
lithography parameters to minimize stresses induced by the processing of the gratings prior to electroplating
• Koch [47] showed that by matching the CTE of mold and substrate
via replacing silicon with polyimide or graphene, the CTE mismatch
induced stresses during all process steps with elevated temperature
could be reduced significantly.
• Marschall et al. introduced freeze drying [46] to x-ray phase contrast
gratings and was able to demonstrate the flawless fabrication of gratings with extremely long unsupported lamellae. Unfortunately, these
tended to bend during electroplating.
• Weitkamp et al. [91] demonstrated silicon molds for grating metalization, whose mechanical stiffness helped to overcome deformations.
Nevertheless, high aspect ratio (>50) fabrication in silicon is yet not
feasible, although the technique is much more mature due to the large
MEMS industry and its use of anisotropic silicon etching.
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Kenntner [45] also mentions a possible step towards defect free gratings.
For a single grating, a gold electroplating bath operating close to room temperature has been tested and showed promising results. This was at least
partly attributed to the reduced thermal stress exerted on the grating. But
while the imaging results for that single grating looked promising, the electroplating results had a rather poor quality.
Therefore, one main aspect of the thesis is to prevent grating distortions by
creating an electroplating bath that significantly reduces thermally induced
strain in the grating. This is to be achieved by operating the electroplating
bath at a temperature of 20 ◦C to 30 ◦C (i.e. room temperature).
A second step for a better understanding and control of grating fabrication
is more and profound data on the resist material. For SU8 it was shown
by Feng [24] that its mechanical parameters can vary strongly, depending
on the process parameters. Furthermore, a modified version of SU-8 called
mr-X has been used by Kenntner, Meiser and Koch that so far has only been
tested very little concerning its fundamental mechanical parameters [51].
So, its confinement with SU-8 parameters has yet to be proven.
Finally, with the availability of the new, high contrast mr-X resist and to
optimize the outcome of the electroplating process, a better understanding
of the interplay of electroplating and the lithography parts is sought.
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Mechanical resist behavior in the
electroplating solution

A deeper understanding of the resist material and its behavior in different surroundings can help to suppress or overcome unwanted deformations.
This chapter will first highlight a variety of test methods to gain insight into
the mechanical properties of the new resist material mr-X. Afterwards, these
findings will be discussed in regard to the fabrication of microstructures.

5.1 Tensile tests on mr-X resist
One of the very basic ways to gain information about the mechanical properties of a material is to perform tensile tests. In this test, specimen with
normed shapes are pulled apart at a predefined speed while the resulting
force is measured. Typical sizes for pull test samples (length and width in
the range of a few cm, thicknesses larger than 1 mm) cannot be used in the
case of tensile specimen fabricated by lithography, as the required thickness
is not reachable with the LIGA process. Therefore, a testing machine specifically designed for measurements on sub-mm scale samples is employed.
This testing machine for micro specimen has been reported and assembled
by Teutsch [87].
The sample geometry to be put into the testing machine consists of flat resist specimen with a height of 100 µm, a bar width of 300 µm and a bar
length of 2 mm with rather broad shoulders and short grip sections. The geometries are defined in such a way that they can be fabricated via LIGA or
other lithography techniques (e.g. laser structuring or UV-LIGA). Tests on
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smaller samples with 100 µm bar width and slightly different geometry confirm that within the examined range there are no size specific dependencies
of Young’s Modulus or the other measured parameters.
The testing machine consists of a linear stepping motor, a 40N load cell and
a long working distance microscope including a CCD camera. The stepping motor and the load cell apply and measure load and the microscope
is supposed to measure strain. Image acquisition data from the CCD camera is linked with the load cell via a LabVIEW program to ensure temporal
conformance between force and strain measurements. During one measurement run a motor speed of 5 µm
s is set and the CCD camera and force measurements are started in parallel, with a rate of one dataset (image or force
reading) per second. The strain rate is kept constant during the experiments
as the correlation between strain rate and the mechanical behavior can be
quite complex [74]. In order to evaluate the strain, image autocorrelation is
applied to the set of pictures taken during one measurement.
In some samples, there is a small nonlinear deviation at the beginning, which
is caused by minor relative movements of sample and clamp. To exclude any
of those nonlinear effects, only the linear section in the region of 1 % to 3 %
of elongation is used for the calculation of Young’s Modulus. The running
in regions are excluded from the calculations and also not taken into account
for the correction factor for elongation. Also, a correction factor for the real
size of the bar of each sample is factored in. Finally, Young’s modulus is
calculated from the graph as it can be approximated by the gradient of the
stress strain graph in its first linear region. Further extracted parameters
are ultimate tensile strength (UTS), which is calculated from the maximum
value of stress reached, and maximum elongation which gives the maximum
strain including deformation before failure.
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Figure 5.1: Comparison of Young’s modulus, max. elongation and ultimate tensile strength
for UV- and x-ray structured samples.

5.2 Mechanical parameters of mr-X resist
The first set of measurements is made with samples that have been fabricated via UV lithography with the direct laser writing technique. The samples differ in dose, having a total of 5 different dose values. However, as no
correlation of dose and mechanical properties for UV laser lithography can
be found (see fig. 5.1), this variable is disregarded from here on. The reason
for not seeing any differences could be that for the patterning a dose threshold is exceeded even by the lowest exposition times used. Lowering the
dose even further results in non-conformal structures that cannot be tested
properly.
Even when reviewing just the results of one dose value, the samples scatter
quite drastically with Young’s Modulus going from 2000 MPa to 4000 MPa
(see fig 5.1). Also, tensile strength and maximum elongation share an unexpectedly high standard deviation.
To determine whether intrinsic sample inhomogeneities or machine errors
account for the variation, two measures are taken.
At first is to track visible damages on the samples surface and see if they
have an impact on the data. Second is to examine the samples and to track
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possible inhomogeneities that are optically visible in the fracture images.
With this a contribution of intrinsic errors might be detected. Due to the
small size of the samples manually handling them is difficult and thus some
show scratches on their surface. Those marks are tracked in the image series
of the measurement and a comparison between scratch and fracture position
is made. Out of the 10 samples that show scratches on the surface, none
has any correlation between crack appearance and fracture position. All
fractures are happening in places that have before seemed unharmed. An
example can be seen in the upper row of fig. 5.2.

(a) Time series of images from a scratched sample

(b) LIGA fabricated sample showing plastic deformation
Figure 5.2: Time series of two different pull test samples. The upper sample is a showcase
that surface scratches do not alter the fracture behavior. The lower image series
demonstrate necking and cold drawing of a sample.

Regarding inhomogeneities incorporated into the sample, a thorough investigation of all samples prior and during the measurement does not reveal a
single set where a clear correlation between a visible inhomogeneity and
the fracture behavior afterwards can be made. With both alternatives shown
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to be unlikely, there are two more possible explanations: First are intrinsic
inhomogeneities from either the resist material or inhomogeneous lithography. Both of them might produce samples with non-uniform mechanical
properties that cannot be resolved optically. Alternatively, the spread could
also hint to brittle fracture behavior [85]. In the following sections those
aspect will be highlighted further.
As a consequence of this first set of experiments, it can be concluded that
for a sufficiently accurate measurement at least 5 to 10 equally processed
samples are needed for the extraction of mechanical properties. Young’s
modulus with 3.0 ± 0.5 GPa in case of the UV structured samples is slightly
higher than reported by Lemke [51], but it should be noted that the postbake
temperature used (75 ◦C) is higher than the 65 ◦C reported. With 3.0 GPa
it also matches the mechanical strength of SU-8 [24]. Tensile strength and
max. elongation of mr-X have not been reported yet. Measured values of
4 % to 5 % of elongation are in the range of what has been reported for SU-8
(see table 4.1). Maximum tensile strength on the other hand is almost double for mr-X, with 110 ± 5 MPa for mr-X and only 60 MPa for SU-8. This
already gives a hint for the increased mechanical stability seen in grating
production when switching from SU-8 to mr-X by Kenntner [45].
After the initial investigation of UV structured samples, x-ray crosslinked
samples are examined to test whether these findings also apply for the process conditions found in grating fabrication. LIGA structures are produced
at the Litho 1 beamline using only one dose value which corresponds to the
exposure conditions of gratings (bottom dose of 140 mJ/mm2 and a top dose
of 500 mJ/mm2 ). Whilst Young’s modulus and tensile strength have almost
the same magnitude and only a fractionally smaller standard deviation (i.e.
less spread between similar samples, see fig 5.1), the non-linear part of the
stress strain graph reveals ductile behavior for about 50 % of the samples.
It can be attributed to plastic deformation of semicrystalline mr-X components, as it’s stress strain examination has some characteristic features [11]:
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• Deformation at start is elastic until 3 % elongation (in case of mr-X)
• Two distinct yield points are visible
• Necking of the sample starts with the first yield point
• The necking region propagates along the specimen
This plastic behavior for the samples can be ascribed to localized strengthening due to the orientation of polymer chains along the drawing axis [9].
The mechanical properties of semicrystalline polymers is highly dependent
on the degree of crystallinity.
As a control to test the setup for consistency, a third kind of samples is
tested which have been exposed with higher energy x-rays but an equivalent
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Figure 5.3: Stress strain graph of some samples exposed at the lower energy Litho 1 and
higher energy Litho 2 beamline. Litho 1 samples (left) show big variance with
an additional change in material behavior. Litho 2 samples (right) in contrast are
extremely consistent.

necking or sheer yielding but only the typical linear elastic region of brittle
polymers. So, specimen that have been treated exactly the same with the
exception of the x-ray source show highly different mechanical behavior.
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This leads to the conclusion that the root of these phenomena has to be the
lithography step. The results from the stress-strain experiments also confirm
that the measurement setup used is capable of repeatedly measuring tensile
samples without much inner sample spread, as seen in the Litho 2 samples.
It can further be reasoned that strong variations in the mechanical properties, as seen in the UV samples, are most likely not due to inhomogeneities
of the resist material. Instead, with some confidence the origin for mechanical variance is found in the exposure conditions especially at the low energy
beamline Litho 1. One way to get mechanically better-defined resist material is to homogenize the exposure conditions.
To confirm the findings of the stress strain examinations, also the fracture
surfaces (fig. 5.4b) are studied via scanning electron microscope (SEM).
Whilst the brittle samples all show rolled up lamella of resist material, the
others have two distinct regions with different appearance. The upper half
(pointing towards the top of the resist) of the fracture surface usually appears smooth on a micrometer scale. In the lower part interference bands
or stretches [75] can be seen, which are typical of brittle fracture of glassy
polymers [28]. But also crazing and necking [11] can be observed in the
SEM images of some samples. The fracture images indicate that complete
resist failure is initiated at the lower surface. The resists bottom face is
in contact with the substrate (oxidized Titanium sheet), which has a rather
rough finish. This roughness creates a vast amount of nanometer sized
notches into the resist which can act as stress concentrators. But the rough
bottom surface cannot explain the spread in the measured parameters, as for
the Litho 2 samples the same substrate has been used.
In summary, it can be concluded that for samples from the low energy beamline Litho 1, different mechanical behavior can be observed. Within this
sample set, brittle fracture as well as plastic deformation can be observed.
Furthermore, the samples showing plastic deformation seem to incorporate
two distinct regions of mechanical behavior, with brittle fracture in the part
with higher exposure dose and plastic deformation for the part that has a
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(a) brittle sample

(b) plastic deformation sample

Figure 5.4: Comparison between a brittle sample and a sample showing plastic deformation.
The right picture shows signs of necking, crazes and at least partly brittle fracture.

60 % lower exposure dose. These findings are typical for epoxy materials, as
their mechanical behavior is dependent on the degree of crystallinity, which
is directly linked to the crosslinkage ratio. And x-ray exposure of polymers
typically leaves a gradient of exposure from top to bottom (called top-tobottom ratio) [41]. So, the presumably harder upper parts show brittle fracture behavior and the less crosslinked lower parts are deforming plasticly.
It further seems that the dose used is at the threshold of the transformation
from plastic deformation to brittle fracture, so that the variations in exposure
and dose yield different mechanical behavior for samples with nominally
identical exposure conditions. The Litho 2 dose, while nominally smaller
than the Litho 1 samples dose 1 , in total exceeds this threshold, and therefore all of the samples processed there show brittle fracture.
At room temperature, the samples yield a Young’s modulus of 2.9 ± 0.4 GPa
for both beamlines (with small differences in variance), which is slightly
lower than the values found by Lemke [51]. Plastic deformation and also to
a lesser extent tensile strength are dependent on the kind of sample. Higher

1

It has to be noted that dose calculation for x-ray lithography has to be done indirectly, as
several mechanisms are included in photoacid generation. As all these models have a rather
large error margin, exact dose comparisons of both beamlines are not possible.
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tensile strength is found in brittle samples and lower tensile strength in samples with a pronounced plastic deformation regime.

5.3 Impact of humidity on mechanical stability
of mr-X resist
Although it has been shown in section 4.6 that water incorporation does
not contribute much to grating deformation, Schmid was able to demonstrate that even minuscule amounts of water can make a difference regarding the mechanical properties of SU-8 [80]. To test the influence of water on
the mechanical performance of mr-X resist samples, a set of test structures
from Litho 1 is immersed in deionized water for different periods of time.
For an estimation about the timescales necessary for these experiments, a
small study on water uptake is done. To also detect evaporation of water
molecules that have diffused into the mr-X matrix, the samples are taken
out of the immersion bath after reaching saturation (two days of immersion
or more) and their weight is measured until the initial value was reached
again. In contrast to water uptake, evaporation is faster by several magnitudes (minutes instead of days), so for intermediate weight measurements
drying and weighting times are kept as low as possible. Overall water uptake is 2 % to 3 % of the total mr-X mass. It shows that the saturation point
for water uptake is after two days of immersion for 100 µm thick samples.
But as 90 % of weight gain occurs within the first day, this is chosen as the
appropriate time scale for immersion. It also represents roughly the average
time that gratings undergo immersion in the standard electroplating bath.
Therefore, to analyze the mechanical input of water diffusion into resist,
pull test samples are immersed into deionized water for one day and measured right after extracting them from the liquid without further drying. It
is assumed that surface wetness has no effect on any of the examined mechanical parameters. For ease of handling, deionized water is used instead
of electroplating solution. Additionally, samples after only one hour of im45
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mersion and samples without immersion are tested to crosscheck the results.
The results indicate that water uptake plays no role for the mechanical behavior of resist in a wet chemical surrounding like an electroplating bath.
Young’s modulus and UTS are not affected at all by immersion and only
maximum elongation shows a slight increase, but still well within the error
range. Overall, water itself as a chemical surrounding is not considered a
special liability for the mechanical stability of mr-X microstructures.

5.4 Heated tensile tests on mr-X resist
To confirm the semicrystalline properties of the material, the temperature
dependence of Litho 1 tensile test specimen is investigated. The samples
are heated indirectly through infrared radiation. The temperature sensor is
placed in close proximity to the sample holder to ensure that only a small
temperature difference between the sensor reading and the actual sample remains. As measurement times are usually in the range of 1 min to 3 min a
temperature gradient between sensor specimen of ±1 ◦C is accepted for this
span of time.
At room temperature, it has been shown that the samples feature significant
standard deviation regarding their mechanical strength and approximately
50 % of the samples have some degree of plastic deformation. This behavior changes drastically when going to a temperature of 50 ◦C or above,
where all of the samples undergo plastic deformation and a high percentage
even reaches the region of work hardening

2

(see fig. 5.5). Both Young’s

modulus and maximum elongation indicate systematic changes when going
from 50 ◦C to 60 ◦C (see fig. 5.6). Young’s modulus decreases slightly with
increasing temperature where only the rate of decline grows for the 50 ◦C
to 60 ◦C region. The most prominent change is observed in the percentage
2

For polymers this effect is typically not called strain hardening but drawing, as it is utilized to
strengthen polymer fibers during fabrication. But as the effect in this case closely resembles
the deformation processes found in metals, strain hardening is used instead
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Figure 5.5: Four typical stress strain graphs for different temperatures, showing the continuous evolution of plastic deformation behavior with temperature

of samples breaking with plastic deformation. While only 30 % to 50 % of
samples exhibit plastic deformation below 60 ◦C, this fracture behavior can
be observed in all samples above this threshold.
This leads to the conclusion that between 50 ◦C to 60 ◦C the transition from
brittle to ductile material can be observed with the tensile tests. This temperature range corresponds to the glass transition temperature of uncrosslinked
mr-X and SU-8 [24], whereas TG of fully crosslinked SU-8 is typically in the
range of PEB or hardbake temperature. Those results clearly indicate that
the current process parameters (especially time and temperature of the post
bake as well as Litho 1 lithography) yield samples that contain significant
amounts of uncrosslinked material.

5.5 Thermal expansion of mr-X resist
As the special testing machine combines both accurate temperature readings
as well as a precise elongation measurement, it is also employed to deter47
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70

Figure 5.6: Temperature dependence of Young’s Modulus and Maximum Elongation for mr-X
resist. A significant change in mechanical behavior at 60 ◦C can be seen.

mine the coefficient of thermal expansion (CTE) of crosslinked mr-X. For
this purpose, the samples are only fixed in the upper holder so that the lower
part can move freely. Then the heating lamp is switched on and the image
recording is started. This test is redone several times to reduce inter-sample
spread.
The coefficient of thermal expansion is calculated to be 35 ± 15 ppm/K.
For this calculation, it is assumed that the measured expansion of surface
points corresponds to a linear expansion of the material due to the elongated
sample shape (instead of a volumetric elongation). The blue strain graph
in fig 5.7 shows a typical result for a sample undergoing thermal expansion
in the testing machine. In this graph, additional periodic fluctuations are
present which can be attributed to the image analysis system. As the expansion over the temperature range is rather small in absolute terms, minor
variations in a single pixel already influence the calculated results and create
those wavy graphs. This also highlights that the current setup is only just
capable of measuring thermal expansion which also explains the rather large
error margins. Nevertheless, the value corresponds to the thermal expansion
coefficient of SU-8, which was reported as 52 ppm/K [54].
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Figure 5.7: Strain graphs of two samples. Blue graph shows the thermal expansion of an already crosslinked sample with a slope of 35 ± 15 ppm. The red graph is a sample
undergoing thermal expansion and shrinkage at the same time.

One sample is also examined while being heating up, whereas for the other
samples image acquisition has first been started when the peak temperature
is reached So, thermal expansion has only been measured during the cooling
phase. This heated sample actually decreases in size during the heating up
phase and its expansion is not linearly correlated with temperature. Contraction starts at around 50 ◦C and its rate still grows when reaching a temperature of 100 ◦C (see fig 5.7). And the effect is about one order of magnitude
larger than the typical thermal expansion experienced in the other samples.
But it is roughly in the same region as crosslinkage induced shrinkage.
This behavior leads to the conclusion that for this sample additional crosslinkage with subsequent shrinkage of the resist can be seen. So, for this sample,
the CTE measurement effectively acts as a second postbake step. To initiate
crosslinkage in samples that have already seen the postbake step, two separate processes must have happened prior to the expansion experiment. First
is the presence of uncrosslinked material which can move freely (see section
4.3.1). As discussed in chapter 5.2 the existence of uncrosslinked material
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is considered to be likely. Second is the existence of enough residual photo
acid to initiate crosslinkage. This photo acid can either be still remaining
from the first exposure or it can be generated by additional unwanted exposure steps. If PAG that has not been activated by x-ray lithography is still
existent in the material and there are sufficient sites to crosslink, additional
polymer network will be generated. One particular process that applies dose
in grating fabrication would be the additional reactive ion etching (RIE) before electroplating. During this step, the wafer is exposed to ions stemming
from a plasma cloud. This plasma emits strong UV radiation which should
well enough suffice for a release of photo acid in already developed parts.
For grating fabrication and application, it has to be kept in mind that residual uncrosslinked polymer can still introduce resist shrinkage, which could
lead to serious deformation even after electroplating.

5.6 Differential Scanning Calorimetry
To verify the results obtained in the previous chapter regarding the uncrosslinked material in the remaining resist pattern, Differential Scanning
Calorimetry (DSC)measurements of exposed resist are performed. In a
DSC experiment, the heat flux through a sample is measured during a heating or cooling process. Changes in the heat flux can be attributed to endoor exothermal processes like chemical reactions (e.g. crosslinkage) or also
physical processes like phase transitions (e.g. glass transition). Whilst mechanical pull tests can give insight into the physical state of the sample,
DSC can be a tool to characterize the chemical state of the resist. This can
be valuable, as there is a strong connection of mechanical properties and
the chemical processes beforehand. Also, glass transition temperatures of
unexposed and exposed material can be investigated with this method. But
due to the change in heat flux during glass transition and the energy dissipation or consumption during a chemical reaction, glass temperature transition
coupled with crosslinkage cannot be distinguished with this method. Nev50
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Figure 5.8: DSC measurement of mr-X resist samples. Three subsequent measurements are
done (labeled run 1-3), each consisting of a heating and a cooling step. Only
after the third cycle, the sample is extracted. Data from run 2 and 3 are almost
identical, so only run 3 can be seen in the graph.

ertheless, it gives valuable information regarding the processes happening
at elevated temperatures as well as molecular reactions when measuring the
same sample with cyclic tests.
For the experiments about 7 mg of resist material are put into small beakers
and then the change in heat flux in a Netzsch DSC 204 Phoenix calorimeter
is measured. By using cyclic testing, remaining non-crosslinked material
content can be detected. Each cycle consists of a temperature ramp up to
K
220 ◦C with a temperature rise of 10 min
, 5 min holding time and a reverse
K
ramp down to 0 ◦C at a speed of −10 min
. This cycle is repeated two more

times to eliminate any remaining uncrosslinked material. The results from
a sample exposed with standard dose at the Litho 1 beamline show an endothermic reaction starting around 50 ◦C (see fig 5.8). It is superimposed by
an exothermic peak around 100 ◦C during the first heating up ramp. The endothermic drop can be attributed to the glass transition of uncrosslinked or
only partly crosslinked material. The peak is an exothermal reaction caused
by a completion of the crosslinkage of the material, lasting until 200 ◦C,
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where crosslinkage inhibition is reached [73]. All endo- and exothermal
peaks vanish when the same sample is cooled down and scanned a second
(and third) time, which is a clear sign for full crosslinkage after the first
heating run. There is also no glass transition visible, therefore it can be
concluded that during the first heating the sample is fully crosslinked within
the holding time of 5 minutes, shifting TG above the measurement range of
220 ◦C.
One drawback of the method is that the measurement signals for glass transition and thermal crosslinkage both start at roughly 50 ◦C, which makes it
difficult to distinguish between both phenomena. But as they are chemically
closely entangled, the appearance of one will always be a hint for the second,
so it can be used for qualitative demonstrations of ongoing physico-chemical
reactions. For a precise measurement of the amount of uncrosslinked material, a different method like thermogravimetric analysis would have to be
used.

5.7 Demonstration of a gratings mechanical
instability
As an example of how resist deformations can affect the x-ray imaging process itself, highly sensible structures are used in a phase contrast setup.
The in-situ deformation of a resist only grating is done by thermal heating through the incident x-ray illumination. For this purpose, grating resist
structures with a period of 5.4 µm are employed as G1 in a symmetric threegrating setup (see section 7.4.1). The height of the resist structures (in this
case acting as phase shifting structures) is 200 µm, which corresponds to a
phase shift of approximately 4 Π at 20 keV. Its phase shifting capability can
be seen in the stepping curve (see fig:5.10, top blue line) as well as the visibility map (fig. 5.9). As the top blue stepping curve resembles a sinusoidal
signal, significant signal for phase shift measurements is available. Its mean
visibility of 0.032 is only slightly smaller than those measured with other
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Figure 5.9: Visibility map for a grating setup using a G1 grating, where the grating lines are
made of mr-X material instead of nickel. Mean visibility is only slightly smaller
than comparable nickel G1 gratings.

Nickel gratings in that setup, which during this testing series typically have
visibilities of 0.07 to 0.1 for well aligned configurations. The biggest factor
leading to the small visibility is presumably the lack of control of the absolute resist height, as it has not been intentionally fabricated for the purpose
of being used as a G1 grating.
When measuring the resist G1 grating for a prolonged time (up to 60 min
with shutter open), visibility drops down and especially the sinusoidal shape
of the stepping curves becomes increasingly chaotic. This can be seen in fig.
5.10, where with increasing illumination time (top blue line: starting with
illumination, bottom blue line: 1h of continuous operation) the intensity
signal is getting more and more noisy and thus visibility is reduced significantly. It can be assumed that due to structural deviations phase retrieval is
no longer possible. Those results show that for thermally unstable layouts
and no additional support like incorporated metal, the heat generated at G1
is already enough to deform a resist only thermo-labile structure. It once
again highlights the need for careful thermal treatment of the samples during all process stages (in this case even including the measurement setup).
Prolonged exposure to radiation can even damage metalized gratings, as can
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Figure 5.10: Series of stepping curves with their according timestamp. The y axis displays
the x-ray intensity, but for better arrangement the stepping curves are plotted
with an offset in the y-axis. All measurements are done within one hour with an
almost complete loss of the sinusoidal shape of the stepping curve after one hour
of continuous exposure.

be seen in fig. 5.11. This picture shows a grating that has been extensively
used as a G0 grating in an imaging setup in close proximity to the x-ray
source. The heat generated in the grating led to cracks and fractures, which
were first observed as artifacts in imaging. For a future mass fabrication and
application in medical diagnostics, it has to be ensured that material deformation (and also aging, which has not been a subject of this thesis) do not
lead to a noticeable decrease in imaging performance.

5.8 Conclusions drawn from the mechanical
characterization
The investigations on the basic mechanical properties of mr-X as well as
its response to the physico-chemical surrounding found in the electroplating bath show that a tight connection between the resist processing and its
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Figure 5.11: SEM picture of a grating showing deformations which first appeared during long
time exposure to radiation when being used as a G0 grating.

behavior to the applied forces exists. Most notable for grating production
is the pronounced two-region separation of mechanical properties found in
Litho 1 processed samples. As it has been tested thoroughly by Kenntner,
Meiser and Koch that grating manufacturing at the Litho 2 beamline is less
favorable, it can be assumed that this material gradient is at least partly contributing to the preference for one beamline. For grating fabrication, partly
uncrosslinked material with a slightly lower Young’s modulus and the ability for plastic deformation can be of advantage. This softer material which
is more likely to be found closer to the substrate helps in reducing interfacial stresses such as CTE mismatch or resist shrinkage. Similar to gluing
of stress sensitive devices like MEMS [97], the existence of softer material close to the substrate can act as a stress relief region in the production
of HAR gratings. It is accompanied by the stronger crosslinked upper part
of the material, which yields enhanced mechanical stability for structural
conformity. Only the combination of both mechanical zones might yield
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structures that are best suited for HAR structure fabrication on substrates
not CTE matched to the resist material [47].
This chapter has furthermore demonstrated that temperature has a strong
impact on the mechanics of the crosslinked resist material. At a threshold
of 50°, a change in the material is experienced, going from brittle to plastic
deformation behavior. Even the heat generated in an x-ray setup is sufficient
for material deformation. So, the development of an electroplating bath that
operates well below the threshold of mechanical behavior change of 50 ◦C
to 60 ◦C can be a significant step towards the fabrication of deviation free
gratings. The liquid surrounding found in electroplating on the other hand
has no significant impact on the mechanical properties of the resist.
In the following section, the electroplating bath’s temperature will be tackled by demonstrating the development of an electroplating bath working
close to room temperature to overcome thermal stress and deviations in the
resist.
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With the LIGA technique, the absorbing part of the grating is produced via
electroplating. To do this the substrate to be electroplated is placed in a solution containing dissolved metal ions. These ions are reduced by electrical
current at the conductive surface to form a metallic layer on top of the substrate. With this technique, thick layers of metal can be grown, which makes
it ideal for the electroforming of LIGA molds.
Electroplating of thick (larger than 20 µm) microstructures created by x-ray
or UV lithography has some distinct differences to regular electroplating of
unstructured surfaces. Plating as performed in the semiconductor [79] or
surface finishing industry is optimized towards high optical quality (which
is closely related with low surface roughness) and also towards defect free
structures for small aspect ratios (<1). LIGA electroplating on the other
hand has to deal with strong diffusion limits in the resist mold cavities,
which are getting harder to overcome with increasing aspect ratios [81].
Those large diffusion distances need specific countermeasures usually not
seen in other plating fields [77]. After introducing the standard electroplating bath for LIGA parts at the IMT in chapter 6.1, issues concerning
electroplating at low temperatures will be theoretically deducted in chapter
6.2.
Chapter 6.3.1 will furthermore highlight the impact of bath temperature variation on various plating processes and will present specific countermeasures
to overcome the prevailing negative effects. In the final chapter 6.4, experi-
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mental results for the electroplating of different samples will be shown and
discussed regarding their plating quality.

6.1 Standard LIGA electroplating
The state-of-the-art LIGA electroplating bath used for grating fabrication
has been described in detail by Dambrowsky [15]. The established gold
bath has been in constant use for the fabrication of all grating structures
except for phase gratings, which are electroplated in a nickel sulfamate bath.
This standard gold bath exhibits excellent microscopic throwing power as
well as fairly good macroscopic throwing power and a not too pronounced
tendency for the bath tub effect. As a downside, the electroplating baths
operation temperature of 55 ° ◦C means that thermally driven stress can lead
to deformed structures.

6.1.1 Micro throwing power
An electroplating bath used for the fabrication of microstructures needs to
be able to electroplate structures without local and macroscopic variations
in height. Local height variations are caused by the inability of a bath to
level parallel growing surfaces in a microscopic area. This ability (or the
absence of it) is called micro throwing power. If a bath has insufficient micro
throwing power, microstructures that are composed of separated trenches or
voids can show a blotched appearance macroscopically. This is caused by
rapid growth of metal in some of the cavities, thus creating strongly differing
metal heights over the entire plating area. In the case of blotched appearance
of gold LIGA structures, the root cause can be:
• non-uniform nucleation at the electroplating start and subsequent
different growth rates of the gold layer
• residual resist at the bottom of the trenches
• a bath operated at wrong plating conditions
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For electroplating usually only samples that are optically almost flawless are
chosen, which to a certain extent excludes faulty resist mold. But one has
to keep in mind that most of the previous steps provide only limited access
for grating inspection and not all issues can be surveyed optically. So, when
seeing such a surface with large height variance, one has to keep in mind
that this does not necessarily have to be down to bad micro-throwing power
of the bath.

6.1.2 Macro Throwing power

(a) Area mismatch overgrowth

(b) Singular overgrowth

Figure 6.1: Two types of possible overgrown structures stemming from different error
sources. Area overgrowth is caused by false estimations regarding the electroplating rate, whereas singular overgrowth is a result of a bath not suited properly
for microstructure electroplating.

Whereas singular overgrowth (see fig. 6.1b is strongly related to a baths
micro throwing power, Macro Throwing Power typically shows in the overgrowth of whole areas on a sample. Area overgrowth is a phenomenon
mostly related to differences of calculated and real electroplating area,
which is more likely in a lab environment with larger process tolerances.
Depending on the duration of electroplating and the applied current, in
some areas the metal will rise above the upper edge of the resist mold, spill
onto the mold and cover the entire area (see fig. 6.1a). Overgrowth typically appears first at the borders of the structured area. As a rule of thumb,
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electroplating has to be stopped when the calculated average electroplating
height is 10 % to 30 % below the resist surface, depending on the typical
height variation of an electroplating bath. As grating fabrication by the
LIGA process is still on the lab scale, design-, substrate- and process variations are rather large. This leads to inevitable differences in the conformity
of the electroplating mold which also increases the tolerances of total electroplating area. The main impact on metal structure overgrowth comes from
fluctuations in duty cycle (both locally and between samples). Variance in
DC between different grating samples is ± 0.1, especially if they use different masks but the same nominal period and duty cycle. This directly
leads to metal height variations of ±10 %. In the case of tapered or twisted
sidewalls the electroplating area even changes with ongoing electroplating,
which makes a prediction even harder. Up to now overgrowth can only be
handled by careful observation of the electroplated sample and its metal
filling height. With enough experience regarding the electroplating system
and the samples, the process can be stopped before overgrowth happens. As
this heavily relies on the operator, this is not a desired work flow for small
scale mass production. One possible approach is to use an integrated anode.
Preliminary results on this can be found in appendix A.5.
Partial overgrowth is also affected by macro throwing power [70]. The
better the electrolytes ability to level over large distances, the smaller is
the disposition of the bath to yield samples showing the so-called bathtub
effect. This effect describes the tendency for faster growth of peripheral
structures, leading to a height distribution that in general has the shape of a
bathtub [15]. Like shown in figure 6.2, the difference in height between the
flat inner part and the rim of the bathtub can by far exceed 100 % or more,
which would limit the average metal height to less than half the height of
the resist mold. Therefore, a suitable electroplating bath has to show little
or no bathtub effect. To reduce this effect, apertures can be used.
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Figure 6.2: Cross section of height distribution of two electroplated samples measured with a
line scanning height gauge. The two samples show the same macro- (both: bad)
and micro- (red: good and blue: bad) throwing powers. Both samples exhibit a
pronounced bathtub effect.

6.1.3 Standard bath composition
The standard gold electroplating solution is based on a commercial gold
sodium sulfite solution containing 100 Lg of Au+ and an undisclosed excess of SO32 – . To prepare the standard LIGA plating bath, 25 g/L of Au+ ,
0.2 mol/L sodium sulfite, 0.1 mol/L Na-EDTA1 and 0.3 mol/L of ethylenediamine (EDA) are added.
According to the standard a bath is set up like this: Na(SO)3 and Na-EDTA
are dissolved in 1 L of deionized water. Ethylenediamine (C2 H4 (NH2 )2 ) is
added under constant stirring. When the liquid has cleared, gold sodium sulfite solution is added. The plating bath is afterwards filtered with a 200 nm
cellulose filter and subsequently heated to 50 ◦C to reach the desired volume
by evaporation. If any leveling agents or other additives are to be added,
they are introduced after the standard bath preparation is completed. This
usually also includes a running-in procedure with the electroplating of test

1

Disodium salt of the ethylenediaminetetraacetic acid
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microstructures to add additional contents of Na(SO)3 or Na-EDTA depending on the appearance of the electroplating 2 .
Ingredient

Concentration

Na3 [Au(SO3 )2 ]

25

Na(SO3 )

 + X

g
L

conducting salt, complex stabilizer, Redoxpartner

EDTA

 + X

g
L

complexation of metal ions, complex stabilizer, leveling, conducting salt

ethylenediamine

22.5

g
L

of Au+

mL
L

Reason of addition
main metal and conducting salt

complex stabilizer, brightening agent

Table 6.1: Components of the standard electroplating bath

The operation parameters of the standard bath are as follows:
• Bath temperature is 55 ◦C
• Bath agitation is quite low, but not zero
• Current density is 3.0 mA/mm2
• Starting current is pulsed within the first three minutes to enhance
nucleation.
With this bath, excellent plating results for most LIGA parts have been
achieved. In case of grating fabrication, there are two drawbacks which
make it necessary to develop a new electroplating bath: First, it yields deformed structures when parts are processed at the threshold of what is mechanically still stable after the development step. Thermal differences then
lead to deformed structures. Second, the standard gold electrolyte cannot
be operated at lower temperatures, as its micro throwing power is reduced
dramatically, which leads to strong variations in grating lamella height.

2

As this running-in procedure includes the addition of either Na(SO3 ) or EDTA no exact value
can be given for both contents.
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6.2 Impact of lower temperatures on an
electroplating bath
Despite being the main target for this thesis, lowering the working temperature of an electroplating bath is on no account an easy endeavor. The reason
for being so challenging is the fact that temperature plays a major role in
most of the critical processes involved in electroplating. Those processes
are (amongst others) [3]:
1. Diffusion of the metal complex to the electroplating surface, especially in high aspect ratio (AR) structures
2. Metal absorption on the active surface
3. Surface diffusion of absorbed metal atoms
4. Reaction rate of the electroplating’s redox reaction
5. Ion migration of all contained species
6. Conductivity of the electrolyte
In the following an estimation will be made concerning the prevailing effect
when temperature is reduced for gold electroplating of microstructures. This
should give a hint, what kind of adjustments are necessary for a working low
temperature electroplating bath.
Diffusion is one of the most critical parameters for the electroplating of
thick metal microstructures [52]. Especially in the case of high aspect ratios,
agitation ceases at the resists upper edge, as current flow will not penetrate
into the channels [68]. This diminishes the potential use of agitation to
counter the temperature driven effects, as the diffusion distance is mainly
defined by the depth of the grating and not by ion transport in the bulk
solution. The limiting diffusion current jlim governs the maximum current
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allowed by diffusion for a single kind of ions and can be calculated via
Fick’s law [33]:
jlim = nFDion

c0
δN

(6.1)

where n is the amount of substance, F the Faradayic constant, Dion the
diffusion constant of a specimen, c0 the bulk solution concentration of the
specimen and δN the diffusion layer thickness.
This equation shows that with increasing diffusion distance the maximum
current is decreasing, resulting in smaller process windows for high quality electroplating. This diffusion limitation also means that a plating bath
designed for LIGA fabrication uses higher concentrations than regular electroplating baths of both metal and conducting salt [55]. This creates a
stronger diffusion gradient and therefore enhances metal transport from the
bulk solution to the cathode surface.
For an estimation about which factor is most affected by temperature changes,
the diffusion distance is assumed to be constant with a thickness corresponding to the resist height. The only factor influenced by temperature would
then be the diffusion coefficient D of the gold-sulfite complex. With its
value measured to be 1.75 × 10−5

cm2
s

at 55 ◦C, limiting diffusion current

mA
is calculated to be 8 cm
2 [15]. However, as no temperature dependence is

found in literature, Stokes-Einstein behavior is assumed [21]:
D=

kB T
6πηR0

(6.2)

with kB as Boltzmann constant, η the viscosity of the fluid and R0 the Stokes
radius of the ion. With the simplification that the hydrodynamic radius does
not change with temperature, the limiting diffusion current at room temperature is approximately 10 % less than at 50 ◦C. On the other hand, it is
assumed that exchange current density doubles for a temperature increase
of 10 ◦C [14]. This means that a temperature reduction of 30 ◦C should lead
to an eight-fold decrease in reaction rate.
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Monitoring the influence of agitation on thick microstructure samples is a
fast test, whether transport or reaction inhibition govern low temperature
gold electroplating. For the usual bath agitation in a magnetic stirrer, periodic signals in the cell voltage3 with a frequency of some Hz (i.e. rotation
frequency of the stirrer) are expected if transport limitation prevails [33].
When existent, it can be assumed that diffusion limitation is present as in
this case minor flow disturbances cause a notable increase or decrease in
cell voltage. This is surprising to a certain degree as limiting diffusion current is far less affected by temperature than anode or cathode reactions. It
is further concluded that the diffusion layer thickness is equal to or larger
than the resist thickness, as otherwise no agitation effects should be visible.
If on the other hand no such influences would be seen, a reaction rate limitation is more likely. For the current gold electroplating bath operating at
elevated temperature those periodic fluctuations can be observed, even if not
microstructured samples are electroplated. This leads to the conclusion that
at least one of the measures necessary should increase diffusive transport.
Although equation 6.1 is only a rough approximation, it includes a way to
overcome the negative effects implied by a temperature reduction. Whilst
diffusion layer thickness δN is governed by the resist height (and therefor
fixed), gold ion concentration can be increased as a compensation for the
reduced diffusive transport.

6.3 Low temperature gold sulfite plating bath
for flat specimen
6.3.1 Approach for low temperature electroplating
As was shown in the previous section, temperature plays a major role in all
crucial electroplating sub processes, so changing it also means that a new
working parameter set is needed. But in the worst-case, an entirely new
3

For electroplating, cell voltage corresponds to the voltage difference between anode (Pt mesh)
and cathode (substrate) that can be measured outside of the beaker
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bath setup will be needed. As even extensive parameter studies are easier
and faster to perform than the development of an entirely new bath formulation, the starting point of the work is a thorough parameter analysis based
on the existing standard gold electroplating bath introduced in section 6.1.
Due to the change in chemical surrounding when going to HAR microstructure plating, a two-step approach is used to find the optimum bath composition. For a first evaluation, flat specimen and coarse microstructures are
electroplated to refine the bath formulation. When a point is reached where
the electroplating results for coarse microstructures are stable and promising, the focus will then be put on refining the parameters for the production
of high AR gratings. In this way, a set of working parameters shall be deducted.
The parameters tested in this study are:
• Current density
• Pulsed electrodeposition
• Bath agitation
• Pulse length
• Pulse duty cycle
• Immersion time prior to electroplating
• Electroplating area
• Gold shortage in the bath due to gold consumption
Temperature is for most experiments controlled to 30 ± 1 ◦C, as this is
deemed to be the highest operating point where no temperature driven mechanical deformations should emerge. If temperatures below 30 ◦C are desired, a cooling system would be needed to make the bath robust against
room temperature fluctuations.
The resulting deposits are characterized according to their optical surface,
which is the easiest and most feasible evaluation criterion. It can be used
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as a test, because the accessible information from optical inspection also
correlates with the desired result features for microstructure electroplating.
Flat, smooth and shiny plating areas are considered optimum surfaces because they are an indicator for little surface roughness as well as sufficient
micro and macro throwing power.
The optical test consists of inspecting the sample regarding to: surface structuring, brightness, over- or dendritic- growth of the electroplating layers and
delamination. Also, strong height variations across the electroplating can be
detected by eye.
All those observations are gathered in seven different criteria, where for
each sample only the appearance or the total absence of that specific criterion is noted. The parameters tested for are summarized in appendix A.1,
together with their respective impact factor for quality assessment. All of
these criteria can appear separately on the samples and usually are repeatable for a given parameter set. The samples quality is then evaluated by
weighting each criterion for its impact on electroplating performance and
summing up the criteria to gain a score representing the optically accessible
surface quality.

6.3.2 Electroplating bath setup
All electroplating experiments are performed with a standard beaker approach [15]. Smaller test baths usually consist of 200 mL of electrolyte,
whereas the baths for grating fabrication are prepared in 3 L beakers containing 2 L of electrolyte. The beakers are placed on heatable magnetic stirrers to regulate agitation and temperature (±1 ◦C) of the bath. Temperatures
tested for the low temperature electroplating approach are 25 ◦C to 40 ◦C,
with a strong focus on 30 ◦C, as this seems to be an upper threshold where
no mechanical deformations can be expected.
A four-quadrant power source (Keithley Source Meter 2601A) allows the
application of both voltage- and current controlled pulses as well as pulse
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sequences. Additionally, cell current or voltage can be measured simultaneously. Pulsed electrodeposition is introduced to enhance grain refinement,
which should lead to more uniform microstructures [37].
A compilation of some of the bath compositions made during the parameter
study can be seen in table 6.2. They are all based on a slightly modified
standard electroplating bath as described in section 6.1. Bath composition
itself was changed with varying contents of gold, Na-EDTA and ethylenediamine. Additionally, additives like Bi and Cu were added in some bath
variations to act as catalysts, brighteners or for grain refinement [79].
Bath name

Bath
volume

Gold
content

AU_140808_AA

2L

25

AU_040711_A-G

1.4 L

25

AU_050711_A

1.4 L

25

AU_270812_A

0.2 L

35

AU_110912_A

1.3 L

35

AU_100713_A

2L

35

g
L
g
L
g
L
g
L
g
L
g
L

additional
Na2 (SO3 )
30
30
50

g
L
g
L
g
L

100
180
180

EDTA
30

to 50

g
L

30
81

g
L
g
L
g
L

60

g
L
g
L
g
L
g
L

120
120

Additives
Bi,Cu

to 81

g
L

none
Bi,Cu
none

g
L
g
L

none
none

Table 6.2: Major electroplating bath formulations of this thesis. Ethylenediamine content
(22 ml
L ) has not been changed in those major bath versions and is therefore not
noted there. The bold marked bath is the favored bath formulation.

6.3.3 Additives in the gold sodium sulfite plating bath
As is known form various electroplating systems, additives can play a substantial role in tailoring the bath towards the desired plating results [70]. To
test if those are beneficial for low temperature electroplating, Bi3+ is added
to the bath as it was shown that Bi can enhance gold electrodeposition from
sulfite based electrolytes [78]. Bismuth ions as an additive can accelerate
gold deposition at the cathode by depolarizing inhibiting species [43].
The findings of these test depositions are not conclusive as no systematic
benefit could be achieved. For the low temperature, low gold content bath a
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slight but not significant improvement of optical quality and micro-throwing
power can be detected. However, the high gold content bath formulations
show good working conditions even without Bi content, so the additive is
left out for the studies of this work. As deposition times in low temperature
plating are rather low, Bi addition might again be looked into to check for a
significant reaction rate increase, if faster plating is of a concern.

6.3.4 Substrate materials for electroplating experiments
To investigate the performance of the electrolyte when going to lower temperatures, the first test substrates are brass Hull cells sheets [40]. For a defined electroplating area, they are electrically sealed by rubber tape ("green
tape") to create open plating areas of 1 cm2 to 5 cm2 .
The best parameters found for the Hull cell plates are transferred to unpatterned TiO2-x substrates [19]. The titania coated wafers are also used
as substrates for UV- and x-ray lithography (see section 4.2.1). They are
chosen because their rough surface area allows for optimum resist adhesion
to the substrate. Furthermore, titanium is not affected by the electroplating solution, therefore no pre-treatment is necessary. And despite being
composed mainly of titania, enough metallic titanium is present to achieve
a sufficiently conductive surface. One drawback is the CTE mismatch of
Si/Ti and most of the x-ray and UV resists. While silicon has a CTE of
2.6 ppm/K, most polymers are in a region of 30 ppm/K to 100 ppm/K. In
case of temperature variation, this leads to significant tensions (mostly in
the resist) which dramatically increases the risk of delamination.
Patterning of these wafers is executed as described in sections 4.2.2 and
4.4.1. For flat specimen electroplating, a single square opening of 1 cm2 is
patterned into mr-X resist to reduce one tolerance factor 4 for these experi-

4

As the openings of the brass sheets are defined by rubber tape, their shape is not always
exactly rectangular and a precise calculation of the electroplating surface sometimes not possible
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ments. The mask for this layout is printed with a standard inkjet printer onto
acetate sheets coated with a gelatin.

6.3.5 Enhanced starting growth via higher current
densities

(a) 10 mA/cm2

(b) 5 mA/cm2

(c) 2 mA/cm2

(d) Fern

(e) Crystal

(f) Sea urchin

Figure 6.3: Various Gold Shapes that are created in the low temperature electroplating bath by
varying current density, temperature or pulsed plating are shown.

One of the first observations going from Hull-Cell plates to TiOx substrates
is a clearly inferior starting behavior, which means a non-homogeneous coverage of the plated area. Starting growth is irregular, unpredictable and generally unstable, giving almost random results. Using the standard starting
treatment for the electroplating of x-ray gratings, which consists of 3 min at
elevated voltage does give better results but still shows instabilities. Therefore, a small test series is conducted to see if the biggest influence factor
for electroplating - current density- also has an impact on starting behavior.
Within this test range also temperature, agitation, pulsed and non-pulsed
deposition and pulse length are changed to investigate their importance for
good starting growth. All test samples share a common total charge density
70

6.3 Low temperature gold sulfite plating bath for flat specimen

Figure 6.4: Gold particle size and nucleation density in dependence on the most influential
parameter- current density, leading to dense grids of small particles at higher
current densities

of 200 mC/cm2 , which corresponds to a homogeneous gold electroplating
layer of 200 nm thickness. Out of the adjusted parameters, only current density has a significant impact on the starting behavior of the low temperature
bath.
The improvement comes from the drastic reduction of particle sizes with
increasing current density whilst creating a dense and uniform pattern (see
figures 6.3a,6.3b and 6.3c). High current density leads to an increase in
the number of nucleation sites, and, even more importantly, to an equalized
growth of the particles.
To evaluate the number of nucleation sites, SEM pictures of electroplated
surfaces are taken and analyzed with a watershed filter for image processing
and particle counting. The number and size of particles are then calculated
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and plotted, as seen in fig. 6.4. It shows that when exceeding a threshold of 10 mA/cm2 , particle size and nucleation density clearly correlate.
Above this threshold, only high numbers of small particles are created. In
the regime below 10 mA/cm2 , both values are not as clearly linked and also
depend on various other plating parameters, especially pulsed current.
So, in order to obtain homogeneous starting layers for grating fabrication,
a starting current density of 10 mA/cm2 or above is proposed. As electroplating in thick resist layers is mainly limited by diffusion, a gold thickness
of 100 µm or above limits the average current density to 1 mA/cm2 . The
limitation stems from hydrogen formation caused by the gold ion depletion
of the diffusion layer, which has to be avoided as gas bubbles contained inside the resist structures will lead to voids in the metal parts. This limitation
can be circumvented by applying short (smaller 100 ms) pulses with high
current densities but long off-times so that the mean current consumption is
lower than 1 mA/cm2 .
An additional finding is that by changing plating parameters a wide array
of gold particle shapes could be created. Each of them is representative
for a specific parameter set and can be fabricated repeatedly. The shapes
include spheres, cauliflowers, crystals, sea-urchins and fractals (see figures
6.3d,6.3e and 6.3f). So, with one single bath a whole range of micro- or
nanoscopic particles with vastly varying surface areas can be created which
might for example be utilized in Surface Enhanced Raman Spectroscopy
(SERS) [89] or as chemical sensors [39].
Regarding the low temperature electroplating, a standard set of parameters is
found to reliably start the electroplating process with a highly homogeneous
seed layer which is a crucial prerequisite for good electroplating results.
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6.3.6 Observations for low temperature gold
electroplating
When performing the parameter study of low temperature gold electroplating baths, a few general observations are made. As these are present in a
sufficiently large number of samples, a few trends in low temperature electroplating can be seen:
• The bonding forces of the electroplated layer to the Hull Cell sheets
can be an indirect tool for estimating the intrinsic stresses of the electroplating’s layers. If they are too large, the samples start to detach from the brass sheet substrates. But when using Ti/TiOx coated
wafers, not a single sample from more than 100 experiments shows
any signs of detachment. This also demonstrates, that deformations
in gratings are most probably not caused by metal delamination.
• The bathtub effect is an issue for some plating baths, but for most of
the samples border overgrowth is not too strong and only limited to
the boundary areas of the plating area and not to actual microstructure
cavities. It is even further reduced in baths with higher gold concentrations.
• Small gold spheres are an indicator for insufficient leveling in the bath
in combination with the current density being too high. This effect is
among the first signs of a beginning dendritic growth when going to
even higher currents. For baths with small macro throwing power,
they also appear when electroplating microstructures. Typically, it is
coupled with the growth of small gold spheres along the border of the
conductive area. In this case, the chosen parameter set is unsuited for
electroplating.
• Terraces (clearly differentiated heights with very steep ramps in between) in the gold surface are a specific problem of some bath variants. Typically, terrace levels exhibit different appearances, e.g. the
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lower terraces (less gold height) having a rougher appearance and the
top terrace showing a smooth gold surface. This effect is strongly
correlated with bath agitation. The stronger the agitation, the more
likely is the formation of those terraces. This phenomenon sets an
upper limit to stronger bath agitation for enhanced diffusive transport
by increasing the gold concentration close to the surface.
• Brilliance of the gold plating area is not of highest importance, as excellent (meaning nanometer sized roughness) micro throwing power
is among the lesser factors for electroplating HAR structures. Nevertheless, a golden color is tried to achieve as it corresponds to a
surface roughness in the sub µm scale. Brown finishes in contrast
have a roughness exceeding 10 µm. In some unadapted baths, smooth
and brilliant samples also show quite deep notches which sometimes
have a flushed-out like appearance. It is assumed that those are places
where the current flow is initially perturbed and an error zone starts to
grow.

6.3.7 Stability of the electroplating bath and bath aging
All electroplating baths (and at the end of bath lifetime also the electroformed structures) suffer from bath aging. This effect comes into play when
more and more metal has been leached out of the bath either by electroplating or also through precipitation. During the development of the low temperature gold bath, gold precipitation has been optically monitored. Some bath
formulations show excessive precipitation which rules them out from further evaluation. For the standard plating bath, a gold leach of 2.5 Lg through
electroplating is considered acceptable during its operation. If the gold loss
exceeds this amount, additional gold sodium sulfite solution is added to the
bath to retain the original gold concentration of 25 Lg .
Gold precipitation in contrast can lead to an increase in SO42 – , as elemental gold precipitate is formed by the oxidization of SO32 – on air and the
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simultaneous reduction of Au+ to elemental Au. As Na2 SO4 has a much
lower solubility than Na2 SO3 , saturation and therefore precipitation in the
bath can be reached much faster. If small transparent needles from Na2 SO4
precipitates are observed in the bath, it typically is considered as no longer
suitable for reprocessing.
The standard electroplating bath is quite resistant to bath aging and has typically to be redone after 10

g
L

of Au is extracted from the bath (including

Au refilling). So, for any of the new bath formulations attention is payed to
sudden, but lasting changes in electroplating results, increased gold precipitation or in the worst-case needle like crystallites in the bath.

6.3.8 Parameter study on brass and Titania substrates
To identify important parameters during a wide spread parameter study, one
way of retaining process windows is to look for distinct clusters of good
samples in the n-dimensional parameter space with little or no bad samples
in the same region. This is found, amongst others, in the combination of
plots for Au, EDTA and Na2 SO3 concentrations. For illustration purposes,
the combination of Au, EDTA and Na2 SO3 concentration (x and y axis) in
combination with sample quality (color) is plotted in three separate graphs
(see fig: 6.5). Sample quality is color coded, going from red (bad) to green
(good sample). The quality is assigned from the quality parameters defined
in section 6.3.1. Two of these graphs show distinct areas with strong populations of good samples. Favorable combinations can be found for both
high concentrations of sulfite and gold in the bath. One important reason
has been deduced in chap. 6.2, where it has been demonstrated that diffusion is among the most critical processes in HAR electroplating and it can
be seen from equation 6.1 that when increasing the concentration by a factor
of 1/3, transport current limit goes up also roughly 30 %. This cannot balance the loss of transport current through temperature completely, therefore
the other process parameters (especially current density) have to be adjusted
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Figure 6.5: Scatterplot matrix of the bath concentration variation. Au, EDTA and Na2 SO3
contents are plotted against each other and dot color just like in fig. 6.6 represents
the plating quality

accordingly. In fig. 6.5, one also sees that EDTA content does not play any
significant role, as there are no distinct patterns of good samples.
Fig. 6.6 summarizes most parts of the parameter study to identify suitable
electroplating conditions for all parameters investigated. In this graph, all
parameters of this study are plotted against each other. The scatterplot matrix can nicely illustrate the span of parameters changed during the study
and highlight the combinations with the strongest impact on plating quality.
This is used to find a working parameter set.
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Figure 6.6: Scatterplot matrix of some of the varied parameters. The matrix displays the quality of the electroplating results (color coded from green=good to red=bad) in
dependence on 2 parameters each. For a specific graph, the x and y axis are defined by the boxes written in the corresponding column and row. It gives a first
overview of the parameter range used in this work. A more detailed analysis can
be found in section 6.3.8.

So, after evaluating all the data gathered from the parameter study the following bath formulation and plating parameters have been gathered as a new
standard for low temperature gold electroplating of high AR parts:
• Gold content is set to 35 Lg . No stronger precipitation than in the standard plating bath could be observed
77

6 Room Temperature Gold Electroplating

• EDTA content is set to 120 Lg .
• 180 Lg of Na2 (SO3 ) are added.
• No bismuth additive is used.
mA
• Mean current density (excluding the starting phase) is 0.35 cm
2 with

pulse on and off times of 50 ms each
The stability of the electroplating bath against aging is not tested in particular, but the electroplating baths are continuously monitored concerning any
kind of precipitation or sudden changes in electrodeposition results. For all
baths, and the aforementioned bath setup in particular, it can be stated that
they exhibit excellent aging resistance, working flawlessly even after long
periods (>several month) of no use. Precipitation of elemental gold is low
and can be further decreased if the beaker is sealed shut, for which already
parafilm foil suffices. When going to higher gold, sulfite and EDTA concentrations, the baths become slightly more sensitive to bath volume decrease,
showing sulfate precipitation after 10 % to 20 % of volume loss through
evaporation. Whilst for the fabrication baths, volume changes are only in a
1 % to 5 % range, the investigated bath with their laboratory beaker handling
are exceeding the aforementioned quota sometimes. If sulfate precipitation
happens but the amount is very small (less than 10 Lg ), the bath can be reused
by filtering, as this also adds enough water to fall well below the solubility
limit of Na2 SO4 . When those precautions are kept, the high concentration
electroplating bath shows excellent aging stability and due to the highly
increased SO3 – 2 content also exhibits significantly less gold precipitation.
No data has so far been gained on long term stability concerning gold replenishing, but first experiments demonstrate that the bath can also handle
significant gold extraction (up to 5 Lg without having a strong impact on the
electroplating results).
To confirm the current efficiency of the gold plating baths, samples are
weighted before and after plating. The results indicate 97 % to 100 % ef-
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ficiency, which corresponds nicely to reported values [15].
Overall, gold bath stability can be assured and only long-time bath operation
is to be seen in future work.

6.4 Low temperature electroplating of UV- and
x-ray samples
The aforementioned electroplating baths are continuously tested with microstructured samples to detect deviations in the electroplating of flat specimen and microstructured substrates at an early stage. Besides x-ray gratings
also UV LIGA samples are used as these enable to fabricate moderate aspect
ratios which should increase the impact of diffusion on the electroplating.

6.4.1 Layouts for UV-exposure
With the knowledge that the electroplating of flat, unstructured specimen
exhibits different requirements on the electroplating bath than electroplated
microstructures [66], an intermediate step between flat area and grating electrodeposition is needed. A design addressing this should include separated
voids prohibiting stronger influences of agitation as the high aspect ratio
(HAR) structures exclude any flow near the anode surface. This is mimicked by an inverted square pattern, cutting 50 µm × 50 µm sized holes into
the resist in an 80 µm × 80 µm pitch. With a resist height of 100 µm, this
gives 50 µm × 50 µm × 100 µm empty pillars in the resist mold distributed
over an area of 1 cm × 1 cm. Having an aspect ratio (AR) of two in both
dimensions perpendicular to the growth direction, the influence of convection is reduced significantly [13] and diffusive transport has to play a bigger
role. Those structures are used to get a first knowledge about micro- and
macro-throwing power as well as the starting and wetting5 behavior of the
new bath formulation and the suiting plating parameters.
5

Wetting in this case is defined as the ease of manually inserting the structures into the bath
without trapping air inside closed cavities which create voids during electroplating
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To further increase the challenge for electroplating, for a few tests more
complex finger shaped microstructures are used. Main focus is on the throwing power, as the layout contains both negative and positive tone sections.
Those are helpful to determine height distributions across smaller and wider
cavities as well as the growing behavior along resist borders as some bath
setups produced strong tendencies towards border region overgrowth. Depending on the macro- and micro throwing power of the bath, this can include both the border of the patterned area as well as the interfaces of the
patterning itself [20].

6.4.2 Electroplating of UV-Liga Parts
Most parameters that have resulted in moderate or good electroplating results from the parameter study are also tested with the aforementioned UVLIGA structures. Temperature for all experiments is kept at 30 ± 1 ◦C, as
this set point has shown both reasonable plating results as well as little or no
mA
thermally induced defects. Typically pulse height is in the range of 1 cm
2 to

mA
2.5 cm
2 with a symmetrical pulse duty cycle (ratio of on time to entire pulse

period) of 0.5 and a pulse length of 50 ms. Current density is varied between
mA
mA
0.1 cm
2 to 50 cm2 .

The pillar shaped microstructures can also be evaluated optically, as they
allow for an easy assessment of height distribution both locally within one
microstructure and macroscopically over the entire patterned area.
When electroplating microstructured specimen, none of the bath formulations with a gold concentration of 25 Lg and working parameters which yield
smooth surfaces for unstructured specimen did give proper microstructures.
The most common problem of those deposits is bad micro throwing power,
resulting in heavily fluctuating gold heights (see fig 6.7 a) and b)). The
structures have a strong bathtub effect within the cavity as well as irregular
height distributions across the sample. Those defects seem to be related to
bath agitation, which again supports to the conclusion that a bath tempera-
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(a) strong diffusion limitation

(b) improved diffusion

(c) void caused by air bubbles

(d) partly rough surfaces

Figure 6.7: Electroplating result for the standard (upper row) and high Au concentration plating bath (lower row), showing the initial problems of the electroplating baths.
Those have been bad micro throwing power due to diffusion limits and air incorporation because of insufficient wetting behavior.

ture of 30° means operating very close to the limiting diffusion current.
Going to a bath formulation with 35 Lg of gold produces entirely different electroplating samples. Those are smooth in the micrometer scale, level
across both the single cavity as well as the entire plating area and allow for
reasonable plating speeds. But to achieve these level surfaces and to overcome the bathtub effect, also EDTA and Na2 SO3 content have to be raised
significantly. Sample pretreatment with Isopropanol rinsing is performed to
minimize air entrapment in the resist features.
The resulting structures are void free and show perfect height distribution
over the entire area of 1 cm × 1 cm (see fig 6.8). Furthermore, this bath for-
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Figure 6.8: Electroplating samples showing no air cavities, good height distribution and surface smoothness, hinting for a good micro- and macro-throwing power

mulation also features a very limited bathtub effect, which can be seen both
in fig. 6.8 as well as in the figures 6.9b and 6.9a. Especially of note is
picture 6.9b, where the field of view covers the edges of two 2 mm × 1 mm
plating areas, which usually would have shown significant bath tub effect if
the macro throwing power is not sufficient.

6.4.3 Electrochemical Cell Monitoring
When comparing cell voltage with the samples appearance, it is found that
a number of effects during electroplating are detectable via the long-term
cell voltage monitoring. The measured voltage is a sum of the potential difference of both electrodes as well as ohmic resistance and impedance of the
electrolyte. With the assumption that the counter electrode reaction does
not change over time, one can gain certain information about charge trans-
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port and the reactions at the anode. Whilst this approach cannot be used for
a thorough and in-depth analysis of an electrochemical system, it can deliver certain information for well-known baths. Incidences like overgrowth,
leveling, area mismatch and poor electroplating parameters all have corresponding trends in the monitored voltage. By constantly monitoring the bath
and the outcome, those patterns can be allocated to the aforementioned phenomena. To make cell voltage a valuable tool, one has to record cell voltage
and correlate its progression to the physical state of the sample.
To measure and record the cell voltages, two separate tools are used. For
short time observations, especially for pulsed deposition, measurements of
the voltage between cathode and anode via an oscilloscope are done, sampling one or a few pulse cycles. This gives information about the leveling
state, pulse times and general plating condition via the voltages at the end
of the current pulse (Von ) and the end of the off-state (Voff ). Those measurements are repeated continuously throughout the experiment, especially
if changes to the previous state are detected.
As a second information, cell voltage is measured at specific time intervals
with the four-quadrant power sources. For this measurement, cell voltage
at the end of the on and off pulses during the entire electroplating time is
recorded, so that long term drifts can be detected. By recording cell voltages and pulse shapes, different states of electrodeposition can be characterized so that even without optical access to the electroplating result (which
is important for the electroplating of small microstructures with high AR)
one can gain some information about the current state of electrodeposition
as well as the depositions chronological progress. This helps to analyze the
course of electroplating in the hindsight.
One characteristic pattern, which is observed in all samples (see fig. 6.9c)
is a periodic oscillation of Von and Voff voltage with a periodicity of one
hour or even more. This periodicity can be empirically linked to the temperature fluctuations in the electroplating bath. During operation, the heating and cooling is controlled by a heatable magnetic stirrer. This setup
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(a) Rough state during leveling

(b) Smooth state
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(c) Cell voltage record of a sample with leveling
Figure 6.9: Images a) and b) are SEM images are taken before (a) and after (b) leveling. In
the bottom graph the cell monitoring record for this microscopic leveling can be
seen. It can be observed, that the leveling process has a very large time constant.

allows for temperature fluctuations of about ±1 ◦C (at 30 ◦C) which then
correspond to voltage fluctuations of up to ±100 mV. The extent differs,
depending on the absolute bath temperature (with stronger fluctuations for
higher temperatures) and the heating-up time prior to electroplating. If the
bath is heated up right before the actual electroplating, the fluctuations are
stronger than for a bath that has been running for a longer period of time.
Cell voltages of 0.7 V at the end of the on pulses are found, which is typical
for electroplating parameter sets with good results on flat or coarsely structured samples. For those samples where cell voltage is significantly lower
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or higher than 0.7 V, the throwing power decreases significantly. It has been
found empirically that bath operation outside a corridor of 700 ± 150 mV
will result in insufficient micro- and macro-throwing power. So, cell voltage can act as a guideline to check if the electroplating is running well within
its borders or if some specific problem arises. Thermal instabilities resulting
in cell voltage fluctuations of ±100 mV are already at the border of being
acceptable. For low temperature electroplating, an even tighter temperature
control might be advisable.
A number of samples also shows reasonable delayed leveling6 effects during
electroplating. This leveling effect is quite characteristic, as it usually takes
between 15 min and 45 min to appear in the cell voltage and some additional
minutes until it can also be seen optically (figures 6.9a and 6.9b). The effect
emerges as a drop in the off-time voltage (see fig. 6.9c). The drop is quite
significant with almost 400 mV in difference in Von and Vo f f between the
rough and the leveled state. This effect is not only visible in the cell voltage
signal, the surface of the structures also changes noticeably when leveling.
At the beginning, the gold surface is still rough and usually of brown color,
which could be a heritage from the substrate, as its surface is highly fractal.
After it has reached this steady state of leveling, the surface appears smooth
and gold-colored. This can also be seen in figures 6.9a and 6.9b.
This effect can also be demonstrated for UV-micropatterned samples with
high gold content baths, but not for grating structures, which points to a dependency on ion transport for this leveling effect. As also samples with gold
in the voids can show delayed leveling (e.g. after inspection for structural
conformity), the titania substrate can be excluded as a root cause. The long
time span of 15 min to 30 min until it appears in the cell voltage signal is
an indicator for an absorption driven process, as diffusion happens on much
shorter timescales in this size regime. As anodic and cathodic processes are
6

The effect is called leveling, as for the first samples, where this effect has been observed, a
notable brightening of the sample has been observed. Brightness of those metalized samples
is strongly correlated to surface roughness.
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rather complex regarding the actual reaction steps [38], it is hard to deduct
the actual inhibiting reaction steps of the leveling.
Typically, the aforementioned 0.7 ± 0.1 V are the targeted cell voltage, but
for microstructured samples, this value changes according to resist height.
Finally, with this target value it is possible to detect large discrepancies in
calculated and real plating area and allows to correct the plating parameters
on line during electroplating.
As a conclusion, cell monitoring can give valuable information about the
state of low temperature electroplating and can be used to tailor the plating
parameters according to the given circumstances, circumventing the problem of insufficient inspection methods beforehand. For a further refined
low temperature electroplating bath, the leveling effect should be studied in
more detail to make it applicable for all structures.

6.4.4 Low temperature electroplating process for grating
fabrication
Just like the transition from unstructured to coarsely structured samples, low
temperature electroplating of gratings is expected to need some further adjustments. Main point is to overcome the strongly increased ion transport
limitation. Another challenge are process fluctuations, which result (among
others) in closed or partly closed openings ("skin effect") [18] or crosslinked
resist that can be found both in the middle of the lamella void and at the bottom [45]. As this resist cannot be detected prior to electroplating, irregularities in electroplating are sometimes hard to distinguish from unavoidable
lithographic process fluctuations. All in all, one has to keep in mind that
the results have to be interpreted by partly guessing the origin of deviations
being from lithography or electroplating.
All grating samples electroplated in the low gold content (25 Lg ) electroplating bath show the known features: they all have signs of diffusion limitation
in the bath. Most characteristic are strong fluctuations in height, presumably
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caused by positive feedback coupling of flow disturbances, initial height deviations and a concentration of the electric field on the highest parts of the
metal microstructures. For some of these gratings height fluctuations of
80 µm with a total electroplating height of 100 µm are found, which cannot
be attributed to the bathtub effect. So, the baths of these samples show bad
throwing power both across the entire surface (typically in the cm range) as
well as within a single lamella (µm range). All of these gratings also have
in common that mean current density has to be lowered by approximately
10 % to 50 % in order to obtain samples with similar surface micro structure
compared to UV structured specimen.
For the final high gold content (35 Lg ) bath however, reasonable plating results are found. This parameter set applies the same plating conditions as
are used for flat area samples and sub-mm and micrometer sized structures.
This also helps for the electroplating of structures that include large open
spaces7 . Lower mean currents (and thus longer electroplating times) have
to be used in comparison to the standard high temperature baths to achieve
similar plating results. This can be explained with stronger diffusion limitation, so the mean current density has to be adjusted to a decreased ion
transport rate. To demonstrate the excellent leveling ability of this new bath
formulation seen in the UV lithography samples, a grating that is far from
perfect is chosen for electroplating. This 2.4 µm period grating with a layout, where the bridges are statistically distributed has strong deviations of
the lamella positions. A gold height of 45 µm is to be electroplated in 70 µm
resist structures.
The cell voltage record yields an on-pulse voltage of 0.7 V, but no sign of
the characteristic voltage drop. In a SEM inspection (see figures 6.10a and
6.10b) after partial resist etch it can be observed that the height distribution
over the sample is well within the variation range of the standard LIGA
7

Early grating designs (and other LIGA structures) have large areas surrounding the actual
structured region to shield the structures from uneven current distributions, like they can be
found in an electroplating beaker. The compensation structures act just like an aperture.
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(a) Distorted lamellae

(b) good height homogeneity

Figure 6.10: Distorted sample electroplated in a bath with high gold content. This bath formulation clearly has good throwing power as resist structures are highly irregularly
formed and still level electroplating structures are formed. Deformation in resist
has already been present beforehand, so no conclusion for stability improvements can be drawn.

bath, showing a lamella to lamella deviation of about ±5 µm whilst having
only little overgrowth along the borders. With regard to the electroplating
performance of the final bath formulation it can be demonstrated that geometric variations in duty cycle and lamella width are not interfering with
electroplating results, which makes the bath a good choice for microstructure electroplating. All of the low temperature baths with lower gold content
however and to a certain extent also the standard electroplating bath have
produced strong overgrowth along openings like trenches and the e-beam
stitching areas.
After demonstrating that the new formulation produces very level surfaces
even for non-uniform samples, the enhanced geometric conformity as a result of the new bath is highlighted. For these freeze-dried structures [58]
[56] with a period of 5.4 µm and a height of 55 µm with continuous lamellae
are electroplated. In combination with the standard plating bath those structures are bent or wavy after immersion and electroplating (see figures 6.11b
and 6.11a). The deformation is a result of the CTE mismatch of substrate
and resist and cannot be overcome by changing lithographic parameters (an
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alternative solution is the use of CTE adjusted substrates, as demonstrated
by Koch [47]). When electroplated in the low temperature bath, the freezedried sample has very little deviations except for the ends of the lamellae
(see fig. 6.11d). These small deviations can be strongly overemphasized
when shrinking the image 6.11c along the lamella direction, so that the microscope pictures have a width-to-height ratio of 10 or more (see fig. 6.11d;
note the different scale bars for both directions). The distorted images reveal
that there is still some waviness inside the lamellae, but in combination with
the usual pixel sizes the deviations are negligible.
Overall, those gratings are so far the closest representation of a line and
space structure produced with the LIGA technique. Low temperature electroplating allows the filling of highly unstable structures that will bend under
very minor thermal loads. In the standard electroplating bath, those structures cannot be made (see figures 6.11a and 6.11b). But up to now the PEB
after freeze drying does not allow to fabricate gratings with a height of more
than 50 µm. This reduces the number of possible applications as they can
only be integrated into low energy x-ray setups.
To sum up, a gold electroplating bath working at 30 ◦C has been developed.
For fast parameter screening large area samples and samples with small features has been used. It is demonstrated, that increasing gold and EDTA
content is the key parameter to overcome temperature induced changes.
The bath formulation has good structural conformity and excellent macroand micro throwing power, which has been demonstrated on UV-structured
samples.. With additional parameter adjustments this bath formulation also
works for gratings fabrication. Tests on highly fragile structures show that
this bath is the most promising option for a stress free electroplating process
to fabricate high AR gratings.
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(a) Wavy lamellae

(b) Bent lamellae

(c) Straight lamellae

(d) Rescaled low temperature grating to overemphasize distortions
Figure 6.11: Three typical examples of freeze-dried long continuous lamellae electroplated at
elevated temperatures (a and b) and at 30° (c and d). Picture d) has been rescaled
along the lamella direction to overemphasize the distortions still found
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Low temperature gratings used in
phase contrast imaging

To demonstrate the high structural conformity of the low temperature gratings experiments at DPCI setups will be presented in the upcoming chapter.
Where applicable, a comparison with simulations will be drawn.

7.1 Characterization of gratings at x-ray
sources
When the gratings are finished optical and microscope inspections can only
give minor information about the quality of a fabricated grating (see also
appendix A.3). To illustrate long-range deviations in geometry (in this case
long range equals to distances larger than approximately 1 mm; this already
covers up to 4000 periods) interferometric analysis is an ideal characterization method. The best tool to evaluate grating quality is to measure visibility
and signal to noise ratio at x-ray facilities. For this kind of characterization,
both synchrotron setups and conventional x-ray tubes are used. Those measurements at the x-ray facilities are of highest significance, as only by applying the gratings in a real setup, 3D deformations, grating imperfections and
long-range aberrations can be measured and visualized. As grating interferometry heavily relies on long range conformity, this proofs to be the only
tool to measure or at least visualize those effects. One major drawback of
this technique is that for grating characterization at least one or two almost
ideal gratings are needed for detailed error analysis. Understanding effects
in visibility maps from a combination of two or three deformed gratings is
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rather challenging as the ’symptoms’ heavily superimpose each other. And
because the beamlines and x-ray tubes are quite different in their setups,
gratings are usually only comparable within one set of measurements. All
of these setups are very prone to alignment changes, which makes comparisons difficult even between different measurement campaigns at the same
facility.

7.2 Tools for grating quality evaluations
Visibility plots [22] of the grating area are the most widely used method
to evaluate grating quality. However, one has to be aware that in the case
of low photon flux the visibility can be putatively high 1 . Typically, those
noise related artifacts only appear in the outer parts of an image, as flux
for lab setups without biological samples can be easily adjusted and SNR
increased. Therefore, these artifacts are cut away (by cropping the images)
or suppressed to 0. In case of the analysis of dose limited biological samples, more time-consuming algorithms can be used to suppress noise related
peaks. If not given by a color bar in the plot, visibility maps are color coded
to a minimum and maximum visibility of 0 (blue) and 0.5 (red) respectively.
Another quality criterion of gratings in a setup is the Signal-to-Noise Ratio of a setup, which is proportional to visibility and the square root of the
flux (see equation 4.5). This factor also includes the transmission of the
gratings, something which is usually not accounted for in grating characterization. So, especially gratings on thin substrates show significantly better
flux but no improvements in visibility. If only visibility was used as a standard for grating quality, it would be ignored that gratings with higher SNR
but lower visibility will yield overall better imaging performances unless
illumination time or dose are not an issue. An example of an SNR map can
be seen in image 7.1.
1

If SNR is close to 1, noise can overlay the visibility signal significantly and noise peaks are
counted as a maximum, arbitrarily increasing the visibility without physical significance

92

7.2 Tools for grating quality evaluations

(a) SNR map of a regular bridged grating

(b) SNR map of a low temp. bridged grating
Figure 7.1: SNR maps of a bridged (top) and a low temp. electroplated grating (bottom). For
an SNR comparison, both were illuminated with the same exposure time of 1 s

The phase of a particular pixel is calculated as the crossing point of the
sinusoidal intensity data with the mean value, which is shown in fig. 4.2.
To measure the phase difference, the relative phase of a pixel in the object image is subtracted from a second phase measured without an object
(also called flat field image). For a more robust signal, both negative and
positive crossing of the stepping curve with the mean value2 are evaluated
separately to determine the phase difference between reference and sample.
2

for a regular sine wave, this would be the points at π (negative) and 2π (positive)
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This improvement also removes some unwanted fringes in the phase contrast reconstruction images.
In some cases, the simulations from section 4.7 are used to understand
unexpected visibility results. They are especially of use if a grating has
deformations that are observable via the microscope. Examples would be
deformed long continuous lamella gratings or contorted unit cell of gratings
with bridges.
Their application is illustrated with the impact of strong gold height variations on the visibility. These variations have been in common for all
low temperature grating samples electroplated in a 25 Lg gold bath (section 6.1.2). For the simulations, a grating with a uniform height distribution
equaling 50 % of transmission through the gold lamellae is compared to
a second grating with equal mean height, but a height spread of ±30 %.
The simulated visibilities (see fig 7.2) show that for both gratings the mean
visibility is within the same range3 . What can furthermore be seen is that
for decreasing binning size, the homogeneity of the visibility maps also
decreases. But the effect is stronger for the perfect gratings, as more and
more the gratings structure (in this case the bridges) creates superimposed
signals in the visibility. For a lab environment, no significant impact on the
imaging performance of the gratings is expected, as there is no visibility
decrease and the additional noise can be compensated by longer acquisition
times.

7.3 Measurements at the HAR-WI II beamline
With the simulation showing that height varied gratings are to operate similar to regular gratings, they are also tested at the HAR-WI II beamline at
the DESY (Deutsches Elektronen Synchrotron) facility of the HelmholtzZentrum Geesthacht [6] to confirm the increased geometric conformity of
3

The small visibility increase seen in the data (especially for small binning sizes) is presumably
due to statistical variations generated by the gratings mean height value.
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Figure 7.2: Simulated visibility maps (rows 2 to 4) for a bridged grating (left column) with a
transmission of 50 % through the gold lamellae (gray) and a grating with strong
height variations (right column) and a mean transmission of 50 %.

the low temperature bath electroplating. The beamline (including its threegrating set-up) has already been described by Herzen[34].
The height variation in the lamellae reaches up to 100 % of the gratings
mean gold thickness of 55 µm. G2 period is 2.4 µm and the typical energy
is 32 keV, but can be tuned in the range from 18 keV to 85 keV.

95

7 Low temperature gratings used in phase contrast imaging

(a) regular

(b) deformed

(c) low temp.

Figure 7.3: Visibility maps of three bridged gratings measured at the HARWI-II beamline
at DESY. Left image is a regular grating (60 µm), the middle a distorted grating
(75 µm) and the right a low temperature grating (55 µm)

Fig. 7.3 shows the visibility maps of three bridged gratings (equal height:
60 µm to 75 µm), where the right column depicts a low temperature grating,
the middle a grating with many defects and the left column one with few observable flaws. Both gratings from the regular bath exhibit strong horizontal
stripes in visibility. All gratings have superimposed vertical stripes, which
are caused by the bridges of the gratings (can also be seen in fig. 7.2). The
homogeneous appearance of the low temperature grating (c) is accredited
to the absence of grating trenches and high structural conformity. So, even
with strongly varying gold height, low temperature gold gratings can reach
equal visibility.
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7.4 Visibility measurements at the x-ray tube at
TUM
7.4.1 X-ray tube setup at the TUM
As the fabrication of x-ray phase contrast gratings with a low temperature
electroplating bath has been successfully demonstrated, the aim in the following section will be to show the impact of these gratings on the imaging
performance.
Most grating visibility measurements are done at the A1 setup at the Lehrstuhl
für Biomedizinische Physik of Prof. Pfeiffer from TUM [35][95][92]. The
setup consists of three gratings with a period of 5.4 µm placed in a symmetrical arrangement in combination with a highly sensitive but low spatial
resolution Dectris Pilatus detector (pixel size is 170 µm). Additionally, it
allows for a close to full area 4 visibility map, which is the main reason for
choosing this setup for grating characterization.
When going to an x-ray tube setup, one more difficulty arises in comparison
to typical synchrotron set-ups: due to the need for two absorption gratings
(G0 and G2), two (possibly) distorted gratings are superimposed, which
makes attributing error sources to a single grating a challenge. Distortions
in the phase shifting gratings are not even factored in, although they are
surely present as well (e.g. in the case of slight height variations in nickel).

7.4.2 Low temperature grating performance
To demonstrate the imaging performance of low temperature grating, they
are tested at the setup against the best available gratings. So, the long continuous lamella gratings (see section 6.4.4) are measured at the x-ray tube
at TUM and compared to both sunray and bridged gratings. Both grating
types have higher gold fillings than the long continuous lamellas, but also
employ more distortions from the reinforcement structures. The first test is
4

maximum grating area was 5 cm x 5 cm in 2013
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Figure 7.4: SNR map comparison for the long continuous lamella grating electroplated in
a low temperature electroplating bath and a sunray grating. SNR values are for
acceleration voltages of 30 kV,35 kV and 40 kV from left to right. SNR increase
from left to right for low temp is mainly due to flux increase. Exposure times are
3 s for each image.

a comparison against the best available grating up to date, an 80 µm sunray
grating. Visibility for both gratings in all images are in the range of 0.3 to
0.5. Both gratings have low absorbing 200 µm silicon substrates, which increases their SNR significantly. The relative5 SNR factor maps (see fig. 7.4)
shows that the SNR of the low temperature grating for all acceleration voltages is equal to or higher than the best sunray grating. And this is despite
the fact, that the long lamella grating has only half the height of the sunray
gratings, which increases residual transmission through the gold from less
than 1 % to 10 % at the design energy of 20 keV. The increase in SNR with
5

Only flux and visibility are factored in for this SNR calculation. As illumination times is kept
constant at 3 s for all grating measurements, those can be compared.
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rising acceleration voltage can be explained by a compensation of the gratings visibility decrease at high voltages (due to its low height of 45 ± 5 µm)
with a strongly increased flux. The visibility for lower energies are among
the best that have been reported so far for this energy range at laboratory
x-ray sources (45 to 50)[7].
Consequently, all other gratings, especially the bridged gratings on standard
550 µm wafer substrates (or even thicker versions) are outclassed, in some
cases by a factor of 10 concerning the SNR. The fact that the long continuous lamella grating performs better than a sunray grating with the same
substrate thickness and a thicker gold electroplating height can be explained
by two different theories: It could be possible that sunray gratings have deviations below the surface that so far have not been detected. Or with a
higher or lower duty cycle of the long lamella grating, the sensitivity of the
setup changes in comparison to the sunray variant. This could also lead to a
higher overall performance [90]. As these gratings are supposed to be used
afterwards, resist removal is not possible. So, the duty cycle or geometric distortions cannot be measured via SEM and optical inspection is not
precise enough. On the other hand, no defects or deformations in sunray
gratings have been measured, therefore there is not enough data to support
either of the two theories.
In summary, long continuous lamella gratings have shown, that for highest
SNR enhanced geometric conformity can counter lower gold height of up to
50 %, which opens up an entirely new path for grating fabrication for low or
medium x-ray energy setups.

7.5 Comparison of gratings from low
temperature and regular electroplating bath
After testing the low temperature bath on the most fragile grating structures
to demonstrate its ability to produce highly conformal structures, it is also
used on sunray grating structures. This will highlight the limits for fur99
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Figure 7.5: Visibility map for a grating cut in four tiles. Upper left and lower right grating
tiles are processed with the low temperature electroplating, lower left and upper
right gratings in the standard electroplating bath. Although aligned to give maximum visibility in tile 3, both low temperature bath tiles show higher visibilities.

ther improvement, as the mechanical stability of sunray gratings is already
the highest for all grating layouts. To directly compare the impact of low
temperature electroplating, a single, good looking sunray grating is cut into
4 separate pieces after development, which all have the same lithographic
history.

All grating tiles look homogeneous after development, so equal

mechanical stability in the resist of all four sectors is assumed. After drying
and inspection, two of those gratings are electroplated in the regular plating
bath and the other two in a low temperature electroplating process. All four
have an electroplating height of 70 µm to 80 µm, which at x-ray tube acceleration voltages of 30 kV to 40 kV equals full absorption.
To easily measure all four tiles, they are just pushed together, using a blank
550 µm wafer as a substrate. This not only makes the alignment of all four
fields to each other less perfect [82], but also reduces SNR to an uncharac100
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Figure 7.6: Mean visibility of the grating area and its max. value of all 4 fields of the wafer
shown in fig. 7.5 for a set of different alignments. Each set of points is optimized
for one of the 4 grating tiles whilst others have a small degree of misalignment.

teristically low value, therefor visibility is compared in this case. To compensate this alignment error in the visibility maps, the following procedure
is used: one of the four tiles is aligned perfectly and all four fields are measured simultaneously by creating one visibility map. The corresponding visibilities for all four fields are calculated as the mean value of their respective
areas. Once completed, the next of the four fields is aligned perfectly and
again all are measured simultaneously. This is done for all four fields, which
gives a set of maximum visibilities for all kinds of alignment. A visibility
map of these gratings can be seen in fig. 7.5. Maximum visibility of all
fields as well as the other visibility values for the wrongly aligned positions
are plotted in fig. 7.6.
As can be seen, the low temperature electroplating bath (tiles 1 and 4) perform better than the regular plating bath (tiles 2 and 3). Whilst at 40 kV
the deviations could be explained by small variations in height, at 30 kV
transmission is so low that height differences can be dismissed while structural errors still have to be accounted. These measurements show that the
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use of low temperature electroplating is also beneficial for samples that are
already previously considered as mechanically stable. And again, it demonstrates the benefit of visibility mappings for grating characterization, as the
small geometric deviations, that create the little differences in visibility between the samples with and without low temperature electroplating could
not be observed by any other means.

7.6 X-ray imaging with low Temp. electroplating
gratings
To illustrate the use of low temperature gratings for image acquisition, a set
of tomographic reconstructions as well as some projection images have been
taken. For all setups used in imaging, typically no difference can be seen
between low temperature electroplating gratings and regular gratings.

Figure 7.7: Absorption (left), differential phase (middle) and dark field image (right) of a
blackberry taken in a setup using a low temperature grating as G2.
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In the wake of this thesis, a gold electroplating bath has been developed that
allows the metalization of highly fragile resist microstructures. Operating
the bath at a temperature of 30 ◦C minimizes thermal stress in resist structures caused by temperature differences during the various LIGA process
steps. As a prime example, this bath was used for the forming of absorption
gratings which are employed in x-ray phase contrast imaging. When applying this electroplating method in combination with freeze drying during
development, it has been possible for the first time to electroplate continuous lamella structures without any further reinforcement patterns. It could
also be demonstrated that standard layout structures (bridged and sunray)
for x-ray gratings can be fabricated more precisely, increasing their visibility performance in x-ray imaging setups and ultimately increasing signal-tonoise ratio.
The bath working temperature was chosen close to room temperature, as
this operation point is deemed uncritical regarding the CTE mismatch of
substrate and resist. To reduce the variable field a wide choice of process
parameters (including current density, pulsing on and off times, bath composition, agitation and more) was scanned through by electroplating nonstructured flat specimen, which were picked to speed up the process variation. As a result, it could be showed that current density as well as Au –
and EDTA content are the factors with the highest impact. The resulting
bath formulation was used on microstructured samples and yielded mixed
results. By refining the gold and EDTA content and decreasing the plating
current density, a bath could be formulated that allows for the successful
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fabrication of large area (50 µm x 50 µm) microstructures with aspect ratios
smaller than two. These experiments demonstrated that for a bath working at
30 ◦C the most important factor is diffusion limitation, which is getting even
more challenging in high aspect ratio grating structures. This diffusion limitation could be overcome by reducing the mean current density (but using
pulsed current for increased working currents) and most importantly by increasing gold (from 25 Lg to 35 Lg ) and EDTA content of the electroplating
bath. In a bath with 35 Lg of gold, grating structures could be fabricated that
showed no deformation as well as good electroplating performance regarding micro-throwing power, bathtub effect and void free operation.
With this bath it was possible for the first time to electroplate defect free continuous lamella gratings with aspect ratios larger than 15. These gratings are
not stabilized by any supporting structures and therefor represent the closest
approximation of a perfect grating. For higher aspect ratios, freeze drying,
necessary to develop the structures, or post exposure bake already generate
large geometric deviations, which currently limits the wider introduction of
these gratings.
But also a better understanding of the resist behavior along the full process chain including exposure, post bake, development and electroforming
can help to circumvent these limitations. Previously most effort has been
put into the lithography and patterning activities at the IMT, to such a scale
that ultimately the limits of a well-established electroplating process were
reached. In this work, a number of influencing factors were looked into by
mechanical characterization to find the best lever for higher conformity in
the final electroplated structures.
When examining the fracture surfaces of pull tests performed with tensile
specimen made of mr-X, it could be proven that a horizontal decrease of
crosslinkage in the material leads to softer resist close to the titania coated
substrate and a harder region at the top of the resist. The gradient allows
grating structures to deform slightly to decrease stress levels, similar to a
soft die attach. This could also be demonstrated by the pull tests, which
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showed a big spread in results due to inhomogeneous lithography along the
beam axis. Especially when increasing temperature to 60°, all samples undergo plastic deformation. At room temperature in contrast, only one half of
the samples had plastic deformation regions, all others showed brittle behavior. The spread of mechanical behavior vanishes, if lithography is performed
at Litho 2, which leads to the conclusion that top-to-bottom ratio might be
linked with the material properties. With dynamic scanning calorimetry, it
was furthermore possible to prove that standard resist processing leaves uncrosslinked material in the bulk of the polymer, which then is not able to
reach its highest possible strength. By using simulations, it could also be
shown that temperature differences in the various processes are the most
likely candidate for grating deformation. On the other hand, water uptake
of the resist could be ruled out as a prominent factor for structural deviation
in the gratings. At last, it was shown directly in the phase contrast imaging
process that temperature (induced by radiation) can deform resist structures.
Depending on the amount of deformation, this could, even when filled with
gold, alter the geometry to the point where they are no longer usable for
imaging.
This increased knowledge about the material has to be put to use in case of a
future mass fabrication of gratings for commercial medical imaging setups.
With regard to the gratings durability, they have to be tailored to withstand
prolonged exposure to radiation. This will increase the need for gratings
with minimal internal stresses, which could be accomplished by using low
CTE mismatch substrates like polyimide in combination with low temperature electroplating. Ideally the resist polymer should be removed completely
after electroplating, as its degradation has been proven to decrease imaging
performance. The long continuous lamella gratings can be an interesting
starting point for future grating layouts, as grating structure stabilization in
imaging operation can be reached with metal reinforcement structures instead of polymer bridges or supporting structures. In this case, substrates
like titanium or graphite are again the material of choice, as they have a bet105
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ter CTE match to gold than polymer substrate foils. And due to lower CTE
induced warpage and lamella deformation, low temperature electroplating
allows to use thinner substrates, which can reduce dose in the application.
The enhanced performance of low temperature electroplated gratings was
shown in various imaging setups Their imaging capability is on par or better
than the best currently available gratings electroplated in the regular bath.
Especially the long continuous lamella gratings outperform all other known
gratings layout concerning the SNR, as they allow for both high visibility
as well as high photon flux. So, despite their current height limitation of
less than 50 µm they can already be used in low energy x-ray imaging with
photon energies of 25 keV. But even for putative sturdy structures like the
sunray layout, improvements in SNR and visibility could be made with low
temperature electroplating.
When highest SNR is of importance, e.g. in medical imaging, low temperature electroplating of gratings can enhance the performance of the interferometric set-up also in the case of structures stabilized with resist. Only
when highest SNR is not an issue, for example in material characterization
where illumination times can be increased to enhance the signal, the drawback of low temperature plating (twofold increase in plating time) has to be
also taken into account when choosing the fabrication technique.
Due to their favorable SNR, it can therefore be concluded that low temperature continuous lamella gratings are ready for the implementation into
imaging setups. For future grating developments, increasing the structural
conformance even further could be an alternative path to increasing grating
height, as even the best-known layouts still show room for improvement of
both flux and visibility. Concerning a possible mass fabrication of gratings
for future medical x-ray imaging instruments, the reduction of mean current density also points to the one big disadvantage of this bath formulation,
which is the prolonged electroplating time. The bath improves yield due to
the reduction of thermally induced deformations, but the output has to be
increased by additional measures. These could include a further decrease of
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pulse times to partially overcome localized diffusion limitations or the use
of advanced flow control along the channels for enhanced ion transport.
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Criterion

golden color

brilliance

no bath tub effect

no blotchy surface

no terraces

no spherical (over-)growth

no notches

substrate adhesion

A.1 Performance criterion table

Impact Factor

5

2

6

2

4

2

4

10

Table A.1: Table of the quality parameter for flat specimen and the parameters impact factor
which is used to quantify the quality of a sample

A.2 Duty cycle correction
Five years of x-ray grating fabrication has shown that creating gratings with
a duty cycle in the final grating that matches the desired value (which is usually 0.5) often seems to involve random variations not necessarily depending
on processing parameters. So especially for gratings with periods less than
10 µm the error in desired and actual duty cycle is increasing rapidly. In
order to investigate the duty cycle behavior, a test layout is created, covering a total of 9 periods ranging from 2.4 µm to 10 µm. Each of the periods
itself consists of 16 separate writing fields that have a predefined deviation
from lamella width, where DC varies between 0.4 and 0.6. By first writ109
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Figure A.1: Comparison of the difference of linewidth of grating structures with their originally designed CAD linewidth

ing and analyzing the lamella linewidth of this small grating sections on the
mask created by e-beam lithography and later on characterizing the final
structures made with either an intermediate or working mask, one is able to
follow the DC along the process chain of intermediate mask fabrication (ebeam), working mask fabrication (LIGA) and grating fabrication (LIGA).
After all relevant fabrication steps, SEM pictures of the separate fields are
taken in three magnifications and the resulting pictures are analyzed using
automatic image processing which yields duty cycle and linewidth of each
field.
Data from the test layout shows an almost linear correlation between final
grating structure size and CAD dimensions (see A.1). This finally makes
it possible to pinpoint the exact dimension for the CAD layout to create a
matching duty cycle for the intermediate mask. So as an example, to obtain
a duty cycle of 0.5 in the final grating structures with a period of 2.4 µm
(which equals a linewidth of 1.2 µm), the intermediate mask has to have a
linewidth of 1.5 µm. However, as a dependence of the DC on grating height
is experienced, the problem still remains that for specific heights a bias of
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the e-beam linewidth would have to be included. So, with one single mask
only a small range in resist height can be fabricated with a matching duty
cycle.

A.3 Interferometric investigation of grating
period and grating errors
An alternative method for the local detection a gratings duty cycle is evaluated. This method uses the interferometric reflection pattern of a grating that
appears when a laser shines on the gratings surface. The pattern consists of
a series of spots with equal angular distance. Those are all arranged in a line
perpendicular to the grating lamellae, as those spots are the Fourier space
representation of a grating with infinitely long lamellae without any bridges
or intersections. Whilst the angular spacing is proportional to the gratings
period, the intensity of the interference spots is defined by the gratings duty
cycle. So, the intensity function of a single slit acts as an envelope for the
gratings interference pattern. By measuring the intensity of the gratings interference spots and fitting a single slit envelope function
I(ϕ) ∝ sinc

2



D ∗ sin(ϕ)
λ


(A.1)

it would be possible to determine the Duty Cycle of a grating, as the period
is assumed to be well known and could also be calculated from interference
spot angular spacing. Whilst this technique does work for the gratings initially tested (grating period 5.4 µm, it can be calculated that for the smallest
gratings with a period of 2.4 µm, the number of interference spots is too
small to get a reasonably good fit. For a red laser, perpendicular incidence
and a 2.4 µm grating, only 4 orders of interference are visible, which then
are fed into a fit function, that has at least one point of (virtual) total extinction within the angular range of those 4 points. With these specifications, no
proper fit is possible and therefor also no DC measurement.
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As the technique was supposed to be suitable for all gratings, a different
approach is searched to test basic mechanical characteristics of the resist
material. But the effort was not useless, as it turned out that the interference
pattern is highly sensitive to the rotational angle of the grating and can be
used for grating orientation when stitching.

A.4 Starting growth behavior in nickel
electroplating
As starting behavior proves to be crucial for the electroplating of thick gold
layers, also nickel electroforming for phase gratings is investigated to see
if it can also be improved there. Main concern in nickel electroplating has
been the bath tub effect and a non-constant growth of nickel during the first
phase of the electroplating, making a precise height control of those structures nearly impossible with the existing setup. But height control for nickel
is an essential part of grating fabrication, as the phase shift is directly correlated to nickel height which implies that the deviation should not be larger
than 5 %.
To see any influences during the initial state of electroplating, again cell
voltage is monitored. The results (see fig. A.2) show that the nickel electroplating process when using a standard nickel-sulfamate bath consists of
3 distinct phases with two clearly separated plateau phases. After a steep
initial rise and a short drop afterwards, a plateau follows for 10 min up to
1 h. Afterwards, voltage increases about 100 mV within 15 min and then
keeps that level until the end of electroplating. When correlating the data
for the height deviation of the gratings produced with the length of plateau
1, it becomes evident, that both effects are correlated. Examining gratings
whose electroplating has been stopped during plateau 1 phase show very little nickel coverage, less than what could have been expected for this amount
of charge. SEM images also reveal that nickel coverage of the surface is correlated with an increase in cell voltage. When assuming a reduced current
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Figure A.2: Cell voltage monitoring for nickel electroplating showing three distinct sections.
The length of plateau 1 coincides with the difference in nickel height

efficiency during plateau 1 and 100 % current efficiency during plateau 2 the
nickel height can be fitted perfectly. It is therefore concluded that competitive processes at the Ti/TiOx cathode are responsible for the current density
loss. So, when cell voltage is monitored and the electroplating time adapted
to the length of plateau 1, nickel height can be adjusted significantly better than without monitoring (see fig. A.3). The residual uncertainty is in
the range of other possible error sources like small variations in duty cycle
or overall electroplating area which cannot be controlled without extensive
measures.

A.5 Integrated Anodes for more homogeneous
current distributions
It is well known that for electrodeposition current distribution and its contribution on growth rate is one of the key limiting factors. For a typical
microstructure deposition, bath and sample geometry create the bathtub effect, a macroscopic height distribution over the entire microstructured area
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Figure A.3: Height deviation of nickel gratings with and without cell voltage monitoring,
showing that adapting on the plateau 1 phase allows for more precise height
control

where the border regions are 20 to 100 % higher than the region in the middle of the patterned area [45]. So, in the worst case, either 50 % of the resist
height cannot be used for large parts of the mold or significant parts of the
microstructure are overgrown. The effect highly depends on the electrolyte
and the plating parameters, but can never be avoided when the usual plating
cell geometries are used. In the case of the conventional gold-sulfite electrolyte applied to fabricate x-ray gratings, a height difference of 20 µm for
100 µm structures is experienced.
In order to use the entire mold height, a different approach is proposed,
where the anode is integrated into the mold structure by fabricating it right
on top of the mold and using the same pattern as the final microstructures.
This concept can only be applied for resist structures that are shaped like
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a closed mesh, as otherwise not all parts of the anode can be electrically
connected. It works best for highly symmetric structures with small features and no large openings, such as x-ray gratings with a layout containing
bridges.
This concept has some distinct advantages over the regular electroplating
setup. The first is the most important one as well:
+ The Integrated Anode prohibits overgrowth of metal above the resist
surface as immediately after reaching the surface an electrical short
circuit is created, neglecting any further electrodeposition at this site.
+ Current density is concentrating only locally within the single lamellae of the mold and not over the entire electroplated area of the wafer.
This removes any unwanted macro-throwing power of the bath (including the bath tub effect)
+ As current distribution reaches uniformity shortly below the channels’
top, electroplating works like using excellently tailored apertures.
+ Depending on the conductivity and micro-throwing power, it is also
possible that other lamellae can grow to the top even if the first has
already reached the surface. This would make it possible to use the
entire resist height for a metal filling
- On the negative side, sample preparation becomes increasingly laborious and needs very careful sample inspection
- Small grating errors can already stop this technique from being used
on a regular scale
In order to demonstrate the capability of the Integrated Anode method to
provide more homogeneous and advantageous current densities compared to
the usual beaker setup, simulations of the current density for a simple electrical model are made. The simulations are done in Comsol Multiphysics 4.2a,
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using only the electrical currents module. For simplification, all boundary
effects and reaction inhibitions on both electrodes are neglected and the current distribution only depends on setup geometry and the conductivity of the

Current Density [a.u.]

electrolyte and the materials used.

Regular Bath
Integrated Anode
Position perpendicular to grating lamella [a.u.]

(a) current density simulation of a

regular layout

(b) cross section cut-plot of current

density

Figure A.4: The left image displays the simulated primary current distribution for a regular
bath geometry. Grating bars are shown in white. In the regions close to the gratings border there is increased current density due to geometric shading. The right
graph represents a linear section perpendicular to the grating lamellae 0.1 % of
lamella height below the resists top surface. Additionally, the current distribution
for an integrated anode layout is shown to highlight the current density leveling.

As can be seen in fig. A.4b, the current density in the case of integrated anodes is very homogeneously distributed across the grating surface, whereas
the regular setup shows an increase along the outer sections of the structured area. The magnitude of this effect gets more pronounced for larger
electroplating areas, so strong boundary overgrowth has to be expected.
This means, when going to larger surfaces the integrated anode technique
can yield significant bonuses for the electroplating by avoiding large scale
boundary overgrowth. Also, if gratings are supposed to be stitched together
[59], boundary overgrowth should be kept minimal, which would again be
addressed by the integrated anode.
The production of samples with an integrated anode contains one crucial
step, which is the fabrication of a conductive layer on top of the molded
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resist. Direct patterning by the LIGA process would be possible, but as the
LIGA technique is a highly time-consuming and costly process double exposures are to be avoided if possible. Patterning by UV on the other side
is prohibited by the sputtered metal (gold) layer. To obtain the desired patterned conductive layer, gold is sputter deposited onto the final, already patterned, mold structures within a commercial sputter machine. If unmodified,
the sputtered gold particles hit the substrate due to the chambers geometry
under a wide range of angles, thus also covering the sidewalls of the mold,
which short-circuits the TiO2-x layer and the integrated anode. To remove
or avoid this sidewall coating, there are two possible ways.
The first way is to sputter deposit gold on a tilted sample so that gold can
no longer penetrate into the channels. This is only applicable for structures
with high aspect ratios and, what is even more important, fails entirely if
the sample contains holes with aspect ratios of 1 or less. This also includes
mask defects. On those hole sites, gold sidewall coating will still appear and
create massive short circuiting.
To circumvent these limitations, one can also combine a perpendicular sputtering step with a subsequent gold etching step. To etch the metalized sample a gold etching solution consisting of 4 g potassiumiodide, 1g iodine
and 100 ml deionized water is used. The gold thickness on the sidewalls is
mainly influenced by geometrically shielding 50 % of the sputtered particles as well as a prolongation of the sputtered surface, due to projecting the
angular particle flux onto a nearly parallel surface, leaving highly increased
surface areas for the same amount of gold particle flux per angle. This significant drop in thickness can then be used to free the entire sidewalls from
gold while leaving enough of it on top to maintain sufficient conductivity.
To further increase the anodes conductivity, it can be electroplated after the
etching, which increases the anodes thickness. When the desired gold height
is reached, Integrated Anode and cathode can be wired reversely (i.e. wired
as usual) to start the electroforming of the microstructures. If desired, the
gold coated surface on top can be removed by a second etching step after the
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(a) rapid voltage drop due to short-

circuiting in the structures

(b) slow voltage decrease due to partial

electroplating after short circuit

Figure A.5: Cell voltages of Integrated Anode tests showing short circuit (a) or aftergrowth
(b)

end of microstructure electroplating. As the gold gratings are usually higher
than 20 µm no significant amount of gold inside the mold structures would
be removed by this step. To detect a possible coating of the grating sidewalls
by gold sputtering, prior to electroplating a measurement of the ohmic resistance between top and bottom electrode is done. For small resist heights
and no etching, a resistance in the range of a few MΩ can be found. This
shows that a small gold covering along the sidewall exists which will lead to
a short-circuit during electroplating within minutes. If no conductance can
be measured with a standard multimeter, there is already enough separation
between anode and cathode and the sample can be electroplated. During
electroplating, also cell voltage is recorded. From this data, the exact gold
filling can be extracted as well as the breakdown behavior. For the first samples with a non-perfect electroplating solution, sudden voltage drops down
to 0 V shortly after start are common. This is due to the insufficient throwing
power of the early baths, leading to strong local overgrowth and finally to a
large area short-circuit. With enhanced throwing power in the later electro-
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plating baths, the overgrowth can be decreased drastically, which enabled
the growth of large area structuring to the top electrode. As growth rates
are still not 100 % equal (due to stirring, structure height, starting behavior),
some of the structures are already electrically connected whereas in others
there is still electrodeposition until also there the anode is reached. This can
be seen in fig. A.5 where there is no sharp voltage drop due to a large scale
short circuit but instead more and more single gold lamellae reach the top
electrode, leading to a steady decrease in cell voltage.
But when performing several electrodeposition experiments, it becomes obvious that the initial claim that the integrated anode makes it possible to
grow metal structures up to the very top of the resist cannot be confirmed.
Whilst early experiments are lacking a bath with suitable macro-throwing
power, later experiments show that also baths with medium to good macro
throwing power are not be able to complete electroplating until the top surface. This is presumably being caused by inhomogeneities in resist processing (as well as substrate bumpiness) with a non-uniform height distribution
over the wafer, which creates local flaws in the electrical potential. Those
are enhanced by the close distance between anode and cathode and lead to
variations in gold growth that are too large, so that the desired effect cannot
come about.
But the second effect, which eliminates a long-term problem for microstructure electroplating can be confirmed. With the adoption of the Integrated
Anode technique, overgrowth can no longer occur. In the entire sample set
with an integrated anode, not one showed any signs of overgrowth in any
particular area, although all had deposition times that by far would have
overgrown the entire area. So, for all of them the short circuiting works to
stop electroplating.
Concerning the fabrication technique, no conclusive results can be made of
the etched samples. It is demonstrated that small leak currents between anode and cathode after the sputtering (resulting in a resistance of a few MΩ)
can be eliminated, breaking the leakage paths and therefor insulating anode
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and cathode. But afterwards, no regular plating can be resumed, as usually
short circuiting occurs within an hour. It is assumed that the etching time
window is too narrow to erase all sidewall gold fillings but still leave intact
top anode structures. Additionally, problems might also be created when
filling the trenches with the etching solution, as trapped air bubbles in combination with short etching times will lead to great differences in absolute
etching depth.
For samples with HAR on the other hand, inclined sputtering could be
demonstrated to work flawlessly, as long as the structures have no significant
trenches or holes inside the structured area. Samples with such a sputtering
layer can be grown almost to the top (typically reaching medium heights
in the range of what is feasible in regular electroplating for the same resist
height. One example for such a grating structure can be seen in fig. 7.5,
where the lower right tile has been fabricated using the Integrated Anode
technique. The entire grating area (about 2 cm × 2 cm could be electroplated
to a height of 80 µm. As all 4 gratings are supposed to share the same height,
electroplating is stopped at that height without trying to reach the top surface.
In conclusion, it is shown that the Integrated Anode technique is a tool to
overcome both bathtub effect as well as structural overgrowth. Both are
problems that are frequently experienced in grating fabrication due to process tolerances. But statistics also show that the yield is far from optimum,
with approx. 20 % to 30 % of the samples actually being fully electroplated.
So, the outcome of the experiments is, that instead of decreasing the dependence of electroplating on the previous fabrication steps (which mainly
influences partial overgrowth), it increases the dependence even further. It
might be a tool to obtain optimal electroplating results, but only after close
sample inspection and greatly increased preparation time for electroplating.
Whilst for grating "mass" fabrication the process is regarded as too fragile,
for critical single samples where overgrowth is to be avoided at all costs it
can be a valuable tool in electroplating.
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