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Preface of the series editors

The Goéttingen series in x-ray physics is intended as a collection of research
monographs in x-ray science, carried out at the Institute for X-ray Physics at the
Georg-August-Universitit in Gottingen, and in the framework of its related research
networks and collaborations.

It covers topics ranging from x-ray microscopy, nano-focusing, wave propagation,
image reconstruction, tomography, short x-ray pulses to applications of nanoscale
x-ray imaging and biomolecular structure analysis.

In most but not all cases, the contributions are based on Ph.D. dissertations. The
individual monographs should be enhanced by putting them in the context of related
work, often based on a common long term research strategy, and funded by the same
research networks. We hope that the series will also help to enhance the visibility of
the research carried out here and help others in the field to advance similar projects.

Prof. Dr. Tim Salditt
Prof. Dr. Sarah Koster
Editors

Gottingen June 2014

Preface to the present volume

Guided electromagnetic waves are commonplace in most spectral ranges, from
microwaves to optical fibers. For x-rays, however, only recent progress in nano-
fabrication has led to first practical x-ray channel waveguides, which confine the
radiation in two directions orthogonal to the propagation axis.

Such channels are defined by e-beam lithography with cross sections in the range of
20-200 nanometers and a total length of a few millimeters, are etched into silicon, and
capped by wafer bonding. They came into being in the ‘plain vanilla’ form of straight
channels. The present thesis challenges this simplistic version, and brings x-ray
waveguides to the next level of complexity, resulting in tapered and curved channels as
well as beam splitter devices. Guided by clever design!

Prof. Dr. Tim Salditt
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Chapter 1

Introduction

In order to achieve a better understanding of functional processes in nature, researchers
have always aimed at gaining deeper insights into matter, particularly on microscopic
length scales [1]. As a major probe, visible light has since been used for optical imag-
ing. However, this often limits the information depth to the surface or surface-near
regions of the specimen, due to the low penetration depth of visible light for most ma-
terials. Moreover, according to Abbe’s law [2] the resolution of the visualized structure
inside transparent objects is limited by the wavelength used for inspection, at least in
conventional microscopes.

Because short wavelengths are able to resolve fine features and furthermore provide
a higher penetration depth, the discovery of x-rays by W.C. Rontgen [3] was a corner-
stone for research. As x-rays cover the wavelength range from 0.01 — 10 nm, informa-
tion about the inner texture of comparatively thick and optically opaque media can
be accessed at high resolution. Using the Beer-Lambert law [4], the penetration depth
can be calculated for a predefined transmission, when the attenuation coefficient for
the specific radiation energy/wavelength is known. This coefficient comprises of sev-
eral interaction mechanisms of electromagnetic waves and matter, but is dominated
by absorption of photons according to the photoeffect.

Apart from absorption, specimens can also impart a phase shift on the transmitted
electromagnetic waves, meaning that the oscillation states (for given time and space)
of two waves are shifted with respect to each other. Distinct from the absorption, this
second type of contrast mechanism is used by a variety of imaging techniques such as
phase contrast microscopy [5, 6], phase contrast tomography [7, 8] and holography [9]
in in-line [10, 11, 12] and off-axis geometry [13]. To fully exploit this contrast, waves
are required which exhibit a fixed phase correlation in view of the spatial and tempo-
ral propagation, denoted as coherence. Since only intensities (modulus square of the
wave amplitude) can be measured by x-ray detectorsﬂ phases or relative phase-shifts,
respectively, have to be made visible by interference and retrieved by iterative algo-
rithms [14, 15].

1 Through the photoelectric effect, free electrons are generated by the x-rays in a semiconductor material
leading to the buildup of a measurable photocurrent.
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To advance these techniques, there is a demand for specialized x-ray sources and op-
tics designed for assessing structures on fundamental length scales, in particular on
molecular scales in the micron and nano range. For high resolution imaging the sources
must be both intense (at least 101° photons per second) and (sub-) micron-sized as
well. Fabricating suitable optical elements is by no means a trivial task because the
concept of focusing is based on the interaction of radiation and matter, which is com-
parably weak for x-rays. For this reason, conventional optics such as lenses from a sin-
gle material are inappropriate to perform this task. In the past few decades significant
progress was achieved for a multitude of x-ray optical elements such as compound
refractive lenses (CRL), multilayer Laue lenses (MLL), Fresnel zone plates (FZP), mul-
tilayer zone plates (MZP) and waveguides (WG), concerning the available flux behind
the device and the focal spot size. In principle, these optics enable a non-destructive
and particularly non-invasive examination of processes in high-resolution. They can
be classified into three key concepts of operation:

Reflection: multilayer mirrors [16, 17], bent or asymmetrically cut crystals [18],
capillaries [19]

Refraction: CRL [20, 21]
Diffraction: gratings [22], FZP [23], MZP [24], MLL [25, 26] and waveguides [27, 28]

Here, the weak interaction with matter poses major challenges for the fabrication of
the optics listed above. Especially in view of obtaining intense and simultaneously
small foci it is crucial to ensure an accuracy in production on the nano scale over lat-
eral dimensions ranging up to several millimeters. Benchmarks of the current state of
research for different types of x-ray optics are compiled in table[1.1}

Type Spotsize [nm] Eph [keV] Transmission [%)] Materials Published by
CRL 50 x50 21 30.5 Si 2005, Schroer et al. [29]
MLL 25 x 27 12 2 Si/WSio 2011, Yan et al. [30]
FZP 58 x 58 8 5 Ta 2005, Suzuki et al. [31]
MZP <5x<5 7.9 2 Si/W 2013, Doring et al. [32]
WG 47 x 25 12.5 4.7 PMMA 2005, Jarre et al. [33]
10 x 10 13.5 14 Ge/Mo/C/Mo/Ge 2012, Kriiger et al. [34]

Table 1.1: State of research for common x-ray optical devices. For different types of x-ray optics the two-
dimensional focal sizes are listed, in particular, comparing the operation energies, transmission values and
material compositions. The transmission is calculated by comparing the intensity of the incoming x-ray beam
(fully illuminating the optical element) to the signal measured behind the device.

Picked from this multitude of x-ray optics, waveguides are addressed in this thesis.
Their functionality basically resembles an inverted fiber optic. A guiding material with
low density is imbedded in a high density cladding. In the guiding part the wave field
propagates in the form of resonant oscillations (modes).



In view of the functioning and structure of waveguides the following approaches for
one-dimensional (1D) and two-dimensional (2D) focusing are pursued:

In the case of resonant beam couplers [28, 35, 36, 37] the radiation is coupled into the
guiding layer (potentially a multilayer [38, 39, 40]) through a thin top-layer and is fo-
cused in one direction. Contrarily, in front coupling geometry the radiation impinges
on the entrance side of one-dimensionally [41] or two-dimensionally confined chan-
nels, filled with polymer [42] or air [43].

The 2D focusing waveguides specified in table(1.1|both consist of a weakly absorbing
core (carbon or polymer) in a non-transparent semi-conductor cladding. A solid core
is disadvantageous in view of a reduced transmission and radiation damage [44, 45],
affecting the guiding properties. These limitations can be overcome by fabricating hol-
low channels.

Proof of principal experiments using lithographically fabricated, air-filled channel wave-
guides imbedded in silicon were published by Kohlstedt et al. [43], where micron-sized
channels revealed transmissions of <1%. Significant progress was then achieved by
Neubauer [46], in particular in terms of down-sizing the channel dimensions, aiming
at coherent exit fields by mode-filtering.

Continuing this pioneering work, one goal of this thesis is the enhancement of the op-
tical efficiency to a level sufficient for imaging applications. Waveguides are especially
suitable for holographic x-ray imaging experiments, since the divergent beam leaving
the channel entails a geometric magnification, and exhibits a high degree of coher-
ence [47, 48] as well as a clean spherical wave-front. They can be considered as virtual
point-sources due to the small dimensions of the channels (cross-sections of several
tens of nanometers [49]) and the inherent size of the modes [50]. To provide a high
quality intensity distribution behind the waveguide (near-field), all fabrication steps
such as spin-coating, electron beam lithography, wet development, reactive ion etch-
ing and wafer bonding are optimized and coordinated with respect to each other at the
same time, since every single step depends on the previous procedure. For each pro-
duction step the crucial parameters are identified and the corresponding values are
determined precisely. Build on the basis of high accuracy and reliability in manufac-
turing, waveguide channels can be fabricated in advanced geometries such as gratings,
tapered and curved channels, or beamsplitters, enabling for constructing novel x-ray
tool as for example time delay devices or interferometers [51, 52].

Furthermore, the propagation of the electromagnetic field inside the waveguide chan-
nel can be numerically studied, using finite difference simulations [53]. This method
not only yields a tool for gaining access to a deeper understanding of the waveguiding
mechanism, but also allows to optimize the channel geometry in order to enhance the
efficiency of the guide and to define the intensity distribution in the near-field regime.
Along with meeting the requirements of both the measurement setup and the sample,
the propagation of the wave field can thus be predicted beforehand and compared to
the findings from phase retrieval algorithms afterwards. Hence, waveguide fabrication
can be considered as a key technology for x-ray beam tailoring.
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Outline

This thesis develops advanced x-ray waveguide optics based on lithographically fabri-
cated channels. Starting from the theoretical framework, different waveguide designs
are considered and specific benefits and limitations are discussed. Combining finite
difference simulations and experimental results, waveguides in various geometries are
characterized extensively.

A compilation of four publications is included with the latest improvements in wave-
guide fabrication and their optical performance. Chapter[I|provides a broad introduc-
tion into the theoretical background of waveguiding in different channel geometries
and arrangements, presenting a framework for the experimental results articulated
in chapters 4 and 6. Also the typical geometric dimensions of guiding channels are
considered, leading to an understanding of the requirements for fabrication methods,
detailed in chapters 2 and 3. Furthermore, reconstructions of the near-field of single
channels and gratings as well as waveguides utilized for beam characterization are pre-
sented to complete the view on x-ray waveguides.

In chapter 2, the process of fabricating empty channels in a silicon cladding is pre-
sented along with results of x-ray holography, reconstruction algorithms and simula-
tions of wave fields inside the waveguides.

Proceedings of the manufacturing process of nano-sized channels are shown in chap-
ter 3. The process parameters are optimized, accomplishing new benchmarks in x-ray
optical performance for waveguide channels in silicon. Finally, the fabrication proce-
dure is extended to other materials such as germanium and quartz.

The optical functionality of tapered waveguides and beamsplitters is demonstrated in
chapters 4 (with attached supplemental material) and 6. The experimental results con-
firm the analytical predictions and additionally reveal interesting features in the wave
field not only within the channel but also in the near- and far-field regime.

In chapter 7, the findings of this thesis are summarized and an outlook concerning
future investigations in this field is given.



1.1 The concept of waveguiding

In this section the theoretical background of hard x-ray waveguiding is presented in ex-
cerpts, while a detailed monograph can be found in [54, 55]. Regarding the propaga-
tion of wave fields in guiding structures, some fundamentals of x-ray optics are included
which are necessary to understand the general concept and to evaluate the results from
experiments and simulations.

In this part the term waveguide is explicitly used for an air-/vacuum-filled channel
(core) imbedded in a silicon cladding, whereas other materials for the cladding such
as germanium or quartz are considered in chapter 3. The optical properties of a ma-
terial are quantified by the index of refraction n = ¢y acuum/ Cmedium, describing the
ratio of speed of light ¢ in vacuum and medium. When radiation passes through mat-
ter, absorption (reduced transmission) and dispersion (wavelength dependency of the
propagation velocity) are observed which are expressed by the corresponding coeffi-
cients § and §, such that

n=1-6+ip.

For x-rays at a wavelength A = 0.01-10nm, the coefficients are: § «~ 107°-10™% and
B =& -1072, with exact values depending on the material composition.

y 1. Nn(z)
0
X
d
Z
z

Figure 1.1: Principle of waveguiding. An incoming wave field is coupled into a channel from the left (front-
end), impinges several times on the interface between the two media with the refractive indices ny and ny,
before exiting the channel on the right side. Assuming an air/vacuum-filled core and a silicon cladding, ny is
larger than ny.

In figure[1.1|a single ray trajectory of the incident wave field is traced for illustration.
The refraction at the boundaries can be described by Snell’s law

11 cosf; = nycosby for ni > np. (1.1)

There is a critical angle cosf, = ny/n;, indicating a material-dependent threshold.
Above this value the rays enter the cladding (0 > 6.); below this angle the radiation
is reflected at the surface (6 < 6.). Since 6 depends on the photon energy Ej, the
same applies for the angle 6. = v/28. For silicon at Epp = 7.9keV, the critical angle for
total reflection is 6, = 0.227° [56].

A guided wave traveling in positive x-direction can be described by:

¥ =Y(g)e! @ Par) 1.2)

where w = k - ¢/n is the angular frequency of a wave field (harmonic in time ¢) with
wave number k =2x/A, and B, = n1 k cos@; as the damping coefficient.
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Equation is a solution of the wave equation
2
(Vz—g()?)‘yzo with V=e,0/0x+e,0/0y+e,0/0z (1.3)

and ey as the unit vector in f-direction. Inserting Eq.(L.2) into Eq.(L.3) leads to the
reduced Helmholtz equation

2

0
Y@+ (n*k* - p2)¥(2) = 0. (1.4)

The continuity at the interfaces at z = 0 and z = d and a vanishing wave for z = oo
require solutions for the amplitude ¥ (z) that fulfill the following constraints:

Ael? for z<0
W(z) =4 Bcoskz+Csinkz for d=z=0 (1.5)
De Y (&d) for z=d.

Here, the field inside the channel (d = z = 0) is a superposition of two plane waves (sine
and cosine terms for odd and even modes, respectively). The parameters

/22712 _ R2
nik e

Y = B mk?

K

only result in physically plausible solutions inside the channel if x, y € R, otherwise the
field would be extended towards infinity without any attenuation; this is not fulfilled
when nyk = B4 = nykcosf; = npk for 6 = 6. As mentioned above, the critical angle 6,
assigns a threshold where the impinging field is no longer guided within the channel,
but is turned into a radiating field that is successively absorbed in the cladding ma-
terial.

A homogeneous system of equations has to be solved to maintain the parameters in
Eq. (I.5). This leads to the eigenvalue equation

oy 2kdy\J(nf - nd)- (kd)? - (xd)?

= =:F(xd). 1.6
o dP - (D) kP — e D 1.6

tan(xd) =

The numerator of the function F(xd) vanishes when

kd =\/nt—nj-kd=:V 1.7

is reached. For even larger xd, the root in Eq. becomes imaginary and the func-
tion F(xd) ends at point V, which is hence called cutoff. From equation the num-
ber of the modes M in a channel with a certain width d can estimated graphically

(see Fig.[L.2).
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Figure 1.2: Graphical solution of the eigenvalue problem. (a) For varying xd the tangent function, F(xd)
and the cutoff conditions Vi, = [VZ — (kd)?1'/2 for the first four modes are plotted. All crossings of the two
functions (marked with colored circles) inside a certain circular orbit Vyy, represent solutions of the eigenvalue
equation (LB). (b) The propagation of the first five modes inside a waveguide is drawn schematically. On the
right hand side the amplitude WY (z) of the wave field is plotted, indicating that the electromagnetic wave can be
analyzed analogously to an electron, trapped in a potential well. For even modes (m = 0,2,4), the amplitude
is symmetrical to the optical axis in x-direction, whereas odd modes (m = 1,3) reveal a point symmetry.

¥(z)

The crossing points of the black and solid colored lines represent solutions of the eigen-
value equation (.6). The number of 7m-crossings of F(xd) before reaching the cutoff
value V,, (with m =0,1,2,...) which is depicted as colored dashed lines, is equal to the
number of guided modes

M= [%W with [b] :=min[a€ Z|a = b].

For increasing channel widths, the cutoff is shifted to the right, resulting in a higher
number of intersections with the tangent function and a correspondingly higher num-
ber of modes [see Fig.[I.2]@)]. Since F(xd) and the tangent function share the same ori-
gin, there is always one (fundamental) mode guided in a narrow channel
(M(Vp=0) = 1). Note that for illumination parallel to the optical axis, only mirror-
symmetric (even) modes are excited.

Neglecting absorption (8 = 0) for an air/vacuum-filled channel, the refractive index:

A2 ) ro=2.82- 10" m (classical el. —radius)
nsi=1-6=1-—rgps; with _2 (1.8)
2n psi =0.0248nm (el. — density)

can be used to estimate the critical width d. for guiding a second mode from Eq. (I.7):

1 b/
V =y4nrypsi d V=0 =7 dec=— .
I 2\ ropsi

For silicon the critical width is d; = 20nm, in wider channels the propagation of multi-
modal wave fields is enabled.
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1.2 Propagation in advanced geometries

In this section the x-ray optical properties of waveguides in different geometries are pre-
sented combining analytical studies, finite difference simulations (FDSs) and experi-
mental results.

In all simulations, gray lines and filled areas mark borders of the solid silicon cladding.
Furthermore, schematic drawings illustrate the parameters suited to describe each
type of channel geometry. As a function of those parameters, the ratio of the inten-
sities entering (I;;) and leaving the channel (/,,;) is plotted. In this way the optical
performance of the channel is quantified while varying its dimensions. All intensities
are normalized to the input plane wave. The simulated data points for I,/ I;; as well
as the measured values for the transmission T are connected by lines, serving solely
as a guide to the eye. In the simulations, sharp boundaries are assumed, without ac-
counting for any defective structures. Since most of the displayed measurements were
performed at Ej, = 7.9keV (except for the gratings), this energy was also chosen for
the FDSs. All lengths L, spacings S, widths d and depths & of the channels are meas-
ured using a scanning electron microscope (SEM), revealing a precision of + 4 nm for a
magnification factor of 50-103.

1.2.1 Single straight channels

In the previous section, the basic concept of a single straight waveguide channel was in-
troduced. For this well known model system, one-dimensionally (1D) and two-dimen-
sionally (2D) simulations are performed using a finite difference solver [53].

In the simulationsﬂ awaveguide with variable width d and length L = 1 mm is imbed-
ded in abox of 4pumx 1.3 mm (x,z), sampled with 4000x 1300 pixels. For the 2D case, a
third simulation box of 2000 pixels is chosen, covering 2 um in y-direction. Addition-
ally to the wave field propagating in the channel, free space propagation is simulated
20 um in front of and 280 pm behind the waveguide structure.

2 Templates for modeling waveguides in various geometries are given in Appendix B.
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Figure 1.3: Guiding properties of straight channels. FDSs of straight waveguides with different widths d of
(a) 40nm, (b) 80 nm, (c) 200 nm, (d) 400 nm, (e) 800 nm and (f) 1600 nm. An intensity profile, extracted at the
dashed magenta line (y = z = 0), is drawn in the same color at the bottom of each simulated field. (g) Intensity
profiles through the exit planes for all channel widths. (h) Slice through the y = 0 plane of a two-dimensional
simulation for a channel with an entrance area of 80 nm x80nm. (i) The Ioy¢/1;;, ratio as a function of the
channel width d for 1D (black squares) and 2D (red triangles) channels. All intensities are normalized to the
input intensity.



1.2.1 Single straight channels 11

In figure one-dimensional channels with different widths d are detailed in (a-f). In
(a), the inset shows the entrance region in a magnified view. In this channel of width
d = 40nm two modes are guided, the fundamental mode (m = 0) and the first (even)
excited mode (m = 2). While the intensity of the fundamental mode is located along
the center of the channel at z =0, the two maxima in intensity of the m = 2 mode are
located close to the borders at z = +d/2, as shown above [compare Fig. (b)]. Thus
the profile along z = 0 is dominated by the m = 0 mode, revealing a sinusoidal oscilla-
tion that decays towards the end of the channel. The effect of modes being damped out
is more obvious in figure[1.3|b). Here, the number of modes, propagating near the en-
trance side, is reduced in x- and z-direction. Especially the higher modes are damped
out faster, since the damping coefficient 8, increases with the mode number m [57]:

7 Im(eg; /e A2 A2 Im(es;
ﬁd ~ _3(m+1) (Sl Vac) - 2:_3(m+1 (Sl) -
d VRe(I—esilevqy)” @m°  4d vRe(l—e€g;)
A? Im(1-6+ip)? A? B? A? B?
= —(m+1) =—m+1) =—m+1)—.
4d? VRe(—(1-0+ip?)° 4d° V2o Ad 03

The relations n, = \/€;fi; = /€, for the dielectric permittivity €, (while the magnetic
permeability y, = 1 and nyq. = 1) and 0, = V26 were used for simplification, while
neglecting the 52-term. In particular, the damping of higher modes is observed in the
profile along the channel, where the multi-frequency oscillation is filtered to a sinu-
soidal shape. As another consequence, the degree of complexity in the mode structure
increases with the channel width d, evidenced by intensity profiles through the exit
planes [see Fig. [1.3(g)]. In general, this waveguiding effect, namely the occurrence of
interference patterns inside (x-ray) optics, has to be taken into account, as long as a
wave reflected at one channel border reaches the opposite boundary within the wave-
guide length L. This means that two waves, reflected at opposite channel borders in
the entrance side, intersect within the channel [dashed yellow lines in (f)], which is
quantified by the width

ds=L-tanf, ~4um for L =1000pm and 6.=0.227°.

In channels exceeding this threshold, the impact of the interfaces is limited to the area
near the channel wall [58]. For channels with d,; > d > d., an incoherent illumination
results in a partially coherent exit field, where the degree of coherence increases to-
wards unity as the number of modes decreases to the mono-modal regime. For the far-
fields analyzed in this thesis, a coherent superposition of resonant modes is assumed,
since the typical value of d = 100 nm is close to d. = 20 nm incoherence effects do not
have to be concerned. The I,,;/I;, ratio of the waveguides is depicted in ﬁgure ().
For very small channels, the transmission is low because the amount of the mode prop-
agating in the cladding is higher for narrow channels [45]. Square shaped 2D channels
(red triangles) are even affected twice by the same effect due to the confinement in the
second (y-)direction. As a result, the intensities for small channel widths d are sys-
tematically lower compared to 1D channels. However, the maximum intensity inside
the channel is much larger in 2D channels, since modes confined in two directions
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are superposed (h). In both cases I,/ I; > 1 for broader channels, because radiation
impinging onto the front-end propagates inside the channel (assuming 6 < 0,); fur-
thermore, the evanescent field "leaks back" into the channel. The percentage of this
gained intensity, referring to the total value of incoupled intensity decreases with in-
creasing width d; therefore the 1,,,/I;, ratio declines towards unity.

So far, only the wave field inside a waveguide has been considered. FDSs of the near-
field behind a waveguide channel with a cross-sectional area of 100nm x 100 nm are
depicted in figure[1.4] For the simulations in (a-c) a sampling of 8 nm/px was chosen
in y- and z-direction and 10 um/px in x-direction (d).

Figure 1.4: Simulations of the exit field intensity. Front view (yz-plane) of the near-field of a 100 x 100 nm?
sized channel at different x-positions of (a) Oum, (b) 500um and (c) 2000um. Scale bars denote 0.1 um (a)
and 0.2um (b,c), respectively. (d) Section through the wave field at y= 0. All intensities are normalized to the
input intensity and plotted in logarithmic scaling.

The intensity distribution in the exit plane of the waveguide (a) reveals a roundish peak
located in the channel center. Outside the channel borders (marked by a black line) the
intensity decays rapidly. The radial symmetric peak broadens during propagation (b)
resulting in a pattern of concentric, ring-like maxima (c). In (d), a slice of the wave field
through the y=0 plane clearly illustrates the divergence of the radiation of a few mrad
which is typical for waveguide channels. The far-field pattern is the Fourier transfor-
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mation of the intensity distribution in the exit plane and reveals a central maximum of
circular shape which is similar to (b). As a benefit for imaging applications, this cone
beam illumination entails an inherent magnification of an irradiated sample at the de-
tector position. Next, experimental results for straight channels are presented.

o T T T T T 1]

[
(]
I

Figure 1.5: Experimental results for straight waveguides. Far-field patterns for different channel
sizes of (a) 2750nm x 81nm, (b) 983nm x 82nm, (c) 4991nm x 83nm, (d) 317nm x 79nm,
(e) 211nm x 79nm, (f) 153nm x 73nm, (g) 113nm x 70nm and (h) 82nm x 67nm.
The intensity is given in counts per second and plotted in logarithmic scaling.  Scale bars denote
0.5mm. The associated SEM micrographs are labeled by an index 2. Scale bars denote 0.2um.
(i) Transmission T and depth h both as a function of width d.

Far-field patterns of waveguides with various exit sizes are depicted in figure[T.5(a; -h;),
the corresponding SEM micrographs are labeled with (az-hy). The data was recorded
5.1 m behind the waveguide device by a Pilatus 300k (Dectris) detector at beamline
P10 [Deutsches Elektronen Synchrotron (DESY, Hamburg)], at Epj = 7.9keV. The fre-
quency of the oscillations in the z-direction is lower than in the y-direction, since the
channels are stronger confined vertically. This multitude of modes is reduced with
decreasing channel size, resulting in an approximately square shaped channel with
an equated number of oscillations in both directions (h). In (i), the transmission T
(black squares) of the channels is calculated following to the procedure introduced in
chapter 4. The transmission decreases for very large and very small channels and ex-
hibits a maximum in between. The high statistical spread of the data is due to under-
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performing channels which are blocked inside. This notably applies for channels with
d < 1um, since they are proportionally more affected by shrinking or even blocking of
the channels’ interior during the heating step of fabrication. Furthermore, channels of
small widths d are shallower than wider ones [see red triangles in (i)] [59, 60] scaling
up the sensitivity to channel closing. The correspondence between the channel depth
h and width d is particularly important for these small sized channels. The etch rate
K = h/t (etched depth h per time ) decreases with increasing aspect ratio, meaning
that narrower structures are etched at a lower rate. Since the aspect ratio changes dur-
ing the reactive ion etching (RIE)-step, the etching rate inherently changes during the
etching process. This interdependency between the aspect ratio a and the etch rate K
(RIE-lag) is attributed to microscopic transport effects within an etched feature [61].
When the length scale of a channel is comparable to - or even smaller than - the mean
free path of the particles, their interaction with the channel borders gains importance
(Knudsen-transport). Hence, for small channel widths, the flow of etching species to
the bottom and of gaseous etch products to the top of the feature is impeded. There-
fore the molecules are not only scattered diffusely from the sidewall, but additionally
from other particles. However, the first process is predominating [62].
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Figure 1.6: Limitation of the channel dimension. (a) Conceptual schematic of the evolution of the depth h,
of a single silicon trench (channel) as a function of time t. (b) The corresponding apparent etch rate vs aspect
ratio curve. Images and caption are reproduced from [59] with adaptions of the nomenclature. (c) The data set
presented in Fig.[I.5((i) of this thesis, in a representation according to (b). As a guide to the eye the data points
are connected.

The etch process for a single channel is depicted in Fig. [1.6[a). Since both the supply
of etchants and the removal of etching products is diminished for the progressing pro-
cess, the etching depth # first strongly increases and then gently converges to a certain
value (markers 4 and 5); this is equivalently described by the etch rate K decreasing
for higher aspect ratios (b). Though (a,b) refer to the etching process of a single chan-
nel, these considerations also apply for channels with different width and a constant
etching time [60]. Therefore the data in (c) exhibits the same behavior as in (b), es-
pecially also revealing a limit for the aspect ratio. Although the RIE-lag is extensively
documented for deep plasma etching (a,b), the same mechanisms also affect channels
on length scales considered in this work [61].

For a reduced gas pressure the RIE-lag is improved [63], while the etch rate remains
constant for changes of the gas pressure up to +20% [64]. However, the limitation to
an aspectratio of a = 1.1 may even be advantageous for waveguide fabrication, leading
to square shaped channels entailing a symmetrical mode structure.
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The optical performance of waveguide channels is limited by real structure effects,
namely roughness on the channel walls [65]. On the nano-scale, these defective struc-
tures also occur during an optimized fabrication process (particularly in the etching
step), while waviness on the micron-scale is attributed to imperfections in the litho-
graphy step. To a large extent, the first type of roughness is smoothed out by diffusion
on the channel surface throughout the high temperature bonding.

Deduced from the findings within this section, there are two different approaches to
fabricate "ideal" waveguide channels, supplying a well defined and simultaneously low
number of high-intensity modes. At first, channels with a small cross-sectional area in-
stantly provide an exit field consisting of only a few modes. However, the damping - es-
pecially pronounced for narrow channels - results in a low intensity. Since a sufficient
blocking of the primary beam is required, the channel length cannot be chosen arbi-
trarily short to reduce the damping. Alternatively, a material with a higher absorption
efficiency can be utilized to facilitate short waveguides (see section 7). Secondly, longer
channels with larger cross-sectional areas may even take advantage of the damping of
higher modes during propagating in the channel, resulting also in a low number of
modes. Here, an enhanced length is disadvantageous due to the increased interaction
of the radiation with real-structure effects. For both approaches smooth waveguide
channels are required to achieve intense and symmetric exit fields, since the shape of
the intensity distribution inside the channel is significantly affected by sidewall rough-
ness [66]. This challenging fabrication is detailed in section 3.

1.2.2 Gratings

An array of straight waveguides increases the complexity of the wave field inside and
outside the channels, offering a structured illumination well suited for reconstruction
algorithms.

The FDSs in figure[1.7]depict an array of eleven parallel waveguide channels, each with
awidth of d = 100nm, in different spacings S. For the simulations identical parameters
- for sampling and box sizes - as for single channels were used. In any single guidi