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Abstract

Thanks to the development of high-quality X-ray focusing optics during the
past decades, synchrotron-based X-ray transmission microscopy techniques
enable to study specimens with extremely high spatial resolution. However,
on one hand at the expense of the field of view (100 um x 100 pm) and on
the other hand to the detriment of the photon energies range (below 20 keV),
which significantly limits the specimens' scope to be investigated, particular-
ly in material science.

In this work, the so-called pixel super-resolution scanning transmission hard
X-ray microscopy technique was developed, allowing to enlarge the field of
view and drastically reduce the scanning time thanks to sub-pixel specimen
scanning through a large number of X-ray probes created by biconcave para-
bolic shaped refractive multi-lenses. High-resolution images with a spatial
resolution corresponding to the X-ray (micro-) nanoprobe size are achieved,
even if the pixel size of an imaging detector employed for data acquisition is
much larger than that.

Since the technique's key element is X-ray optics, the development and fabri-
cation of one (two)-dimensional X-ray refractive multi-lenses (RMLs) for
focusing high energy X-rays (17-35 keV) fabricated by deep X-ray lithogra-
phy and electroplating technique are presented. The X-ray characterization of
these optics and microscopy experiments performed at KARA (Germany),
Diamond Light Source (England), and SPring-8 (Japan) synchrotron facilities
are provided. Since the height of existing refractive multi-lenses still restricts
the field of view (maximum in the mm range), the staircase array of RMLs
inclined to the substrate was developed, allowing pixel super-resolution
scanning transmission hard X-ray microscopy with a 1.64 cm x 1.64 cm field
of view while keeping a 780 = 40 nm resolution using 35 keV X-rays. The
scanning time was only about four minutes. The unique capability of the
pixel super-resolution scanning transmission hard X-ray microscopy has been
demonstrated by imaging biomedical implant abutments fabricated via selec-
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tive laser melting using Ti-6Al-4V. Accordingly, the investigation of extend-
ed and thick specimens for material science has been demonstrated.



Kurzfassung

Die Entwicklung hochwertiger fokussierender Rontgenoptiken in den letzten
Jahrzehnten hat die Transmissionsmikroskopie mit Rontgenstrahlung aus
Synchrotronquellen erméglicht. Proben lassen sich mit extrem hoher Ortsauf-
16sung untersuchen, allerdings einerseits auf Kosten der BildfeldgroBe (bis zu
100 pm x 100 pum) und andererseits bei eingeschrianktem Photonenenergiebe-
reich (unter 20 keV), was den Einsatzbereich insbesondere in den Material-
wissenschaften erheblich einschrinkt.

In dieser Arbeit fiir den Bereich harter Rontgenstrahlung (17-35 keV) die so
genannte rasternde superpixelauflosende Rontgentransmissionsmikroskopie
entwickelt. Sie ermdglicht es, das Bildfeld zu vergroBern und zugleich die
Scanzeit drastisch zu reduzieren, indem die Probe mit einem durch refraktive
bikonkav-parabolische Multilinsen erzeugten Feld aus Fokuspunkten abge-
rastert wird. Die hochauflésenden Bilder haben eine rdumliche Aufldsung, in
der GroBenordnung der Rontgenfokusdurchmesser, und zwar auch wenn die
PixelgroBe des zur Datenerfassung eingesetzten Bilddetektors viel groBer ist
als die Fokusgrofe.

Da das Schliisselelement der Technik eine Rontgenoptik ist, werden die Ent-
wicklung und Herstellung einer (zwei)-dimensionalen brechenden Multilinse
zur Fokussierung hochenergetischer Rontgenstrahlung vorgestellt, die mit
Hilfe von Rontgentiefenlithographie und Galvanik hergestellt wurde. Es
werden die Rontgencharakterisierung dieser Optiken und Mikroskopieexpe-
rimente vorgestellt, die an den Synchrotronquellen KARA (Deutschland),
Diamond Light Source (England) und SPring-8 (Japan) durchgefiihrt wurden.
Da die Hohe der herkémmlichen refraktiven Multilinsen das Sichtfeld immer
noch einschrinkt (bestenfalls im Millimeterbereich), wurde eine Treppenano-
rdnung aus zum Substrat geneigten RMLs entwickelt, die eine pixel-
superauflosende  Rasterrontgenmikroskopie mit einem Bildfeld von
1.64 cm x 1.64 cm bei einer Auflésung von 780 + 40 nm unter Verwendung
von 35 keV Rontgenstrahlung erméglicht. Die Scanzeit betrug nur etwa



Kurzfassung

vier Minuten. Die einzigartigen Moglichkeiten der rasternden superpixelauf-
losenden Rontgentransmissionsmikroskopie mit harter Rontgenstrahlung
wurde durch die Abbildung eines durch selektives Laserschmelzen aus
Ti-6Al-4V hergestellten biomedizinischen Implantat-Abutments demons-
triert. So wurde die Untersuchung ausgedehnter und dicker Proben fiir die
Materialwissenschaften demonstriert.
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1 Introduction

High-resolution X-ray imaging with a large field of view (FOV) is essential
for material science applications [1][2][3]. The advantage of X-ray imaging is
the shorter wavelength ranging from 10 nm (soft X-rays) to 0.02 nm (hard
X-rays) compared to the visible light, which allows to achieve much smaller
spatial resolution. Furthermore, the larger penetration depth of X-rays enables
to study relatively thick samples in contrast to electron microscopy [4]. The
advent of the synchrotron facilities and their wide availability stimulated the
rapid development of the high-resolution X-ray imaging techniques at the
micro and nanoscale.

Nowadays, X-ray imaging at the synchrotron facilities with a spatial resolu-
tion at the sub-micrometer range is achieved by utilizing the so-called indi-
rect X-ray imaging system. This system consists of a scintillator crystal that
converts impinging X-rays into visible light, an optical microscope, and a
high resolution (Charge Coupled Device) CCD image sensor [5]. According-
ly, the effective pixel size and a spatial resolution of an indirect imaging
system are restricted by the diffraction limit of the optics, the thickness of the
scintillator material, and a substrate (on which the scintillator is glued) to
about 0.5 um [6]. Furthermore, the field of view is limited to about 1 mm?

[71.

The spatial resolution limit has been overcome by synchrotron-based X-ray
transmission microscopy techniques using X-ray optics to create magnified
and focused X-ray images. Nowadays, X-ray microscopy provides a spatial
resolution at the nanometer scale, however, further reducing the field of view
down to 10 pm? [8]. X-ray transmission microscopes can be classified into
shadow projection, full-field transmission X-ray microscope (TXM), and
scanning transmission X-ray microscope (STXM)[9][10][11] A shadow pro-
jection microscope is based on the projecting of the specimen's magnified
image onto the detector plane under cone-beam illumination. The spatial

1
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resolution of this technique is defined by the magnification factor, i.e., the
distance between the specimen and a virtual source (in case of using X-ray
focusing optics) and the distance between the specimen and the detector. In a
typical full-field TXM for soft X-rays, the condenser optics is used to illumi-
nate the specimen and Fresnel zone plate to magnify the image onto the de-
tector [12]. In full-field TXM, the FoV is determined by the size of the fo-
cused beam on the sample created by the condenser optics. Recently, in the
hard X-ray region, hard X-ray TXM based on refractive CRLs as a condenser
and magnifying optics has been realized to study eutectic phase transfor-
mations in metallic alloys with the spatial resolution of about 100 nm using
15-17 keV X-rays [13][14]. Scanning transmission X-ray microscope utilizes
an optical element that creates a single focused X-ray beam (micro or nano-
probe), and an object is raster-scanned across the incoming beam [15][16].
The transmitted X-ray intensity is measured by a typically integrating detec-
tor at each specimen scanning position, and the high-resolution image is
reconstructed in a pixel-by-pixel manner. The spatial resolution in STXM is
equal to the diffraction-limited spot size. For all three types of microscopes,
the highest spatial resolution achieved is below 10 nm, and at the moment,
the FoV is up to 100 um x 100 um at photon energies below 20 keV restrict-
ed by the X-ray optics [17][18].

If the FoV takes precedence of the spatial resolution, the pixel su-
per-resolution (PSR) imaging by using low-resolution detectors can be ap-
plied [19][20]. The PSR imaging allows to reconstruct a high-resolution
image from multiple sub-pixel shifted low resolution (LR) images
[21][22][23][24][25][26][271[28][29][30][31][32]. The sub-pixel shifted LR
images can be obtained either by the CCD camera's sub-pixel movement or
scanning of the specimen [33]. In X-ray imaging, the scanning of a sample
with sub-pixel sized steps in front of the detector is preferable because it
allows eliminating field inhomogeneity of the incident X-ray beam by
flat-field correction [34]. The first demonstration of this technique was per-
formed by the raster-scanning of a specimen in front of the single-photon
counting LAMBDA detector (55 um pixel size) without the use of optical
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elements, the FoV of 14x14 mm? and the spatial resolution of 10 um were
reached [35].

In this work, we developed a pixel super-resolution scanning transmission
hard X-ray microscopy (PSR-STHXM), which combines the advantages of
STXM and PSR imaging. The method utilizes sub-pixel specimen scanning
through a large number of identical X-ray microprobes periodically spaced,
whereas the period corresponds to the pixel size of a low-resolution pixel
detector located behind the specimen. The spatial resolution and FoV are
determined by the microprobe size and the number of microprobes, respec-
tively. The scan time is reduced in proportion to the number of microprobes.
In this thesis, an array of microprobes is formed by refractive multi-lenses.
The space between microprobes needs to be equal to a multiple of the size of
one pixel at the detector position, and each microprobe should impinge on the
center of each pixel. Besides, the PSR-STHXM is developed for the photon
energies in the range of 17-35 keV [36][37][38] since many specimens re-
main opaque at the photon energies below 17 keV.

Thesis goal

This thesis aims to develop the hard X-ray microscopy technique for photon
energies above 17 keV and providing a large field of view in the order of
centimeters, sub-pm spatial resolution, and relatively short data acquisition
time. For this purpose, many steps are involved in getting from the hypothe-
sis of the PSR-STHXM to the successful realization. As a starting point, the
concept of PSR-STHXM has to be developed, including the determination of
the theoretical limits of the technique. Next, the new X-ray optics were-
designed and realized, considering the constraints of the fabrication process,
synchrotron beamline, and the imaging detector. After the optical elements'
manufacturing, the microscopic analyses need to be done to evaluate the
quality of the optics and further fabrication process optimization. After
achieving the desired optics, which theoretically predicts the (sub-)um size of
X-ray foci, the design, and implementation of the experimental setup at the
beamline, including the optics holders, was performed. Then, the optics'
focusing performance has to be analysed at synchrotron facility using mono-

3
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chromatic hard X-rays, which is necessary to determine the scanning step of
the specimen. Finally, the proof of concept of the PSR-STHXM could be
demonstrated by image data processing and the PSR image reconstruction
algorithm's development. By analyzing the experimental results and identify-
ing the limits, further development and fabrication of X-ray optics were
needed to improve the spatial resolution, enlarge the FoV, and reduce the
scanning time of the PSR-STHXM. To overcome the maximum height limit
of X-ray optics fabricated by the deep X-ray lithography and electroplating
technique, the new concept of X-ray optics was developed and experimental-
ly proven.

Thesis outline

The thesis is divided into six chapters following the introduction. Chapter 2
gives a theoretical background, starting with a brief description of X-rays and
synchrotron sources, the interaction of X-rays with matter, and X-ray refrac-
tive optics. In chapter 3, the principle of deep X-ray lithography and electro-
plating developed at the IMT/KIT is described [39][40]. Following this, the
design and fabrication of new X-ray optical elements such as nickel 1D re-
fractive multi-lenses (RML) for 17 keV, 2D polymer compound RMLs for
34 keV, and a staircase-array of inclined RMLs for 35 keV X-rays by deep
X-ray lithography and electroplating as well as microscopic investigation of
the X-ray optics are described in details. In chapter 4 the results of the exam-
inations of the X-ray optical elements' focusing performance under mono-
chromatic X-ray illumination at the IMAGE beamline/KARA, B16 Diamond
Light Source and BL20B2/SPring-8 synchrotron facilities are presented. The
pixel super-resolution scanning transmission hard X-ray microscopy with the
super-resolution reconstruction is presented in chapter 5. The main parame-
ters of the developed PSR-STHXM: spatial resolution, field of view, and
scanning time are evaluated and followed by the measurement of dental im-
plant abutment fabricated by selective laser melting as an application. Chap-
ter 6 summarizes the results and gives an outlook of the future extension of
PSR-STHXM to the multi-contrast imaging modality.

4



2 Theory

This chapter starts with a brief description of X-rays and the X-ray sources,
followed by a description of the interaction of X-rays with matter and refrac-
tive optical elements.

2.1  X-rays and synchrotron source

Wilhelm Rontgen discovered the X-rays in 1895 [41]. X-rays are electro-
magnetic waves in the region of an Angstrom (10 °m). The X-ray interaction
with matter is strongly dependent on the wavelength and, subsequently, the
photon energy. According to wave-particle duality, the wavelength A can be
converted into the photon energy E via the frequency f according to E = hf=
hclA, where h is Planck’s constant and c is the speed of light. The shorter the
wavelength, the higher the photon energy. For material science applications,
many specimens are opaque at energies below 15 keV. Therefore, photon
energies above 15 keV are required [14].

With the advent of synchrotron radiation facilities in the mid to late 1970s,
X-ray microscopy has gained rapid development. Third-generation synchro-
tron radiation sources accelerate the electrons by forcing them on a circular
trajectory and thus producing intense X-ray beams. Synchrotron radiation is
tunable over a broad energy range. One of the crucial parameters for X-ray
microscopy is the brilliance of synchrotron sources. Compared with the con-
ventional source such as an X-ray tube, the synchrotron source's brilliance is
about 10* higher. Brilliance is defined as the number of photons per second
in a given bandwidth (0.1%), divided by the source size and the solid angle
[42]:
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Photons/second (2.1)
(mrad)?(mm?source area)(0.1%BW)

Brilliance =

This work was performed at the following beamlines and synchrotron facili-
ties:

e IMAGE beamline KARA synchrotron facility (Germany);
e beamline (BL) B16 Diamond Light Source (England);
e BL20B2 SPring-8 (Japan).

2.2  X-ray optics for PSR-STHXM

There are three main physical phenomena for focusing X-rays: reflection,
diffraction, and refraction. Therefore, nowadays, there are various types of
producing a sub um single line or point focus depending on the X-ray inter-
action with matter at the photon energies below 20 keV. First, reflective fo-
cusing optics are Kirkpatrick-Baez or Wolter-type mirrors. Their advantage is
that they are achromatic [43][44][45]. The challenging task is the alignment
of two pairs of focusing mirrors to produce a point focus. Second, diffractive
focusing optics Fresnel zone plates (FZP), Multilayer zone plates (MZP), and
Multilayer Laue lenses (MLLs) [46][47]. The diffractive optics are common-
ly used as pre-focusing or imaging optics at energies below 20 keV. Finally,
refractive focusing optics are compound refractive lenses (CRLs) [48]. They
are efficient at energies above 15 keV(up to 100 keV) [49]. Therefore, they
were chosen as an optical element in this work.

Since the main idea of the PSR-STHXM is the sub-pixel specimen scanning
through the periodically spaced X-ray foci using high photon energies (above
15 keV), the array of CRLs -is required. The period should be equal to the
low resolution (LR) detector pixel size. Furthermore, all of the X-ray foci
should have identical optical properties, particularly the size of the foci
(FWHM) and distance between neighboring foci. The resolution of



2.4 Refractive X-ray lenses

PSR-STHXM is defined by the X-ray focus size (FWHM). Consequently, the
sub-um X-ray focus size is desired.

Recently, the array of line foci produced by 1D refractive multi-lenses
(RMLs) manufactured by silicon etching for high photon energies
(10-60 keV) were demonstrated [50][51]. These RMLs generated an array of
30 X-ray line foci with a length of each foci (limited by the height of RMLSs)
of about 60 pm. Since the number of X-ray foci determines the FoV of
PSR- STHXM in the scanning direction, a much larger number of foci is
necessary. Moreover, the height of the RMLs should be much higher. Also,
the array of 2D CRMLs, fabricated either by additive manufacturing or by
embossing process of polyimide foils using a paraboloid needle, were
demonstrated for energies below 15 keV and for an FoV of 1 mm? and
6.5 x6.5 mm? [52][53][54][55]. Moreover, produced 2D CRMLs include
stitching/shifting errors, influencing the focusing performance (the point foci
size is in the range of ten microns). Therefore, within the scope of this thesis,
1D RMLs and 2D CRMLs for higher energies (above 15 keV), (sub) um foci
size with a large area (>1 mm?) were developed [36][37][38]. Consequently,
in the following sections, only the basics of refractive lenses will be de-
scribed.

2.3 Interaction of X-rays with matter

2.3.1 Complex refractive index

The complex index of refraction is given by [42]:

n=1-8+ip (2.2)

where 4 is the refraction index decrement, which is the positive value of the
order 1077 to 10™° in solids for energies in the range of 10 keV to 30 keV.
The imaginary part £ denotes the absorption, and it is three orders of magni-
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tude smaller than §. Both can be derived by a complex atomic scattering
factor f [56]:

f=Z+f +if", (2.3)
§="020 7 4 f7), (24)
_ are)L2 " 2.5
=gt *9)

where 7, is the classical electron radius, A is the wavelength, N, is Avoga-
dro’s number, Z is the number of the electrons in the element, p is the density
of the element, and A is the atomic mass. The Beer-Lambert law describes the
absorption [57]:

I = Iy exp(—pd) (2.6)

Here 1, and |y are intensities of attenuated and primary waves respectively, u
is the linear absorption coefficient for the photon energy E, and d is the mate-
rial thickness. The absorption coefficient x is related to the absorption
dex f:

4 2.7)
p=—~

2.3.2 Refraction of X-rays

For X-rays, matter is optically thinner than vacuum because the refractive
index n = 1 — § is slightly below one. This result is because the phase veloc-
ity of X-rays is larger in the matter, and the beam coming from the vacuum

(or air) is refracted away from the surface normal according to the Snell’s law
[57]:
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n,sinf = n,sind’ (2.8)

Where 6 and 6’ are the angles between the surface normal and the incident
ray and refracted ray, respectively. The difference in the refraction for visible
light and X-rays is presented in Figure 2.1.

a) Visible light b) X-rays
m=l 7 m=l 7
e’ \L‘ el
ny>1 n,<1

Figure 2.1: Difference in refraction for visible light (a) and for X-rays (b).

Besides, the refraction away from the surface normal implies that the total
external reflection occurs when the incident angle is less than the critical
angle, which denotes:

6, = V25 (2.9)

Taking into account that ¢ is in order of 10~7 to 1075 the critical angle is in
the range of milliradians.

2.4 Refractive X-ray lenses

In contrast to visible light, the low refraction of X-rays made it challenging to
fabricate refractive lenses. However, in 1996, the first compound refractive
lens (CRL) was experimentally demonstrated [48]. Because the value of J is
very low, the refractive lenses were stacked along the optical axes to achieve
a reasonable focal distance. The first CRL consisted of many cylindrical

9
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holes that were drilled in an aluminum block. The large number of holes
allowed to obtain the short focal distance in the energy range of 5-40 keV.
This CRL generated a focus with strong spherical aberrations caused by the
circular profile of the holes.

Over time, the lens profile changed from cylindric to parabolic to avoid
spherical aberrations. Therefore, all refractive lenses in this thesis have a
biconcave parabolic shape. The parabolic profile is defined as [58][59]:

BENESE 2.10)

2R 2

where R is a radius of curvature in the apex of the parabola of the refracting

surface.

Consequently, the length of a single refractive lens is equal to:

— — 1. (%)’
L=20+w=< (2) +w, (2.11)

Where w is the web distance (distance between two parabola apexes) and App
is the physical aperture.

The parameters of the single-lens and the X-ray beam refraction (in red) are
illustrated in Figure 2.2.

Y
L=2l4+w
Aph @ z
R F
[ W]

Figure 2.2: The schematic view of a single parabolic X-ray lens with parameters.
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2.4 Refractive X-ray lenses

The material for CRL manufacturing has a significant influence on the focus-
ing performance of the refractive lenses. Consequently, the best material
should have a high refraction power &, with the lowest possible absorption
through a small 8. Therefore, the typical lens materials with low absorption
(low atomic number) are more suitable for lens fabrication. Nowadays, re-
fractive lenses are made of lithium [60][61], beryllium [62][63][64], silicon
[65][66], SU-8 [67][68], diamond [69][70], aluminum and nickel [71][72]; In
the context of this thesis, 1D RMLs are made of nickel and 2D CRMLs are
made of SU-8 because these materials can be structured by deep X-ray li-
thography and electroplating. Due to weak refraction of SU-8 lenses at 34
keV, 2D CRMLs consist of many biconcave parabolic shaped lens elements.

Nowadays, the X-ray refractive lenses are widely used at the synchrotron
facilities due to their easy alignment, relative insensitivity to misorientations,
and mechanical vibrations as focusing and imaging lenses [73]. Since the
RMLs consist of identical individual lenses, in the following the main param-
eters of the single refractive lens for PSR-STHXM are described.

2.4.1 Focal distance

In the PSR-STHXM, the specimen is placed at the focal distance. The focal
length of a single biconcave lens is [73]:

R (2.12)

F=%

R is the radius of curvature of the lens's parabolic shape, and F is its focal
length. For a single refractive lens, to obtain a focal distance below 1 m, the
radius of curvature should be in the sub-pum range, since & is small.

For CRLs with large length L, the focal length of a CRL consisting of N sin-
gle biconcave lens is given by [74]:

R L (2.13)

F=2s"%
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2 Theory

Since & is proportional to 1/E? the focal length varies as the square of the
energy, i.e. X-ray lenses are highly chromatic. Therefore, the experiments in
this work were performed by using monochromatic X-rays.

2.4.2 Transmission and the effective aperture

Compared to visible light, X-ray lenses are limited by the absorption and the
geometrical size (physical aperture Agy) [75]. The absorption limited aperture,
which is called effective aperture, is smaller than the physical aperture be-
cause the material absorbs the part of the X-ray beam transmitted through the
lens (as shown in Figure 2.2).

For the thin lens approximation, the effective aperture is defined by [58]:

1—exp(—a,) (2.14)

Agfi=
eff—Aph a

p

The transmission of an X-ray lens T is the fraction of photons that are trans-
mitted through the lens. The transmission can be derived by integrating
Beer-Lambert’s law over the lens aperture [58]:

(—uNw) (2.15)
T = %(1 - exp(—Zap))

where w is the web distance which is the minimal thickness between parabo-
la apexes. a, is the factor responsible for lens material absorption and for
scattering on roughnesses of lenses surfaces [58]. For the refractive lenses
fabricated by deep X-ray lithography and electroplating, the surface rough-
ness is in the range of 20 nm and therefore can be neglected.

Since a,, is small, the effective aperture can be rewritten as [76]:

s (2.16)
Aggr = 2 m

Where u is the linear absorption coefficient.
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2.4 Refractive X-ray lenses

The numerical aperture NA is related to the effective aperture according to
[77]:

Aesr (2.17)

2.4.3 Depth of focus and depth of field

Since the specimen is positioned in the focal distance, it is necessary to esti-
mate the longitudinal extension of the focus-the depth of focus (DOF). DOF is
determined by twice the length of the region along the optical axis where the
diffraction-limited spot diameter Ag;¢ is equal to the geometrical diameter of
a cone extending from the lens's effective aperture to the focus (Figure 2.3)
[73]:

popo 2F 2P IR (2.18)
CAar T A 207 A%
> DOF
=} Aaiff

Figure 2.3: The DOF and the size of X-ray foci Agj¢r

The depth of field of the refractive lens is defined as the distance along the
optical axes between two objects, which can be correctly imaged and can be
described by [73]:

d = 8 AF2 (2.19)

==,
T Agff
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2 Theory

2.4.4 Resolution

The minimum achievable diffraction-limited focus size generated by an
X-ray focusing refractive lens is essential because it determines the attainable
spatial resolution of the PSR-STHXM. The diffraction-limited spot size Ay
of the RML, is defined by the effective aperture as [77]:

W _AF _ IR (2.20)
W™ Aegr 28 Aert
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3  Microfabrication of X-ray optical
elements by deep X-ray LIGA

To realize a PSR-STHXM optical structures with thickness varying from
100 um to 2 mm and high aspect ratio, high accuracy, and structure details in
the sub pm range should be fabricated. The deep X-ray LIGA process, a
German acronym for Lithography (Lithographie), Electroplating (Gal-
vanoformung), and Molding (Abformung), meets all these requirements;
thus, all optical elements were fabricated using this technique.

3.1 Deep X-ray LIGA process: the basics

The LIGA process [40] is a sequence of microfabrication steps combining a
step of deep X-ray lithography (DXRL), also called by some authors deep
etch X-ray lithography, and subsequent additive processing of plat-
ing-through-mask and molding [39]. In the following, the molding step will
not be described as it is not used for the fabrication of the optical component.
The deep X-ray lithography is described in Figure 3.1.
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA

1 - Layout 2 - Mask

_J

Negative resist Positive resist
3- Irradiation

using
synchrotron
radiation

Post exposure

4 - Development

Reactive 1on
etching

5 - Electroplating

6 - Removing
resist

Figure 3.1: The deep X-ray LIG(A) process steps [39]
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3.1 Deep X-ray LIGA process: the basics

In the first fabrication step, an X-ray sensitive polymer (resist) layer of up to
several millimeters thickness is coated onto a conductive or non-conductive
substrate. Generally, polymethylmethacrylate (PMMA) is used as a positive
resist and an epoxy-based resist (SU-8) as a negative resist. A mask pattern is
transferred into the thick resist layer via a 1:1 shadow proximity printing
scheme using hard X-rays from a synchrotron source. X-ray masks consist of
absorber patterns (gold) supported by highly X-ray transparent membranes.
After irradiation, selective dissolution of the chemically modified exposed
parts of the positive resist (or dissolution of the non-exposed regions of the
negative resist) in a chemical developer results in a polymeric relief replica of
the mask pattern. Then, depending on the material, accuracy, different fabri-
cation routes can be chosen, which may include further steps of electroplating
of metal structures [78][79][80][81]. The polymeric microstructure can be
used:

e simply asitis (2D compound RMLs) [82],

e as an electroplating template to generate metallic microparts (1D
RMLs, and staircase-array of 1D inclined RMLS).

Features characterizing this process are listed below:

e The high-energy X-rays can deeply penetrate thick (e.g., hundreds
of micrometers or even millimeters) layers of polymeric resist, al-
lowing uniform deposition of energy in the depth of the resist and
the formation of tall microstructures in one exposure step.

e The exact shape-definition of parts, both laterally in terms of dimen-
sional control and in terms of the straightness and planarity of side-
walls, are available.

e The short wavelengths of X-ray photons provide high resolution for
patterning due to low diffraction effects. The smallest lateral dimen-
sion of a few micrometers with structural details in the
sub-micrometer range can be manufactured.
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA

e The X-ray beam's small vertical angular divergence achieves high
accuracy in pattern transfer from the mask. Due to their excellent
collimation, the X-rays penetrate thick resists with an extremely low
horizontal run-out (in the range of 0.1 um/100 um thickness), there-
by producing the substantially vertical walls for which LIGA struc-
tures are well known.

e The vertical sidewalls are optically smooth with a typical local
roughness of the order of 10 nm and longer-range waviness, such as
slope errors or steps determined solely by the accuracy of mask writ-

ing.

e The almost parallel (well collimated) light of X-ray beams produced
by synchrotron radiation sources also allows printing with large
depth-of-field. A large working distance between the mask and the
substrate can then be used in non-traditional pattern transfer to man-
ufacture inclined structures or pattern formation on substrates pre-
senting a large topography.

3.2 Deep X-ray LIGA process at IMT /KIT

IMT has two exposure beamlines at the KARA synchrotron, namely LITHO1
and LITHO2. The two beamlines are equipped with scanners from the com-
pany Jenoptik AG (Jena, Germany). The characteristics of the beamlines are
indicated in Table 3-1.

For X-ray mask fabrication different processes exist at IMT [39]. Since the
optical element should be fabricated with high accuracy, the higher quality
mask manufacturing process was chosen (see Figure 3.2); the intermediate
mask using a 2.5 um titanium membrane is processed using an E-beam writ-
er, and the working mask is fabricated using X-ray lithography.
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3.2 Deep X-ray LIGA process at IMT/KIT

Table 3-1: Characteristics of the X-ray LIGA beamline @ IMT/KIT

Beamline | Characteristics Energy Min. Au Resist
range absorber height (um)
(keV) thickness (um)
LITHO1 | Mask fabrica- 2.2-33 | 0.75-2.2 Up to 100
tion, patterning (Intermediate
of thin micro- mask)
structures
LITHO2 | Deep X-ray 25-12.4 | 20-25 100 to 2000
lithography (Working
mask)

I }

Low Standard ',,Mediur_‘n"‘
precision precision High precision
) l l
bzc;:rz])n uv uv Laser |Intermediate X-
lithography phot(imask phot(imask lithography|  ray Mask
uv X-ray Intermediate
Lithography Mask X-ray mask
!
45 —
Lithograph working
grapny mask mask

Figure 3.2: The different processes for X-ray mask fabrication. The green “route” was
chosen
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA

In this work, three optical elements were fabricated: single nickel 1D RML
for 17 keV, 2D polymer compound RMLs for 34 keV, and staircase array of
inclined nickel RMLs for 35 keV. For reducing the scanning time of the
PSR-STHXM, the number of lenses should be as high as possible, whereas
the period of RMLs which determines the spacing between neighboring
X-ray foci should be minimized. Furthermore, sub um foci size and large
FoV are also the targets.

Consequently, a first optical element was designed for 17 keV with the aim to
obtain sub-um foci size, a smaller period, and a large number of lenses with-
out focusing on the structure height. Since the fabrication process parameters
for the refractive multi-lens were unknown, the fabrication limits were stud-
ied (radius of curvature). The material for the first single RML was a nickel,
as its refractive index decrement is one order of magnitude larger than the
epoxy-based negative photoresist.

After successfully realizing 1D RML for 17 keV, the aims were to increase
the structure height and photon energies. Therefore, a 2D optical element for
34 keV was designed. In this case, the material chosen was the polymer SU-8
with 2 mm height (highest possible height for lenses, which can be realized
by deep X-ray lithography). 2D RMLs should be stacked along the optical
axis to minimize the focal distance due to the low refraction power of SU-8.

Finally, to perform a large FoV, a staircase array of inclined RMLs, that
overcome the height limit of X-Ray LIGA fabrication was developed to
achieve cm long X-ray foci. The staircase array consists of many identical
single RMLs. Thus, it was made of nickel for 35 keV.

In the following, a detailed description of the fabrication process of the three
X-ray optical elements used in the work is described, including the fabrica-
tion of the absorber mask made by E-beam lithography.
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3.3 Fabrication of the 1D RMLs array

3.3  Fabrication of the 1D RMLs array

The goal was to manufacture 1D nickel RMLs with the smallest period
(physical aperture respectively) and sub-um radius of the parabolas' curva-
ture. Height should be as high as possible- pm.

The requirements are:

The identical geometrical shape of the single lenses

Absence of sidewall inclination

Minimum web distance (distance between parabola apexes)
Excellent lens quality

The sub-um radius of curvature (focal distance in the mm range)

Biconcave parabolic profiles.

o gk wdE

3.3.1 Design

The single nickel RML was specially designed for the usage at the IMAGE
beamline at the KARA synchrotron facility (KIT, Karlsruhe, Germany), tak-
ing into account its’ constraints:

e The maximum photon energy is 17 keV (wavelength 0.73 A), which
limits the lens material choice to minimize the absorption [58];

e The source size (rms) is 0.93 mm x 0.0253 mm (horizontal x verti-
cal),

e The beam size at the specimen position (8 mm horizontal x 1 mm
vertical) limits the length of RML (number of single biconcave
lenses in one row).

The design of the RMLs was performed using the LayoutEditor software
(juspertor GmbH [https://layouteditor.com/]) and saved in the GDS Il file
format since this file format is supported by the electron beam writer
EBPG5200Z (Raith GmbH).

Conventionally, the refractive lenses are used as compound refractive lenses,
which significantly simplifies the fabrication of such CRLs. In this case, the
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA

radius of curvature at the parabola apex is in the range of several tenths of
micrometers and the physical apertures of more than 50 um. Moreover, the
web distance is in the range of 20-30 pm if low absorbing materials are used,
as mentioned in the previous chapter. However, the scanning time in the
PSR-STHXM can be reduced if the physical aperture (period of RML) is
small enough and generates the X-ray foci in the (sub-) micrometer range.

Consequently, biconcave and plano-concave shape lenses with a period of
10 pm and a physical aperture of 9 and 5 um were designed. The web dis-
tance between the parabola apexes was 3 um and 6 um. The parabolic profile
(used for focusing the incoming X-rays) of the RML was designed to achieve
a 0.86 um radius of curvature for the nickel RML. A macro file for Lay-
outEditor software was written to create the structure geometry with identi-
fied parameters. The parabolic shape was approximated with a step of 1 nm.

No design rules exist to correct the design by considering the geometry modi-
fication induced by the different fabrication steps. Real dedicated experi-
ments remain the best way to view the process feasibility and to obtain the
designed final structures. Therefore, a test mask has been fabricated; the
design parameters are summarized in Table 3-2.

The mask area was divided into 165 equal areas of 2.5 x 2 mm? in (total area
of 50 x 50 mm?) to include 11 different designs (rows) and 15 different dose
variations (columns) on one substrate.
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3.3 Fabrication of the 1D RMLs array

Table 3-2: Design parameters of the nickel RMLs to be used at 17 keV.

Shape Parabolic | Period/Aperture Web Radius of
profile (um) /(um) | distance(um) | curvature
(pum) (um)
Biconcave 11.82 10/9 3 1.7
11.82 10/9 6 1.7
23.64 10/9 3 0.86
23.64 10/9 6 0.86
11.82 10/5 3 0.53
11.82 10/5 6 0.53
23.64 10/5 3 0.3
23.64 10/5 6 0.3
Plano-concave 11.82 10/9 3 1.7
11.82 10/9 6 1.7
23.64 10/9 6 0.86

A dose correction was performed with Proximity effect correction (PEC),
Fine layer (Sleeve) /Coarse layer (bulk) (FL/CL), and BIAS FL/CL [91]. The
proximity effect is a function of backscattered electrons in E-Beam lithogra-
phy, which can provide additional exposure to nearby features depending on
how close or proximate one element is to another. The proximity effect de-
pends primarily on the accelerating voltage, the substrate, the resist and pro-
cess, and, most importantly, the features' size and location. PEC correction
was also included in FL/CL and in BIAS FL/CL. This philosophy allows
reducing the writing time as much as possible. To achieve the parabola’s
exact designed shape, BIAS FL/CL calculations for the 50 nm area of the
parabola edge in addition to FL/CL were used.
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA

By this detailed proximity correction scheme, it is possible to fabricate the
requested structures with sufficient precision. According to design values,
fifteen different dose values for E-beam writer were selected to investigate
the optimum dose parameters for manufacturing the test structures. The pa-
rameter set is listed in Table 3-3.

Table 3-3: Dose optimization for e-beam lithography

Number PEC Number FL/CL Number Bias
(uC/cm?) (uC/cm?) (uC/cm?)
1 600 6 650/650 11 650/650
2 650 7 700/650 12 700/650
3 700 8 750/650 13 750/650
4 750 9 800/650 14 800/650
5 800 10 850/650 15 850/650

3.3.2 X-ray absorber intermediate mask fabrication
using E-beam lithography

For intermediate mask fabrication, the substrate consists of a 4-inch silicon
wafer, which was coated with a carbon layer, a titanium oxide, chromium
(7 nm), and a gold (15 nm) layer on top of it. Then PMMA resist of 3.2 pm
height was spray-coated onto the substrate. After E-beam writing, the mask
was soft baked at 180 °C for 5 minutes. PMMA resist was developed with 1:1
solution in volume; 1 vol. MIBK (methyl isobutyl ketone): 1 vol. IPA (Iso-
propyl alcohol) for 150 seconds. After development, the structures of the test
mask were checked with an optical microscope; some microscope pictures of
them are presented in Figure 3.3.
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3.3 Fabrication of the 1D RMLs array

Figure 3.3: Dark green color indicates the PMMA structures, and the surrounding
area would be electroplated.
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA

After development, the intermediate mask was electroplated in a gold bath to
achieve gold structure heights of about 2.2 um. As a final step, the PMMA
resist was removed.

Measurement of the gold structures using SEM was performed. They indicate
that the structural dimensions that fit the designed value were achieved with a
dose parameter set of:

. BIAS - FL 650 pC/cm? — CL 650 pC/em?;

As an example, SEM (ZEISS Supra 60Vp) pictures with measurements of
designed structures with a period of 10 microns (physical aperture of 9 and
5 um, web distance of 6 and 3 um) for biconcave shaped lenses are presented
in Figure 3.4.

) e BIAS FLBSO/GLS0SC/om K
- )
o .

10

Figure 3.4: Absorber structure SEM picture of designed structures with a period of 10
microns:
(a) Biconcave, 9 um aperture, 3.1 pm web distance.
(b) Biconcave, 5 um aperture, 7 pum web distance.
(c) Biconcave, 9 um aperture, 6.5 pm web distance.
(d) Biconcave, 9 pm aperture, 3.6 um web distance.
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3.3 Fabrication of the 1D RMLs array

After SEM analysis, the titanium membrane was glued on a metallic holder
(4-inch) using two compound glue and was lifted off from the silicon sub-
strate.

3.3.3 Structure fabrication

For the fabrication of nickel RMLs, a standard 525 um silicon substrate with
a titanium oxide layer with 76 um spin-coated PMMA resist height was ex-
posed using the intermediate mask previously described at LITHO | beam-
line. After exposure, the sample was developed in an organic developer GG,
rinsed in BDG and DI-water, then dried in a convection oven and electroplat-
ed in a nickel bath to achieve nickel structures height of 60 um. Finally, the
PMMA resist was removed from the substrate by plasma etching (R3T
GmbH). The fabrication process flow is shown in Figure 3.5

a) b) XY g
Au

PMMA resist
[ Silicon substrate Rl
c) GG d)

Figure 3.5: Fabrication steps to obtain the nickel 1D RML.

Nickel structures with a 10 um period, a physical aperture of 9 and 5 pm,
height 60 um and 2.5 mm in length were achieved (see Figure 3.6). Obtained
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA

structures were analyzed by SEM (ZEISS Supra 60Vp); the parabolic shaped
lenses deviate only slightly from the design (shown later in Figure 3.6 de-
tailed analysis), the individual focusing elements present an identical parabol-
ic profile from top to bottom. After the SEM analysis, the substrate was cut
into strips using a diamond wafer saw (Model DAD 3430, Disco Corpora-
tion, Japan) and glued on silicon pieces for further characterization and X-ray
imaging.

Figure 3.6: SEM picture of two different 10 um period biconcave parabolic RMLs
fabricated by DXL and electroplating

(a) Physical aperture 5 um, parabolic profile: 23.64 um.

(b) Physical aperture 9 um, parabolic profile: 11.82 pum.
Since all fabricated nickel structures have been manufactured with good
quality, it was necessary to select one for X-ray imaging experiments at the
IMAGE beamline KARA synchrotron facility. Thus, among the fabricated
structures with various parameters (physical aperture, web distance, radius of
curvature) given in Table 3-1, one of the RML has been chosen that should
theoretically generate the smallest diffraction-limited X-ray line foci (dgi) at
17 keV. Since the RML with about 5 um web distance was damaged after
cutting, the 10 um period biconcave RML with 9 pm physical aperture,
8.5 um web distance, and 0.83 um radius present the best parameters to ob-
tain the smallest line foci.

A detailed characterization of the geometrical size of this RML (see Figure
3.7) was done by using SEM (Zeiss Supra 60 VP). The fabricated nickel

structures are free of shape deviations, sidewall inclination, cracks, and de-
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3.3 Fabrication of the 1D RMLs array

fects. The single lenses present identical parameters within the complete
length (2.5 mm).

a)

Figure 3.7: SEM images of the selected 1D RML (overview and detailed view) [36]

In Figure 3.8, the comparison of the designed RML (black dots) from the
fabricated structures (red dots with error bars) is presented. The form of the
fabricated RML is in excellent agreement with the design. The small devia-
tions are caused by PMMA resist swelling during the electroplating process.
The web distance between parabola apexes enlarged from 6 pum to
8.5+ 0.17 um, and the physical aperture is 8.95+ 0.23 um. The radius of
curvature was estimated to be 0.83 um (design value was 0.86 pum).
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA
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Figure 3.8: Analysis of the deviation of the fabricated structures from the design
values [36]:
(a) SEM image of RML fabricated by deep X-ray lithography and elec-
troplating (top view).
(b) Comparison of the fabricated structures (red) with the design values
(black). The period of the RML is the same as the design value (10 um).
(c) Zoom-in view of the blue rectangle in (b). The web distance between
parabola apexes increased from 6 um (design value) to 8.5 um
(d) Designed parabolic profile (black curve) in comparison to the fabri-
cated parabolic shape with parabolic curve fitting (red). The fabricated
structures' profile is narrower than the designed one, and the radius of
curvature changed from 0.86 um (design value) to 0.83 pm.

To summarize, the parameters of the chosen lens are:
e Period: 10 pm,
e Physical aperture: 8.95 + 0.23 pm,

e Radius of curvature: 0.83 £ 0.2 pm,
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3.4 2D compound lens array made of SU-8 for 34 keV by DXL

e  The number of single lenses: 250 (2.5 mm length)
e The web distance between parabola apexes: 8.5+ 0.17 pym
e Height: ca. 60 um.

According to this analysis, the slight deviation of the fabricated RML may
lead to the enlargement of the theoretical diffraction-limited X-ray line foci
size (FWHM). Another parameter that contributes to the enlargement of the
X-ray line foci size is the sidewall surface roughness [59]. The surface
roughness required for the refractive lens should be below 100 nm [73]. The
roughness of the sidewall of the fabricated nickel RML was measured with
an optical three-dimensional surface profiler (ContourGT, Brucker, USA)
using the vertical scanning interferometry mode with a luminous green
source. An area of 80 um X 150 um was measured, and the average surface
roughness (Ra) was evaluated to be 36 nm £ 5 nm (see Figure 3.9)

Figure 3.9: The measured surface roughness of the fabricated 1D RML.

3.4 2D compound lens array made of SU-8 for
34 keV by DXL

Due to the fact that the fabrication of single 1D RMLs with the sub-um radi-
us of curvature and height up to 200 um remains a highly challenging task,
one solution consists in using many lens elements with a larger radius of
curvature stacked along the optical axis. This lens is called a compound re-
fractive lens (CRL). Since DXL allows to fabricate only 1D CRLs, to obtain
a 2D point focus CRLs, two 1D CRLs have to be mounted, one of them ro-
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3 Microfabrication of X-ray optical elements by deep X-ray LIGA

tated by 90° around the optical axis and connected in an interdigitated way
[83][84].

2D CRLs are widely used for synchrotron applications. They consist of a
large number of individual lens elements to achieve short focal lengths. CRLs
are frequently used in the photon energy range between 8 keV and 100 keV.

3.4.1 Design

The 2D CRMLs (compound RMLs) were specially designed for an X-ray
energy of 34 keV and the PSR-STHXM using the Medipix Merlin 3.0 pho-
ton-counting detector (FoV 14 mm x 14 mm, 256 x 256 pixels, 55 pm pixel
size, CERN, Geneva, Switzerland) working in charge summing mode [85].
Consequently, the focal points grid period has to be equal to the pixel pitch of
the detector, so the individual CRMLs physical apertures are 55 pm x 55 pm.
A 2D CRMLs of 34 x 34 single CRLs, resulting in a total entrance aperture
of 1.87 mm x 1.87 mm, is designed and should be fabricated in 2 mm high
photoresist.

The design parameters of 2D CRMLs are described and given in Figure 3.10.
Each lens element has two rectangular stabilization parts with b =40 um at
the edges of each RML, resulting in a total lens element width of
34 -55 um+ 2 - 40 pm = 1950 pm.

The web distance w = 25 pm was chosen to obtain mechanically stable lens
elements. With air gaps d = 50 um between neighbor lens elements along the
optical axis, this results in 2D CRMLs with a total length of
Lerme = 22.5 mm calculated by:

2
Lermis = 20Ny + Np) - (P2E) 4 (N, + Nw + (Ny + M) = Dd - (3.1)

The designed focal length f,, of this CRMLs is given by [74]:
~_— R 4 LerL
fon ® gsons T s~ 360 mm, (3.2)

0.000281

B v~ 243 % 107[86].

using a refractive index decrement of 8 ~
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3.4 2D compound lens array made of SU-8 for 34 keV by DXL
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Figure 3.10: The design parameters of 2D biconcave parabolic polymer (SU-8)
CRMLs for 34 keV: A, — physical aperture, N, and N, number of lens elements in
vertical and in a horizontal direction along the optical lenses, R — radius of curvature,
d is an air gap, o — the angle between adjacent parabolas, w —web distance, b —
rectangular parts at the edges for stabilizing the RMLS, Lcrws the total length of the
CRMLs [37].

3.4.2 Fabrication

The fabrication process flow of DXL of the 2D polymer RMLs is shown in
Figure 3.11. A 525 pum thick 4" Si wafer coated with 2000 um thick resist
was exposed at the LITHO Il beamline at the KARA synchrotron facility,
and the structures were developed. Parallel rows of 1D RMLs were obtained.
To make the 2D RMLs, the rows were separated by cutting the silicon wafer
with a diamond wafer saw. Then two 1D RMLs were mounted in an interdig-
itated way under 90° aligned, and connected by gluing two L-shaped invar
steel blocs [82].
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a) b) X-rays
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Figure 3.11: Schematic overview of the fabrication of a 2D array of CRLs by DXL
using SU-8 resist. The mask consists of the gold structures on the top of the
Ti-membrane.

Optical microscope images of the final component are presented in Figure
3.12. Due to the fact that resist is non-conductive, it was not possible to per-
form accurate structure measurement using SEM. However, optical micro-
scope inspection and X-ray characterization (see 4.2) indicate that the struc-
ture dimensions agree well with the designed values.
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3.5 Inclined 1D multi-lens array

500 pm

Figure 3.12: Optical microscopy image of the 2D compound RMLs. (a) side view (b)
top view [37]

3.5 Inclined 1D multi-lens array

In the previous chapters, the fabrication of the 1D and 2D X-ray optics was
presented. The height of the RMLs was limited by the photoresist height
(max. 2.5 mm). In the following, a new type of X-ray RMLs is described,
which overcomes the fabrication limits of the 1D RMLs and Compound
RMLs already presented. The principle of increasing the length of X-ray line
foci by an array of one-dimensional RMLs is presented in Figure 3.13. The
idea is to utilize an array of inclined RMLs with regular intervals d and uni-
form height h. Furthermore, the inclination angle 8 of all RMLs is identical
on the substrate. Consequently, tilting the substrate with an angle
a = 90°- B relative to the beam, the RMLs are oriented perpendicularly to
the incoming X-ray beam and are positioned over the whole FoV, within a
staircase-like  arrangement.  Moreover, in the transition area
t(t = h — dcosp),the top part of one RML and the bottom part of the
adjacent RML contribute to the focusing of the incoming X-ray beam as a
single biconcave refractive lens. Therefore, under monochromatic plane wave
X-ray illumination, the RMLs produce X-ray line foci with a length in the
centimeter range, which is defined by the number of RMLs (Figure 3.13
(a)). Whereas in the perpendicular direction in Figure 3.13 (b) (specimen
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scanning direction), the FoV, is equivalent to the number of lenses in a single
RML.

a) Top view RML, Fo

X-rays
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b) Side view
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Figure 3.13: Principle and design parameters of the staircase array of inclined RMLs
for large FoV PSR STHXM. (a) top view, (b) side view. d — the regular interval be-
tween RMLs, Agigr — diffraction-limited line width, FoV,, and FoV, — horizontal and
vertical FoVs in the detector plane, respectively, F; (i =1, 2, ..., N) — the focal posi-
tions for each RMLs starting from RML,, w — web distance, Ay, — physical aperture,
R — radius of curvature, b — the distance between neighboring parabolas, a — tilt angle
of the substrate, B — inclination angle of the RML with respect to the substrate, Ly —
design length of the single lens, Lcross — length of the lens along with X-rays, h — the
height of the RMLs when the substrate is tilted, t — transition zone where two RMLs
contribute to form line foci, d— a depth of field, Ny, is the number of individual lenses
in each RML [38].

3.5.1 Design of a staircase array of inclined RMLs

The staircase array of inclined RMLs (inclined RMLs hereafter) was
designed for the demonstration of PSR-STHXM with a large FOV ( in the
centimeter order) and sub-pm spatial resolution, at BL20B2/ SPring-8 syn-
chrotron facility (Japan) at 35 keV. Each RML consists of biconcave
parabolic lenses (Figure 3.13 (b)) [59][73]. Accordingly, the design length of
the lens Ly is:
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3.5 Inclined 1D multi-lens array

Ly=~ (’i")2 +w, (3.1)

R 2

where R is a radius of curvature of a parabola, A, is the physical aperture

and w is the web distance w. Accordingly, when the substrate is tilted at an
angle a = 90° — p, the length of the X-ray path through an RML, Lc,oss. iS:

Leross = Ly cosa (3.2)
The focal distance F of each RML is defined as:

R
= — 3.3
F= 55, (3:3)
where § is the refractive index decrement and for the nickel at 35 keV,

§= 1.44 x 10 [87].

The width of the diffraction-limited X-ray line foci (FWHM) is given by
equation 2.20. The depth of focus (DoF) of the single RML has to be large
enough to achieve sub-pm focal width (FWHM) within the depth of field d,
(> Fy — F, see Figure 3.13), and is given by equation 2.19. The design
parameters are listed in Table 3-4.

Table 3-4: Design parameters of inclined RMLs.

ﬂ h Ny N d w Ld Aph R
deg. pm pm | pm | pm pm | pm
Design 60° 114 2000 | 189 | 150 | 3.5 1143 |24 | 13

The vertical FoV, in the specimen scanning direction and a horizontal FoV;,
are given by:

FoV, = N, (4,,+b)and Fol;, = N-h,
(3.4)
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where Ny is a number of lenses in single RML, b is the distance between
adjacent parabolas, and N is the number, and 4 is the height of inclined
RMLs.

3.5.2 Determination of the influence of fabrication
tolerances and substrate misalignment on the
focusing performance in the transition zone

The area where the rays pass two lens elements is called a “transition zone.”
To investigate the influence of alignment errors and manufacturing tolerances
on the optical performance of the RMLs in the transition zone t, ray-tracing
simulations have been performed using the commercial software Zemax
(Zemax, LLC, Delaware limited liability company, USA). For the simula-
tions, the following parameters have been used:

e  X-ray energy: 35 keV

e  Material: Nickel

e Height of RMLs: 118 £ 2 um

e Interval between RMLs: 150 pm

e Number of RMLs: 2

e Number of individual lenses in one RML: 3
e  Physical aperture: 24 um

e Inclinational angle of the RMLs p: 60°

e  Substrate tilting angle a: 30° + 0.2°

Figure 3.14 presents the simulation results. Incoming rays passing two RMLs
with the ideal parameters (uniform height, the perfect interval between
RMLs) are focused just as well as rays which pass through only one individ-
ual lens element. The perfect RMLs generate three parallel focused line foci,
shown by the red lines in Figure 3.14 (a). The distance between two neigh-
bour line foci is 24 pm, which equals the aperture of the lenses. The yellow-
ish region indicates the intensity level of the incoming rays. The background
level around the line foci in the transition area is in the range of 10 of the
focused intensity.
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3.5 Inclined 1D multi-lens array

However, the manufacturing of the inclined nickel RMLs results in an inho-
mogeneous structure height. Therefore, to simulate the effects of such a
height deviation, a height difference of 2 um between adjacent RMLs was
studied. The length of a transition zone is 61 um when the substrate with
118 pm high RMLs perpendicular to the substrate (which gives 136 um when
the structures are perpendicular to the beam) is tilted by 30°%. As shown in
Figure 3.14 (b), in this case, a background pattern reaching the tenfold inten-
sity of the incident beam intensity is produced.

3
1
E-5
6

Figure 3.14: Ray-tracing simulation of the intensity distribution in the transition area t
of the ideal inclined RMLs made of nickel at an X-ray energy of 35 keV (a). The
background pattern is prominent when neighbour RMLs have a 2 pm height differ-
ence (b). Background pattern when the substrate is not perfectly inclined by a = 30°,
but by a = 29.8° (c) respectively a = 30.2° (d) [38].

Another parameter to be considered is a substrate tilting angle a. Thus, the
influence of the substrate misalignment was also simulated and is shown in
Figure 3.14 (c) and (d) when o = 29.8° and 30.2°, respectively. The misa-
lignment of the substrate also produces a background pattern with a maxi-
mum intensity in the range of the tenfold intensity of the incident beam inten-
sity. However, the substrate tilting angle could be as precise as 0.02° using a
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state of the art positioning system (goniometers). The simulation show, that
the fabrication tolerances and substrate misalignment assumed lead to a max-
imum background intensity in the range of 10 of the focus line intensity. So
if the height of RMLs is uniform and constant, for instance, by a polishing
procedure after the electroplating and by inclining the substrate to the angle
of 30° with a deviation tolerance of better than 0.2° the unwanted intensity
background generated will be at an acceptably low level.

3.5.3 Fabrication

The intermediate mask is processed using the standard procedure, but the
working mask with a higher absorber structure must be processed using the
same way as the final structuring: tilted aligned exposure, as presented in
Figure 3.15. Alignment is necessary to obtain the designed structure. The
structure on the working mask must be inclined (with the same angle as the
one used for structuring) to avoid X-ray exposure shadowing which will
destroy the structure shape. The tilted exposure DXL is performed by tilting
the substrate and the working mask for an angle o accordingly. Next, the
resist pattern with the structures inclined at an angle p=90° — « is developed
in a GG solution, rinsed in BDG and DI water, and dried. Then, the nickel
RMLs are created by an electroplating process. Since the height of RMLs
should be uniform, as shown in the previous section, the sample should be
grounded and polished. The polishing process is performed by keeping the
resist on the substrate to prevent structures from falling and damaging due to
the polishing machine's applied mechanical forces. After obtaining the de-
sired RMLs height, the PMMA resist is removed by a flood exposure and
repeating the development process.
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3.5 Inclined 1D multi-lens array
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Figure 3.15: Fabrication of the inclined RMLs via tilted exposure DXL and electro-
plating

3.5.4 Design and fabrication of the X-ray mask

The design of the intermediate mask was done, taking into account the
PMMA resist swelling. Also, the proximity effect correction of 378000 bi-
concave lenses by the e-beam writer is possible but will take too long pro-
cessing time (several weeks). Therefore, to obtain the physical aperture of
24 um, the parabolic profiles were corrected by subtracting 1 um, as shown
in Figure 3.16 a). After correction, the aperture's designed value is 23 pm,
and the distance between two parabola apexes is 3.5 pm respectively. The
period of the RML was 25 pm. The number of biconcave lenses in one RML
is 2000, which represents 5 cm in length. The distance between RMLs is
150 pm. The number of RMLs is 189. The designed length of a single lens is
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114 pm. Therefore, the design area of the mask covers 5 x 5 cm? (Figure
3.16b). Four alignment markers were also included in the design. Their func-
tion is to align the gold absorber mask in the scanner for the tilted exposure
DXL. The photo of the fabricated mask is shown in Figure 3.16c.

a) b

Figure 3.16: Correction of the parabolic profiles for 1 um. Yellow — desired parabolic
shape, green — corrected one. b) full design of the intermediate mask for the inclined
RMLs. c) Fabricated intermediate mask.

3.5.5 Tilted Exposure DXL

The tilted exposure DXL was performed using the working mask with the
25 um gold absorber structures at the LIGA 1l beamline/ KARA synchrotron.
Samples with an average height of 220 pm were exposed. Different exposure
parameters and development time were tested; the ones for which the struc-
ture quality after development were successful are summarized in Table 3-5.

Table 3-5: Exposure parameters and development time

Sample Filter Exposure dose | Development
mA min/cm® time (h)
LFOV_2 | 125 um+25 um Kapton + 15 um Ni 9000 8
LFOV_3 | 125 pm+25 pm Kapton + 15 pm Ni 8000 12
LFOV_4 | 125 um+25 pm Kapton + 15 pm Ni 10000 10

After development and drying, the samples were electroplated in a nickel
bath at 55°C. It should be mentioned here that the quality control of the fabri-
cated structures (structure shape, height) can be done only after removing the
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3.5 Inclined 1D multi-lens array

resist. Some samples were electroplated using the calculated time to obtain
the desired thickness; the risk is that the specified height will not be reached.
To obtain the desired height, the structure is overplated; then, the top surface
(electroplating front) is typically lapped and polished to the needed thickness,
here 118 + 4.2 um. The risk is that the structure will be damaged. The com-
parison of the fabricated polished sample “LFOV_2” and unpolished sample
“LFOV_4” isillustrated in Figure 3.17.

> 100 um

Figure 3.17: (a) (b) SEM images of the unpolished sample “LFOV_4”. (c) (d) SEM
images of the polished sample “LFOV_2" [38]

The fabricated parameters of the inclined RMLs presented in Figure 3.17 are
listed in Table 3-6; the designed ones are again presented for comparison.
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Table 3-6.  The parameters of the fabricated inclined RMLs
ﬂ’ h, Ny, N, d, w, Ld' Aph R,
Deg. | um pm | pm | pm pm | pm
Design 60° 114 2000 | 189 | 150 | 3.5 1143 | 24 1.3
Unpolished | 59.8 | 123+15 | 2000 | 189 | 150 | 4.56 110 24 1.4
sample +0.2° +
LFOV_4 0.2
Polished 59.8 118 2000 | 189 | 150 | 4.56 110 24 1.4
sample +02° | +4.2 +
LFOV_2 0.2

The structure quality and geometry present an excellent agreement with the
designed structure. As a result, 378000 identical nickel lenses with almost
uniform height with an inclination angle of about 60° were achieved. -

Therefore, it is possible to realize a large FoV PSR-STHXM (see section 5.3)
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synchrotron facilities

The focusing performance of the fabricated refractive multi-lenses (RMLsS)
described in the following chapter is evaluated by using monochromatic hard
X-ray beams (> 17 keV) through the acceptance of beam time proposals at
different synchrotron sources; the RMLs have been specially designed for
each beamline and tested at the corresponding facility.

The RMLs are characterized by their focal distance, periodicity (distance
between neighboring lines), size of the diffraction-limited line (point) foci at
the focal distance, spectral intensity enhancement (intensity gain). The
knowledge of these parameters is necessary to perform further imaging ex-
periments. For example, the specimen scanning in the PSR-STHXM is de-
fined by the measured/evaluated spot size and not the theoretical ones.

Either direct imaging or knife-edge measurement scans were performed for
the characterization of the RMLs.

Direct X-ray imaging is done using high-resolution indirect detectors consist-
ing of scintillator crystal, magnification optics, and CCD or sSCMOS camera
[6]. The focused X-ray beams impinge the scintillator crystal and is convert-
ed into visible light, which is then registered by the high-resolution camera
with an effective pixel size in the range of about 0.6-0.9 pm. Direct imaging
is useful for the alignment of X-ray optics. In addition, by moving the indi-
rect detector along the optical axis, the focal distance is determined. The size
of the line (point) foci measured by the CCD-camera is a convolution of the
real foci size with the resolution of the scintillator crystal and the detector's
effective pixel size. Hence, high-resolution scintillator crystals — Cerium
activated Lutetium Aluminium Garnet (Lu3Al5012:Ce) and Tb-doped
Lu2SiO5 (LSO:Th) - were used [7]. The direct imaging technique, which is
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presented in Figure 4.1, was used to study the focusing performance of the

1D RML and 2D compound RMLs.

Synchrotron
Mirror
X-ray beam

Focal 'dist-a ce

Detector movement

Figure 4.1: Direct imaging of the X-ray line and point foci using the high-resolution
indirect detector.

The knife-edge technique, which is presented in Figure 4.2, was used to eval-
uate the size of the X-ray beams generated by the staircase-array of inclined
RMLs. The knife-edge technique is based on a strongly absorbing sharp-edge
(slightly tapered Tantalum blade) which is moved through the X-ray line foci
perpendicular to the optical axis; the X-ray intensity is recorded by the cam-
era. The focal distance was defined by performing a knife-edge scan at dif-
ferent positions along the beam axis, searching for the minimum of the focal
width (FWHM). The focal width (FWHM) is calculated using the derivative
of the knife-edge scan intensity profile and subsequent Gaussian fitting,
which delivers the width of the X-ray line foci (see Figure 4.2).
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17 keV
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Figure 4.2: Schematics of the knife-edge scan (a) and evaluation of the size of the
X-ray beam (b). An intensity profile as a function of the knife-edge position (black
dots) and its derivative (red dots) are presented. The line foci width is given by the
FWHM of the Gaussian fit. For the simplification of the sketch, only one inclined
RML is shown.

In the next sections, the evaluation of the focused X-ray beams generated by

developed X-ray optics is described.

4.1 Characterization of 1D RML at IMAGE
beamline/KARA (Germany) synchrotron
facility at 17 keV

1D RML were characterized by direct imaging at the wiggler IMAGE beam-
line at the KARA synchrotron radiation facility (KIT, Karlsruhe, Germany)
(see Figure 4.3). 17 keVV monochromatic X-rays were generated by a Si (111)
double crystal monochromator, placed 15.5 m from the source. To evaluate
X-ray line foci, a 74 um LSO:Tb scintillator combined with 10 x magnifica-
tion optics and a PCO.edge5.5 SCMOS camera (PCO AG, Kelheim, Germa-
ny) with an effective pixel size of 0.65 pm was used. The FoV of the detector
was 1.66 (vertical) x 1.4 mm? (horizontal). The exposure time was 10 s. The
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RML was oriented vertically, as shown in Figure 4.3, since the source size in
the vertical direction is much smaller than the one in the horizontal direction.

Figure 4.3: Photo of the experimental setup.

Figure 4.4 shows the results of the characterization. The length of the X-ray
line foci is 60 um, equal to the height of fabricated RML. All intensity pro-
files are almost identical. The measured focal distance was 67 mm, which is
in good agreement with the theoretical value (69 mm).
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Figure 4.4: X-ray characterization results: (a) X-ray focused lines generated by the
RML measured at 17 keV. (b) Profiles of line foci and (c) close-up view. The Green
dashed line indicates the incoming beam intensity. The distance between foci is
10 um, and the s spacing, which is beneficial for the PSR-STHXM proof of concept
demonstration (Chapter 5) [36].

The spectral intensity enhancement (SIE) is defined as the ratio of radiation
powers through a chosen reference area at the location of the smallest beam
dimensions with and without the X-ray optical system [88][89]. Using an
area of 60 um x 2 um, the measured SIE is 1.5, which is a factor of 3 smaller
than the ideal one (9 um physical aperture/2 = 4.5) due to the low transmis-
sion (about 33 %) of the nickel RML at 17 keV. However, the X-ray line foci
width (FWHM) is about 2 um. All intensity profiles are identical with a peri-
od of 10 um corresponding to the period of 1D RML.
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4.2  Characterization of the 2D compound
RML at B16/Diamond light source
(England) at 34 keV

The characterization of the 2D compound RMLs (2D CRMLs hereafter) was
performed at the B16 bending magnet test beamline of the Diamond Light
Source (Harwell, United Kingdom). A channel-cut monochromator, based on
a Si (311) crystal, placed 20 m from the source, was used to generate 34 keV
monochromatic X-rays with an energy resolution of AE/E = 10~*. Point
foci were measured by direct imaging using a high-resolution indirect detec-
tor consisting of a 5 um thick LuAG: Eu scintillator (FEE, Idar-Oberstein,
Germany) combined with 10x magnification Olympus UPlanSApo micro-
scope objective, an Optique Peter microscope system, and a pco.4000 CCD
camera with 4008 x 2672 pixels (PCO AG, Kelheim, Germany). The effec-
tive pixel size was of 0.9 x 0.9 pm? and, thus, the FoV of the detector was
3.6 (vertical) x 2.4 mm? (horizontal). The 2D CRMLs were placed on a mo-
torized hexapod allowing for precise alignment in x-, y-, z-directions. Figure
4.5 (a) shows the shadow projection image of the generated X-ray point foci
at the focal plane with a period (distance between neighbouring foci) of
55 um corresponding to the physical aperture of 2D CRMLs. The focal dis-
tance was determined by moving the detector along the optical axis. Each
intensity spot was analyzed by 2D Gaussian fitting for various detector posi-
tions along the optical axis to evaluate the smallest size of the X-ray intensi-
ty. Thus, the focal distance was determined to be
fexpvn = (362 = 3) mm. This is in an excellent agreement with the theoreti-

cal value of £, = 360 mm.

The evaluated average focal point foci size (FWHM) is 3.55 + 0.62 um (hori-
zontal) and 2.10 = 0.81 pum (vertical). The measured results are presented in
Figure 4.5 (b) (c) as contour plots. The point foci size (FWHMs) differs in
the horizontal and vertical direction due to the synchrotron source shape. The
point foci' horizontal size is smaller in the central region and increases to-
wards the boundaries of the 2D CRMLSs substrate.
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Figure 4.5: (a) High-resolution detector image of the 34 x 34 point foci of the 2D
CRMLs with the silicon substrates to the right and bottom. Measured X-ray point foci
size (FWHM) in horizontal (b) and vertical (c) directions. The ordinate states the row
number of subCRLs, abscissa states the column number of subCRLs [37].

The average SIE is 16, which was determined by using a reference area of
1.8 um x 1.8 pm for the 34 keV X-ray beam. As presented in Figure 4.6, the
SIE in the central region of 2D CRMLs is higher, matching the X-ray point
foci sizes (see Figure 4.5 (b)). At the first and second subCRL column, the
SIE is weak due to the shadowing caused by a small misalignment of one
mounting frame connecting the two 1D half lenses. An average 2D CRMLs
transmission T,,, = 65.8 % was measured by using the SIE for a

55 um x 55 um reference area.
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Figure 4.6: Spectral intensity enhancement (SIE) of the 34 x 34 periodic point foci

array at the focal plane, using an area of 1.8 umx 1.8 um for the evaluation
(E =34 keV) [37].
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4.3  Characterization of the inclined RMLs at
BL20B2/ SPring-8 synchrotron facility
(Japan) at 35 keV

The characterization of the staircase array of inclined RMLs was done at the
medium-length bending magnet beamline BL20B2 since it provides a beam
size of about 300 mm (horizontal) x 20 mm (vertical) at the sample position.
The beam flux density of 35keV monochromatic X-rays is
~10® photons/s/mm?. The substrate with inclined RMLs was oriented verti-
cally and tilted for 30° around the z-axis. Thus all of the inclined RMLs were
positioned perpendicularly to the incoming X-ray beam. The focal distance
was evaluated by moving a knife-edge 455 mm to 580 mm from the RMLs
along the optical axis and performing a knife-edge scan at each position,
searching the minimum of the focal width (FWHM). To measure intensity
response through the knife-edge scan, an sSCMOS camera (Hamamatsu Pho-
tonics ORCA-Flash 4.0) coupled with a set of optics and a 200 um-thick
LUAG scintillator was used. The number of pixels of the camera was
2048 x 2048, and the effective pixel size was 8.03 um. A slightly tapered
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Tantalum blade was used as the knife-edge and was scanned through the foci
with a step size of 100 nm. The experimental setup picture is presented in
Figure 4.7.

Figure 4.7: Experimental setup picture. The staircase array of inclined RMLs oriented
vertically.

The camera was placed at 50 mm behind the knife-edge. Figure 4.8 (a) shows
one of the images recorded by the SCMOS camera. For an orientation of the
RMLs perpendicular to the beam, the effective height hek (he = h-t) was
measured to be 112 um (14 pixels with 8 um size), and the transition zone is
24 um (3 pixels), respectively. Since the fabricated inclined RMLs had a
slight variation of the structures' height, even after polishing, the periodic
pattern can be observed. However, the analysis of the intensity profiles in the
regions he and t revealed that the idea for increasing the height of the fo-
cused X-ray beam by two neighboring RMLs is valid (Figure 4.8(b)). The
intensity peaks coincide, and the distance between them is 24 um. However,
the intensity in the transition region t is slightly lower, as predicted by the
ray-tracing simulations (see 3.5.2).
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Figure 4.8: (a) One of the recorded images in the knife-edge scan; (b) Intensity pro-
files through the RMLs within heg and transition area t in (a). The distance between
intensity peaks is 24 pm [38].

The measured values of the focal width (FWHM) obtained by the knife-edge
measurements at different distances are shown in Figure 4.9 (a). The smallest
size of the X-ray line foci (FWHM) is obtained at a distance (distance be-
tween RML array to the knife-edge) of 505 mm + 19.5 mm, which gives the
focal distance. This value is close to the theoretical value of 520 mm. In Fig-
ure 4.9(b), the evaluated size of line foci (FWHM) for 60 RMLs at the focal
distance is presented. For each line foci, the recorded intensity as a function
of the knife-edge position was differentiated and fitted by the Gaussian func-
tion, resulting in the average focal size of Agi=750+29 nm (FWHM),
which is consistent with the theoretical value A4;;r = 736 nm. By substituting
the value of the focal distance in the eq. (2.18), the depth of focus of a single
RML is 32 mm. The depth of field is 39 mm, according to eq. (2.19). Thus,
the size of line foci formed by all RMLs was nearly constant in the depth of
field.
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Figure 4.9: Focusing evaluation by the knife-edge scan with 100 nm steps. (a) The
size of line foci (FWHM) vs. the distance of the knife-edge and RML array. The focal
distance is 505 mm for 35 keV X rays. (b) The size of line foci (FWHM) for 60 RMLs
at the focal distance. The average X-ray intensity line width is 750 + 29 nm (vertical
focus) [38].

The source point of most of synchrotron radiation sources has an elliptical
shape. Generally, the vertical source size is much smaller than the horizontal
one. As a consequence, the size of the generated X-ray intensity line (or spot)
is smaller than the horizontal one. To study the influence of the source size
on the focusing performance, the inclined RMLs were also characterized in
the horizontal direction by rotating the inclined RMLs by 90°. The experi-
mental setup is presented in Figure 4.10.

Figure 4.10: Picture of the experimental setup to determine the source size influence
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4 X-ray characterization at synchrotron facilities

The knife-edge scanning procedure was done in the same way, as it was per-
formed concerning the vertical orientation. Since the focal distance does not
depend on the orientation of the inclined RMLs, the measurements started
from 505 mm, and then the knife-edge was moved upstream (up to 430 mm)
and downstream (580 mm) the optical element. The measured size of the
X-ray line foci width (FWHM) at the different positions of the knife-edge is
presented in Figure 4.11.
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Figure 4.11: Influence of the source size on the size of line foci. The size of line foci
(FWHM) in the vertical and horizontal direction vs. knife-edge position.

The smallest size of the line foci (FWHM) is at the focal distance 505 mm,
which is similar to the one measured for the vertical orientation. As expected,
the X-ray line's width is slightly larger than the vertical one; it is about
920 £16 nm, due to the source size 150 pm (H) and 15 um (V). Therefore, to
demonstrate the highest possible spatial resolution of the PSR-STHXM, the
inclined RMLs were oriented vertically. However, if larger FOV is preferable
than spatial resolution, the inclined RMLs should be oriented horizontally. In
this case, the FoV will be increased from 1.87 x 1.87 cm® to about
5 x 2.5 cm, since the number of lenses in one RML is 2000 (with 24 um
physical aperture) and the beam size at the sample position is 300 mm in the
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horizontal direction. Furthermore, the camera with a larger number of pixels
should be utilized.

4.3.1 Comparison of X-ray focusing properties with
unpolished inclined RMLs.

Grounding and polishing the nickel structures is a critical step in fabricating
the inclined metal structures and may lead to a structure damaging due to
applied mechanical forces. Accordingly, from the fabrication point of view,
this step should be avoided if the focusing properties are not influenced,
especially in the transition zone. Therefore, the “unpolished” inclined RMLs
(sample LFOV_4) were also characterized using the same conditions as the
polished ones. The characterization has been done for the vertical orientation
as described above. The knife-edge technique was performed with a 100 nm
step. The comparison of the measured X-ray line foci width (FWHM) is
presented in Figure 4.12.
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Figure 4.12: Comparison of the measured size of the X-ray line foci width for pol-

ished (LFOV_2 ) and unpolished (LFOV_4) inclined RMLs. The focal distance for
both of them is 505 mm.
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4 X-ray characterization at synchrotron facilities

The size of the X-ray line foci (FWHM) at the focal distance are almost the
same; the difference of about 100 nm is within the measurement error (the
scanning step was 100 nm). This result proves that the grinding and polishing
have no influence on the structure quality.

However, the unpolished surface of the inclined RMLSs results in the different
structure height in the range of 15 pum. Consequently, the effective height is
significantly reduced, and the transition zone is larger than 3 pixels. Due to
the X-rays scattering from the rough surface of nickel structures at the focal
plane, some distortions of the wavefront were observed in the transition area
(see Figure 4.13). Moreover, the transition area is not uniform; it is a draw-
back for PSR-STHXM. As a consequence, unpolished structures could not be
used for imaging experiments.
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Figure 4.13: Image of the X-ray line foci size produced by the unpolished inclined
RMLs. Wavefront distortions in the transition area are visible. Some of them indicat-
ed by red circles.
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transmission hard X-ray
microscopy

In this chapter, the pixel super-resolution scanning transmission hard X-ray
microscopy(PSR-STHXM) is presented. The PSR-STHXM is a combination
of the scanning transmission X-ray microscopy (STXM, described in the
Theory chapter) and a pixel super-resolution (PSR) reconstruction technique.
To avoid readers' confusion with the optical microscopy super-resolution
techniques that provide spatial resolution beyond the diffraction limit, the
term pixel super-resolution (PSR) is used [20]. PSR allows to reconstruct the
super-resolution image from a set of sub-pixel low resolution (LR) images.
The sub-pixel shifted LR images are achieved by scanning the sample
through the measured X-ray foci and acquiring the LR images at each sample
position. Consequently, the LR image contains the information of the sample
only from the illuminated area. Therefore, the spatial resolution of the devel-
oped technique is equal to the measured diffraction-limited spot size and
scanning step of the sample.

One of the main advantages is that PSR-STHXM provides a large FOV
(mm-cm order) compared to other microscopy techniques while keeping the
high resolution. It also gives a low scanning time.

The spatial resolution is a measure of the smallest object that can be resolved.
Consequently, it is one of the fundamental parameters of any X-ray micros-
copy and imaging techniques. In this work, for 1D RML at 17 keV the spatial
resolution of the PSR-STHXM was determined by imaging of a test resolu-
tion pattern. For the 2D CRMLs and staircase-array of inclined RMLs, the
spatial resolution was estimated using the line spread function (LSF), which
is a derivative of the edge spread function (imaging system response to a high
contrast edge).
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5 Pixel super-resolution scanning transmission hard X-ray microscopy

For all three techniques, scanning time was determined by the acquisition of
low resolution (LR) images, which includes the exposure time per image,
detector response, and the number of images. The number of LR images for
PSR-STHXM is defined as a ratio of the space between micro (-nano) probes
and the sample stepping value. According to the Nyquist Sampling Theorem
[90], the sample scanning step was defined as half of the measured X-ray foci
size (FWHM), as shown in Figure 5.1. The sample movement was performed
within the distance between neighboring foci. In scanning microscopy tech-
niques, the precise stepping of the sample is the crucial parameter. Any vibra-
tions or imprecision of the movement system reduce the spatial resolution
and cause image artifacts. Hence, during the PSR-STHXM experiments, the
scanning was performed by using a piezo motor or goniometer.

FWHM

A

—
Distance (um)

Figure 5.1: lllustration of the sample scanning procedure. The scanning step is defined
by the measured size of the X-ray line foci (FWHM)—the initial position of the sam-
ple (black) and the sample shift with a step of FWHM/2. The sample scanning is done
within the distance between the adjacent X-ray foci.

The PSR-STHXM was performed using the following procedure:
1. Placing the sample to be studied in the focal plane.

2. Acquisition and normalization of mxn images at each sample scan-
ning position through the intensity of the X-ray line (or point) foci
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5.1 1D PSR-STHXM

3. PSR image reconstruction
4. Spatial resolution evaluation

In the following sections, the working principles of PSR-STHXM by using
the 1D and 2D X-ray optical elements, experimental setups, pixel su-
per-resolution image reconstruction, imaging experiments, and spatial resolu-
tion improvement are presented. Moreover, the potential application of the
developed technique for material science, such as X-ray microscopy of a
dental implant abutment, is demonstrated.

5.1 1D PSR-STHXM

The pixel super-resolution X-ray imaging principle is shown in Figure 5.2.
1D RML is placed in the synchrotron beam and oriented vertically, expecting
a high focusing performance. A monochromatic X-ray beam illuminates the
1D RML, and an array of line focuses is formed with a period equal to the
imaging pixel period. The sample is placed in the lens array's focal plane and
scanned through the X-ray line foci. The imaging detector is placed as close
as possible to the sample, to avoid image blurring due to X-ray scattering and
finite source size. According to the Nyquist sampling theorem, sample scan-
ning is done using a sub-pixel step defined by the illumination spot's size as
mentioned above. At each sample scan position, the generated X-ray micro-
probes illuminate the sample, and the information is stored in LR image pix-
els (Figure 5.2b). The number of LR images (N gr) for PSR-STHXM tech-
nique is defined as a ratio of the space between microprobes (period of the

lens array, Pryi) and the stepping value (Steppiez): Nir= ﬁ . The ab-
Piezo

sorption image is defined by the ratio of the number of photons impinging on
the LR pixel with and without the sample.
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Figure 5.2: Representation of the PSR-STHXM technique. (a) X-ray imaging setup by
using 1D RML for X-ray absorption-contrast imaging. (b) Formation of sub-pixel
shifted LR images: at each sample scan position, the X-ray line foci illuminate the
sample. The information about local transmission is measured by LR pixels at each
sample position (indicated by different colors) [36].

As explained previously, from a set of sub-pixel shifted LR images, it is
possible to reconstruct the pixel super-resolution (PSR) image with the spa-
tial resolution equal to the X-ray line width (FWHM) while keeping the large
FoV. Consequently, PSR image reconstruction [35] was performed according
to the following model: the intensity I,(x,y), generated by the 1D RML, is
recorded by the low-resolution detector, where x and y are the pixel coordi-
nates with a pixel size of d. Scanning a sample through the focused beams in
a vertical direction (y) with N steps leads to an intensity change I(x, y) in the
detector plane due to absorption by the sample. The sample scanning should
be performed within one low-resolution detector pixel; therefore, the PSR
resolution absorption contrast image Agg (x, Ny + n) is created as:
Agp(x,Ny +n) = % (S (x = d,%)), (5.1)
n represents the step number; therefore, n=1...N, and S (d, an) is the scan-

ning of the sample in the vertical direction y. The image is represented in a
matrix form. Hence, PSR reconstruction is performed by sorting the row
vectors of the recorded LR images with a pixel size of d/N and stacking them
into the high-resolution grid as it is described in Figure 5.3.
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Figure 5.3: 1D PSR image reconstruction from a set of sub-pixel shifted LR images.

It should be noted that the spatial resolution is improved only in the scanning
direction by using 1D RMLs. It stays unchanged in the perpendicular direc-
tion and equals to at least 2 LR pixels with the size d according to the
Nyquist sampling theorem.

5.1.1 Proof of concept demonstration of 1D
PSR-STHXM at 17 keV

The proof of concept demonstration was performed directly after the X-ray
characterization of the 1D RML using the 17 keV X-rays (see Chapter 4).
According to the X-ray line foci analysis, the potential FoV is 2.5 mm in the
sample scanning direction (250 line foci with a period of 10 um) and a length
of X-ray line focus of 60 pm.

A triangular test pattern with a feature size of about 20 um (in the scanning
direction) x 50 um, which can be studied within the FoV, was used. The
triangular shape of the test pattern is perfect for developing a reconstruction
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5 Pixel super-resolution scanning transmission hard X-ray microscopy

algorithm since it immediately shows the spatial resolution improvement.
The test pattern was fabricated at IMT/KIT using e-beam lithography. SEM
images of the triangular structures are presented in Figure 5.4. The triangular
gold structures with 3 0.5 um height are on a 2 um thick titanium mem-
brane. The titanium membrane is nearly transparent for 17 keV X-rays, while
the gold structure absorbs 51% of the X-rays. The membrane was fixed on an
aluminum frame to keep it flat.
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Figure 5.4: The triangular structures used for the development of the reconstruction
algorithm.

The test pattern was placed at the focal distance of 67 mm downstream of the
1D RML. The detector was placed 1 cm behind the sample, which was the
nearest suitable position not to hurt the detector. Sample scanning using a
piezo stage (Physical Instruments, Germany) was performed with 1 um steps
within 10 pm. Consequently, 10 HR images were acquired by the detector
with a pixel size of 0.65 x 0.65 um?® The exposure time was 10 s to acquire
one good HR image due to low photon flux. The number of images is 10
since the distance between neighboring foci is 10 pm. The total scanning
time was defined by the images acquisition duration with and without sam-
ple; it corresponded to approx. 4 min (ten HR images with sample 100 s, ten
HR images without sample 100 s, sample stepping ca. 50 s). One of the HR
images (1608 x 2154 pixels) is presented in Figure 5.5 (a). The black region
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5.1 1D PSR-STHXM

of the image (a) corresponds to the silicon substrate which absorbs the in-
coming X-ray beam. The 1D RML was oriented vertically, so producing the
periodically spaced horizontal X-ray line foci. The white horizontal lines
correspond to the X-ray line foci. As shown in Figure 5.5 (b), the triangular
test pattern perfectly fits the FoV of the imaging setup.
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Figure 5.5: HR image of the triangular test pattern within the FOV.(a) Overview (b)
ROI image of the triangular test pattern corresponding to the red box in (a) used for
reconstruction.

Figure 5.6 shows the image processing for the PSR image reconstruction.
First, a region of interest (ROI) image with 208 x 80 pixels was chosen to
study the reconstruction process (Figure 5.6 a). ROI includes four triangles.
As the next step, the HR raw images were flat-field, and dark-field corrected
to obtain the normalized image (Figure 5.6 b). Finally, LR images with a
pixel size of 10.4 pm x 1 pm were generated by 16 x 1 pixel binning of HR
images in the scanning direction (Figure 5.6 c). Pixel binning and alignment
were done using Numpy and SciKit image packages in Python programming
language. The pixel binning was done to make a proof of concept and pre-

65



5 Pixel super-resolution scanning transmission hard X-ray microscopy

sents what will be seen by using a detector with LR pixels (10 um in our
case).
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Figure 5.6: Image processing for PSR reconstruction: recorded ROI of HR image
(left), the normalized image (mid), and LR image obtained by 16 x 1 pixel binning of
the HR image.

The same procedure was performed for all 10 HR images. As a result, we
obtained a set of LR images. The ROI 10 LR images of a triangular test pat-
tern with a 1 um sub-pixel shift were used for 1D PSR reconstruction. Each
LR image has a size of 13 x 80 pixels (pixel size 10.4 pm x80 pum). Figure
5.7 demonstrates the image formation during the test pattern scanning
through X-ray line foci. It is clearly visible how the information is stored in
the LR detector pixels. It should be mentioned that for a successful PSR re-
construction, each intensity line should be aligned in the center of the corre-
sponding pixel. Besides, only one X-ray line should hit the pixel. Otherwise,
if two (or more) intensity lines illuminate one pixel, the sample's information
from both of them will be registered, and PSR reconstruction will not work.
In our case, only one intensity line illuminated the sample in one pixel.
Therefore, we successfully obtained the PSR image by using our reconstruc-
tion algorithm (described earlier in section 5.1).
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Figure 5.7: Pixel super-resolution reconstruction image of the triangular test pattern
from 10 LR images (pixel size 10.4 x 0.65 pm). The PSR image has a pixel size of
1.04 um x 0.65 pm.
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5.1.2 The spatial resolution of PSR-STHXM by using 1D
RML.

Since PSR-STHXM with a 1D RML is sensitive in only one dimension, a 1D
resolution test pattern (lines and space) was used for the spatial resolution
quantification. The resolution test pattern was on the same titanium mem-
brane, near the triangular test pattern. SEM images are shown in Figure 5.8

a)

Figure 5.8: The thickness of gold structures is similar to the triangular ones,
(3£ 0.5 um); they have a length of 1 mm. The smallest line width was about 1.5 pm.

PSR-STHXM was performed using the same experimental setup and imaging
conditions as for the triangular structures described above. In total, 10 HR
images were registered by the detector, and afterward, flat-field and
dark-field corrected. In contrast to the triangular test pattern, it is possible to
demonstrate how the “real” detector forms the image using a line and space
test resolution pattern. The standard X-ray imaging detectors have a rectangu-
lar pixel size. Therefore, the LR images with a pixel size of
10.4 pm x 10.4 pm were generated by 16 x 16 pixels 2D binning of HR im-
ages. A set of sub-pixel shifted ROI LR images with an image size of 15 x5
pixels is shown in Figure 5.9. Consequently, the ROl image is 156 um in the
scanning direction and 52 pm in the perpendicular direction.
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Figure 5.9: Image formation in the 1D PSR-STHXM by using a test resolution pat-
tern. The LR image consists of 15 x 5 pixels.

Next, the PSR reconstruction was performed. The achieved PSR image of the
resolution test pattern and the comparison with the LR image and HR image
is presented in Figure 5.10.
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Figure 5.10: PSR-STHXM of a resolution test pattern: (a) LR image (pixel size: 10.4
um) formed from an HR image by 2D binning, (b) HR image (pixel size: 0.65 pum) as
measured. (c) Reconstructed PSR image (pixel size: 1.04 pm) from ten LR images.

As seen in the PSR image, the smallest feature of 1.5 pym was resolved.
Therefore, the spatial resolution of PSR-STHXM using 17 keV X-rays is at
least 1.5 pm. Moreover, the PSR image is less noisy than the HR image since
it was reconstructed from ten LR images (more statistics). The spatial resolu-
tion is improved in the scanning direction by a factor of 7 using the detector
with a pixel size of 10 um. The FoV was 2.5 mm x 60 um limited by the
height of the 1D RML. The scanning time was 4 minutes at the IMAGE
beamline/KARA synchrotron facility. It can be improved by performing
PSR-STHXM at the synchrotron facilities with higher brilliance (photon
flux). The potential application of the 1D PSR-STHXM is the investigation
of micro (-nano) wires, X-ray gratings with long lamella design, etc.

Since the presented imaging technique is sensitive in the one (scanning) di-
rection only, a 2D PSR-STHXM was developed. The aim is the spatial reso-
lution improvement in 2D by merely scanning the sample in 2D without the
need to rotate the sample by 90°.
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5.2 2D PSR-STHXM using 2D Compound RMLs
at 34 keV

2D sub-pixel resolution scanning transmission X-ray imaging is a straight
forward extension of the one-dimensional method described in [36]and is
shown in Figure 5.11. The point foci with an intensity lo(X, y) created by the
2D CRMLs, are recorded by a Medipix Merlin 3.0 photon-counting detector.
The region of interest of the Medipix detector was chosen to be 34 x 34 pix-
els corresponding to the geometrical size of the 2D CRMLs
(1.87 x 1.87 mm?) (described in chapters 3 and 4). The CRMLs are posi-
tioned in the beam and aligned parallel to the detector by rotating the optics
around the optical axis. It is parallel when a detector pixels row switches
from completely dark to fully illuminated when shifting the foci of the 2D
CRMLs over the border between pixels in the vertical direction. In the same
way, a column of foci is positioned above the border between detector pixels
by moving the foci of the 2D multi-lens array over the detector pixels in a
horizontal direction. From that position of the CRMLs, the point foci are
centered on the detector pixels by shifting them by half a pixel pitch in verti-
cal and in the horizontal direction. The size of the point foci is much smaller
than the pixel size p = 55 um. So each focus point illuminates only one pixel.
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Figure 5.11: Principle of 2D PSR-STHXM. The Siemens star is placed in the focal
plane. At each sample position, the intensity variations are recorded by a low resolu-
tion (LR) detector (Medipix in this work), which is placed as near as possible behind
the Siemens star. The physical aperture of the individual CRMLs matches the pixel
size. Each point foci hits its corresponding pixel in the center. 2D PSR-STHXM has
achieved by raster-scanning the sample with sub-pixel sized steps through the point
foci [37].

The 2D PSR reconstruction is done according to the following model (exten-
sion of the 1D PSR reconstruction):

1(x,y) [5 (m Xd nx d)]

e CUH T 62

Asr(Mx + m,Ny +n) =

Incident X-ray point focus intensity I,(x,y) generated by the 2D CRMLs,
intensity variation due to the absorption by the sample I(x, y); m, n represent

) gives

mxd nxd

the step number, therefore m=1...Mand n=1...N and S(T'T

the number of the pixels in x- and y-direction [35][36].

For a better understanding of the image formation, we have performed sparse
scanning of the sample; it was scanned in the vertical and horizontal direc-
tions without a raster scan. After the X-ray characterization, the sample was
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placed at the focal distance, and the Medipix detector replaced the
high-resolution indirect detector.

5.2.1 2D PSR-STHXM image reconstruction

As a test pattern, we used a Siemens star that was in-house fabricated using
deep X-ray lithography and electroplating. Figure 5.12 shows the SEM image
of the Siemens star with still some remaining resist (resist partially stripped)
which protects the gold structures from collapsing. The test pattern consists
of a 1 mm thick polyimide substrate (Vespel SEK-3000, DuPont) with a gold
structure of (110 & 0.5) um thickness on top. The polyimide substrate is near-
ly transparent for 34 keV X-rays (transmission ca. 96 %), whereas the gold
structure absorbs 98 % of the X-rays.

Figure 5.12: SEM image of the resolution test pattern used for 34 keV PSR-STHXM
(left) and Zoom — in view, image size:1.87 x 1.87 mm and equals the size of the 2D
CRMLs. The smallest feature size at the end of the arrows is approx. 2 um.

For the proof of principle 2D PSR-STHXM, a Medipix Merlin 3.0 pho-
ton-counting detector (FoV 14 mm x 14 mm, 256 x 256 pixels, 55 um pixel
size, CERN, Geneva, Switzerland) was used working in Charge Summing
Mode (CSM). In Figure 5.13, the X-ray radiography image of the Siemens
star registered by the Medipix detector is presented. The sample was posi-
tioned at 349 mm from the entrance aperture and 12 mm in front of the detec-
tor.
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Figure 5.13: Acquired image by the Medipix detector. The region of interest (ROI) of
a Siemens star is 34 x 34 pixels (pixel size is 55x55um) corresponding to the geo-
metrical size of the 2D CRMLs [37].

As shown in Figure 5.13, the region of interest (ROI) of the Medipix detector
is 34 x 34 pixels corresponding to the geometrical size of the 2D CRMLs.
The ROI where the Siemens star is visible was chosen for the 2D
PSR-STHXM. Also, the LR image contains artefacts (white pixels) due to
radiation damage (which is a result of the high concentration of intensity
produced by the 2D CRMLSs) of the electronics, which resulted in the residual
signal from some pixels which remained for some time after switching of the
X-ray beam. However, during the beamtime, there was no option to change
sensor material to Cadmium telluride (CdTe), which is used for high energy
X-rays (above 30 keV). Therefore, to avoid detector damage (especially elec-
tronics) due to high charge concentration in a small pixel area, a 3 mm
Al-filter (X-ray absorption is ca. 50% at 34 keV) had to be placed in the
beam to reduce the intensity. This significantly increased the exposure time
per image to 1 s.

Sample scanning was performed using a piezo stage (Attocube ECSx5050
nanopositioner, Haar, Germany) with 1 um steps within the 55 pm pixel size.
At each sample step, one LR image was acquired with an exposure time of
1 s (Figure 5.13). Scanning one line (vertical or horizontal) took about 5 min:
110 s exposure time for 55 LR images plus 55 images without a sample in the
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5.2 2D PSR-STHXM using 2D Compound RMLs at 34 keV

beam plus 170 s for sample moving and overhead times. Due to beam time
constraints at Diamond B16, only two line scans could be performed, one in
vertical and one in a horizontal direction instead of a full raster scan.

PSR image reconstruction model described before was performed. All X-ray
images were flat field and dark field corrected. Then, the CRMLs region
corresponding to the 34 x 34 pixels was cropped from the ROI 80 x 80 pixels
LR image. Each LR image consists of the sub—pixel information correspond-
ing to the half of the intensity spot size in vertical direction and a scanning
step, in this case, equal to 1 um. In Figure 5.14(a) and Figure 5.14(b), sub—
pixel image formation owing to the sparse scanning within 55 um pixel size
of the Siemens star using Medipix detector in the horizontal and vertical
direction is presented. Black pixels correspond to the missing values during
the sparse scanning.
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Figure 5.14: 1D sub-pixel image formation relative to the sparse sample scanning in
horizontal (a) and vertical (b) direction. The images were reconstructed with a size of
1870 x 1870 pixels (1 pixel is 1 pm)

Figure 5.15 shows the sub-pixel image of the Siemens star obtained from the
two line scans performed. The information of the smallest features with the
size of 2 pm of the specimen is visible in the center of the PSR image. The
artifact in the upper right corner results from erroneous signals of the detec-
tor. These could not be avoided in the actual measurement as their location
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changed. Black pixels in between the bright lines correspond to missing val-
ues due to the sparse scanning.
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Figure 5.15: The proof of concept of 2D PSR image formation of a Siemens star,
including only one horizontal and one vertical line sample scanning with the sub-pixel
shift. Reconstructed 2D PSR image (step size: 1 pm), which is a sum of the vertical
and horizontal 1D sub-pixel resolution images [37].

It should be noticed that the scanning time for a complete raster-scan would
be in the range of ca. 50 minutes. Nevertheless, it is still much faster, under
comparable conditions, than the conventional single probe STXM. A com-
plete raster-scan of the Siemens star within the area equal to the 55 um pixel
size would give a complete 3.5 megapixel 2D sub-pixel resolution image
with 1870 px x1870 px.
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5.2.1 The spatial resolution of PSR-STHXM by using 2D
CRMLs.

The spatial resolution of the 2D PSR-STHXM can be evaluated separately
from the PSR images. To do so, the 1D PSR reconstruction was performed
for both scanning directions from the LR images (80 x 80 pixels which corre-
sponds to one chip of the Medipix detector) without cropping the ROI. The
resulting PSR images (see Figure 5.16) demonstrate significant improvement
of the spatial resolution in the scanning direction for the area corresponding
to the 2D CRMLs size, shown in Figure 5.13. Simultaneously, the compari-
son with the PSR image without the optics can be seen.

1D PSR image (vertical scan) 1D PSR image (horizontal scan)

0 1000 2000 3000 4000
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Figure 5.16: 1D PSR images of the Siemens start in sample scanning directions recon-
structed from 55 LR images. The PSR image size is 4400 x 80 and 80 x 4400, respec-
tively.

The spatial resolution in the scanning directions was determined from the line
spread functions (see Figure 5.17). It is 2 pm (vertical) x 2.5 um (horiz.),
respectively. The spatial resolution entirely coincides with the size of point
foci, which is 2 pm (v) x 3 um (h).
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Figure 5.17: The spatial resolution of the 2D PSR-STHXM was calculated from ESF
and LSF. a) for the vertical scanning direction b) for the horizontal one.

The 2D PSR-STHXM using the Medipix detector (55 pm pixel size) and 2D
CRMLs allowed to improve the spatial resolution by a factor of about 25 in a
FOV of 1.87 x 1.87 mm? which was the fabrication limit of DXL (deep
X-ray Lithography).

5.3 Large FoV PSR-STHXM using the
staircase-array of inclined RMLs at 35
keV

To overcome the limitations mentioned above and finally reach the thesis
goal: sub-pum spatial resolution, FoV in the cm range, only several minutes
scanning time, and using hard X-rays (35 keV), a large FoV PSR-STHXM
based on the staircase-array of inclined RMLs, was developed.

The concept of large FoV PSR-STHXM is shown in Figure 5.18. Similar to
the 1D PSR-STXHM using a single 1D RML, illuminated by monochromatic
plane-wave X-rays, a staircase array of inclined RMLs generates periodically
spaced X-ray line foci with a spacing between neighboring foci equal to the
period of the lenses and equal to the virtual detector pixel size. The sample is
placed in the focal distance and scanned through a large number of X-ray
focus lines with step sizes slightly below the size of the X-ray focus line
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(FWHM). At each sample scanning position, a LR X-ray image is recorded.
Then, the HR image is reconstructed from a set of sub-pixel shifted LR imag-
es by the PSR reconstruction algorithm.
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Figure 5.18: Concept of the large FoV PSR-STHXM based on the inclined multi-lens
array. The substrate is tilted with respect to the incoming X-ray beam. Therefore, all
of the inclined RMLs oriented in a staircase arrangement, resulting in a cm long X-ray
line foci. The sample is placed in the focal distance and scanned through the line
foci [38].

5.3.1 The spatial resolution of large FoV PSR-STHXM by using the
staircase array of inclined RMLs

The spatial resolution was determined by using a lead X-ray test chart (“Type
14”, Moriyama X-ray Equipments Co., Ltd) . The transmission through the
test chart pattern was 50.2 % at 35 keV. The test chart's geometric size is
35 x 25 mm?, with the smallest feature of 20 line pairs per mm (25 um lines
and 25 pum space).

The test chart was placed at 505 mm (focal distance) downstream of the in-
clined RMLs. It was scanned with a 300 nm step size with an exposure time
of 1.5 s at each step. Since the spacing between adjacent X-ray line foci was
24 um, the specimen was scanned within 24 um, resulting in 80 images. The
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total exposure time was 2 minutes, and including the dwell time of about
2 minutes, the total scanning time was 4 minutes. For the PSR reconstruction,
the recorded image pixels (pixel size 8.03 x 8.03 um®, number of pixels
2048 x 2048) were 3 x 1 binned in the sample scanning direction for obtain-
ing LR images with the size of the pixels of 24.09 um x 8.03 pm and the
corresponding number of pixels was 682 x 2048. The 1D PSR reconstruction
was performed. In Figure 5.19 (a), PSR image of the resolution test chart
pattern is presented. The PSR image size is 54560 x 2048 pixels with a pixel
size of 300 nm x 8.03 um giving the FoV of 1.64 cm x 1.64 cm. The spatial
resolution was defined from the line spread function, which is the derivative
of the edge spread function shown in Figure 5.19 (b) and (c). Therefore, the
spatial resolution in the scanning direction is 780 nm =+ 40 nm, which is equal
to the X-ray focal width, and the spatial resolution in the perpendicular direc-
tion was 20.4 £ 1.05 um due to the fact that there is no focusing in vertical
direction.
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Figure 5.19: Spatial resolution of a large FoV PSR images (a) (pixel size
300 nm x 8.03 um). The image size is 1.64 x 1.64 cm?. Spatial resolution in the scan-
ning direction is 780 nm +40nm (b), and (c) in the perpendicular direction is
20.4 +1.05 um (FWHM) [38].

For a demonstration of the advantage of the PSR microscopy technique, a
comparison of the zoom-in view (boxes blue and red in Figure 5.20) with the
optical microscopy images and LR images of the same area is presented. It
was found that the smallest features (25 um line and space), defects and
cracks, caused by the manufacturing process are resolved in the PSR images
as in optical microscopy images, which are not resolved in LR images.
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Large FoV PSR image

Optical
images

LR
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PSR
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Figure 5.20: Comparison of the optical microscopy, low-resolution (LR) (pixel size
24.09 um x 8.03 um), and PSR-STHXM images of the resolution test pattern: The
smallest features (25 pm line and 25 pm space) and some defects and cracks are
resolved in PSR-STHXM images, as indicated by the green arrows.
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5.3.2 Application of large FoV PSR-STHXM for studying extended and
thick specimens

As a possible application of this new method, 3D printed parts from a dental
implant system were analysed. The so-called dental implant abutment repre-
sents the middle section of a modern state of the art three-part dental implant
system, connecting the visible prosthesis (crown) to the bone screw (im-
plant). The abutments are fixed to the lower implant with a small screw, and
the upper prosthesis is cemented on to the abutment with a dental composite.
The abutments were 3D printed by Selective Laser Melting (SLM) technolo-
gy out of the medical-grade material powder Ti6Al4V ELI (Titanium Gr. 23)
[92]. Figure 5.21 (a) shows the part after SLM fabrication and shows the
typical rough surface resulting from SLM manufacturing. The support struc-
tures to the base plate can also be seen. Figure 5.21 (b) shows the implant
abutment part, which has been finalized by additionally mechanical prepara-
tion to result in final tolerances, desired surface qualities, and additional
features like the implant-abutment connection interface. The parts' production
via 3D printing and machining can be monitored with the X-ray technique to
ensure quality relevant parameters and further recognize cracks or holes in-
side the material.
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a)

Figure 5.21: Samples for the application: 3D printed dental abutment made of
Ti-6Al-4V ELI (a) and finished one (b).

In Figure 5.22, a comparison between a PSR image and a conventional X-ray
radiography (pixel size 8.03 x 8.03 um?) is shown. The scanning procedure
for large FoV PSR-STHXM of the abutment was exactly the same as that
used for the X-ray test chart pattern (Figure 5.19). Simply, the test resolution
pattern was replaced by the dental abutment. The zoom-in view of the inter-
nal thread in the PSR image is sharper than the conventional ones, indicating
the image contrast enhancement. Also, the pitch and the width of the thread
are more visible due to 300 nm pixel size. Therefore, PSR-STHXM provides
a large FoV as in conventional X-ray radiography setup and high spatial
resolution as in STHXM. Moreover, it allows the investigation of the full
implant abutment which is not possible by a single X-ray nanoprobe.
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a) X-ray radiography b) PSR image
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Figure 5.22: Application of the large FOV PSR-STHXM for investigating biomedical
implants with the zoom-in view of the internal thread fabricated via selective laser
melting and comparison with conventional X-ray radiography image (a) (pixel size
8.03 x 8.03 pm?) [38]

Large FoV PSR-STHXM is a useful tool for characterizing biomedical im-
plants at 35 keV, even in the X-ray radiography mode. In the future, it is
possible to perform computed tomography studies of these specimens in three
dimensions allowing to analyze in detail the surface roughness, deviation
from the CAD design, possible cracks, or defects caused by the selective
laser melting fabrication technique.
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6 Summary and Outlook

For the first time, a large field of view (FoV) pixel super-resolution scanning
transmission hard X-ray microscopy (PSR-STHXM) based on refractive
multi-lenses (RMLs) was developed and demonstrated. The method takes
advantage of specimen scanning through many identical and periodically
spaced X-ray line or point foci, whereas the period is equal to one (or multi-
ple) pixel size. Such a set-up reduces the scanning time drastically compared
to already existing scanning microscopes.

The reason for this improvement consist, on one hand, in the development
and fabrication of refractive multi-lens arrays with more than several hundred
(1D lenses) up to several thousand (2D lenses) compound refractive lenses
with distances in the range of 10 um to 55 um, on the other hand, in develop-
ing an algorithm that allows a pixel super-reconstruction of low pixel size
recorded images at sub-pixel specimen position. This results in a spatial reso-
lution equal to the diffraction-limited X-ray foci size (FWHM), which is
defined by the lens's numerical aperture and could be below 1 um depending
on the design of the compound refractive lenses.

The PSR-STHXM required the development of specifically designed RMLs
taking into account the synchrotron beamline characteristics and the corre-
sponding X-ray detector constraints. To reach the final thesis goal, three
successive X-ray optical elements, as the “heart” of PSR-STHXM, with each
time innovation phases, were necessary:

1. 1D nickel refractive multi-lens (RML) for 17 keV
2.2D SU-8 CRMLs (compound refractive multi-lenses) for 34 keV.
3. Staircase-array of inclined RMLs for 35 keV.

They were designed and fabricated by pushing the limits of deep X-ray li-
thography and electroplating technique.
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By tuning each step of the deep X-ray lithography and electroplating fabrica-
tion process, a 10 um period single 1D nickel biconcave parabolic-shaped
RML with the smallest radius of curvature (0.83 um) was realized. The high
quality of these fabricated structures allowed to achieve the 2 +0.06 um
diffraction-limited X-ray line foci width (FWHM) under monochromatic
17 keV X-rays illumination at the IMAGE beamline/KARA synchrotron
facility. The spectral intensity enhancement (SIE) was 1.4 due to the high
absorption of 8.5 um web distance (distance between parabola apexes). How-
ever, all 250 individual lenses of the fabricated RML generated identical
X-ray line foci with 10 pm spacing. This enabled us to perform the proof of
concept of the PSR-STHXM using a detector with a pixel size seven times
larger than the X-ray line foci width. By the PSR reconstruction of ten
sub-pixel shifted LR images it was demonstrated that a spatial resolution of
better than 1.5 um can be achieved within a FOV of 2.5 mm x 60 um [36].
The restriction of the horizontal direction to 60 um is due to the height limit
of the 1D lens. The exposure time was 10 s per image, resulting in the scan-
ning time of about four minutes, which is only due to the relatively low pho-
ton flux at the IMAGE beamline. The image generation time can be signifi-
cantly reduced by using 1D RML at the high brilliance synchrotron facilities
like SPring-8.

The array of 2D CRMLs, which was developed in this thesis, overcomes the
limitations of 1D RMLs (high spatial resolution in one direction only). The
fabricated 2D CRMLSs consist of 34 x 34 1D RMLs connected in an interdigi-
tated way and fixed with L-shaped mounting frames. Illuminated with
34 keV monochromatic X-rays, they generated 1156 point foci with an aver-
age size of 2 um x 3.55 pum (vertically x horizontally). The spectral intensity
enhancement was evaluated to be 16. Using the 2D CRMLs in a 2D
PSR-STHXM and reconstructing the 2D PSR image from 110 images, a
spatial resolution of 2 x 2.5+0.9 um for the 55 um pixel size was achieved
within a FoV of 1.87 x 1.87 mm? [37]. The scanning time was only about
four minutes.
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To overcome the height limit of the X-ray RMLs and to increase the FoV
also along the lens length to several centimeters, a concept of a stair-
case-array of inclined RMLs was turned into reality, and an array of RMLs
was fabricated by tilted exposure deep X-ray lithography and electroplating
[38]. When tilting the substrate against the X-ray beam appropriately, these
RMLs creates a 2.5 cm (13644 pum lens height x 189 RMLS) long line foci,
resulting in a large FoV of 5 x 2.5cm® At the SPring- 8 / BL20B2 beamline
using 35 keV X-rays, the 378000 individual line foci showed a 750 nm
width. Imaging in a large FoV PSR-STHXM resulted in a 780 = 40 nm spa-
tial resolution in the scanning direction. The FoV of 1.64 x 1.64 cm* was not
limited by the lens but by the detector area only; with this development, the
FoV has been increased by more than one order of magnitude compared to
the state of the art single probe STHXM and full-field TXM. It represents,
actually, the largest FoV, which has been imaged, and only in a total image
acquisition time of 4 minutes owing to the specimen scanning through
378000 X-ray line foci. Furthermore, compared to the standard X-ray radiog-
raphy for the same FoV, the spatial resolution in the scanning direction was
improved by a factor of 26.

The advantage of the large FoV PSR-STHXM was demonstrated by analyz-
ing additively manufactured dental implant abutment made of titanium alloy.
The image contrast and resolution were significantly improved compared to
the standard X-ray radiography while keeping the FoV.

With the results presented in this thesis, the large FoV hard X-ray microsco-
py of extended and optically thick specimens with high resolution and fast
image acquisition time has been successfully demonstrated. The FoV of the
PSR-STHXM can be further increased by the fabrication of higher (up to
2 mm for SU-8 RMLS) inclined RMLs by further process optimization of
deep X-ray lithography and electroplating. The development and realization
of the 2D staircase array of inclined RMLs will improve the spatial resolution
in two dimensions, resulting in a 2D PSR-STHXM with a cm range FoV. The
development of a compound staircase array of inclined RMLs would enable
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exploring PSR-STHXM for energies up to 100 keV, allowing the study of
various samples for material science applications.

PSR-STXHM could be extended to multi-contrast imaging modality provid-
ing additional contrasts: phase and scattering [93]. In this case, each X-ray
point foci should be centered in the border between four LR detector pixels
(unit cell); line foci is in the border between two pixels, respectively. The
detector should be placed behind the specimen at a distance equal to the focal
distance. By placing the specimen in the focal distance and scanning it, the
LR detector will record the changes in intensity, position, and size of X-ray
foci in each unit cell according to the absorption, differential phase, and scat-
tering. Consequently, it would be possible to reconstruct PSR multi-contrast
images for multiple LR images with a high spatial resolution. This would
allow to study weakly absorbing specimens as well as porous composite
materials.

Furthermore, if the experiment focus concerns more the temporal resolution
as the spatial one, the developed X-ray optics combined with high repetition
rate X-ray detectors would enable to perform single-shot multimodal X-ray
imaging giving the possibility to investigate dynamic processes [94][95].
Besides, the new optical elements could be used as a hard X-ray multi-lens
interferometer for the wavefront investigations [50][51][96].
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