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Chapter 1
Introduction

Since the discovery of X-rays by Wilhelm Conrad Rontgen at the university of Wiirzburg
in 1895 [1, 2] numerous attempts have been been brought forward to utilize their inherent
properties. In particular their short wavelength and large penetration depth have been
exploited for simple imaging and diffraction and later for microscopy purposes, beyond the
optical limit. The hardest task, in the practical implementation of an X-ray microscope
was, due to the exceptional properties of X-rays, the development of effective and reliable
focusing devices, which provide high resolution and high efficiency combined with little
or no aberrations. Therefore, several kinds of focusing devices in the form of mirrors
[3], refractive lenses [4] and diffractive optics [5] have been developed. Mirrors under
grazing incidence show, even if they are perfectly made, optical aberrations when they
are used for imaging of extended objects. Nowadays they are mainly used as pre focusing
optics in synchrotron X-ray beam lines and in astronomy. Refractive lenses in the form of
compound refractive lenses (CRL) can be used for imaging only in the hard X-ray regime.
Due to the low efficiency of a single lens, stacks of many lenses have to be used. An
extension of their field of application into the soft X-ray regime is not possible. The most
widely used X-ray optical elements when it comes to high resolution X-ray microscopy,
especially in the soft X-ray regime, are diffractive optics in the form of Fresnel zone plates
(FZP).

The Fresnel zone plate [6] is a circular diffraction grating with an outwardly increasing
line density. It creates point foci of different order via constructive interference. Zone
plates are highly chromatic and therefore have to be used with radiation of a narrow

spectral bandwidth to show diffraction limited focusing. Their focal length (f) is defined
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12 CHAPTER 1. INTRODUCTION

by their diameter (D), the wavelength (\) of the light they are used at and their outermost

zone width (Ar), which also determines their spatial resolution.

Among other techniques, Fresnel zone plates are nowadays mainly produced by
processes involving electron beam lithography (EBL) [7]. In this approach, a substrate is
coated with an electron sensitive resist, the zone pattern is written into the resist and after
its development, transferred into another material by deep etching and/or electroplating.
With special variants of the lithographic approach, resolutions down to 9nm have been
achieved [8], with reasonable efficiencies in the soft X-ray regime. Restrictions in the aspect
ratio prevent however to create high resolution zone plates for the hard X-ray regime with
simple lithography based techniques. In a different approach, the so called “sputter-sliced”
technique [9], consecutive layers of absorbing or phase shifting and transparent material
are deposited onto a rotating wire by sputter deposition. After the deposition, the
coated wire is embedded, sectioned and thinned with mechanical techniques. Sputter-
sliced zone plates suffer from poor layer qualities and their restriction to the hard
X-ray regime due to the large minimal thicknesses achievable with mechanical sectioning

and thinning techniques. Extensive imaging could not be performed with these zone plates.

In summary it can be stated that besides the attempts to manufacture zone plates
by lithography, as well as by sputter-sliced techniques, it is also necessary to develop
new approaches for zone plate manufacturing, presenting new possibilities in terms of
high resolution, high efficiency and applicability over a wide range of the X-ray optical
spectrum, which can circumvent the restrictions of the established techniques. Envisaged
processes should ideally be reliable, flexible and productive. Furthermore they should
be able to produce high resolution and high efficiency zone plates which are applicable
over a wide range of the X-ray spectrum. Hence, the aim of this thesis is to present a
new manufacturing process which inherently meets these requirements. The new method
derives from the sputter-sliced approach but relies on a new and unique combination of
techniques which has never been applied to Fresnel zone plate production. The initial
point of the approach lies in the multilayer deposition of an absorbing and a transparent
material on a glass fibre substrate by atomic layer deposition (ALD) [10]. The thicknesses
of the layers hereby follow very closely the zone plate design rule (equation 2.9). ALD
has several advantages over sputtering which include a high conformality of the deposited

layers, a good adhesion of the films on the substrate and a low interface roughness in
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multilayer deposition. In contrast to physical deposition methods like sputtering, films
in ALD are deposited in the form of cycles, where each cycle leads to the deposition
of one atomic layer under ideal conditions. The method will be treated extensively in
section 3.1. After the deposition the Fresnel zone plate is cut from the coated fibre
with focused ion beam (FIB) [11], which will be introduced section 3.2. The use of this
sophisticated technique also offers significant advantages over the established mechanical
techniques. The thickness of the lens can be chosen, from a few tens of micrometres,
down to a few hundred nanometres. Therefore, zone plates suitable for a wide range of
X-ray energies can be produced. Furthermore the FIB offers very clean cuts, avoiding any
scratches on the surface or distortions of the layer structure, which occur when a sample is
mechanically polished. The inherent properties of this technique show, that it is suited for

the production of high resolution zone plates for both the soft and the hard X-ray regime.

With this new approach, it was for the very first time possible to achieve diffraction
limited focusing with multilayer based FZPs and thus high resolution imaging in the
soft X-ray regime. The generation of a symmetrical, high intensity focal spot is a major
improvement, compared to former attempts with sputter-sliced zone plates in the hard
X-ray regime. In addition, the new zone plate could also be used as objective lens in
full-field X-ray microscopy. The pioneering work of this thesis sets the foundation stone
for many possible future developments based on the principle of FZP manufacturing by

ALD deposition and FIB preparation.

The thesis is outlined as follows: In chapter 2 the generation of X-rays in 3¢ generation
synchrotron light sources and the fundamental properties of X-rays, as well as the basic
concepts of X-ray microscopy and X-ray focusing elements are described. As Fresnel zone
plates have an exceptional status as focusing elements in X-ray microscopy and because
the development of a new manufacturing process for FZPs is the main goal of this thesis,

FZPs are described theoretically and practically in detail.

In chapter 3 the main experimental methods employed in this thesis are described
in detail. First the basic principles of atomic layer deposition are explained. Then, the
Picosun ALD reactor SUNALE™™ R100, which has been used in this study is described.
In the second part of this chapter, the FEI Nova NanoLab 600 DualBeam”™ instrument
(combining SEM and FIB), which has been used for the different preparation steps in
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the sectioning and thinning procedure is explained, together with some fundamentals of
scanning electron and focused ion beam microscopy. In the final part of this chapter, the
setups used to test the zone plates are presented. For the soft X-ray regime, the scanning
X-ray microscope (SXM) of the Max-Planck-Society MAXYMUS, which has been installed
at BESSY II, Berlin in November 2009, has been used. For the hard X-ray regime, two ded-
icated setups have been constructed, one for the qualitative evaluation of the zone plates
and one for full-field imaging, both installed at the microoptics test bench (MOTB) at
beamline ID6 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.

In chapter 4 the results of the thesis are presented. In the first part, calculations of
the diffraction efficiency to identify a suited material combination for the zone plate, as
well as their optimal thickness are shown. Then the fabrication of the FZPs is described.
Finally, the results of the investigation of the zone plates in terms of electron microscopy

and X-ray optical performance are shown.

In chapter 5 the results are discussed and set in context to other attempts found in

the literature, to produce FZPs.

The thesis concludes with a summary (6.1) of the results and an outlook (6.2) on future
possibilities of this new and promising approach and a summary in German language
(chapter 7).



Chapter 2
Fundamentals and state of technology

In this chapter, the generation of X-rays in electron storage rings will be briefly described.
Then the fundamental interactions of x-rays with matter, which are needed to understand
the different approaches for X-ray focusing, will be introduced. As two of the most impor-
tant X-ray microscopy methods, the zone plate based techniques, scanning (STXM) and
full-field (TXM) X-ray microscopy will be introduced. Then, an introduction to different
X-ray focusing methods will be given. As Fresnel zone plates (FZP) have an outstand-
ing status among the X-ray focusing elements, and because the aim of this work is the
introduction of a new manufacturing method for FZPs, their properties and manufactur-
ing will be presented in more detail, presenting the problems, encountered with current

manufacturing methods.

2.1 Synchrotron sources and X-ray interactions with

matter

2.1.1 Generation of X-rays

Nowadays, 3" generation electron storage rings serve as very bright sources for synchrotron
radiation. The basic characteristics of such a light source and the electron storage rings of
BESSY II in Berlin and of the ESRF in Grenoble, where the experiments for this thesis

have been performed, are described in the following.
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16 CHAPTER 2. FUNDAMENTALS AND STATE OF TECHNOLOGY

Synchrotron radiation

Electromagnetic radiation is generated when charged particles are accelerated. This effect
is exploited in the preferred light source for X-ray microscopy, the electron storage ring,
where highly relativistic electrons are forced onto a closed circular path by magnetic
fields and emit X-rays tangential to their direction of motion. An extensive overview of
accelerator physics including synchrotron science since the development of the synchrotron
principle in 1945 is given in [12]. The experiments of this thesis have been performed at
BESSY 1I for the soft, and at the ESRF for the hard X-ray regime, respectively. The
technical realisation of a synchrotron is described for the storage ring BESSY II as an
example for a 3" generation light source in figure 2.1 (adopted from [13]). At BESSY II,

sz —-lohe
/"9’ o electron gun
= Microt;:“b\\

5/ injector

synchrotron
circumference: 96m

ww/f

undulator

storage ring

o
circumference: 240m o
0 10 20 m e

-t
L

Figure 2.1: Schematic illustration of BESSY II. Electrons are generated in an electron gun
and pre-accelerated in a microtron. Then they are transferred to the synchrotron, where
they are further accelerated to their final energy of 1.7 GeV. The electrons are then injected
into the storage ring where they circulate for several hours. Light is generated in bending
magnets or insertion devices (wigglers or undulators).

the electrons are generated in an electron gun where they are accelerated to an energy of
70keV. The next stage of acceleration to an energy of 50 MeV is performed in a microtron.
Other light sources, like the ESRF, use linear accelerators (LINAC) for this purpose. For
the final acceleration the electrons are transferred to the synchrotron where their kinetic
energy is further increased by one or several rf-cavities, until they reach the energy of
the storage ring. This energy is 1.7 GeV at BESSY II and 6 GeV at the ESRF. Finally
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the electrons are injected into the storage ring (circumference of 240m and 844 m for
BESSY II and the ESRF, respectively) where they circulate for several hours. The whole

environment is held under UHV-conditions (107 to 107*° mbar).

Two different methods are used in electron storage rings to create light, bending
magnets and insertion devices (undulators or wigglers). Both types of light emitting
devices are shown schematically in figure 2.2 (a) reproduced from [14] and b) reproduced

from [15]). In the magnetic field of a bending magnet (figure 2.2 a)), the electrons are

a) bending magnet 0 1-1__ 0 1

ca. 30m 5

Highly relativistic electrons

mm ] 1 1

b) undulator
1. mode: linear polarization 2. mode: circular polarization
Linear: S;=1 Shift=0 Circular: S;=1 Shift = A/4

R

VUV

Figure 2.2: Schematic illustration of two light generating devices in a storage ring, the
bending magnet and the undulator. a) In the bending magnet, the electrons are accelerated
towards the center of the storage ring by a magnetic field. Due to their relativistic velocity,
they emit highly collimated radiation, tangential to their direction of motion. b) In the
undulator, the electrons are forced on an oscillating path by permanent magnets above and
below the electron beam plane. The polarization of the emitted X-rays can be changed by
shifting the permanent magnets with respect to each other.

accelerated towards the center of the storage ring, therefore they emit radiation tangential

to their direction of motion, with a continuous distribution of wavelengths from the
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infra-red, far into the X-ray regime. Because the velocity of the electrons approaches the
light velocity ¢, the cone of emittance does not resemble the typical dipole emittance, but
is strongly directed in forward direction and highly collimated. The radiation is linearly
polarized in the plane of emittance and circularly polarized, with opposite helicities, above
and below the plane of emittance. Circularly polarized light is especially important in
magnetic studies [16]. In 3"¢ generation storage rings like BESSY II or the ESRF, which
are optimized for the generation of light, the straight sections of the storage ring are
equipped with so called “insertion devices” like undulators or wigglers which represent the
second source for synchrotron radiation. An undulator (figure 2.2 b)) typically consists of
arrays of magnetic structures, usually permanent magnets, above and below the electron
beam plane. The magnets are arranged in a way to force the electrons on a oscillating
path with small deflections. The radiation which is generated in every reversal point
interferes constructively or destructively in forward direction, leading to a high brilliance
and a spectrum containing distinct harmonics. To coarsely change the wavelength of
the radiation, the gap between the upper and the lower magnetic array is changed. The
polarisation is changed by sliding the different magnetic arrays with respect to each
other. Due to its high brilliance and high degree of coherence, undulator radiation is the
preferred source of X-rays for STXM. To achieve the very fine energy resolution (%)
of 1073 to 107%, which is necessary for spectroscopic studies and to achieve diffraction
limited resolution in the STXM, a monochromator in the form of a plane grating (typical
for the soft X-ray range) or a Si-double-crystal monochromator (typical for the hard X-ray

range) is implemented in the beam line.

Figure 2.3 (adopted from [17]) shows a comparison of the brilliance of X-rays generated
in X-ray tubes (Continuum (bremsstrahlung), carbon K, copper L and K, aluminium K and
molybdenum K) and X-rays generated in 3" generation light sources in bending magnets
(Bends) and insertion devices (Undulators and Wigglers) for a light source with 1.9 GeV
respectively 7GeV beam energy. Radiation from undulators shows a several orders of

magnitude higher brilliance than bending magnet radiation.

e A high brilliance of the source, allows short measurement times.

e Energy tuneability and high spectral resolution using monochromators, allows to
select the absorption edges of the sample, to perform exact energy scans and to

achieve diffraction limited focusing.
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Figure 2.3: Comparison of the brilliance of different X-ray sources. Continuum
(bremsstrahlung), carbon K, copper L and K, aluminium K and molybdenum K originate
from X-ray tubes, the others from 3" generation electron storage rings. These sources
show several orders of magnitude higher brilliance than X-ray tubes.

e Tunable polarization (linear, circular) of the X-rays, used to achieve magnetic con-

trast.

This is why most X-ray microscopes are operated at 3" generation electron storage rings.

2.1.2 Interactions of X-rays with matter

In this section, the main interactions of X-rays with matter (reflection, absorption and
phase shift) are presented. Starting with the general description of reflection, two different
cases are regarded in more detail: total external reflection and reflection from multilayers.

Then the absorption and the phase shift of an X-ray wave in a homogeneous medium are
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calculated. The equations used in this section have been adopted from [6] if not cited
differently.

Reflection

If a electromagnetic wave (i.e. light) encounters an interface between two media with
different index of refraction, the wave usually undergoes reflection and refraction. This is
illustrated in figure 2.4 (adopted from [6]) for the interface between vacuum (n=1) and an

arbitrary material with the complex refractive index n=1-46 +1i, where ¢ is the angle of

4 Refracted
wave
’ k’
]
n=1-3+ip
Vacuum X
n=1 o | o7 )
k" Reflected
Incident wave
wave

Figure 2.4: Tllustration of the reflection/refraction of an X-ray wave at the interface between
vacuum and a material of refractive index n=1-9+10.

the incident wave to the surface normal and ¢’ the angle between the refracted wave and
the surface normal. The reflection angle ¢” is equal to the incidence angle ¢ because both
waves travel in the same medium. The angle of the refracted wave ¢’ can be calculated
from the incidence angle ¢ and the index of refraction n of the medium by using Snell’s

law (equation 2.1):

sin ¢
n (2.1)
where n =1— 90 +if.

sin ¢’ =

In the case of X-rays, the index of refraction has to be written as a complex quantity
to account for absorption, as it plays a significant role at those energies. The frequency
dependent index of refraction of a material n(w) is strongly related to the atomic scattering
factors and can be written in the form of its complex components as (equation 2.2):

)\2
n(w):1—5+iﬁzl—nare

[Fl(w) —ify ()], (2.2)

™
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where ¢ is the phase shift and  the absorption, n, is the number density of atoms
per unit volume, 7, is the classical electron radius and \ is the wavelength!. Equation 2.2
shows, that the coefficients 6 and 8 of the refractive index can be expressed in terms of

the atomic scattering factors f{ and f9 (equations 2.3a and 2.3b):

5= "X o) (2.30)
5= " g0, (2.3))

For visible light, the index of refraction is larger than unity (typically around 1.5 for
common glass), this leads to a deceleration of the phase velocity and a retardation of the
phase in the material. For X-rays however, the index of refraction is slightly less than
unity (6 and f3, are positive and very small), wherefore, the phase velocity of X-rays in a
material is slightly larger than in vacuum and the phase in general advances when X-rays
pass through matter. The transition illustrated in figure 2.4 hence takes place from a
medium with a refractive index of n=1 (vacuum) to a material with a refractive index
slightly smaller than 1 (n=1-§+10).

Total external reflection If the absorption in the medium is considered negligible (8 —
0), the index of refraction becomes n=1-4. In this case, as ¢ is positive, it follows that n
is smaller than 1 and therefore, the wave is refracted away from the surface normal for all
incidence angles. If the incidence angle approaches 90°, the refraction angle ¢’ can reach
and the refracted wave propagates along the surface of the medium, instead of penetrating
it. This occurs at the so-called critical angle of incidence ¢ =¢.. The complementary
angle, measured from the incoming wave to the surface of the medium, 6. =90°- ¢ is called
the critical angle for total external reflection which has first been observed by Compton in
1922 [18], and is given by (equation 2.4):

0. = V20 = %‘M (2.4)

where all variables have the same meaning as in equation 2.3a. The atomic density in

atoms per unit volume n, varies slowly among the the natural elements. Therefore, the

LA positive imaginary part for the refractive index has been chosen, following Attwood [6] (page 20 and
60) to be consistent with his formulations for the calculation of absorption.
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functional dependencies of the critical angle are . x A\v/Z because the optical constant

f, © can be approximated with Z [6] (p. 71).

If absorption is not neglected (f - 0), the assumption that the incoming wave
propagates along the interface does not hold any more, some energy flows into the medium
and the fields of the wave inside the material decay with an exponential dependence. The
penetration depth of the wave into the medium z is greatest at the critical angle (6 =6..)

and can be calculated to be z, = %B;l/"’

Reflection from multilayer structures At normal incidence the reflectivity R, of a
material with the refractive index n=1-9 +if can be calculated as R, ~ %. As 6 and
[ are very small for all materials, R, is nearly zero if only a single interface is present.
The situation is different if multilayer interference coatings (or multilayer mirrors) are
used that consist of alternating thin layers of high and low Z materials. They present a
periodically changing refractive index. Their periodicity d (one pair of layers) is designed
to be d=\/2 at normal incidence illumination to achieve constructive interference of the

reflected intensity.

At non-normal incidence the conditions of reflection for a multilayer interference coating

are described by Bragg’s law (equation 2.5):

[ 46d?

which has been complemented with a square root factor. This factor contains the quan-
tity 0 which is the bilayer weighted real part of the refractive index, the design wavelength

A, the reflection order m=1, 2, 3,... and the incidence angle to the surface, 6.

Absorption and phase shift

Based on the complex index of refraction, used to describe the reflection of an X-ray
wave, we can also calculate the absorption and the phase shift of a wave as it passes in

x-direction through a material. For a plane wave in a homogeneous medium of refractive
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index n=1-J +1/ we can write [19] (equation 2.6):

w(x) — Aefinkx — 14671‘16:1:efiélmefﬁkas7 (26)
where A is the amplitude and k= 27” is the wave vector of the plane wave. The first
factor (e~%*) represents the propagation of the wave in vacuum, the second (e~**) is

responsible for the phase shift and the third (e7?**) accounts for the decay of the wave

due to absorption.

The intensity I of the wave after the propagation through a material with the thickness

t can be calculated by taking the modulus squared of ¢(t) and thus obtaining (equation
2.7):

I, = Lye M, (2.7)

where p=20fk=4nwf/\ is the linear absorption coefficient known from the
Beer—Lambert law. The inverse (u~') is the penetration depth for X-rays of wave-
length A and a material with the optical constant 5. It is the distance after that the

intensity has decreased by a factor e.

The phase shift A¢ of the wave when it has travelled through the thickness t amounts
to (equation 2.8):
2
A = 25kt = 7”515. (2.8)

The phase shift does not lead to an attenuation of the wave but to an angular
redistribution of the transmitted intensity. In visible light optics, this would correspond
to the deflection of a monochromatic beam of light when it is sent through a prism at

non-normal incidence.

2.2 X-ray microscopy

Several lensless [20] and lens based [21] approaches with manifold applications exist in X-
ray microscopy. Here, the two main zone plate based microscopy techniques, the scanning
transmission X-ray microscope and the full-field transmission microscope are introduced.
An overview of the whole setup, from the light source to the microscope is illustrated in
figure 2.5 (b) adopted from [22]) for a) a STXM and b) the TXM XM-1 at the ALS in
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Berkeley, USA.
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b) TXM
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Figure 2.5: Illustration of two X-ray microscopy beamlines. a) STXM and b) TXM (XM-1).
In both beamlines, a monochromator is implemented to achieve high energy resolution.

2.2.1 Scanning transmission X-ray microscopy

The basic principle of a zone plate based scanning transmission X-ray microscopy is
shown in figure 2.6 (adopted from [6]). The concept of the STXM has been pioneered
by H. Rarback, J. Kirz and co-workers [23]. In this type of microscope, nearly parallel,

monochromatic and coherent X-rays are focused to a diffraction limited spot by means of

a Fresnel zone plate, the size of the focal spot on the sample determines the resolution of

the microscope. The FZP is equipped with an opaque center stop and an order sorting
aperture (OSA) is placed between FZP and sample to block higher and the 0% diffraction

order. While scanning the sample or the zone plate, the transmitted radiation is recorded
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Figure 2.6: Schematic illustration of the STXM. Nearly parallel X-rays are focused to
diffraction limited spot on the sample. A OSA and a center stop block higher order and
0'-order radiation. FZP or sample are raster scanned and the transmitted radiation is
collected to compose an image.

with a point detector, typically a photomultiplier tube (PMT) or an avalanche photodiode
(APD).

2.2.2 Full-field X-ray microscopy

The basic principle of the full-field or transmission X-ray microscopy is shown in figure

2.7 (adopted from [6]). This type of microscope has been pioneered by G. Schmahl, D.

/
Sample /’/ Back focal plane

/
/;Of't
First order image X-ray

Micro
—_— zone plate
T lens CCD
Condenser OSA and
zone plate Monochromator
with center stop pinhole

Figure 2.7: Schematic illustration of the TXM. A condenser zone plate with a center stop
(not shown) is used to illuminate the sample. A micro zone plate creates a highly magnified
image on a CCD-camera.
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Rudolph and colleagues [24, 25]. In principle a TXM works in the same manner as a visible
light microscope. A condenser zone plate or a glass capillary [26] is used to illuminate the
sample on an area of several square micrometers. The condenser is often rotated or wobbled
to make the illumination more homogeneous and to break the coherence of the light. This
is necessary in order to avoid interference effects which result in speckles in the image [27].
If a zone plate is used as condenser, an OSA is applied to block unwanted radiation. In the
case of a capillary, no higher orders exist, and the beam has already been monochromatized
so that no OSA is necessary [28]. In both cases, a center stop has to be applied to block
the 0"-order radiation and to create hollow cone illumination necessary to achieve best
resolutions [6] (page 364/365). Down stream of the sample, a micro zone plate is used
as objective lens to create a highly magnified image of a large sample area on an X-ray
sensitive CCD-camera in a single exposure. The distance between micro zone plate and
CCD can be several meters which creates magnifications of several thousand. While, the
quality of the illumination can somewhat improve the overall resolution, the resolution of

the microscope is mainly determined by the resolution of the micro zone plate.

2.3 X-ray focusing optics

Various approaches exist, to focus X-rays [29, 30]. Some of these methods are presented in
this paragraph. First, mirrors, capillary optics and refractive lenses which rely on reflection
from surfaces and refraction, respectively will be briefly reviewed. Then Fresnel zone plates

as diffractive X-ray optical devices and the main topic of this thesis will be treated in detail.

2.3.1 X-ray mirrors

Nowadays, several types of mirrors exist for X-ray focusing [3]. In 1948 P. Krikpatrick
and A. Baez introduced the concept of using two crossed mirrors with spherical concave
shape under grazing incidence to focus X-rays [31]. The use of two crossed mirrors equals
the effect of two crossed cylindrical lenses for visible light. As mirrors under gazing
incidence show very severe astigmatism, the second mirror is set orthogonal to the first
mirror to correct for its astigmatism. Nevertheless, imaging of extended objects suffers
form strong aberrations. Due to the lack of other X-ray optics, microscopes containing
mirrors in the Kirkpatrick-Baez geometry have nevertheless been build [32]. Nowadays,
Kirkpatrick-Baez (K-B) mirrors are mainly used as focussing optics in synchrotron X-ray

beamlines, where focal spot sizes below 50 nm have been achieved [33]. An immediate
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application in high resolution X-ray microscopy is yet prevented by the asymmetry of the
focal spot and the complicated and time consuming fabrication of very high resolution

K-B-mirrors which require elliptical profiles with ultra smooth surfaces [34, 35].

Another approach to use mirrors as focusing elements for X-rays has been proposed
by H. Wolter in 1952 [36]. Wolter optics consist of two mirrors, one with parabolic
or elliptic rotational symmetry and the second with hyperbolic rotational symmetry.
Internal ( Wolter mirror type I) and external (Wolter mirror type II) reflection from the
hyperbolic mirror surface is hereby used to achieve a shorter or longer focal length. Wolter
optics are used for example in the satellite XMM-Newton which consists of 58 Wolter
type I grazing-incidence mirrors [37]. Similarly to K-B-mirrors, Wolter mirrors set high

requirements for the smoothness of the mirror surface.

A third important type of reflecting optics are multilayer mirrors or interference coat-
ings [38]. They rely on Bragg-reflection at the interfaces of the multilayer structure as
introduced in the previous section (equation 2.5). The multilayer structure has to consist
of a low Z and a high Z material to achieve a large difference in the refractive indices at
the interface. The low Z material, which acts as a spacer, should have optical constants (§
and () which are as low as possible to achieve low absorption and a large difference to the
optical constants of the high Z material whose thickness is reduced as much as possible, to
minimize absorption. To ensure an optimal functioning of these mirrors, the thicknesses of
the layers have to be controlled very accurately. In addition, the interfaces have to be as
sharp as possible to achieve high reflectivity and the films should be amorphous to avoid
reflections form crystallites. A high reflectivity, approaching unity, even when absorption
in the layers is present can be achieved with about 100 interfaces. Multilayer mirrors also
act as bandpass filters with an energy resolution (ﬁ) of 10 up to 100. Multilayer mir-
rors have been fabricated with nearly every thin film deposition technique [39]. The most
widely used method is sputtering [40]. Other methods include evaporation [41], pulsed
laser deposition (PLD) [42] and recently atomic layer deposition (ALD) [43]. Applications
of multilayer mirrors include astronomy [44], EUV lithography for semiconductor manu-
facturing [45] and photoemission microscopy [46]. Very recently sub-10nm focusing has
been demonstrated in the hard X-ray regime by using a deformable mirror [47], however
the achieved focus was only one dimensional and its generation needed extensive intensity

measurements in the focal plane and complicated in-situ wavefront-correction calculations
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which prevents a simple implementation in standard microscopy setups.

2.3.2 Capillary optics

Another possibility to use total reflection for X-ray focusing is in capillary optics. This can
be achieved by using polycapillary optics, also called Kumakhov optics [48], where a bunch
of optical fibres is used to guide the X-rays into a focus by multiple reflections [49], or by
using paraboloidally or ellipsoidally shaped single-bounce capillary optics, where focusing
is achieved with a single grazing incidence reflection on the inner surface [50]. These optics

can be used as condensers in full-field X-ray microscopes [51].

2.3.3 Refractive lenses

One of the first experiments that Rontgen performed when he started investigating X-rays,
consisted in trying to focus X-rays with biconvex refractive lenses [1]. The reason why this
approach was doomed to failure is the fact, that the index of refraction is below unity for
all materials as mentioned in section 2.1. In consequence, lenses have to be concave in
order to focus X-rays. In addition, due to the small deviation of the refractive index from
unity, a series of lenses has to be used. An overview over refractive lenses for X-ray focusing
is given in [4]. The idea of a refractive lens for X-rays was proposed and patented by T.
Tomie in 1994 [52]. The first practical demonstration of compound refractive lenses (CRL)
was however achieved by A. Snigirev et al. by drilling a line of holes [53] and later by cross
drilling [54] into a block of solid aluminium, where a line focus of 8 um and a spot focus
of 8 x 18 um has been achieved. The focal length f of a stack of N lenses can be calculated
as f= % where R is the radius of curvature and ¢§ is the deviation of the real part of
the refractive index from unity. To improve the optical performance of CRLs, rotational
symmetric lenses have been developed, based on the impingement of a parabolically shaped
tool into a thin aluminium or beryllium foil [55, 56]. The parabolic shape of the lens profile
is necessary to avoid spherical aberration. Good imaging properties and a resolution in
the 0.1 um range have been demonstrated [57]. Other possibilities to fabricate compound
refractive lenses are for instance reactive ion etching demonstrated by C. Schroer et al.
[58, 59], deep X-ray lithography (LIGA process) pioneered at the Karlsruhe Institute of
Technology [60, 61] or by putting air bubbles into an epoxy filled hollow glass capillary
(62, 63, 64].
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2.3.4 Fresnel zone plates

Experiments with diffractive optics in the form of Fresnel zone plates for visible light,
date back to Lord Rayleigh in 1871 ([65] page 495). Further developments of FZPs were
brought forward by J. L. Soret who reported in 1875 about his experiments with so-called
binary or amplitude zone plates [66], which have completely opaque and transparent zones
and R. W. Wood who, after the suggestion of Lord Rayleigh, developed the so-called phase
zone plates in 1898 [67]. The idea of using FZPs for X-ray focusing has been presented
and realized by Baez in 1952 [68, 69, 70, 71, 72].

A Fresnel zone plate is a circular diffraction grating which consists of concentric rings
called zones (figure 2.8), where the period of the grating decreases with increasing radius

[6]. In the case of the classical amplitude zone plate, the rings are alternately transparent

Figure 2.8: Schematic illustration of a binary zone plate with transparent (white) and
opaque (black) rings.

and absorbing to the incoming light and are placed in such a way that the diffracted light
interferes constructively at a point on the axis of rotation of the FZP, forming a focus. It
has to be noticed that a zone plate in fact creates several foci, corresponding to different
diffraction orders of the grating (FZP), where the first order focus, usually used for
imaging, contains 10 % [6] (p. 348) of the incoming light. The multiple foci are depicted
in figure 2.9 (image and following equations have been adopted from [6]). In the case of
a phase zone plate, the materials of the zones are chosen to introduce a 180° phase shift

to the incoming light which then interferes constructively at a point to form a focus of
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Figure 2.9: Schematic illustration of the different diffraction orders of a Fresnel zone plate.
The third and the fifth orders are shown at g and %, where f is the first order focal distance.

higher intensity than in the case of the amplitude FZP with 40 % [73] of the incoming light.

The radius of the consecutive zones is given by equation 2.9,

(n\)*

2
=nA
P = mAf o

(2.9)

where n is the index of the zone, ranging from 1 (innermost zone) to N (total number
of zones). The second term (%) represents the spherical aberration, which can be

neglected if f> ”—2’\ In this case, equation 2.9 can be simplified to (equation 2.10)
Tn = \/NAS. (2.10)

The focal length of the zone plate is given by (equation 2.11):

DAr  4N(Ar)?
~ ~ 2.11
fo D0 BT 2.11)

which is valid if Ar < ry, which is the case if the number of zones N is large and
with D~ 4NAr. As can be seen from the equations for the zone radii (2.9) and the focal
length (2.11) zone plates are highly chromatic. To achieve diffraction limited resolution,

the spectral bandwidth of the X-rays must be smaller than the inverse of the total number
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of zones (equation 2.12):
AN AE 1
A E N
where E is the X-ray energy. The numerical aperture (NA), defined as NA = sin 6 where

(2.12)

0 is the angle measured from the optical axis to the ray diffracted from the outermost zone,
is given by (equation 2.13):
A
NA~—. 2.13
2Ar (2.13)

The spatial resolution of a FZP can be quantified by the Rayleigh resolution criterion
and is given by (equation 2.14):

0.610A

At = TN

= 1.22Ar, (2.14)

where Arpggy. is the Rayleigh resolution and A is the wavelength of the radiation. As
can be seen from this equation, the resolution is comparable to the outermost zone width

Ar, and higher resolutions can be achieved with fine outermost zones.

The depth of focus (Az) of a zone plate is given by (equation 2.15):

2
A iz(Ar) ‘

S NAE = (2.15)

It is defined as the permitted distance, away from the focal or image plane, for which

the intensity on axis is diminished by 20 %.

Calculation methods for diffraction efficiencies

Different methods exist to calculate the diffraction efficiencies of Fresnel zone plates. The
essential difference among these is, if the zone plate is regarded as an optically thin or an
optically thick grating. For optically thin gratings, the Kirz-theory can be applied. The
extreme cases of this approach are the pure absorption and pure phase shifting zone plate.
If the lens has to be treated as an optically thick grating, which is the case when the aspect
ratio of the zone plate gets large, a more accurate model like the rigorous coupled wave
theory (CWT) has to be applied.

Kirz theory Calculating diffraction efficiencies by regarding the lens as an optically thin

grating has first been performed by J. Kirz in 1974 [73]. As all materials are characterized
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by a complex refractive index of the form n=1-§-i as already shown in section 2.12,
an X-ray wave, which passes through a material of thickness t, is attenuated and phase
shifted. The amplitude is attenuated by exp~?™/* and the phase is shifted by ¢ = 27t5/\
with respect to the open zones. A traditional FZP consists of absorbing/phase shifting
zones and empty, non material filled zones. The wave amplitudes after passing through
the empty zones (A,) and the material filled zones (A;) can be calculated by equation
2.16a and 2.16b [73]:

c (™, C
A, = oy ¢?d) = = and (2.16a)
T Jo T
27 ;
A, = 226—27r5t/A/ H0=9) 19 — _ge—%ﬁt/x\e—iaﬁ, (2.16Db)
us x m

where 6 is the phase change of the wave over the distance of one pair of zones and
C? =1;,. is the total incident flux on this zone pair. The intensity contribution to the

image of this pair of zones is (equation 2.17) [73]:

2

C
L= |4, + AP = =5 (L4 e ™ - 27 R cos g) (2.17)

If this equation is expanded to a general expression where the diffraction order m is

introduced one obtains (equation 2.18) [73]:

0 or }L, m =20
I, = m%—; (1 + e~ 4mkt/A — 2672 /A cos ¢) , m odd (2.18)
0, m even.

Equation 2.18 takes absorption and phase shift into account. The value of I,, for m=0
is depending on which of the extreme cases with just one contribution is regarded. If
[ — oo, absorption is dominant and the efficiency of the a binary amplitude or Soret zone

plate is obtained. In this simplest case, of completely transparent and opaque zones, the

2Here with the convention of Kirz, using a negative sign for the imaginary part of the refractive index.
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diffraction efficiency can be calculated by (equation 2.19):

1

1 m = 0
m =1 =3 m odd (2.19)
0 m even.

where, 7, is the diffraction efficiency and m is the diffraction order. Here, 50 % of the
incoming radiation is absorbed by the opaque zones, 25% are transmitted undiffracted
and ﬁ% is diffracted into the odd orders m (m=+1, +3, £5,...), which leads to
approx. 10 % for the first and approx. 1% for the third order, respectively.

In the other extreme case of f — 0 and ¢ = 7, absorption is negligible and the result of
a Reileigh- Wood or pure phase zone plate is obtained, where the opaque zones are replaced
with zones that lead to a m phase shift of the incoming radiation without absorption. The
efficiency can be increased by a factor of 4, compared to the binary zone plate, leading to

(equation 2.20):

0 m=20
M = =52 modd (2.20)
0 m even.

Here, no radiation is absorbed and no radiation stays undiffracted. This leads to

efficiencies of approx. 40 % for the first and approx. 4.5 % for the third order, respectively.

The original concept by Kirz only treats zone plates which consist of open zones and
zones filled with one material. If both zones are filled with different materials it needs
to be extended. This has been done by W. Yun et al. [74]. For two materials with the
complex refractive index n; = 1-6;-i5; with i=1,2 for material 1 and 2, respectively, one

obtains (equation 2.21):

% ('Y% -+ ’7% — 2’71’72 COS [27Td (52 — (51) /)\]) s m=0
Mm =3 (72 472 — 2y172 cos [2md (82 — 61) /A]) / (mm)®,  m=odd (2.21)
0, m=even,

where «; = exp(—2mdf; /). With this equation it is possible to calculate the diffraction
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efficiency of a zone plate consisting of any possible material combination as a function of
its thickness. All results of chapter 4 referred to as calculated with the “Kirz-theory” were

calculated with equation 2.21 .

Coupled wave theory If the aspect ratio (zone height to zone width) of a FZP becomes
large, the thin grating approximation is no longer valid. For these optically thick gratings
other models have to be applied to describe their diffraction behaviour accurately. One
possibility is the so called rigorous coupled wave theory (CWT), which has been applied
to zone plates by J. Maser and G. Schmahl in 1992 [75]. The theory indicates that if the
zones remain parallel to the optical axis in an optically thick grating (large aspect ratio),
the diffraction efficiency is reduced to very poor values. Therefore the zones of a zone
plate which have to be regarded as an optically thick grating have to be tilted towards
the optical axis. Only if the Bragg-condition is fulfilled between the incoming wave and

the zones of the zone plate, a high diffraction efficiency is obtained.

In 1997 G. Schneider has extended the theory with the diffraction into higher diffraction
orders and has calculated the influence of variable line to space ratios on the diffraction
behaviour [76]. In addition he regarded the influence of roughness and interdiffusion on
the diffraction efficiency [77], which is especially important for multilayer zone plates. The
CWT is the basis for the ZPTGW-program (version march 2001) which has been used
to obtain the results presented in chapter 4, which are referred to as calculated with the
CWT.

2.4 Fresnel zone plate fabrication

In this section, a review of different methods which have been employed for the fabrication
of Fresnel zone plates is presented. The general challenge in zone plate manufacturing is
the creation of dense structures of very fine features, to achieve high resolution (equation
2.14). In general, two different alternatives are used to create the zone structures: 1% struc-
turing a homogeneous material or 2" building up layers of materials with very different
refractive indices. In very early approaches, FZPs were made by drawing concentric ring
patterns and making reduced photographic reproductions of them [66], or by mechanically

producing free standing metal zone plates [71]. Due to the limits in achievable feature
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sizes, optical methods like holography® were applied [78]. FZPs made with this technique
suffered from spherical aberration due to the large difference in wavelength of the laser they
were produced with and the X-rays they were designed for. Therefore, other structuring
methods which are capable to produce finer features had to be found. As an outgrowth
of techniques developed for the semiconductor industry [79], electron beam lithography
(EBL) has been suggested by D. Sayre in 1972 [80], and emerged as the most popular
structuring technique for zone plates to date. Other surface structuring methods include
X-ray lithography [81], nanoimprint lithography [82] and focused ion beam [83]. Tech-
niques involving EBL and FZP manufacturing techniques involving multilayer deposition,

will be treated in more detail in the following.

Lithography based techniques

First practical results in applying EBL for FZP manufacturing were reported by D.
Shaver et al. [84] and D. Kern et al. [85], where zone widths in the range of 100 nm
could be achieved. They also introduced SizNs;-membranes as carriers for zone plates and
specimens, which are still widely used in the the X-ray microscopy community. Three of
the main processes of fabrication are: the single layer, the double layer and the trilayer

process, combined with deep etching.

The single layer process, is depicted in figure 2.10 (adopted from [6]) and details
about the process are given in appendix A. In this process, a substrate is coated with an
electron sensitive resist, which is then structured and developed. After the development,
the created structures are filled by electroplating. Outer zone widths of Ar=20-40nm
can be achieved with maximum aspect ratios (ratio of zone height to zone width) of 3:1
or 4:1 [6]. These low aspect ratios are a drawback of this technique, especially for zone

plates dedicated to higher photon energies, where high aspect ratios are required.

Some improvement can be achieved with the double layer process [86] (details are
given in appendix A). Sub 30nm lines and spaces and aspect ratios of 6:1 [87] have been
produced with this technique, which is an improvement compared to the single layer

process but can still be too low for high energy X-rays.

Multilayer processes have been introduced and are used to achieve higher aspect ratio

3Using lasers from the visible to the UV spectral range.
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a) Expose b) Develop
——<— (Gold ,
SI3N4 plating SI3N4
base
Si Si
c) Gold Plate d) Remove PMMA
SizNyg SizNg
Si Si

Figure 2.10: Schematic illustration of the single layer process for zone plate fabrication.
The fabrication steps are: a) Expose, b) Develop, ¢) Gold Plate and d) Remove PMMA.

structures. Here, an additional metal layer (typically titanium) is deposited between the
hard baked polymer and the electron sensitive resist and serves as a hard mask for a
second etching step. Structure sizes of 20nm with aspect ratios of nearly 9:1 have been
achieved [88, 89, 90]. This trilayer process is, with slight modifications, also followed by
other groups [91] who use higher order imaging [92] and introduced the stacking of zone
to increase the aspect ratio [93, 94, 95]. To avoid the plating step, the polymer can be
replaced with another material like germanium [96] (Ar=30nm, aspect ratio 10:1) or a
high absorbing metal layer (e.g. tungsten) [97, 98, 99]. Tungsten zone plates with structure
sizes of 30nm and aspect ratios of 5:1 (for Ar=30nm) up to 15:1 (for Ar=200nm)
are commercially available. A decrease of the achievable zone width for single exposure
electron beam lithography, is accomplished by cold development treatments [100], where
zone plates with 13nm outer zone width with aspect ratios of 2.7:1 [101] have been
obtained. All of the aforementioned processes share several problems which can be
summarized as the imitations in zone widths for lithography based approaches due to
beam size limitations and scattering effects in the resist, the aspect ratio which is limited
to maximal 10:1 (for Ar<30nm) and the necessity to increase the outer zone width if

higher aspect ratios are desired.

To circumvent these drawbacks, special processes like the “double patterning” tech-
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Figure 4.21: Intensity line profile along a horizontal line of 70 ym length through the center
of the diffraction spot in figure 4.18 h). The peak has been fitted with a Lorentzian-curve.

The average background intensity has been measured in the area of the image outside
the contour of the projection of the zone plate, where the light has not been attenuated
by any medium and equals approximately 280 in arbitrary units. The active area of the
zone plate is calculated by taking the difference in the squared outer and inner radii of
the zone plate. This leads to a beam power on the zone plate of 119631.8. To calculate
the beam power in the focus, the overall intensity distribution along the line profile has
to be background corrected by subtracting the transmission of the glass core. Then, the
center peak of the intensity profile is fitted with a Lorentzian-curve. The area of the
focus is defined as FWHM (full width at half maximum) of the Lorentzian-curve for this
calculation. The beam power in the focus is then given by (equation 4.5).

Iy ~4554.36

% Afocus = —g T 0.9%um?* = 6438.6 (4.5)

Pfocus - ]_f * Afocus =

The average intensity in the focus has been calculated by taking the integral below the
Lorentzian-curve within the borders of FWHM of the focus and dividing it by the width
of 1.8 um. This yields an average intensity of 2530.2. The beam power in the focus then
equals 6438,6. Finally, the ratio of both power values leads to a diffraction efficiency of



4.4. X-RAY OPTICAL PERFORMANCE 85

approximately 5.4 %, to be compared with a theoretical efficiency of 25 %, calculated with

the CWT for a zone plate with the same area of active zones and the same thickness.

For a evaluation of the imaging properties of the zone plates, measurements were
performed with the full field setup, presented in figure 3.9 in the imaging geometry
presented in figure 3.8. This imaging geometry is different from the standard TXM setup,
presented in figure 2.7, in several attributes. In the standard setup, object, zone plate
and CCD-camera are on the optical axis and the zone plate creates a full image of the
object, because its whole area contributes to image formation. In addition, the field of
view of the CCD-camera can be much larger than in the present setup?. The special
imaging geometry in this setup is hence a result of the preconditions, set by the applied
components. Due to the glass core of the FZP, which does not contribute to imaging and
the small field of view of the camera, sample and CCD-camera had to be used in off-axis
geometry. The partial zone plate only creates a ring shaped, bright field image of that
part of the object which is in front of the active zones. Therefore, the centre of the Au
Siemens-star test pattern (X50-30-7 by Xradia) has been brought in front of the active
zones of the FZP (see figure 3.8). Due to the small field of view of the camera, it has to
be moved parallel to the optical axis into the opposite direction with respect to the test

object to capture the image, created by the zone plate.

Images obtained in this geometry with the Ar=35nm FZP as objective lens in the
full-field microscope are shown in figure 4.22 a) to d), which show a series of images of
different parts of the Siemens-star test pattern. These images have been obtained with an
exposure time of 120s. The coordinate system for the movement has been defined in figure
3.8 with the positive Y-direction pointing down-stream, the positive Z-direction upwards
and the positive X-direction into the image plane. The optical axis in the center of the
setup represents 0 for X and Z and the intersection of their axes. To obtain images created
from all areas of the zone plate, the Siemens-star has been moved in front of the left, right,
upper and lower part of the zone plate. The camera has been moved into the opposite
direction correspondingly. In figure 4.22 a) the test object has been moved 22 ym in -X
and the camera 1.4mm in +X-direction. In figure 4.22 b) the test object has been moved
18 um in +X and the camera 1.4 mm in -X-direction. In figure 4.22 c) the test object has

been moved 16 um in +7 and the camera 1.2mm in -Z-direction and in figure 4.22 d) the

2The TXM, installed at beamline U41 at BESSY II for example, offers 1300 pixels with a size of 20 ym
per pixel and hence a field of view of 2.6 x 2.6 cm.
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Figure 4.22: Full field X-ray images of the Siemens-star X50-30-7, a) to d) and f) obtained
with 120s, e) obtained with 300s exposure time, at a magnification of ~87. a) To d)
show different parts of the Siemens-star, ) shows the word “width” and f) shows the word
“(nm)”. The line profile in b) has been used to quantify the resolution.
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test object has been moved 16 pym in -Z and the camera 1.2 mm in +Z direction. All images
show a fraction of a ring shaped bright field image of the Siemens-star. The width of this
bright area roughly corresponds to the 4 um thick coated area of the zone plate® whose zones
contribute to image formation. In the bright area, the innermost and the second ring of the
Siemens-star, together with its structures can be recognized. Due to the high coherence of
the beam (coherence length: 10 x 250 um? H x V [105]), all structures originating from the
test object are further modulated. These modulations can originate from other diffraction
effects caused by interference of parts of the beam, diffracted by interfaces perpendicular
to the beam direction and non diffracted parts of the beam. This effect is most visible in
the innermost ring of the Siemens-star where the features can no longer be resolved and
its centre part where no structures are present at all. To get a quantitative measure for
the structure sizes which can be resolved in this full-field approach, a line profile along the
vertical white line in figure 4.22 b) has been evaluated. Structures > 120 nm can be resolved
in this image. The resolvable structure sizes are much larger than the expected resolution
of the FZP and also much larger than the minimum structure size of the Siemens-star of
50nm. Figure 4.22 e) and f) show the words “width” and “(nm)”, respectively. Figure
4.22 e) has been obtained with an exposure time of 300s and figure 4.22 f) with 120s. For
both images, the camera position was 1.4mm in +X and 1.5 gm in -Z-direction and the
sample has been moved 40 ym in -X-direction. Also the values for the Z-direction of -0.99
and -1.0 um are nearly identical. In both images the words are readable. As it is the case
for the other images, further modulation effects are visible in the image, which are likely

to originate from interference effects of diffracted and undiffracted parts of the beam.

3Calculated by measuring the distance in the image in pixels, dividing this value by the magnification
and multiplying the result with the pixel size of 0.645 pym.
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Chapter 5

Discussion

5.1 Manufacturing and quality of the deposited films

5.1.1 Quality of the deposition
The 35nm FZP

Despite the theoretically possible atomic control of the layer thickness in ALD and the
high quality of the films of the Ar=35nm zone plate, the deposition process still suffers
from drawbacks, shown by the comparison of the deposited overall thickness from the
upper and the lower part of the fibre of 4.15 and 4.29 um, respectively and the targeted
overall thickness of 4.08 um in figure 4.9. Whereas the thickness of the Al,O3 layers of the
sample form the lower part of the fibre closely follows the targeted values, all other layers
show partially large deviations. All TayOj layers are thicker than expected. One reason
for this behaviour is an underestimated growth rate which was estimated as described in
section 4.2.1 on trial samples of varying thickness of TayOs5, deposited on silicon wafer
pieces. The growth characteristics of TagO5 on Si however, appear to be different form
the growth on Al;O3 in the multilayer system. Variations of the thickness of the layers
during the long deposition could also be attributed to small instabilities of the reactor
or of the adjacent parts, like the vacuum pump, the carrier gas supply or the heated
Ta(OFEt)s source. Other deviations from the ideal behaviour may be due to the refill of
H505, which had to be performed during the deposition and the programming of new
deposition sequences, for which the reactor chamber had to be vented and re-evacuated.
The deviation of the thicknesses of films from the upper to the lower part can be attributed

to a different horizontal position along the fibre, from which the TEM-samples of the upper
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and the lower part have been prepared, which shows, that the ALD deposition did not occur
homogeneously in the whole chamber. To shorten the overall deposition time, the process
could be optimized in terms of purge times. A reduction of the purge time form 4s to
1s would lead to a shortening of the whole deposition process from about 126 to 86 h
for the 35 nm FZP for example, and hence reduce the stability issues described above. A
problem which arises with the reduction of the purge times is however the control of the
completeness of the purging of the reactor from remaining precursor molecules and reaction
by-products. The purge time required for the suspended fibre may also be different from
that of a flat Si-substrate which can lead to an underestimation of the purge time if only
tests on silicon are performed. A thorough optimization of all processes was not possible
due to the limited availability of the deposition apparatus at the MPI of microstructure
physics and the dedication of the device to various kinds of applications. VASE can only be
applied to measure the thickness of flat specimens. Moreover, the lateral dimensions of the
probe are several millimetres which leads to an averaging over this area. The very accurate
measurement of the thicknesses deposited on the actual fibre is only possible by TEM,
which requires a time consuming sample preparation and is therefore not suited to evaluate
a large number of samples, which is necessary to efficiently optimize the process, because
no in-situ, monitoring is installed inside the ALD device. Furthermore, the evaluation of
the zone thicknesses from the TEM images itself bears some uncertainties. Because the
glass fibre is completely amorphous, no crystallographic axis (pole) of the substrate can be
adjusted in the TEM and it is hence possible that the sample is not perfectly perpendicular
to the beam and the individual layers are broadened by tilt. As the pole of the substrate
serves as a reference, measurements of the upper and lower part of the sample are not

completely comparable.

The 15 and 10nm (10A) FZP

More pronounced problems with the deposition become visible in figure 4.10 for the
Ar=15nm and the 10A zone plate. These depositions show severe quality issues. In
the last part of the Ar=15nm zone plate (figure 4.10 a) and b)), it appears that some of
the Al,O3 layers are completely missing in between the TayOj5 layers. This regular occur-
rence of the same flaw may be a hint towards a mistake in the programming of the layer
sequence of the last deposition session. Hence, care has to be taken that the number of
cycles, loops and a possible decrement are inserted correctly into the control program of
the ALD-device. During the deposition of the 10A zone plate (figure 4.10 ¢) and d)) two
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periods occurred during which the deposition did not work reliably. For these periods,
the Al,Og3 layers are present but are significantly thinner than the Tay,Oj layers. This
behaviour could be attributed to instabilities in the carrier gas supply or a malfunction of
the dosing valve for the TMA-supply during a limited time. If the valve does not open
correctly, not enough precursor can reach the fibre which can lead to a diminishing layer

thickness.

The 10nm (10B) FZP

On the contrary, the deposition of the 10B zone plate (figure 4.10 e) and f)) has worked
correctly in terms of layer regularity and appearance, which is also confirmed by the TEM
images in figure 4.11. Smeared out interfaces between the zones were mainly caused by
the TEM sample preparation via FIB. The evaluation of the layer thicknesses and their
comparison with the theoretical values in figure 4.12 showed a maximal deviation of <3nm
from the measured to the theoretical zone thicknesses and conclusively a deviation of the
deposited overall thickness of 4.29 um from the targeted overall thickness of 4.02 pm, which
resulted mainly from the evaluation of the high resolution TEM images. The main reasons
for the problems encountered during the evaluation of the images can be attributed to the
preparation of the specimen. The thinning of the sample with the ion beam has disturbed
some of the zones by beam damage. Their inherently sharp interfaces have been smeared
out and led to intermixture, which made it very complicated to distinguish between black
and white layers due to a broad grey area. The 360 layer thicknesses have been measured
in 47 images where each image contained 6 to 8 layers and the images had to be stitched
to cover the whole zone structure by moving the sample. During this stitching, areas with
sharp interfaces alternated with areas with smeared out interfaces which led to a largely
varying measured thickness. As the TEM device was not equipped with a rotational holder,
it was not possible to align the zones horizontally which inhibited the possibility to move
the sample horizontally to avoid measuring in disturbed areas. Another problem was the
varying thickness of the whole TEM-sample over the large overall thickness of 4 um which
can lead to a smear out or a grey area at the interface due to an overlap of black and
white layers over a large projection depth. This causes problems for the distinction of the

individual layers and their correct measurement.
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Summary

The problems encountered during the deposition and possible ways of solving them can
be summarized as follows: The whole deposition process requires a further optimization
and thus a closer investigation of the processes involved, which was not possible during
this thesis, as the work has been done in collaboration with the MPI in Halle (Saale)
and the access to the ALD device was hence limited. A general concern is the long-term
stability of the process lasting several days, wherefore the shortening of the cycle times is
of great importance. In addition, an accurate estimation of the growth rate is absolutely
necessary, for which the growth of the zone materials on top of each other instead of Si
should be thoroughly studied. A huge benefit would hence be the possibility to measure

the thickness of the growing films in-situ during the deposition.

As the first FZPs ever made with this preparation technique the obtained results are
nevertheless encouraging, shown by the comparison of the microscopic appearance of the
zone structures and the optical performance of these zone plates with standard EBL and

sputter-sliced zone plates.

5.1.2 Comparison with other FZP manufacturing techniques

A comparison of the zone structures, manufactured by the new method of ALD deposition
and FIB sectioning and thinning, with the structures of zone plates made by the “sputter-

sliced” and the EBL technique, shows some benefits of the new approach.

Comparison with the “sputter-sliced” technique

A SEM image of the Ar=35nm FZP is compared with SEM images of zone structures of
multilayer zone plates manufactured by sputtering in figure 5.1, where figure 5.1 a) shows
an overview image of the Ar=35nm FZP, made by ALD and FIB. The dark layers are
Al;O3 and the light grey layers are TayOs. This image shows the same characteristics as
figure 4.8 b): the zones are regularly spaced and show sharp interfaces, their boundaries
are well defined with little to no intermixture between the zones. Even the large overall
layer thickness of >4 ym does not lead to roughness accumulation and therefore even the
zones deposited lastly present satisfying quality. The thick light grey layer on the far left
side is the final TayO5 protection coating. Figure 5.1 b) has been taken form reference

[123]. In this image, the black rings are Al and the white rings are Cu, deposited onto a
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Figure 5.1: Comparison of SEM micrographs of the zone structures of FZPs made by
following our new manufacturing method with other multilayer FZPs from the literature:
a) FZP with Ar=35nm, according to our new method. b) and ¢) sputter-sliced FZPs and
d) PLD-deposited FZP, found in the literature (see text for references).
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Au wire by DC magnetron sputtering with thicknesses ranging from 400 nm on the inside
to 190 nm on the outside. Here, roughness accumulation during deposition is well visible.
While the first layers on the lower left side of figure 5.1 b) show sharp interfaces, the last
layers on the upper right side of figure 5.1 b) show a very wavy appearance. No statement
has been given by the authors on the target thicknesses of the individual layers, so no
judgement on their accuracy can be made. The images in figure 5.1 ¢) and d) have been
taken from reference [108] and [152], respectively. The material system in figure 5.1 c)
is NiCr-SiO, and the layer thicknesses range from 50 to 30nm. This image shows the
same characteristics as figure 5.1 b) with the first layers showing well defined, and the
last layers showing very rough interfaces. The material system in d) is ZrO,-Ti, where
20 layers with thicknesses from 115 to 85 nm were deposited with PLD. Despite the high
quality and the “self-smoothing” effect which is claimed by the authors for PLD deposited
layers, the adhesion to the wire substrate is bad, only few layers with large thicknesses
have been deposited and the quality of the substrate is not suited for optical applications.
Zone structures of multilayer FZPs deposited with SPCVD are presented in [126, 127].

Comparison with EBL-based techniques

The comparison with SEM images of zone plates manufactured with electron beam
lithography shows, especially when it comes to side views, that these zone plates also
suffer from problems during the fabrication, which are presented in figure 5.2, where figure
5.2 b), taken from reference [89], shows the polymer galvanoform of a Ni FZP, made with
a 3-layer process of EBL, RIE and electrodeposition in side view. The structures on the
left have 50 nm period and an aspect ratio of 7:1, the structures on the right have 40 nm
period and an aspect ratio of 8.75:1. Whereas the structures on the left show a constant
width from top to bottom, the structures on the right show undercut at the bottom due
to scattering effects in the resist and the substrate during the EBL exposure. As the
displayed structures have not yet been plated with Ni, they do not resemble the final zone
plate. Figure 5.2 ¢) taken from reference [102], shows the zone structures of a gold zone
plate, made with the double patterning technique, in plane view. The zone structures
show a period of 30nm with an aspect ratio of 5:1. The images exhibit two common
flaws of electroplated zone plates: The zone structures are complete in areas where the
zones are wide, but interrupted in areas where the zones are fine. This behaviour is well

visible in the inset and has a diminishing effect on the FZP efficiency. A second problem
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Figure 5.2: For comparison a) shows a TEM image of the Ar=35nm FZP, manufactured
with our new technique. All other images show SEM micrographs for the illustration of
problems with the fabrication of zone plates and test structures with EBL techniques. b)
FZP, 3-layer process; ¢) FZP, double patterning; d) FZP, zone-doubling; e) Test object
(X50-30-7), single layer process. a) To c) have been taken from the literature (see text for
references).
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which often occurs with electroplated zone plates is overplating. If the plating process
is conducted longer than necessary to completely fill the plating mould, the overplated
metal leads to a broadening of the zones and hence slanted zone boundaries. Figure 5.2 d)
taken from reference [8], shows the zone structures of a Ir coated silicon zone plate, made
with the zone-doubling technique, in cross section. The FZPs show outermost zone widths
of (top) 20nm, (middle) 15nm and (bottom) 12.5nm with an aspect ratio of 15:1 for
12.5nm zone plate. Despite the high resolution of 9nm that these zone plates can provide,
it is clearly visible, that the zones have slanted side walls and that the RIE process has
not produced a rectangular zone profile, which leads to a virtual broadening of the zones
in the projection. In addition, the iridium coating at the top and the bottom of the zones
leads to a reduction of the diffraction efficiency. Figure 5.2 e) shows the Siemens-star
test object X50-30-7 in side view. The finest features have 50nm width and an aspect
ration of 13:1. In this image, the problems encountered when zone- or teststructures,
suitable for the hard X-ray regime are produced with EBL, become apparent. In addition
to the need for an increase in structure width, high structures lead to a very pronounced
undercut at the bottom and hence very slanted side walls, due to the long exposure time
(high required dose) and scattering effects during the EBL process. ALD deposited zone
plates do not suffer from slanted zone boundaries, because the coating is conformal over
the whole length of the fibre as shown in figure 5.2 a) and the aspect ratio is independent
of the zone width .

All these results clearly show, that the layer quality is superior for zones plates de-
posited with ALD, if the process is running reliably (as discussed above). Furthermore,
the sectioning of conformally coated fibres to obtain the zone plate prevents slanted zone
boundaries and offers high aspect ratio zone plates with fine outermost zone widths. Two
drawbacks of the technique are however the accumulation of zone displacement errors
caused by deviations of the deposited to the theoretical zone thicknesses and the need for
in-situ thickness control for accurate growth rate determination. Nevertheless, the method

shows a high potential for further experiments.
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5.2 X-ray optical performance

5.2.1 Soft X-ray regime

No examples have been found in the literature that any kind of multilayer zone plate has
ever been used in the soft X-ray regime (< 1500eV). This shows, that the newly developed
process, consisting of multilayer deposition via ALD and sectioning and thinning via FIB
has been, for the very first time, successfully used to perform imaging with multilayer

zone plates in this energy range (see section 4.4.1).

With the Ar=35nm zone plate it was possible to obtain diffraction limited focusing
and thus imaging in the soft X-ray regime below 1500eV in the SXM by resolving
features below 39nm in a nickel and a gold Siemens-star test pattern. A slight degree of
astigmatism is present in the images of figure 4.14 and 4.16, which is also manifested in
different focal lengths for horizontal and vertical features. Several origins of astigmatism
are possible for the applied zone plates. First of all the TEM-grids on which the zone
plates were prepared may suffer from bending, caused by their handling. This is especially
probable for zone plates on Cu-grids, which are much softer than the grids made of
molybdenum which is a much more rigid material. Bending can also be introduced
during the glueing procedure, when the grid is partly floating on the conduction silver
paste, which prevents that it is glued exactly flat on the holder. A second source of
astigmatism can be the ellipticity of the fibre substrate. This property has been measured
to be below an accuracy of 50nm in TXM (below the accuracy of the measurement).
According to literature the roundness of the substrate should be better than 0.5 x Ar
[153] which is 17.5nm in this case. Therefore, the substrate cannot be excluded as a
source for astigmatism. Other possible aberrations, like coma and spherical aberration
can be attributed to different layer thicknesses on the upper and the lower part of the
fibre (nonconcentricity), and differences in layer thicknesses compared to the zone plate
design rule (radial displacement), respectively [153]. According to Vladimirsy or Attwood
the placement accuracy for the zones has to be better than 1 x Ar or 0.25 x Ar [153, 6],
respectively to avoid these aberrations. The maximum deviations for the individual
zone thicknesses are 8 and 13nm for Al,O3 and TayOj5 zones, respectively for the layers
measured on the upper part of the fibre with the Ar=35nm zone structure. As the TasO;
layers are all thicker, and the Aly;O3 layers are all thinner than desired, the effects seem

to cancel each other out in this case. For the layers of the lower part of the fibre, the
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Al O3 layers follow the theoretical thickness quiet closely, whereas the TayO5 layers are all
thicker than desired, which leads to a total deviation larger than 1 x Ar for the placement
accuracy. The total displacements of layers from the upper and the lower part of the fibre
to the targeted value equal 72 and 212nm, respectively. Nevertheless it was possible to
perform diffraction limited imaging with different Ar=35nm zone plates which leaves

room for speculation about the applicability of theoretical restrictions to these zone plates.

Although the obtained results were encouraging for the Ar=35nm zone plates, the
drawbacks suffered with the Ar=15nm and the 10A zone plate show, that accurate
process control, especially in the ALD, is mandatory for good imaging properties. With
the Ar=15nm zone plate, where the outermost zones do not follow the zone plate design
rule but show very thick TayOj5 layers in combination with few regular Al,O3 layers it
was not at all possible to obtain a focus in the STXM. This may be due to the fact that
the radiation transmitted through the AlyO3 does not interfere constructively at a focus
point, but is diffracted into other directions where the radiation is not usable for imaging,
or to a misalignment of the FZP in the beam (as a similar FZP creates a focal spot in the

hard X-ray regime (see below)).

With the 10A zone plate, the situation is only slightly better. A focus could be ob-
tained in the STXM but the resolvable feature size of > 100 nm was much larger than the
outermost zone with of 10nm. The reason may, also in this case, be the irregularities in
the layers during the deposition process. In the two areas where the transparent AlyOs
zones do not show the thickness dictated by the zone plate design rule, their diffraction
behaviour is different. Very thin zones lead to shorter focal lengths and the rays, origi-
nating from these zones, may lead to spherical aberration and thus a broadening of the
focus. In addition, the zone plate design rule was approximated by periods of constant
zone widths, for the deposition of the Ar=10 and 15nm zone plates in contrast to the
varying decrement applied for the Ar=35nm zone plate (see appendix B). The constant
zone widths over a certain period of zones can also contribute to the broadening of the
focus by diffracting the light as a beam of constant or diverging width, in contrast to a
focus, in analogy to the side maxima of a diffraction grating of constant line density. The
pure influence of the difference in the deposition strategies on imaging cannot be evaluated
until experiments with the 10B zone plate in the STXM have been performed which was

not possible in the time frame of this thesis due to the limited availability of beam time at
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MAXYMUS.

5.2.2 Hard X-ray regime

All attempts to implement multilayer FZPs in X-ray microscopy have so far been
performed in the hard X-ray regime. Two experiments were performed for this thesis to
characterize the zone plates: The focusing of nearly parallel X-rays onto a CCD-camera

and full-field X-ray imaging with the zone plate as objective lens (see section 4.4.2).

Qualitative focusing of the FZPs

With the focusing experiments of parallel radiation onto the CCD-camera it was possible
to achieve symmetrical diffraction rings for the Ar=235, 15 and 10nm (10B) zone plates
via appropriate adjustment of the rotation angles around the X- and Z-axis. The necessity
for this adjustment is similar to the occurrence of astigmatism in the STXM-images:
bending of the TEM-grid, floating of the grid on the conduction silver paste, used to glue
it to the holder, and possible ellipticity of the fibre substrate. As the gluing procedure
and hence the bending of the grid by handling it are not completely reproducible, the
values of the tilt angles given in table 4.5, needed to adjust the FZP perpendicularly to
the beam, can only be seen as momentary values. Despite the nominal resolution of the
applied zone plates of <35nm it was not possible to focus all the radiation into just one
pixel with a size of 0.645 um of the CCD-camera. The line profile yielded a focal spot size
of 1.8 um (FWHM) (figure 4.21) for the Ar=35nm zone plate, which is slightly larger
than the resolution of the camera of two pixels (1.3 um). This shows the limitation of
this experiment to determine the resolution of the FZP, as we have seen that the same
FZP shows 120 nm resolution in the hard X-ray regime in full-field microscopy (see below)
as well as below 39nm resolution in scanning microscopy in the soft X-ray regime (see
above). The FWHM of the focus could perhaps be reduced by using an OSA to reduce
the background near the focus, by blocking radiation diffracted from zones which do not
show the exact zone width and placement accuracy and thus have a different focal length.
If the radiation, originating form these zones, hits the screen convergently or divergently,
both can lead to significant broadening. Nevertheless, the expected resolution of 35nm
could not have been evaluated with this test anyway, even under perfect conditions, due

to the large pixel size of the camera.
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In the focusing test of the Ar=15nm zone plate it turned out that the problems
during the deposition also have a large impact on the focusing performance in the hard
X-ray regime. In contrast to the STXM experiments in the soft X-ray regime, where
no focus could be obtained at all, it was possible to achieve a symmetrical diffraction
ring. The intensity of the ring was however smaller than in the case of the Ar=35nm
zone plate, and its distribution showed interruptions as well as some kind of halo (figure
4.20 a) to c)), which can, most likely, be led back to the irregularities during deposition.
The determination of the focal spot size as FWHM of the intensity line profile and the

calculation of the diffraction efficiency was therefore omitted.

The diffraction ring for the FZP 10B (figure 4.20 e) to f)) shows sharper boundaries
than the Ar=15nm zone plate which is in agreement with the well defined zone structure
presented in figure 4.10 e) and f). Due to the short focal length is was however not possible
to bring the FZP close enough to the CCD-camera to achieve a focal spot. Therefore,
the spot size in FWHM and the diffraction efficiency could not be determined. With the
10A zone plate it was not possible to achieve a symmetrical diffraction ring, which is
also attributed to the problems during deposition. A comparison of the focusing experi-
ments with the Ar=10 and 15nm zone plates with the STXM results also clearly shows,

that the behaviour of the same zone plates can be very different at different X-ray energies.

The method to focus parallel radiation onto a CCD to evaluate the diffraction
properties of a zone plate can also be found in the literature. A collection of results is
presented in figure 5.3, where figure 5.3 a) and b) have been taken from reference [110] and
[109], respectively. figure 5.3 a) shows the intensity distribution and the corresponding
intensity profile through the focus of a NiCr-SiO, sputter-sliced zone plate with 188
zones and an outer zone width of Ar=30nm, which has been tested at several energies.
The best focusing was obtained at 19keV beam energy, whereas the lens was designed
for 4keV. The estimated spot size was 2-3 um with the camera having a resolution in
the same range. In this example, the glass core of the FZP is nearly transparent to
the 19keV X-rays and the brought tails of the focal spot can hence be attributed to
both, aberrations of the lens and transmission of undiffracted radiation through the glass
core. Similar to the Ar=35nm ALD zone plate described above, the measured focal

spot size of 2-3 um in this experiment is much larger than expected for a zone plate
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Figure 5.3: Two examples found in the literature (see text for references) for a NiCr-
SiO, sputter-sliced zone plate, where parallel hard X-rays have been focused onto a CCD-
detector at different energies.



102 CHAPTER 5. DISCUSSION

with Ar=30nm. Another example of a focusing test with a FZP in the hard X-ray
regime in figure 5.3 b) shows the intensity distribution and the corresponding intensity
profile through the focus of a NiCr-SiOy sputter-sliced zone plate with 365 zones and
an outer zone width of Ar=16.9nm in defocused condition at 4.1keV beam energy.
The diffraction ring of this zone plate is not symmetrically bright, but consists of two
very bright spots, accompanied by a less bright rest of a ring. This is in analogy to
figure 4.18 b) where the rotation angles to bring the FZP in perpendicular condition to
the incoming beam have not yet been optimized. In the setup used for their test, no
possibility exists to adjust the angle between beam and FZP and the diffraction ring will
thus stay non symmetric. The intensity profile has been obtained by scanning a 5 pum
pinhole over the first order diffraction spot. A resolution limit of 0.8-1 ym is claimed for
this zone plate which is again much larger than the expected resolution for a Ar=16.9 nm
zone plate. Comparisons of the experiments performed in this thesis with the literature
show, that the focusing of parallel light onto a detector is in general only suited to get a
qualitative impression of the focusing capabilities of the zone plate. Due to the generally
large resolutions of the applied detectors and measured spot sizes much larger than the
outer zone width of the FZP, this method is not suited to characterize the zone plates
in terms of their ultimate resolution. Therefore, imaging methods in the hard X-ray

regime have also been applied in this thesis as well as in the literature to test the zone plates.

Full-field microscopy

To investigate the imaging properties of the zone plates more closely, the Ar=35nm
FZP has been used as an objective lens in an open full-field setup, where features of a
Au Siemens-star test pattern >120nm could be resolved (see section 4.4.2). One main
problem of these experiments, besides the special imaging geometry, required through
the narrow area of active zones of the FZP, is the high coherence of the beam. A highly
coherent beam creates speckles and other interference effects in the images, which are
superimposed on the modulation caused by the actual structures of the test object. These
effects are clearly visible in all images of figure 4.22. To counteract these effects, the
condenser in a TXM is often wobbled (in the case of a capillary) [154] or rotated [155] with
a high frequency, to achieve a homogeneous illumination and to break the coherence of
the beam during the exposure. Due to the static mounting of the condenser in our setup,

it was not possible to perform condenser wobbling in these experiments. Another problem
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Figure 5.4: Examples found the literature (see text for references) to test the imaging
capabilities of multilayer zone plates in the hard X-ray regime. a) Full-field imaging, b)
and c¢) scanning imaging.

is the inhomogeneously illuminated area in the bright field images. This inhomogeneity
could be caused by areas of FZP which direct the diffracted light into other directions
than the rest of the FZP. The already discussed radial displacement of the zones and

deviations from the ideal zone thicknesses may be accountable for this.

Examples for imaging experiments with multilayer zone plates can also be found in the
literature (figure 5.4). The images in figure 5.4 a), b) and c) have been taken from reference
[113], [156] and [124], respectively. Figure 5.4 a) has been obtained as full-field image with
a sputter-sliced Cu- Al zone plate, with an outermost zone width of 250 nm and 50 zones as
objective lens at 25 keV beam energy. A resolution of 500 nm has been measured with a Ta
test object of 500 nm thickness and an exposure time of 240s. Despite the long exposure
time the contrast in figure 5.4 a) is very bad and especially the fine features can hardly be
distinguished. A diffuser to break the high coherence of the beam has been used in this
setup to avoid speckle formation which was very prominent at first. The use of a diffuser in
our setup (described in figure 3.9) may have also led to a more homogeneous illumination

and especially to the avoidance of additional distracting diffraction effects which made the
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determination of the resolution in the full-field images of this thesis complicated. Figure
5.4 b) and c) are examples from the literature of scanning experiments in the hard X-ray
regime to evaluate the resolution of zone plates. Figure 5.4 b) has been obtained with a
sputter-sliced Cu- Al zone plate, with an outermost zone width of 100nm and 50 zones
at 12.4keV beam energy. The test pattern was similar as in figure 5.4 a). The exposure
parameters were a dwell time of 0.4s/pixel and a step size of 62.5 nm/pixel. Despite the
long dwell time, the contrast of the image is low, but enables the identification of 100 nm
wide features which corresponds to the outer zone width of the zone plate. Another example
of scanning imaging is presented in figure 5.4 ¢) where a sputter-sliced Ag-C zone plate,
with an outermost zone width of 250 nm and 50 zones has been tested at 8.54keV beam
energy. The exposure parameters were a dwell time of 0.2 s/pixel and a pixel size of 200 nm
for the upper and 150 nm for the lower image. Features of 900 and 600 nm width of a 1 um
thick gold pattern could be resolved in this experiment in the upper and the lower image,
respectively. The scanning experiments of figure 5.4 b) and c¢) show, that scanning X-ray
microscopy is a promising test technique, also in the hard X-ray regime where the zone
plate in figure 5.4 b) showed diffraction limited resolution. The use or construction of
a SMX for the hard X-ray range, especially if it makes use of the precision gained with
interferometer control, together with the development of high resolution focusing optics
with the new technique of ALD deposition and FIB sectioning and thinning would allow

very efficient scanning hard X-ray microscopy.



Chapter 6

Summary and outlook

6.1 Summary

The goal of this thesis was the introduction and implementation of a new production
method for Fresnel zone plates. The most popular methods for FZP production applied
to date, do either involve structuring processes by EBL, or rely on the physical deposition
of two materials with a very different refractive index on a longish substrate and its
mechanical sectioning and thinning. In contrast, the methods applied in this thesis are
the deposition of Al;O3 as a transparent and TayO5 as an absorbing material in an atomic
layer deposition process onto a glass fibre and the sectioning and thinning of the coated
fibre by focused ion beam to form the Fresnel zone plate. The coating with ALD shows
several advantages over physical techniques like: chemical bonding between layers and
substrate, high conformality and hence the avoidance of a rotation of the substrate, the
controllability of the layer thickness in the atomic level under ideal process conditions,
combined with the possibility to deposit very thin films and a high layer quality in terms
of sharp interfaces and negligible accumulating roughness. The sectioning and thinning
with FIB shows several advantages over mechanical preparation techniques like: the
accessibility of a wide range of FZP thicknesses from a few hundred nanometers to a few
tens of micrometers, facilitating the production of zone plates for the soft, as well as the
hard X-ray regime, very clean cuts, not showing any scratches or other deformations on
the surface and the possibility to select precisely from which location the zone plate shall

be prepared.

With these techniques, zone plates with an outermost zone width of Ar=35, 15
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and 10nm, the last with two different deposition schemes (10A and 10B) have been
prepared as partial zone plates where the last 4 um were deposited onto a 30 um diameter
glass fibre and thus created FZPs with a total diameter of 38 um. The zone plate with
Ar=35nm and the 10B both showed excellent layer quality in the SEM and TEM, in
terms of zone appearance and interface roughness in areas which were not undisturbed
by the TEM-sample preparation process. Both zone plates suffered however from radial
displacement due to deviations of the deposited and the theoretical overall thickness. The
Ar=35nm FZP showed a maximum deviation of 13nm between the layer thicknesses
measured in TEM images and the theoretical zone thicknesses. The thicknesses of the
layers of the 10B zone plate showed a scattering of <2nm around the mean value due
to disturbances of the zone boundaries by the TEM sample preparation via FIB and a
large deviation from the theoretical thicknesses. The Ar=15nm and 10A zone plate both
showed flaws in their zone spacing and thickness in the SEM, originating from problems
during the deposition. These abnormalities in their zone structure affected their optical

performance.

The zone plates were tested in the SXM MAXYMUS at BESSY II in the soft, and at
the microoptics test bench of the ID6 beamline at the ESRF in the hard X-ray regime.
In images obtained in the SXM with the Ar=35nm FZP as focusing element, features
below 39nm in a nickel and a gold Siemens-star test pattern could be resolved at 1150
and 1496 eV beam energy, which corresponds to diffraction limited resolution. For the
very first time, multilayer zone plates could be used as focusing elements in the soft X-ray
regime, in these experiments. With the Ar=15nm FZP no focus could be found in the
SXM. With the zone plate 10A, only features over one order of magnitude larger than
the outermost zone width could be resolved most probably due to the irregularities in
the zone structure. All experiments in the hard X-ray regime were performed at 8keV
beam energy. The Ar=235 and 15nm, and the 10B zone plate could successfully be used
to focus nearly parallel radiation onto a CCD-camera and achieved circular diffraction
rings by adjusting the rotation angles around the Z- and X-axis. Also in this case, the
flaws in the zone structure negatively influenced the performance of the Ar=15nm and
the 10A zone plate. The former showed some kind of halo around the actual diffraction
ring, which was also not homogeneously bright. With the latter it was not possible at
all to achieve a symmetrical diffraction ring. For the Ar=35nm zone plate, a focusing

efficiency of 5.4 % has been calculated from an intensity line profile. This FZP could also
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be used as objective lens in a full-field TXM setup, where features >120nm could be
resolved in a Siemens-star test pattern which is lower than the resolution expected for a
FZP with Ar=35nm. The interpretation of the images is however problematic, due the
high coherence of the beam which led to additional diffraction effects and the need to use
off-axis imaging geometry due to the small active area of the zone plate of 4 ym and the

small field of view of the camera.

After these successful first tests, the following section shall give an outlook on future

possibilities based on the presented approach for FZP production.

6.2 Outlook

In the last section, the techniques and results of this thesis have been summarized. These
results encourage further development of this approach and give rise to new ideas for the

future concerning many aspects of the process:

First of all, new material combinations, for example containing SiOy (see section
4.1) should be investigated in terms of theoretical diffraction efficiency and, even more
important, their feasibility in ALD. Related to the feasibility of new ALD processes,
the existing processes have to be further improved in terms of short cycle times, precise
predictability of the growth rate and long-term stability, as the microscopic investigation

clearly showed and which was not yet possible due to the limited access to the ALD-device.

A second very important aspect is the search for other suitable substrates. Glass fibres
offer a low surface roughness, a good reactivity of the surface for the ALD process as
well as a high accuracy in terms of roundness, which should be measured in the future
in the accuracy of the outermost zone width. They are however brittle and can therefore
only be cut to very thin slices by FIB, at the moment. Fibres with larger diameters are
favourable, because they offer longer focal lengths which simplifies their usage in the
SXM in the soft X-ray range. With more flexible fibres, for example polymers, other
sectioning techniques like microtomy may be used, which would be much faster than the
preparation by FIB. High temperature stable polymers seem to be possible candidates
for such attempts, because the current deposition temperature of 250°C is moderate. On

the other hand, the combination of the very conformal coating by ALD and the localized
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cutting by FIB offers many possibilities for the use of other substrate geometries. Possible
candidates are conical substrates presenting an angle that full-fills the Bragg-criterion
between the incoming beam and the zones, to enhance the efficiency as described in [75],

or spheres which present a defined curvature for the same purpose.

A whole different idea is the use of hollow substrates, like capillaries or etched holes,
which are coated by ALD on the inside. This would result in very high quality outermost
zones, because they are deposited as first layers, directly onto the very smooth side wall.
This effect is exploited for MLLs on flat substrates. First attempts of this approach at
the beginning of this work have not been successful, so that the pursuit of this attempt

requires deep fundamental investigations of all processes involved.

The rush for very fine resolutions below 10nm can be a real advantage for ALD zone
plates in the future, as ALD is capable to produce very thin films. Outermost zone
width of <10nm will definitively be a target for future depositions. Due to a decrease in
efficiency and focal length, these developments have to be accompanied by the application

of new substrates, as described above.

Very different test techniques have so far been applied to evaluate the optical perform-
ance of the produced zone plates: SXM in the soft, the focusing of parallel X-rays and
TXM in the hard X-ray regime. The continuation of SXM tests is inevitable in the soft
X-ray regime, as the existing instrument combines high precision and sufficient flexibility
to perform meaningful experiments. For the future, the combination of finer outermost
zone widths and larger diameter substrates, perhaps containing a defined inclination
angle, is very promising. In the hard X-ray regime, the focusing of parallel X-rays with
the existing setup is a purely qualitative test. The refinement of this test would require
an update of the camera, or at least the imaging objective, to have a better resolution
and larger minimal distances between zone plate and objective. In addition the use of an
OSA could improve the contrast by blocking unwanted radiation. The performance of the
zone plates in the full-field experiments was quite limited, due to their inherent properties
(only 4 pm of active zones), but also due to the properties of the beam line (very high
coherence of the beam). To improve the results of future experiments, the setup has to be
updated, either with the possibility to wobble the condenser, or at least with a diffuser,

to break the coherence of the beam. This could simplify the interpretation of the pictures
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and perhaps also improve the measurable resolution. In addition this setup would profit
a lot from a camera with a larger field of view, to capture a larger fraction of, or the
complete image created by the zone plate. In analogy to the soft X-ray regime, the use
of an SXM, preferably interferometer controlled, would also be very promising in the
hard X-ray regime. The combination of high beam coherence, long focal length and thus
working distance and the possibility to directly evaluate the resolution of the zone plate
from the images, makes this technique very attractive. For SMX applications, the small

active area of the FZP does not cause any problems due to the need of a large center stop.

The pioneering work performed for this thesis set the foundation stone for an estab-
lishment of this new technique for FZP manufacturing. The ideas presented to further
develop this approach are a possible way to make it a real competition for the routinely

used techniques.
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Chapter 7

Zusammenfassung in deutscher

Sprache

Die vorliegende Dissertation beschreibt ein neues Verfahren zur Herstellung sogenannter
Fresnel’scher Zonenplatten (FZP) und die Untersuchung ihrer Abbildungseigenschaften
im weichen sowie harten Rontgenbereich. Die Voraussetzungen, die zum Erstellen dieser
Arbeit gefiihrt haben, sowie die gewonnenen Ergebnisse und die aus ihnen ableitbaren

Konsequenzen fiir das weitere Vorgehen, sollen im Folgenden zusammengefasst werden.

7.1 Einleitung und Stand der Technik

Der Wunsch, die vorteilhaften Eigenschaften von Rontgenstrahlen fiir Mikroskopieanwen-
dungen zu nutzen, besteht seit ihrer Entdeckung durch Wilhelm Conrad Rontgen im Jahr
1895 [1, 2|. Ihr Einsatz wurde jedoch zunéchst durch den Mangel an geeigneten Linsen
verhindert, da Glas aufgrund seines nur wenig von 1 abweichenden Brechungsindexes im
Rontgenbereich nicht praktikabel ist. Spiegel [3], gestapelte Konkavlinsen! (CRL) [4] und
diffraktive Optiken [5] wurden daher als Alternativen erprobt. Das heutzutage in der
Rontgenmikroskopie am meisten eingesetzte optische Element, sowohl zur Fokussierung
als auch zur Bildgebung, ist die sogenannte Fresnel’sche Zonenplatte [6], durch deren
Einsatz sich die Rontgenmikroskopie in den letzten Jahrzehnten [157] zu einer etablierten
Methode entwickelt hat. Die FZP stellt ein radiales Beugungsgitter mit nach aufen hin
schméler werdenden Streifen, den sogenannten Zonen, dar. Fokusse unterschiedlicher

Ordnung werden durch konstruktive Interferenz der an den Zonen gebeugten Lichtwellen

Lengl.: compound refractive lens
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erzeugt. Die Fokallinge (f) der Zonenplatte ist eine Funktion ihres Durchmessers (D), der
duBersten Zonenbreite (Ar) und der verwendeten Lichtwellenldnge (\). Da Zonenplatten
sehr chromatisch sind, zeigen sie nur bei der Verwendung von Licht mit schmaler spektraler
Bandbreite beugungsbegrenzte Auflosung. Die erreichbare Auflésung der Zonenplatte

hangt dabei hauptsachlich von der duflersten Zonenbreite ab.

Zonenplatten werden heutzutage hauptsachlich unter Einbeziehung von Elektro-
nenstrahllithographie? (EBL) hergestellt [7]. Dabei wird ein Substrat, meist Silizium
oder eine sehr diinne Siliziumnitridmembran, mit einem elektronenempfindlichen Lack
belegt, der Lack wird mittels Lithographie strukturiert, entwickelt und die entstandenen
Strukturen in ein anders Material tiberfithrt. Dies kann entweder durch galvanisches
Auffiillen der entstandenen Graben mit einem Metall oder durch einen Tiefenatzprozess,
bei dem die entwickelten Strukturen als Maske dienen, geschehen. Zwar wurden mit
speziellen Varianten des Lithographieprozesses Zonenplatten mit Auflésungen von bis zu
9nm erzeugt [8], jedoch besitzt die Lithographie auch einige Einschrinkungen. Durch
Streuprozesse der Elektronen im Lack und im Substrat konnen nicht beliebig feine Linien
geschrieben werden, wenn Muster hoher Liniendichte, wie dies bei Zonenplatten der Fall
ist, verlangt werden. Des Weiteren ist das Aspektverhéltnis, das in Lithographieprozessen
erreicht werden kann, beschrankt, was die Herstellung von Zonenplatten mit hoher
Effizienz fiir den harten Rontgenbereich sehr erschwert. Als Alternative wurde die sog.
“sputter-sliced”-Methode entwickelt [9], bei der ein um seine Léngsachse rotierendes,
langliches Substrat durch physikalische Beschichtungsmethoden mit Materialien mit sehr
unterschiedlichem Brechungsindex belegt und danach mit mechanischen Verfahren zu einer
Linse gediinnt wird. Da die bei dieser Methode eingesetzten Beschichtungsverfahren je-
doch meist Zonen mit sich akkumulierender Rauigkeit erzeugen und dies fiir die Auflosung
von Nachteil ist und zudem die eingesetzten mechanischen Diinnungsverfahren auf einige
Mikrometer minimaler Dicke beschrankt sind, ist der Einsatz dieser Zonenplatten im

weichen Rontgenbereich unmoglich.

Obwohl schon etablierte Methoden zur Zonenplattenherstellung existieren, besitzen
diese noch immer Schwachstellen und es ist noch keine Methode vorhanden, die Zonenplat-
ten mit hoher Effizienz und hoher Auflosung in einem breiten Spektralbereich liefert. Die

Weiterentwicklung der vorhandenen und die Neuentwicklung von Alternativmethoden zur

2engl.: electron beam lithography
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Zonenplattenherstellung ist daher, zusatzlich getrieben vom Wunsch nach immer besserer

Auflésung, unabdingbar.

7.2 Konzept und verwendete Methoden

Im Rahmen dieser Dissertation wurde ein neues Konzept zur Herstellung von Zonen-
platten entwickelt, basierend auf der Grundidee, der Abscheidung von Materialien mit
unterschiedlichem Brechungsindex und dem darauffolgenden Schneiden des beschichteten
Substrates, ahnlich der “sputter-sliced”-Methode. Jedoch kommen hier erstmals zwei Ver-
fahren zum Einsatz, die so noch nie zur Zonenplattenherstellung verwendet wurden. Die
neue Methode zur Herstellung von Multilagenzonenplatten basiert auf der Abscheidung
von AlyO3- und TayO5-Schichten auf einer Glasfaser mit dem Atomlagenabscheidungsver-
fahren® (ALD) [10] und dem anschlieBenden Schneiden und Diinnen der beschichteten Faser
mittels fokussiertem Ionenstrahl? (FIB) [11] in einem Zweistrahlinstrument (Dualbeam?™).
Al,O3 dient hierbei als transparentes, TayO5 als absorbierendes Material. Die Eignung
dieser Materialien wurde durch theoretische Berechnung der Beugungseffizienz verifiziert,
auBerdem eignen sich beide Materialien sehr gut fiir die Beschichtung mit ALD. Die
Verwendung von ALD bietet viele Vorteile gegeniiber Kathodenzerstaubung®, wie die
chemische Bindung der Schichten zum Substrat und untereinander, die hohe Qualitat der
Schichten in Bezug auf Grenzflachen- und sich akkumulierender Rauigkeit, die hohe Konfor-
mitat der Schichten, ohne das Substrat rotieren zu miissen und die sehr genau einstellbare
Schichtdicke. ALD stellt ein chemisches Beschichtungsverfahren dar, bei dem gasférmige
Prekursoren gepulst und sukzessive, in Form von Zyklen, in den Reaktionsraum geleitet
werden. Im Gegensatz zu physikalischen Beschichtungsverfahren, bei denen die Schicht-
dicke wahrend der Beschichtung gemessen oder mit Eichkurven tiber die Beschichtungszeit
ermittelt werden muss, erfolgt dies bei ALD unter idealen Bedingungen, atomlagenge-
nau tliber die Anzahl an Zyklen. Der Diinnungsprozess mittels FIB bietet ebenfalls viele

M ermoglicht die Einstellung

Vorteile gegeniiber mechanischen Methoden. Das DualBeam
der Zonenplattendicke in einem weiten Bereich von einigen hundert Nanometern bis hin
zu einigen zehn Mikrometern. Des Weiteren ist die Bearbeitung mittels FIB weitaus ma-
terialschonender als mechanische Methoden. Die Oberflache bleibt frei von Kratzern und

sonstigen Verformungen, was sehr saubere Schnitte ermoglicht. Die Kombination der hier

3engl.: atomic layer deposition
4engl.: focused ion beam
Sengl.: sputtering
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verwendeten Methoden erlaubt die Herstellung von Zonenplatten mit unterschiedlichen As-
pektverhaltnissen, die sich sowohl fiir den weichen als auch fiir den harten Rontgenbereich

eignen, was bisher noch von keiner Herstellungsmethode geleistet werden konnte.

7.3 Ergebnisse der Arbeit

Im Rahmen dieser Arbeit wurden Zonenplatten mit einer duflersten Zonenbreite von
Ar=35, 15 und 10nm auf einem Glasfasersubstrat hergestellt, wobei bei letzterer
zwei verschiedene Beschichtungsschemata (10A und 10B) angewandt wurden. Die
Beschichtungen erfolgten in Kooperation mit der BMBF®-Forschungsgruppe ,, Funktionale
3D-Nanostrukturen mittels Atomic Layer Deposition® am Max-Planck-Institut fiir
Mikrostrukturphysik in Halle (Saale). Alle Zonenplatten wurden dabei als partielle
Zonenplatten hergestellt, indem die letzten 4 yum der Zonenstruktur auf eine Faser mit
30 um Durchmesser abgeschieden und so eine Zonenplatte mit einem Gesamtdurchmesser
von 38 um erzeugt wurde. Die mikroskopische Begutachtung zeigte sowohl im Rasterelek-
tronenmikroskop” (REM) als auch im Transmissionselektronenmikroskop® (TEM) sehr
wohl definierte Zonenstrukturen und eine geringe Grenzflachenrauigkeit fiir die 35 nm- und
die 10B-Zonenplatte. Bei der 35nm-Zonenplatte konnten jedoch, trotz herausragender
Schichtqualitat, Abweichungen zwischen den berechneten idealen und den tatsichlich
gemessenen Schichtdicken festgestellt werden. Die Schichtdicken der 10B-Zonenplatte
zeigten eine starke Streuung um den Mittelwert, verursacht durch die Praparation der
TEM-Probe mittels FIB sowie Abweichungen von den theoretischen Schichtdicken. Die
Abweichungen der Individual- von den theoretischen Schichtdicken fiithrten daher zu einer
Zonenmissplatzierung von 130 bzw. 270nm fiir die 35nm- sowie 270nm fiir die 10B-
Zonenplatte. Sowohl die 15 nm- als auch die 10A-Zonenplatte zeigte UnregelméaBligkeiten
in ihren Schichtstrukturen, die sich auf Probleme wahrend der Beschichtung zuriickfiihren

lassen, die wahrend der zur Verfligung stehenden Zeit nicht optimierbar war.

Die Zonenplatten wurden sowohl am Rasterrontgenmikroskop? (SXM) MAXYMUS
am BESSY II im weichen, als auch am Mikrooptikpriiftisch!® (MOTB) der Strahllinie

6Bundesministerium fiir Bildung und Forschung
Tengl.: scanning electron microscope

8engl.: transmission electron microscope

9engl.: scanning X-ray microscope

Oengl.: microoptics test bench
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ID6 an der ESRF im harten Rontgenbereich untersucht. Mit der 35nm-Zonenplatte
konnten im SXM Strukturen mit einer Breite kleiner als 39 nm in einem Nickel- und einem
Gold-Siemens-Stern-Testobjekt bei einer Strahlenergie von 1150 bzw. 1496eV aufgelost
werden. Die gewonnenen Bilder zeigten zudem einen leichten Astigmatismus. Mit der
15 nm-Zonenplatte war es nicht moglich, einen Fokus im SXM zu finden, was sich auf
die Fehler in der Zonenstruktur oder auf eine nicht optimal senkrechte Positionierung
der FZP im Strahlengang zuriickfithren ldsst. Mit der 10A-Zonenplatte lieflen sich nur
Strukturen auflosen, die eine Grofenordnung iiber der auflersten Zonenbreite lagen. Die
Experimente im harten Rontgenbereich wurden bei 8keV Strahlenergie durchgefiihrt
und beinhalteten das Fokussieren von nahezu paralleler Strahlung auf eine CCD-Kamera
sowie den Einsatz der Zonenplatte als Objektivlinse in einem Vollfeld-Rontgentransmis-
sionsmikroskopieaufbau'® (TXM). Mit der 35-, der 15- und 10B-Zonenplatte konnte ein
symmetrischer Beugungsring beim Fokussieren paralleler Strahlung erzeugt werden, in
dem der Rotationswinkel um die Z- sowie der Kippwinkel um die X-Achse optimiert
wurden. Auch in diesem Fall iibten die UnregelméBigkeiten in der Zonenstruktur einen
negativen Einfluss auf das optische Verhalten der 15 nm- und der 10A-Zonenplatte aus. Im
Beugungsring der 15 nm-Zonenplatte zeigten sich Unregelméafiigkeiten in Form von Fransen
um den eigentlichen Beugungsring sowie einer leicht ungleichméafiigen Helligkeitsverteilung.
Mit der 10A-Zonenplatte war es nicht moglich, einen symmetrischen Beugungsring zu
erzielen. Fiir die 35 nm-Zonenplatte konnte eine Beugungseffizienz von 5,4 % aus einem
Intensitatsprofil berechnet werden. Diese Zonenplatte konnte ebenfalls erfolgreich als
Objektivlinse im Vollfeldaufbau eingesetzt werden, wo es gelang, Strukturen > 120nm
eines Siemens-Stern-Testobjekts aufzulosen. Die hohe Kohérenz des verwendeten Lichts
fiihrte jedoch zu Problemen bei der Interpretation der Bilder, da sich die von den
Strukturen herrithrende Modulation der Intensitiat mit zusitzlichen Beugungseffekten,
hervorgerufen durch weitere Grenzflichen in der Probe, iiberlagerte. Ein weiteres
Problem stellte die nicht axiale Abbildungsgeometrie dar, die durch den schmalen aktiven

Bereich der Zonenplatte (4 pm) und das kleine Bildfeld der Kamera (< 1 mm) nétig wurden.

Trotz der aufgetretenen Probleme bei der 10- und 15nm-Zonenplatte, kann die
Einfiihrung dieser neuen Herstellungsmethode als Erfolg gewertet werden, da sie Zonen-
platten aus einer Produktionscharge hervorgebracht hat, die sowohl Strukturen <39nm

im weichen Rontgenbereich aufzulosen vermochten als auch im harten Rontgenbereich ein-

Hengl.: transmission X-ray microscope
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setzbar waren.

7.4 Zukunftige Perspektiven

Da es sich hier um die erste Arbeit handelt, in der ALD und FIB fiir die Zonenplat-
tenproduktion zum Einsatz kamen, sollte in erster Linie die Machbarkeit demonstriert
werden. Fir die Zukunft ist deshalb noch Entwicklungspotenzial in einigen Teilaspekten

vorhanden, die im Folgenden aufgezeigt werden sollen.

Als erster Aspekt ist die Wahl der Materialien zu nennen. Theoretische Berechnungen
haben ergeben, dass die Kombination Al,O3 und SiOs die hochsten Werte fiir die
Beugungseffizienz sowohl im weichen als auch im harten Rontgenbereich liefert. Die
Abscheidung von SiOy mit ALD gestaltet sich jedoch als schwierig und bis jetzt ist kein
Prozess, der die Zuverlassigkeit der Abscheidung von Al;Oj3 erreicht, bekannt. Neben der
Erforschung neuer ALD-Prozesse ist die Weiterentwicklung der existierenden Prozesse, wie
die mikroskopische Untersuchung der 15nm- und der 10A-Zonenplatte zeigte, in Bezug
auf Zuverlassigkeit, Reproduzierbarkeit, Verkiirzung der Zyklenzeit und Langzeitstabilitat
ebenfalls unabdingbar. Dies war im Laufe dieser Arbeit aufgrund des beschrinkten
Zugangs zur verwendeten ALD-Anlage nur sehr begrenzt moglich. Des Weiteren sollten
neue Abscheidungsstrategien entwickelt werden, um das Zonenplattengesetz moglichst

genau zu approximieren.

Auch der Einsatz neuer Substrate bietet interessante Moglichkeiten.  Wahrend
Glasfasern als ideales Substrat in Bezug auf Oberflachenreaktivitat und -rauigkeit sowie
Rundheit, die in Zukunft mit einer Genauigkeit im Bereich der duflersten Zonenbreite
gemessen werden sollte, identifiziert wurden, weisen sie auch Nachteile auf. Wegen
ihrer Sprodheit sind mechanische Schneideverfahren wie die Mikrotomie bei ihnen nicht
anwendbar. Fasern aus hochtemperaturbestandigen Polymeren bieten dafiir eine interes-
sante Alternative. Des Weiteren sollten Fasern grofileren Durchmessers verwendet werden,
um die Fokallinge und damit die Handhabbarkeit zu verbessern. Auch andere Sub-
stratgeometrien wie konische Fasern oder Kugeln bieten, in Verbindung mit lokalisierter
FIB-Praparation, interessante Mdoglichkeiten. Hohle Substrate wie Kapillaren, die auf der
Innenseite beschichtet werden, sind ebenfalls denkbar. Da erste Versuche wéihrend dieser

Arbeit jedoch ohne Erfolg blieben, sind dafiir tiefgreifende Untersuchungen aller zugrunde
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liegenden Prozesse notwendig.

Der Wunsch nach immer feinerer Auflésung treibt die Entwicklung von Zonenplat-
ten mit immer kleineren &uflersten Zonenbreiten (<10nm) voran. Da ALD fir die
Abscheidung sehr diinner Filme pradestiniert ist, ergeben sich daraus sehr interessante

Moglichkeiten fiir den hier vorgestellten Ansatz.

Auch die Testeinrichtungen fiir Zonenplatten lassen sich weiter verbessern. Wéahrend
SXM im weichen Rontgenbereich eine sehr weit entwickelte Methode darstellt und die
Verbindung von kleineren auflersten Zonenbreiten mit Substraten grofleren Durchmessers,
die evtl. einen definierten Winkel zur optischen Achse aufweisen, sehr erfolgversprechend
ist, besteht vor allem im harten Rontgenbereich Potenzial zu Verbesserungen. Die
Fokussierung von paralleler Strahlung auf eine Kamera ist, mit dem existierenden Aufbau,
ein rein qualitatives Verfahren. Mehr Aussagekraft wiirde sich durch den Einsatz einer
neuen Kamera und/oder eines neuen Objektivs ergeben, das zum einen mehr Auflésung
und zum anderen eine kiirzere Minimaldistanz zwischen FZP und Kamera ermoglicht.
Auch der Einsatz einer OSA konnte zu Verbesserungen in Bezug auf Streustrahlung fiihren.
Die Probleme, die wahrend des Tests der Zonenplatte im Vollfeldaufbau zutage traten,
lassen sich zum einen auf die Zonenplatte und zum anderen auf die Strahlcharakteristik
zuriickfiithren. Um die durch die schmale aktive Fldache der Zonenplatte notig gewordene
nicht axiale Abbildungsgeometrie zumindest teilweise auszugleichen, ware auch hier eine
Kamera mit groflerem Bildfeld sehr von Vorteil. Das Problem der hohen Strahlkoharenz
lieBe sich entweder durch die Moglichkeit den Kondensor zu schiitteln!? oder durch
einen Diffuser verbessern. Dadurch liefle sich die Kohérenz der Strahlung brechen,
was die Interpretation der erhaltenen Bilder vereinfachen und vielleicht die gemessene
Auflésung verbessern wiirde. Als vielversprechende Alternative bietet sich auch im harten
Rontgenbereich der Einsatz eines Rastermikroskops (SXM) an, vor allem wenn dieses
iiber Interferometerkontrolle verfiigt. Die Attraktivitdt dieser Technik liegt vor allem
in der grofleren Fokallinge im harten Rontgenbereich sowie der hohen Strahlkoharenz,
die sich hier positiv auswirkt. Auflerdem liele sich die Auflésung direkt aus den Bildern
bestimmen und auch die schmale aktive Flache der Zonenplatte stellt aufgrund der

Notwendigkeit eines grofien Mittenstopps kein Problem dar.

2engl.: wobbling
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Wenn nur einige der hier vorgestellten Ideen erfolgreich verwirklicht werden koénnten,
liele sich die neue Technik zur Zonenplattenherstellung sicherlich als attraktive Alterna-
tive zu den bestehenden Techniken etablieren. Sie besitzt das Potenzial der Realisierung
von Zonenplatten mit bis deutlich unter 10 nm auflerer Zonenbreite und der Herstellung
grofler Stiickzahlen durch den vorgestellten Zweistufenprozess. Da die erhaltenen Lin-
sen sehr robust im Vergleich zu EBL-Zonenplatten sind, ist aufgrund der grofien von ihnen

bewiltigharen Warmelast auch eine Anwendung im Freie-Elektronen-Laser (FEL) denkbar.



Appendix A

Details of the EBL fabrication

process

Description of the single layer process for FZP fabrication with EBL (presented in figure

A1, adopted from [6]): The substrate in this process is a back etched silicon frame, covered

a) Expose b) Develop
——=—(Gold .
SizNy plating SizNg
base
Si Si
c) Gold Plate d) Remove PMMA
SizNyg SizNg
Si Si

Figure A.1: Schematic illustration of the single layer process for zone plate fabrication.
The fabrication steps are: a) Expose, b) Develop, ¢) Gold plate and d) Remove PMMA.

with a 100nm thin Si3sN, membrane, used as a carrier. As a basis for the lithography, a
gold plating base and a chromium adhesion layer (not shown in the image), both approx.

5nm thick, are evaporated onto the membrane, followed by a spin coating step with
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PMMA (polymethyl methacrylate). The thickness of the PMMA (around 100nm) is
adjusted, according to the target thickness of the zone plate. In the first step the zone
plate pattern is written into the PMMA with electron beam lithography at a beam energy
up to 100keV a). This is followed by development b), during which the exposed areas of
the resist are dissolved. Now as the plating base is exposed, the zone material (mainly
gold or nickel) is electroplated into the PMMA mould ¢). In a final step, the remaining

PMMA is dissolved in acetone, leaving a free standing zone plate on the membrane d).

Description of the double layer process for FZP fabrication with EBL illustrated in
figure A.2 (adopted from [87]): In this approach, a polymer layer (AZPN114) is deposited

1. Expose - HsQresist 2. Develop
SisNg ¥~ Etch resistant SisNy
plating base
3. Cryogenic ICP Etch 4. Plate
SizNg SigNg
5. Strip Resist 6. Strip Si;N, and Cr/Au Plating Base
| . ' __MAfAan___

A

Figure A.2: Schematic illustration of the doublelayer process for zone plate fabrication.
The fabrication steps are: 1. Expose, 2. Develop, 3. Cryogenic ICP Etch, 4. Plate, 5.
Strip resist and 6. Strip SigN, and Cr/Au plating base. Details are given in the text.

on top of the plating base and the adhesion layers (5nm titanium and 10-12nm germa-
nium). The polymer is hard baked to form a solid base for the high resolution negative
tone resist HSQ (hydrogen silsesquioxane) which is deposited after the baking step on top
the AZPN114 with a thickness of 30nm. In step 1. the coated membrane is exposed
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with the zone plate pattern, followed by development 2. in which the non exposed areas
are dissolved. In step 3. the pattern is transferred into the hard baked polymer layer by
cryogenic (-100°C) ICP etching. Then the mould is plated with the zone material 4. In

step 5. and 6. the remaining resist and the SizN, membrane are stripped.
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Appendix B

Details of the ALD deposition of the

zone plates

As the deposition of the Ar=35nm zone plate was performed during a different time
period than the deposition of the Ar=10 and 15nm zone plate, different growth rates
where estimated for their deposition.
For the Ar=35nm FZP, the growth rates equal:

ALO;: t=0.13*x-7.17

Ta,O05: t=0.06%x-0.71

For the Ar=10 and 15nm FZP, the growth rates equal:
A12031 t2014*X-307
Ta205: t=0.08%x-1.03

where x is the number of ALD-cycles and t is the resulting thickness in nm.

For the zone plate with Ar=35nm 103 zones with a thickness ranging from 44 to 35 nm
were deposited. This corresponds to a number of ALD cycles varying from 393 to 327 for
Al;O3 and 700 to 554 for TasO5. After each loop, a defined decrement, different for both
materials, is subtracted from the number of cycles of the previous loop, to gain a closer
resemblance to the theoretical zone thickness. The maximum deviation of the theoretical
thickness for each zone, calculated via equation 2.9 and the zone thickness calculated via
the growth rate was 0.94nm. In total, 51455 ALD cycles in a total deposition time of
148 hours were deposited. The individual cycle numbers are summarized in table B.1.

For the deposition of the zone plate with Ar=15nm, 240 zones with a thickness ranging
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Table B.1: Compilation of the cycles for the deposition of the Ar=35nm zone plate.

Loops | Material | Cycles (beginning) | decrement

Al,O4 393 -1

9 TayOs 700 -3
Al,O4 383 -2

15 TayOs 673 -3
Al,O4 354 -1

23 Ta,05 628 -3
Al,O4 331 -1

5 Ta,y05 560 -2

1 Tag 05 448 -

from 19 to 15nm were deposited. This corresponds to a number of ALD cycles varying
from 162 to 135 for Al,O3 and 248 to 203 for TayO5 and remained constant for the given
number of loops. In total, 450101 ALD cycles in a total deposition time of 130 hours were

deposited. The individual cycle numbers are summarized in table B.2. For the deposition

Table B.2: Compilation of the cycles for the deposition of the Ar=15nm zone plate.

Loops | Material | Cycles
ALO; 162
8 Tag 05 248
ALO; 159
9 Tag O5 243
ALO; 156
10 TayOs 238
ALO; 153
11 TayOs 233
ALO; 150
11 TayOs 228
A12 03 147
13 Tay O 223
ALO; 144
12 TayOs 218
AIQ Og 141
15 TayOs 213
ALO; 138
15 TayOs 208
ALO; 135
16 TayOs 203
1 TayO5 797
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of the zone plates with Ar=10nm two different depositions, termed 10A and 10B were
performed. For 10B, 15 cycles less than for 10A were deposited for every TasOs zone to
better meet the target zone thickness. This adjustment of the calibration was made due to
the experienced overdeposition of TayO5 on Al;O3 measured in the TEM investigations of
the Ar=35nm zone plate. By taking overdeposition into account, the actual TayO5 layer
thicknesses should be equal for 10A and 10B. In both depositions, a total number of 360
zones with a thickness ranging from 12.7 to 10nm was deposited. The number of ALD
cycles for Al;O3 ranged from 116 to 97 for both depositions. For 10A the number of ALD
cycles for TagO5 ranged from 171 to 138, for 10B from 156 to 123. The number of cycles
remained constant for both materials for the given number of loops. In total, for 10A,
47318 ALD cycles in a total deposition time of 136 hours, and for 10B, 44633 ALD cycles
in 128 hours were deposited. Onto all zone plates, a capping layer of 1000 cycles TasO5 was
deposited to protect the outermost zones. The individual cycle numbers are summarized
in table B.3. To illustrate the different approaches for approximating the theoretical zone
thicknesses with a feasible programming scheme for the ALD, the theoretical thicknesses
and the targeted thicknesses, obtained via the number of ALD cycles and the growth
rate, are plotted in the following against the number of the layer for the zone plate with
Ar=35nm (figure B.1), Ar=15nm (figure B.2) and Ar=10nm (figure B.3).
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Table B.3: Compilation of the cycles for the deposition of the Ar=10nm zone plate 10A.
The zone plate 10B has been deposited with the same cycle numbers for Al;O3 and 15
cycles less for every layer of TayOs.

Loops | Material | Cycles
ALO; 116
6 TayOs 171
ALO; 115
7 TayOs 169
ALO; 114
7 TayOs 167
ALO; 113
6 TayOs 166
ALO; 112
8 TayO5 164
ALO; 111
7 TayO5 162
ALO; 110
8 TasO5 160
ALO; 109
9 Tag O5 159
ALO; 108
8 Ta205 157
ALO; 107
9 Tay O 156
ALOs; 106
9 Tay O 153
ALOs; 105
9 TayOs 152
ALO; 104
10 TayOs 151
ALO; 103
10 Tag O5 149
ALO; 102
10 Tay O 147
A12 03 101
1 Tag 05 145
ALO; 100
1 Tay O 144
Alg 03 99
12 Tag 05 142
AlQ 03 98
12 Tag 05 140
ALO; 97
11 Tay O 138
1 Tag 05 862
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layer thickness [nm]

334 = targetthickness ALO,
32 = target thickness Ta,0,

31 theoretical thickness
T e o o B e i o AL mm s a e

0 500 1000 1500 2000 2500 3000 3500 4000

overall thickness [nm]

Figure B.1: Comparison of the theoretical and the targeted layer thicknesses for the
Ar=35nm zone plate.
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20 -
19
18
17
16
15

14 3

layer thickness [nm]

13 3

12 -
= target thickness Al,O,
114 = target thickness Ta,0,

] theoretical thickness
10 7+ I e o e e e e B BN am

0 500 1000 1500 2000 2500 3000 3500 4000

overall thickness [nm]

Figure B.2: Comparison of the theoretical and the targeted layer thicknesses for the
Ar=15nm zone plate.



129

13,0
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Figure B.3: Comparison of the theoretical and the targeted layer thicknesses for the
Ar=10nm zone plate. The thicknesses marked with the open symbols are calculated
the growth rate with 15 cycles less for each layer. The expected overdeposition has not
been respected. In reality, the actual thicknesses for TayO5 should be equal for 10A and
10B.
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Appendix C

Details of the FIB sectioning process

of the zone plates

In the following, a compilation of the milling parameters for the sectioning and thinning
procedure of the zone plates in the FEI Nova NanoLab 600 DualBeam”™ system is given
in table C.1. At some preparation steps, no exact values for ion beam currents or pattern
sizes can be given, because they are dependent on the special circumstances for this exact
preparation and the experience of the user, then the parameter is defined as “variable”.
The angle which is referred to is the tilt angle of the stage. At 0° the stage is perpendicular

to the electron beam, at 52° the stage is perpendicular to the ion beam.
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APPENDIX C. DETAILS OF THE FIB SECTIONING PROCESS OF THE ZONE

Table C.1: Compilation of the parameters set for the preparation of the FZP in the Dual-

Beam.
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Appendix D

Details of the applied substances,

substrates and other components

D.1 Chemical components

Al,0O3-precursor

product: Trimethylaluminium (TMA), (CHjz)3Al; purity >98 %; product number: 93-1360;
CAS registry number: 75-24-1; supplier: Strem Chemicals, Inc.

TayOs-precursor

product: Tantalum(V)ethoxide, Ta(OEt)s; purity: 99.99+ % Ta (PURATREM); product
number: 93-7303; CAS registry number: 6074-84-6; supplier: Strem Chemicals, Inc.

H;0O,-precursor

product: Hydrogen peroxide HyOq; purity: 30 % (in aqueous solution); product number:
822287; supplier: Merck KGaA

glue for the fibres

product: EPO-TEC H20E-PFC; description: two component epoxy glue, containing silver
for electrical conductivity, extra low out gassing (NASA-test verified); supplier: PolytecPT
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D.2 Substrates and support materials

glass fibre

product: A2 fiber; diameter: 30 um; material: glass (SiOs); supplier: SCHOTT AG

TEM-grids

Cu-grids: material: Cu; product number: GRD-0001.01.01; diameter: 3 mm; thickness:
20- 25 um; posts: 3; supplier: Omniprobe. Illustration for Cu-grid see figure D.1.

Mo-grids: material: Mo; product number: GRD-0001.03.01; diameter: 3 mm; thickness:
20- 25 pm; posts: 3; supplier: Omniprobe. Illustration for Mo-grid see figure D.2.

support mesh

product: wire cloth; material: stainless steel V4A (1.4571); mesh width: 0.4-0.5 mm

D.3 Mechanical components

D.3.1 Components for MAXYMUS (BESSY)
modified FZP-holder

custom made; material: Si-Al-bronze (AMS 4631, 4634); product number for material:
C64200; supplier for material: National Bronze & Metals, Inc.; dimensions: 1.4x1x1.4cm

(Ixwxh); hole: 200 pm. Illustration see figure D.3.

OSA

custom made; material: stainless steel V2A (1.4301); dimensions: 26.2x5.6x0.1 (Ixwxt);
holes: 20 /25 /30 pum; supplier: Giinther Frey GmbH & Co. KG. Illustration see figure
D.4.
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D.3.2 Components for ID6 (ESRF)

zone plate holder

custom made; material: Al; dimensions: 1.5x2.4x2cm (1xwxh); holes: 3x200 pym. Illus-

tration see figure D.5.

aperture holder for full-field

custom made; material: Al; dimensions: 6x1x0.2cm (I1xwxt). Illustration see figure D.6.

aperture for full-field

custom made; material: Pt/Ir 95/5%; dimensions: 45x4x0.1mm (Ixwxt); holes:
3x 38 £2 pm; supplier: Giinther Frey GmbH & Co. KG. Illustration see figure D.7.

test object holder

custom made; material:  Al;  dimensions: 4x4x2cm (Ixwxh); window/hole:
3.5x3.5mm /200 pm. Illustration see figure D.8.

nanopositioners

product: ANR200/RES; function: rotation 360° (endless) in both directions; encoder:
resistive; supplier: attocube systems AG.; Illustration see figure D.9.

product: ANGt101/RES; function: tilt 6.6° (total); encoder: resistive; supplier: attocube
systems AG.; Illustration see figure D.10.

D.4 X-ray optical components

hard X-ray Siemens-star test pattern

product number: X50-30-7; supplier: Xradia Inc.; material: gold; smallest feature size:
50nm; structure height: 700 nm £ 10%; Siemens-star diameter: 30 um; substrate: SizNy-
membrane (500x 500x 0.3 um) on Si-frame (2x2mm); membrane is mounted on 5x5mm

Si-chip. Hlustration of mounting see figure D.11.
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soft X-ray Siemens-star test pattern

product number: X30-30-2; supplier: Xradia Inc.; material: gold; smallest feature size:
30 nm; structure height: 180 nm + 10%; Siemens-star diameter: 30 pum; substrate: SizNy-
membrane (200x200x0.1 ym) on Si-frame (2x2mm); membrane is mounted on 5x 5 mm

Si-chip. Mounting similar as in figure D.11.

hard X-ray beam stop

custom made from supplier: NTT-AT Corporation; material: gold; pattern thickness: 30 -
40 pm; pattern diameter: 30 pm; substrate: SiC/SiN-membrane (1500x 1500x2/0.3 ym)

on Si-frame (10x 10mm). Illustration of pattern layout see figure D.12.

D.5 Collection of drawings and images

_ _.g: ) e & ‘{ i ;;

.nnip_rnheﬁ |

Figure D.1: Cu-TEM grid by Omniprobe.

Figure D.2: Mo-TEM grid by Omniprobe.
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