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Chapter 1
Introduction

Imaging is one of the oldest techniques of humankind. The first paintings of items
in burrows, seen in the visible light, have changed over thousands of years to tech-
nical imaging of objects in a huge range of electromagnetic radiation, extending
the range of visible light to larger and to shorter wavelengths. Imaging with soft
X-rays is one example for a shift towards shorter wavelengths.

In recent years in the range of soft X-rays a new method of imaging is established,
the Fourier Transform Holography (FTH) [26]. The FTH is a promising imaging
method, since it lacks of optical lenses and is, therefore, free of aberrations. FTH
with soft X-rays is typically carried out via an opaque mask, which contains a
small aperture producing the reference beam. The reference aperture is located
next to the object in this mask. So far, the achieved resolution in soft X-ray FTH

in transmission mode is 50 nm [26].

In the range of soft X-rays the research field is growing fast, especially through the
new development of Free Electron Lasers (FEL). The characteristic of the FEL-
beam of having a high brilliance is a particular benefit for FTH as an imaging
method in FEL-experiments. The high transverse coherence length enables ex-
periments with a larger lateral dimension. Additionally, the femtosecond pulsed
nature of the FEL-beam enables femtosecond time-resolved imaging, using a single

FEL-pulse for the measurement.

Although ”conventional” FTH with one pinhole as reference can resolve objects
with a high resolution, the photon flux through the single reference aperture can

limit the signal to noise ratio in a short exposure. Multiple reference patterns
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can retain the high resolution of conventional FTH, but additionally increase the
signal intensity. Extended reference patterns, on the other hand, are an alterna-
tive approach to increase the signal to noise ratio. As a specific multiple refer-
ence pattern the Uniformly Redundant Array (URA) is investigated in this thesis,
whereas the Extended Reference by Autocorrelation Linear Differential Operation

(HERALDO) is introduced as one example for an extended reference.

Experiments in the soft X-ray spectral range are carried out for both types of
reference structures in this thesis.

In the URA-experiments we succeeded to characterize the transmission of the
structure ”at wavelength” enabling us to include this information in the image
reconstruction procedure. For HERALDO, this is the first report of the appli-
cation of this concept for wavelengths shorter than visible light. Apart from the
"standard” imaging properties, the potential for tomography with HERALDO is
explored.

In both cases, images are obtained without the need for iterative phase retrieval

algorithm.



Chapter 2

Fourier Transform Holography
(FTH)

Fourier Transform Holography (FTH) is a technique well-known for several decades.
The first experimental realization has been carried out with visible light by G.W.
Stroke [74] in 1965. Meanwhile, FTH has been transferred into the range of soft
X-rays [24, 26, 39, 62, 64, 72, 73].

2.1 Principle of Fourier Transform Holography

FTH is a lensless imaging method encoding an object in a hologram. In FTH
the object and the reference are placed together in one plane as a sample and
are illuminated at the same time in transmission geometry by a beam orthogonal
to the sample. The scattered light from the object and the scattered light from
the reference interfere with each other and form a hologram in the far field. The
hologram is detected as the spatial variation of intensities by a suitable pixelated
detector such as a CCD-camera. The phase difference between the scattered pho-

tons is encoded in the hologram in form of fringes.

In the following a perfectly coherent illumination of the sample with a plane wave
is assumed. The wavefield hitting the detector can be described mathematically
as the Fourier transform of the wavefield f(z,y) at the exit surface of the sample

with 2 and y as coordinates in real space. The wavefield f(z,y) can be written as:

f(z,y) = o(z,y) +r(z,y) , (2.1)

3
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where o(x,y) is the object modulation and r(z,y) is the reference modulation.

The wavefield F'(q., q,) at the detector can thus be described as:

F(qs,qy) = F{f(z,y)} = //_ f(z, y)e_ﬂ’r(q’””qyy)dxdy ) (2.2)

Here, (¢.,q,) are the transverse coordinates in Fourier space and .#{X} denotes
the Fourier transform of the quantity X. The detector records the intensity
|F(¢x,qy)|?, which constitutes a hologram with ¢,=0 and ¢,=0 in the center of
it. The inverse Fourier transform .# ~*{|F(q,, q,)|*} yields:

FHIF(@ra)P}=fO [ =000 +r@r" + 001" +18 0 (2.3)

with ® denoting a convolution and f* indicating the complex conjugate of f. The

terms themselves have special meanings which are:

f® f*: autocorrelation of the entire sample consisting of the object and the
reference

o ® o" : autocorrelation of the object

r®r*: autocorrelation of the reference

r® o : cross-correlation of the reference and the complex conjugate object

o®r*: cross-correlation of the object and the complex conjugate reference.

The operations ”convolution” and ”correlation” are defined as:

f@ e = [ J@a—pdp  (comolution) (2.4
f(z) ® g*(x) E/ f(p)g*(z + p)dp (correlation) . (2.5)

After the Fourier transform of the hologram the resulting real space picture con-
tains the autocorrelation of the object and the autocorrelation of the reference,
which are centered at the origin. The two cross-correlations between object and
reference are placed radially opposite to the origin to each other, as seen in figure
2.1.
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Figure 2.1: Setup for Fourier Transform Holography; The beam illuminates the
entire sample. The scattered light from the exit surface of the sample forms a
hologram in the far field. The Fourier transform of the hologram produces the

autocorrelation of the entire sample.

In conventional FTH the reference is one single pinhole. After the Fourier trans-
form of the hologram the cross-correlation contains the convolution of the pinhole
and the object, thus depicting the object itself. The resolution of the reconstructed
object depends on the diameter of the pinhole in addition to the resolvable con-
trast and to the maximum momentum transfer recorded in the hologram. The
smaller the diameter of the reference pinhole the higher is the resolution. Ideally,
the reference should be a d-function with respect to the transmitted radiation in-
tensity. In reality a better resolution due to a smaller pinhole implies a lack of
signal intensity. The smaller the pinhole the fewer photons reach the detector.

In the dissertation of W.F. Schlotter [71] this dilemma is shown very illustratively,
seen in figure 2.2. The first object ” Ampelménnchen” in figure 2.2a is the origi-
nal. The objects next to the original show reconstructions produced with different
pinhole sizes. The first ” Ampelménnchen” right to the original is convolved with
a pinhole resulting in a contrast of 14% compared to the original. The objects in
2.2c and 2.2d reconstructed with pinholes having a diameter twice and three times
as large as the pinhole used in 2.2b, show contrasts of 40% and 98%, respectively.

The associated loss in resolution is clearly visible.
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(b) (c) (d)

Figure 2.2: Dilemma between resolution and signal intensity [71]

In theory, when noise is excluded, the signal intensity can be increased by a simple
multiplication, since the background is zero. In a real measurement the noise can-
not be neglected. Any multiplication after the hologram is detected will increase
the noise level as well. Obviously, one way to increase the signal to noise ratio is to
increase the signal intensity. Whereas the increase of the exposure time might be
possible for many experiments, experiments investigating the dynamics of objects
require short exposure times. In order to decrease the noise level relatively to the
signal intensity also for this kind of experiments a way is found to maintain the
same exposure time and the same resolution, but to increase the signal intensity.
This way is the "enlargement” of the reference structure. In this thesis two groups

for enlarged reference structures are introduced:
e the multiple reference pattern
e the extended reference pattern.

An illustration of enlarging the reference pattern in a "multiple reference” style
is seen in figure 2.3. Two ways of enlargements are shown. The first way, shown
in figure 2.3a, is to increase the number of pinholes under the consideration that
each reconstructed object is not disturbed by any other cross-correlation. The
second way is to put all pinholes close together in a compact form as shown in
figure 2.3b. Both reference structures increase the signal intensity and, therefore,
increase the signal to noise ratio. While in situation (a) the spatial resolution is
connected to the size of each pinhole, in (b) an additional factor is how well the
overlapping images can be disentangled. Another difference is that the reference
structure in figure 2.3a requires a wide coherent illumination, while the second

reference structure, seen in figure 2.3b, can operate with a beam, which is focused
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E] Object plane Holographic image

Figure 2.3: Two examples for enlarging a reference structure [22]

on a smaller area leading to a higher usable photon flux density on the sample.

Each pinhole reconstructs an object after the hologram is Fourier transformed. In
the first reference structure the object is directly reconstructed (multiple times)
since the separation conditions, which will be elaborated below, are fulfilled. The
contrary is the case in the second reference structure, in which the pinholes lie
so close together that the reconstructed objects overlap each other. In chapter 3
two reconstruction methods will be shown how to disentangle the object image
from the overlap, when the arrangement of the pinholes follows the structure of

an Uniformly Redundant Array (URA).

Enlarging a reference structure can also be done in form of an ”extended reference”
pattern. In contrast to the multiple reference pattern, the extended reference pat-
tern is based on extended continuous references with corners or kinks like lines,

rectangles or other shapes. The extended reference pattern increases the signal
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intensity as well. The HERALDO-Pattern belongs to this category. The term
HERALDO stands for Holography with Extended Reference by Autocorrelation
Linear Differential Operation. The reconstruction method for the HERALDO-
Pattern is different to the multiple reference pattern, since the reference points are

mathematically ”generated” at the corners or kinks of the reference structure in
HERALDO, which will be described in detail in chapter 4.

2.2 Separation conditions

Conventional FTH

object

reference

autocorrelations

cross-correlation

complex conjugate cross-correlation

Figure 2.4: Separation condition for conventional FTH; Object (blue) and reference
pinhole (red) are illuminated by a coherent beam. Grey and green: position of
autocorrelations and cross-correlations to each other after the hologram is Fourier

transformed.

In order to gain a usable reconstruction the cross-correlations containing the de-
sired image information should not be overlaid by the autocorrelations. The small-
est distance between the autocorrelations and the cross-correlations depends on

the center-to-center distance between the original object and the reference plus the



2.2. SEPARATION CONDITIONS 9

size of the object, neglecting the size of the reference. The separation condition for
conventional FTH is illustrated in figure 2.4. The pinhole must be at least three
times the radius of the object away from the center of the object in order to avoid
overlapping.

The existence of more than one pinhole leads to the separation conditions of many
pinholes, which differ from conventional FTH by the additional condition that the
pinholes must be separated by a distance of at least equal to the size of the object.

In figure 2.3a an example is shown following these conditions.

URA

The URA-Pattern is a compact reference pattern. An example is the pattern
in figure 2.3b. The entire reference pattern is larger than the object, leading to
a larger autocorrelation of the reference in comparison to the autocorrelation of
the object. In order to avoid overlappings between the autocorrelations and the
cross-correlations, the following separation condition is added to the separation

condition of conventional FTH:

_38—1—7"

S (2.6)

a

where a is the distance between the middle of the object and the middle of the
reference pattern, s is the size of the reference pattern and r the radius of the

object.

HERALDO

The separation condition for a reference point in the HERALDO-Pattern is based
on the separation condition for conventional FTH in so far, that both are identical,
when the pinhole in conventional FTH is set equal to the corner or kink in the
HERALDO-Pattern. In chapter 4 it will be shown that the corner or kink acts
as reference point. Since the HERALDO-Pattern has typically more than just
one reference point as in the case of conventional FTH, an additional separation
condition must be followed. The additional separation condition states that the
reference points must be apart from each other by a distance of at least the size
of the object.

An example of a HERALDO-Pattern is shown in figure 2.5. In this figure the
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object

reference

autocorrelations

cross-correlation

complex conjugate cross-correlation

Figure 2.5: Separation condition for a HERALDO-Pattern; Object (blue) and ref-
erence line (red) are illuminated by a coherent beam. Grey and green: position of
autocorrelations and cross-correlations to each other after the hologram is Fourier

transformed and differentiated along the length of the line.

reference is the horizontal line between the upper two "RK”s. The endpoints
of this line act as reference points. In order to follow the additional separation
condition, the line has to have the length equal or larger than the diameter of the

object.

2.3 Resolution

An imaging system attempts to capture the spatial structure of the object. In
soft X-ray FTH in transmission mode the spatial structure is the projection of
the absorption or of the phase shift along the optical axis. In this thesis only the
absorption is considered.

In practice the spatial resolution depends mainly on three parameters:
1. Diffraction limited resolution
2. Reference points

3. Modulation Transfer Function.
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2.3.1 Diffraction limited resolution
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Figure 2.6: Geometry of the experimental setup

The choice of the field of view determines the maximum and minimum resolvable
length in dependence of other experimental conditions, like the wavelength of illu-
mination, the distance between sample and detector, the total size of the detector

and the pixel size of the detector.

The geometry of the experimental setup is illustrated in figure 2.6. The sample
is coherently illuminated by synchrotron radiation in transmission mode. At a
distance L the hologram is detected by a CCD-camera.

The distance L between the sample and the detector has to be chosen on the size
of the CCD-camera and the size of the pixels. While a short distance will decrease
the detection of long lengths in the sample, a large distance will reduce the accep-
tance angle © and thus limit the detection of scattered light associated with short

lengths in the sample, as seen in figure 2.7.

A large distance in the sample will be displayed in the hologram as fringes with a

high frequency. According to the Nyquist-Shannon sampling theorem, also known
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== wavelength A
== first order, resolvable distance d,
== first order, unresolvable distance d,

.
— Pixel

~Scattered light
]

__lllllllllllxlllll
Detector
2048 pixels with a pixel size of 13.5 ym

L

Figure 2.7: First order of constructive interference originated from different dis-

tances in the sample plane

as Whittaker-Kotelnikow-Shannon sampling theorem, the sampling of the holo-
gram has to be done with at least twice the maximum frequency displayed in the
hologram. That means, in order to resolve the longest distance in the sample, the
highest hologram frequency at the location of detection must have a wavelength
of two times the pixel size, i.e. 2x13.5 um for the CCD-detector used for the ex-

periments in this work.

Short distances in the sample are displayed in the hologram as fringes with a low
frequency. Fringes can only be resolved by the inverse Fourier transform, when
the wavelength of the fringes is shorter than half the size of the detector. This is
the case, when the first order of the constructive interference between two points,
separated by a distance d, and their zero order lie within half of the detection area

in the CCD-camera.

On this basis the shortest detectable distance d,,;, and the longest detectable
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distance d,,q, can be calculated with the grating equation:

A Scep
dmin = t @maz =
Sin(Omaz) an( ) 2L
A QSpia:el

tan(©min) =

dmax = A
$in(Omin) L

Here, X\ is the wavelength of the incoming light, ©,,,, the maximum resolvable
angle, ©,,;, the minimum resolvable angle, L the distance between the sample and
the detector, Scep the size of the detector and S,z the size of the pixel.

The CCD-camera in the experiments reported here has a pixel size of Spize =
13.5 um and a chip size of Scep = 2048-13.5 ym = 27.648 mm.

In the case of the measurements in chapter 6 the distance L £ 220mm is large
compared to Scep leading to a maximum angle of ©,,,, < 7°. Under the approxi-
mation of small angles, which means that sin(arctan(©))~ ©, the equations of the
shortest and largest resolvable distances go over into:

2\ L AL
SCCD e 2S;m'a:el

(2.7)

dmin ~

The determination of the shortest resolvable distance is illustrated in figure 2.7,
which shows the first order of the constructive interference for two different dis-

tances, d; is resolvable, dy is not.

2.3.2 Reference point

Reference pinhole Object Convolved object
I(x) I(x) I(x) Woi
L e |1 L |/
T T T
X X X
Wpin Wobj Wpin Wpin

Figure 2.8: Ilustration of the relation between diameter of the reference pinhole

and the broadening of the convolved object

In addition to the diffraction limited resolution for a given pixelated detector, the
reference points limit the resolution as well. In a multiple reference pattern, such
as an URA-Pattern, the smaller the diameter of the pinholes the higher is the
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resolution. Figure 2.8 shows this connection as 1D illustration. A pinhole with the
width W, is convolved with an object represented as a rectangle with the width
Wop; under the condition that W, < Wo;. The convolved object is broadened
on both sides compared to the original object by W, the diameter of the pinhole.
In the HERALDO-Pattern, the shorter the transition between highest transmis-
sion and highest absorption at the corners or kinks the higher is the resolution.
An illustration for this connection is found in figure 4.4 in section 4.4.

These geometry parameters of the holography mask are typically limited by micro-
and nanostructuring abilities. In particular for soft X-rays high aspect ratio struc-
tures are required, which are difficult to manufacture. Focused lon Beam Fabrica-

tion results are presented in section 5.4.

2.3.3 Modulation Transfer Function

The Modulation Transfer Function (MTF) is a measurable quantity showing to
which extent the contrast of the original object at a specific frequency f is rep-
resented in the imaged object, seen in figure 2.9. The contrast transfer can be
determined by a periodic line grating consisting of alternating white and black
rectangular bars as the original object. By construction, this grating has a con-
trast of 100% at the grating spatial frequency f. In this case the MTF is also
called Contrast Transfer Function. The MTF is defined as:

Mimage(f)
Mobject(f)

M is the Michelson contrast, also known as modulation, either in the imaged object

MTFE(f) = (2.8)

Mimage or in the original object Mopjee:. The Michelson contrast is defined as:
Linaz — Imin

= A (2.9)
where I,,,,, and I,,;, are defined as the maximum and the minimum value in the
original and reconstructed object, respectively. An example of a MTF-diagram
is seen in figure 2.10. The higher the spatial frequency the lower is typically the
contrast transfer. The frequency at which the Michelson contrast M;,,qg. reaches
the background level is called cutoff frequency. The cutoff frequency defines the
upper limit for the obtainable resolution. All higher frequencies in the original

object cannot be resolved.
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Modulation and Contrast Transfer Functions

Periodic Grating Image
Imagi
] ging -
System
White White
] 100%
Contrast
. Contrast
Black Black
Periodic Grating Image
~ |Imaging -
System
Wl]ite
100%
Contrast
Black X Black

Figure 2.9: Illustration of the Modulation Transfer Function (MTF), which is
identical to the Contrast Transfer Function when M., = 1, for two different
spacial frequencies; The object with a specific spatial frequency f is shown on the
left side, whereas the image of the object is shown on the right side. The smaller
the spacial frequencies the smaller is typically the contrast transfer. Modified from
Reference [86]

For a 1D pixelated detector the Michelson contrast of the hologram fringe intensity
is reduced to 90%, when one oscillation period is sampled by 5 pixels and M drops
to 75% for sampling with 3 pixels [88].

Depending on the noise level in the experiment an effective smallest pixel size
S’ iver Can be introduced in equation (2.7). If the noise corresponds to M=75%,

pize
=3- Spi;ﬂei .

Sl

el
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Modulation Transfer Function
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Figure 2.10: Illustration of the Modulation Transfer Function for all spacial fre-
quencies until the cutoff frequency; The upper part shows the performance of three
different imaging systems. A perfect imaging system would be a horizontal line
without a cutoff frequency. The lower part shows three different frequencies in
the object which are transferred by a non-perfect imaging system into frequencies

with less contrast [86].



Chapter 3

Fourier Transform Holography
with Uniformly Redundant Array
(URA)

The URA-Pattern is a compact array of pinholes positioned in a specific arrange-
ment, which has already been used as aperture in tomographic imaging [13], in
imaging of Laser Driven Compression [32] and in astronomy for time-resolved and
energy-resolved imaging [29].

Although the URA itself is known for a long time, the use as reference pattern in
soft X-ray FTH started only recently [62, 22]. So far, the final reconstructions have
been done in combination with a phase retrieval algorithm [89]. Here, a new way
of reconstruction will be demonstrated without the need to use a phase retrieval

algorithm.

3.1 Definition of an URA-Pattern

The URA-Pattern according to E.E. Fenimore and T.M. Cannon has a structure,
in which each distance appears exactly as often as any other distances between

the holes within this pattern [30]. It is constructed in the following way:
e The URA-Pattern is a matrix A with the dimensions of rx s.
e The values of r and s are prime numbers.

17
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Figure 3.1: 17x19 Basic URA-Pattern from E. Caroli [15]; The black URA-
Elements represent transparent areas, whereas the white URA-Elements represent
opaque arcas. The grey line is a frame to show the exact size of the Basic URA-
Pattern. The meaning of the black and the white URA-Elements will be the same

for all following figures.

e r—s=2.

e The matrix element A(i,7) = A(I,J), with I = mod,i and J = mod,j.
The matrix elements are defined by the following list:

o A(I,J)=0,if =0

o A(I,/)=1if J=0and I #0

o A(ILJ)=1,if C,(I)-Cy(J) = 1

o A(Il,J) =0, otherwise.
C,.(I) and C4(J) are defined by E.E. Fenimore and T.M. Cannon as:

e C.(I) =1, if I = mod,z* where x is an integer and 1 < z < r

o C.(I) = —1, otherwise.

[ is associated with r, the larger of the two prime numbers and J is associated
with s.

An URA, which is the result of this definition, is called Basic URA-Pattern. An
example for a Basic URA-Pattern is shown in figure 3.1. The matrix elements of
the Basic URA-Pattern are called URA-Elements, which consist of ones and zeros
standing for transparent and opaque areas, respectively.

At first one URA-Element is equal to one pixel. In later sections, one URA-Element
will consist of 10x 10 pixels in order to show effects related to transparent areas,

whose shapes are round.
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3.2 Reconstruction via deconvolution

Figure 3.2: Test object

800 1000 1200 1200 1000

0 50 100 150 200 250 0 50 100 150 200 250 0 100 200 300 400 500
Intensity [a.u.] Intensity [a.u.] Intensity [a.u.]

(a) Sample (b) URA-Pattern (c) Final reconstruction

Figure 3.3: Reconstruction via deconvolution; The x and y axes denote pixels of

the matrix.

The URA-Pattern was constructed originally by E.E. Fenimore and T.M. Cannon
[30] for the use as reference pattern via the reconstruction method described in
section 3.3. Nevertheless, a deconvolution method can be used to reconstruct the

object as well.

One of the two cross-correlations obtained via FTH is the convolution of the com-
plex conjugate object with the reference pattern. An obvious way to reconstruct

the object is to deconvolve this cross-correlation with the reference pattern.
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The convolution with cc as the cross-correlation, o as the object, r as the reference
and n as a noise term

cc=0Q@r+mn (3.1)

can be written as a multiplication in Fourier space:
F(cc) = F(o)- F(r)+ F(n) . (3.2)

Transposing equation (3.2) to o leads to the equation of the deconvolution, which

o= [ﬁ (Cf;zr)f(”)] , (3.3)

18:

with .Z 7! as the inverse Fourier transform.
The reconstruction via deconvolution is successful as long as the denominator does
not have values near zero in its matrix. As soon as low values appear in the de-

nominator, the reconstruction is covered by artifacts.

The URA-Pattern is such a reference pattern with low values. The reconstruc-
tion via deconvolution is covered by strong artifacts without a recognizable recon-
structed object.
In order to reduce the artifacts in the reconstruction a filter will be used. A well-
known filter for reducing these kinds of artifacts is the heuristic ”Wiener filter”.
The heuristic ”Wiener filter” is defined as:
Rwiener = _ZOF
Fr) |FM2P+K

(3.4)

where K is a constant, which is determined experimentally [87]. As a note, the
heuristic ”Wiener filter” changes to an inverse filter, when K=0.

The reconstruction via deconvolution with a ”Wiener filter” is:
o=F1! [RWiener . ?(cc)} ) (3.5)

For demonstration purpose an object, seen in figure 3.2, is convolved with the
URA-Pattern, seen in figure 3.3b, via FTH. Noise is included as a Poisson distri-
bution and the ”Wiener filter” approach is used in order to reconstruct the object.
For a low K-value of K=1e7% the reconstruction via deconvolution in figure 3.3c
could be achieved, which shows the properly reconstructed object without very

strong artifacts.
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3.3 Reconstruction via convolution

(a) Basic URA-Pattern 1 (b) Basic URA-Pattern 2

Figure 3.4: Different Basic URA-Patterns generated the same way, but translated

to each other

I T
NI NN [N NN ]

(a) Reference URA-Pattern (b) Reconstruction URA-Pattern

Figure 3.5: The Reference URA-Pattern and the Reconstruction URA-Pattern
with the same Basic URA-Pattern used by E.E. Fenimore and T.M. Cannon

The consideration of the specific characteristic of an URA-Pattern, meaning the
equal amount of all distances within the URA-Pattern, leads to one single peak
at |q|=0 and a relatively flat background with an approximately constant value

in Fourier space. The variations of the otherwise smooth background are minor,
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negligible peaks, which exist due to the finite size of the URA-Elements.

The cross-correlation of the object with the URA-Pattern contains the recon-

structed object, if:
1. The URA-Pattern is not surrounded by empty space.

2. The matrix of the URA-Pattern has the same size as the matrix in which

the cross-correlation is entirely embedded.

The first point is important since the surrounding empty space creates a strong
interference pattern in Fourier space destroying the characteristics of the URA-
Pattern. The second point seems to be trivial. However, it should be remembered
that the convolution of two extended objects leads to a cross-correlation, which is

larger than either one of the two objects and, therefore, denying point one.

E.E. Fenimore and T.M. Cannon [30] found a solution to this dilemma by correlat-
ing the cross-correlation with a second URA-Pattern. The second URA-Pattern
is based on a Basic URA-Pattern, which is either identical or translated, as seen
in figure 3.4, to the Basic URA-Pattern of the first URA-Pattern. It considers
both points by putting copies of one Basic URA-Pattern side by side in x and in
y direction, called mosaicing. The number of Basic URA-Patterns in the second
URA-Pattern depends especially on the size of the first one, since the number of
Basic URA-Patterns in the first URA-Pattern can be increased as well. As a result
a large second URA-Pattern is created, which has no surrounding empty space and

is larger than the cross-correlation.

In the publication of reference [30], E.E. Fenimore and T.M. Cannon demonstrate
the concept with a 2x2 mosaiced first URA-Pattern and a 3x3 mosaiced second
URA-Pattern, shown in figure 3.5.

In FTH the situation is slightly different to the situation in reference [30]. Taking
the complex conjugate cross-correlation, the correlation method of reference [30]

goes over into a convolution method:

d=0@1r"®g . (3.6)
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Here, o is the original object and o the reconstructed object. The first URA-
Pattern r is named as the Reference URA-Pattern, whereas the second URA-
Pattern ¢ is named as the Reconstruction URA-Pattern.

The complex conjugate cross-correlation is cut out of the Fourier transformed holo-
gram and convolved with the Reconstruction URA-Pattern. The Reconstruction
URA-Pattern can consist of many Basic URA-Patterns, each of them reconstruct-
ing the original object. No upper limit exists for the number of Basic URA-
Patterns in the Reconstruction URA-Pattern, therefore, no upper limit exists for
the number of reconstructed objects as seen in figure 3.6¢ and figure 3.6e.

For the final reconstruction more conditions, as said above, have to be considered:

1. The object must be smaller than the Basic URA-Pattern, since the recon-
structed objects in the final reconstruction have a periodicity equal to the
size of the Basic URA-Pattern.

2. A higher number of Basic URA-Patterns in the Reference URA-Pattern in-

creases the contrast.

3. The Basic URA-Patterns in both, the Reference URA-Pattern and the Re-
construction URA-Pattern, might not be identical or translated to each
other, when the URA-Elements consist of more than one pixel. The struc-
ture within the URA-Elements can differ as will be explained in section
3.3.1. Nevertheless, the arrangement of the URA-Elements within both Ba-
sic URA-Patterns as well as the URA-Element sizes are identical.

In figure 3.6 four final reconstructions are presented. The first column shows two
final reconstructions, in which the Reconstruction URA-Pattern has no additional
empty space. The second column shows two final reconstructions in which the Re-
construction URA-Pattern is enlarged by an empty line and an empty row. Figure
3.6a and figure 3.6b show the appropriate Reconstruction URA-Patterns for the
final reconstructions of figure 3.6¢ and of figure 3.6d, respectively. In figure 3.6b
the additional empty space is marked by red lines.

The comparison of figure 3.6¢ with figure 3.6d shows that the additional space in
the Reconstruction URA-Pattern creates a strong overlaying artifact, disturbing
the reconstructed objects.

Although increasing the number of Basic URA-Patterns in the Reconstruction

URA-Pattern does not change the quality of the final reconstruction, seen in the
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comparison of figure 3.6¢ with figure 3.6e, the ratio between the size of the Recon-
struction URA-Pattern versus the added empty space is visible in the artifacts, as
seen in the comparison of figure 3.6d with figure 3.6f. The higher the ratio the
less pronounced are the artifacts. This concludes, if the additional empty space
cannot be avoided, e.g. the matrix has to be even in both dimensions, increasing
the number of Basic URA-Patterns will still reveal reconstructed objects without

artificial overlap, as seen in figure 3.6f.

In figure 3.7 the entire process from the illumination to the final reconstruction is
shown. The beam illuminates the entire sample which is detected in the far field by
a CCD-camera. The hologram is Fourier transformed and leads to the conventional
reconstruction. The complex conjugate cross-correlation is cut out and convolved

with the Reconstruction URA-Pattern leading to the final reconstruction.
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(a) 2x2 Reconstruction URA-Pattern; (b) 2x2 Reconstruction URA-Pattern;
matrix with 82x86 pixels; without ad- matrix with 83x87 pixels; one empty
ditional empty space row and one empty line marked in red
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Figure 3.6: Influence of the Reconstruction URA-Pattern on the quality of the

final reconstruction; The x and y axes denote pixels of the matrix.
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Figure 3.7: The principle for FTH via convolution; The scattered light from the
exit surface of the entirely illuminated sample is detected by a CCD-camera. The
complex conjugate cross-correlation from the Fourier transformed hologram is con-
volved with the Reconstruction URA-Pattern resulting in the reconstructed ob-

jects.
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3.3.1 Ratio of spacing to hole diameter (RSH)

Figure 3.8: SEM-picture of an URA-Pattern with round holes; The blue squares
are examples for opaque URA-Elements, whereas the green squares are examples

for transparent URA-Elements.

The self-supporting Reference URA-Pattern produced by a Focused Ion Beam
(FIB), an example is seen in figure 3.8, cannot be described with one pixel per
URA-Element. One pixel can only represent either a transparent or an opaque
area. A Reference URA-Pattern with URA-Elements consisting of only one pixel
each is, therefore, not self-supporting. Though experiments with a not self-suppor-
ting Reference URA-Pattern exist [62], here only a Reference URA-Pattern is con-
sidered in which the transparent areas are milled through the entire layers requiring
a self-supporting reference pattern.

In order to simulate a self-supporting Reference URA-Pattern, the number of pix-
els within one URA-Element is increased to 10x 10 pixels. Whereas the opaque

URA-Elements represent opaque areas, each transparent URA-Element represents
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Figure 3.9: Transparent URA-Elements with a size of 10x10 pixels and with dif-
ferent RSH-values; The border can be used to verify the RSH-value.

one hole with the size equal to one or several transparent pixels and with its sur-
rounding opaque pixels. Furthermore, in this and in the next two sections, the
transparent URA-Elements are identical to each other.

In figure 3.9 different transparent URA-Elements are shown. The black pixels
represent, transparent areas, whereas the white pixels represent opaque areas. In

figure 3.10 the appropriate Basic URA-Patterns are shown.

The filling of opaque and transparent pixels in one dimension within a transparent
URA-Element can be characterized by a ratio, called ratio of spacing to hole
diameter (RSH). RSH is defined as:

No
RSH =2 . (3.7)

where Ng is the number of opaque and N7 the number of transparent pixels.

The influence in the final reconstruction of different RSH-values in the Reference
and in the Reconstruction URA-Pattern is investigated in the following simula-
tions.

Since the RSH-value in the Reference URA-Pattern can vary due to different influ-



3.3. RECONSTRUCTION VIA CONVOLUTION 29

(a) RSH=0 (b) RSH=2 (c) RSH=1

(d) RSH=1 (e) RSH=9

Figure 3.10: Basic URA-Patterns with different RSH-values

ences in the milling process, the RSH-value for the Reference URA-Pattern in the
simulation is varied accordingly. The Reference URA-Pattern in the simulations

consists of only one Basic URA-Pattern and has different RSH-values, which are
RSH=%, RSH=1, RSHz% and RSH=9.

The Reconstruction URA-Pattern consists of 10x 10 pixels in its URA-Elements
as well and is mosaiced by 3x3 Basic URA-Patterns. In order to find a way
to reconstruct the object successfully without the use of a phase retrieval algo-
rithm, the simulations are done with two different RSH-values in the Reconstruc-
tion URA-Pattern. At first the RSH-value of the transparent URA-Elements in
the Reconstruction URA-Pattern is identical to the RSH-value of the transparent
URA-Elements in the Reference URA-Pattern. In figure 3.11 these reconstructions

are shown. In neither of the final reconstructions the quality is satisfying.

In figure 3.12 the final reconstructions are presented in which the RSH-value of the
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Reconstruction URA-Patterns is RSH=0. RSH=0 for the Reconstruction URA-
Pattern is kept constant for each simulation, independent of the RSH-value in the
Reference URA-Pattern. All final reconstructions are perfect, neither artifacts nor

a reduced quality is visible.

The simulations in this section show the ability of the reconstruction method via
convolution to achieve a perfect reconstruction without a phase retrieval algorithm,
when the RSH-value in the Reconstruction URA-Pattern is zero. In this case and
as long as all transparent URA-Elements are identical within one URA-Pattern,
the quality of the final reconstruction is independent of the RSH-value in the
Reference URA-Pattern.
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Figure 3.11: Final reconstructions with different RSH-values in the Reference
URA-Pattern; The RSH-values in the Reconstruction URA-Pattern are identi-
cal to the RSH-values in the Reference URA-Pattern. The x and y axes denote

pixels of the matrix.
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Figure 3.12: Final reconstructions with different RSH-values in the Reference
URA-Pattern and a constant RSH=0 in the Reconstruction URA-Pattern; The

x and y axes denote pixels of the matrix.
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3.3.2 Mismatch of the URA-Element sizes
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in the Reconstruction URA- in the Reconstruction URA- in the Reconstruction URA-
Pattern Pattern Pattern

Figure 3.13: Reconstruction of an object convolved via FTH with the same Ref-
erence URA-Pattern with an URA-Element size of 10 pixels, but with different

Reconstruction URA-Patterns; The x and y axes denote pixels of the matrix.

In order to reconstruct an object properly, the size of the URA-Elements in the
Reconstruction URA-Pattern has to be identical to the size of the URA-Elements
in the Reference URA-Pattern. It can easily happen that in a real experiment
the correct size of the URA-Elements in the Reference URA-Pattern is hard to

determine.

As will be shown in the experiments of chapter 6 one way to determine the size of
the URA-Elements is to modify the sample within the production cycle by adding
a single pinhole near the Reference URA-Pattern. With the help of this additional
pinhole, the URA-Pattern is imaged via conventional FTH, when the separation
conditions are fulfilled. The reconstructed URA-Pattern defines the URA-Element
size of the Reconstruction URA-Pattern.

In the following the consequences will be investigated, when it is not possible
to determine the correct URA-Element size for the Reconstruction URA-Pattern.
In figure 3.13 three reconstructions are shown. In all three reconstructions the
Reference URA-Pattern is identical, it consists of one Basic URA-Pattern with
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RSH=0 and an URA-Element size of 10x10 pixels. The Reconstruction URA-
Patterns are mosaiced of 3x3 Basic URA-Patterns with RSH=0, but different
URA-Element sizes.

The only successful reconstruction is found, when the Reconstruction URA-Pattern
has an URA-Element size of 10x10 pixels as well, meaning when the URA-Element
size in the Reconstruction URA-Pattern is identical to the URA-Element size in
the Reference URA-Pattern. This is seen in figure 3.13b.

As soon as the URA-Element size differs by £10%, the final reconstructions are not
successful anymore. The final reconstructions with a Reconstruction URA-Pattern
of an URA-Element size of 9x9 pixels and of an URA-Element size of 11x11 pixels
are seen in figure 3.13a and figure 3.13c, respectively. Both final reconstructions

show no detail of the object.

3.3.3 Imperfect illumination

The correct coherent illumination of the sample with an URA-Pattern as reference
is important. In a sample with an URA-Pattern as reference all holes of the URA-
Pattern contribute to the same reconstructed object. Therefore, the lack of a
homogeneous and coherent illumination is clearly visible in the final reconstruction.

Four scenarios are investigated in this section.

1. The Reference URA-Pattern and the object are both illuminated coherently

without spatial intensity variation.

2. The Reference URA-Pattern is illuminated with an intensity gradient de-
scribed by a linear slope, ranging from 0 to 1. The object is illuminated with

constant intensity.

3. The Reference URA-Pattern and the object are illuminated by a Gaussian
beam profile, which has a FWHM of 911 pixels.

4. The Reference URA-Pattern and the object are illuminated by a Gaussian
beam profile, which has a FWHM of 527 pixels.

Whereas the different illuminated samples are seen in figure 3.14, the final re-

constructions are seen in figure 3.15. All scenarios are reconstructed with 3x3
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mosaiced Reconstruction URA-Patterns with RSH=0.

As expected the first scenario, shown in figure 3.14a, delivers perfectly recon-
structed objects, seen in figure 3.15a.

As soon as the object and the Reference URA-Pattern are not homogeneously il-
luminated, the final reconstructions get noticeable worse. Since the exit surface of
the object is imaged, the inhomogeneously illuminated object is reconstructed ac-
cording to the intensity of illumination, whereas the inhomogeneously illuminated

Reference URA-Pattern will lead to strong artifacts.
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(a) First scenario

(b) Second scenario

(¢) Third scenario

(d) Fourth scenario

Figure 3.14: Four scenarios with the same sample and a different coherent illumi-

nation; The scale bar denotes 100 pixels.
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Figure 3.15: Final reconstructions of the four scenarios with differently illuminated
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3.3.4 Imperfect production

In section 3.3.1 the ability to reconstruct an object properly with a Reconstruc-
tion URA-Pattern, which has RSH=0, is explained. The condition for such a per-
fect reconstruction is that all transparent URA-Elements in the Reference URA-
Pattern are identical. In this case the exact structure within the transparent
URA-Elements can be neglected.

As soon as the transparent URA-Elements are not identical to each other, the final
reconstruction deteriorates. Two parameters, which can influence the quality of

the final reconstruction are:
1. The sizes of the holes within the transparent URA-Elements
2. The positions of the holes within the transparent URA-Elements.

In figure 3.16 the Reference URA-Patterns as well as the associated reconstruc-
tions can be seen.

Comparing the reconstructions of figures 3.16b and 3.16d discloses that the differ-
ent positions of the holes lead to an uneven background with only slight artifacts
in the signal intensity of the object. Although the hole diameter is equal, the dif-
ferent spacings between the holes destroy the characteristics of the URA-Pattern.
The same happens, when the sizes of the holes differ in the Reference URA-Pattern.
The different hole sizes lead to different spacings and destroy once more the char-
acteristics of the URA-Pattern. In addition, the different individual hole sizes
contribute individual images with different resolutions to the final image. As all
holes in the Reference URA-Pattern contribute to the final reconstructed object,

the different hole sizes result in a reduction of the quality in the final reconstruction.

These investigations lead to the conclusion that it is important to observe hole
sizes and hole positions while producing a Reference URA-Pattern. Differences in
hole sizes and in hole positions will worsen the final reconstruction.

Examples for mispositioned holes and for an imperfection of hole sizes in a Ref-
erence URA-Pattern produced by FIB-milling are presented in figure 3.17 and
figure 3.18, respectively. Details of the FIB-production process will be discussed

in section 5.4.
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Figure 3.18: Example for imperfect hole sizes in the Reference URA-Pattern



Chapter 4

Fourier Transform Holography
with Extended Reference by
Autocorrelation Linear

Differential Operation
(HERALDO)

FTH with a HERALDO-Pattern leads to a completely different reconstruction
method compared to the reconstruction methods using multiple references. In
HERALDO the reference points are mathematically generated after the hologram
is detected.

Furthermore, the HERALDO-Pattern can be adjusted according to the sample of

investigation due to the high flexibility for different reference patterns.

Principle of HERALDO

In figure 4.1 the principle of HERALDO compared to conventional FTH is illus-
trated. In the first line the reconstruction via conventional FTH is shown, whereas
in the second line the reconstruction via HERALDO is seen. Both reconstruction
methods are based on the same concept, the original object is convolved with a

reference point leading directly to the reconstructed object. The difference lies in

41
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Figure 4.1: Comparison between conventional FTH and HERALDO; The up-
per line shows the reconstruction via conventional FTH, whereas the lower line
shows the reconstruction via HERALDO. Two different sizes of reference points
are shown: red: smaller reference point, black: larger reference point. The re-
sulting final reconstructions are seen in the right pictures, which demonstrate the

effect of different resolutions.

the reference point itself. Whereas in conventional FTH, the reference point is a
single pinhole, the reference point in HERALDO must be mathematically gener-
ated by taking the derivative, for instance at the endpoints of a line.

In both methods the resolution of the reconstructed object depends on the quality
of the reference point. Whereas the resolution in conventional FTH depends on the
diameter of the pinhole, the resolution in HERALDO depends on the transition
between highest transmission and highest absorption along the derivative is taken
at a corner of a reference. The shorter the transition the higher is the resolution.
In addition to the resolution, the contrast in the final reconstruction can be in-
fluenced by the HERALDO-Pattern as well, contrary to conventional FTH. The
contrast in the final reconstruction is higher the higher the transmission difference
between highest transmission and highest absorption at the corner of a reference.
The relation between transmission difference and contrast is quadratic. Increasing
the transmission difference by a factor of two leads to a contrast increase by a

factor of four. An illustration is seen in figure 4.2.
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Figure 4.2: Illustration of the relation between transmission difference and contrast

in the final reconstruction

4.1 Differential operator

4.1.1 General linear differential operator

The concept of using the HERALDO-Pattern as reference is to reconstruct the
object by applying a n-th order linear differential operator:

n an
P =S p 41
(1= wgrg ) (4.)
onto the autocorrelation of the entire sample leading to:

X("){f@)f*} = 3("){0®0*}+Z(”){r®r*}—I—Z("){o®r*}+o§,’(”){r®o*} . (4.2)

Considering the separation conditions for the HERALDO-Pattern the last two
terms can resolve the object, when the linear differential operator applied on the

reference r(x,y) will lead to:

L r(x,y)} = Ad(x — 20)3(y — yo) + g(z,y) (4.3)

where A is an arbitrary complex-valued constant and g(x,y) reflects the geometry
of the extended reference. If a linear differential operator, solving equation (4.3),

can be found, the following identities are used in order to resolve the object:

LMo} = (1) [0 ® LM {r*) (4.4)
L ro} = 20 {rteo . (4.5)
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Using only the first summand of equation (4.3) by making the assumption that
the function g(z,y) is zero around the position of the d-functions at (xq,yo) and
(—z0, —yo) with at least a radius equal to the radius of the object and negligible

elsewhere, the following equations are obtained:

LWo@r} = (=1)"A%o(z + 0,y + Yo (4.6)
g(n){T@)O*} = Ao (x —xo,y —y0) - (4.7)

Here, the shifting property of the d-function is used. Equations (4.6) and (4.7)
show the ability to reconstruct the object properly, if an appropriate linear differ-
ential operator is found and applied onto the cross-correlation.

In reference [40] different HERALDO-Patterns and their appropriate linear differ-
ential operators are shown. In this thesis a slit as reference will be investigated
and the appropriate Z™ is the first derivative in the direction of this slit, which

is approximated as a line.

4.1.2 Linear differential operator for a slit

The appropriate linear differential operator for a slit is derived along the x-axis
at first in a non-rotated and secondly, in a rotated system. The rotated and the

non-rotated system enclose the included angle a.

Non-rotated system

A line with the length L as reference in the HERALDO-Pattern can be described

mathematically as:

G |

with H(z) as the Heaviside function, which is defined as:

0, if <0
H(@)=4q1, if >0 (4.9)
%, if =0

The length L must be larger than the diameter of the object in order to fulfill the
separation conditions for a HERALDO-Pattern.

Since
0
p H(z) =46(z) (4.10)
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the appropriate linear differential operator is found by:
g = (4.11)
ox

This operator applied onto the reference line will result in:

(%r(:l?,y) = 4(y) {5 (a: + g) -9 (m - é)} - (4.12)

With equation (4.12) two reference points are obtained in accordance with the
separation conditions for a HERALDO-Pattern.

Rotated system

If the derivative is not along the x-axis in the non-rotated system, either .ZM{.}
or the coordinate system must be rotated. Here, the latter one has been chosen.

In the rotated system the new coordinates (z,7) are defined as:

T = xcos(a) —y sin(a) (4.13)
x sin(a) +y cos(ar) . (4.14)

<
Il

The first order linear differential operator for a slit in the rotated system is derived

as:

L) = 1) = cosla) {0} + sinfe) 0} = e Vel (419

where V is the Nabla-operator and e, is the unit vector with the included angle

« to the x-axis.

The operator in equation (4.15) will be applied onto the cross-correlation between
the object and the slit, which is an operation in real space.
The application of a linear differential operator in real space can be realized via a

multiplication in Fourier space. Since the one-dimensional Fourier transform is:

Fk) = / Fl)e2edy (4.16)
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the derivative & F (k) will lead to:

O iy = [ iy D gioeie
%F(k:)—/f(x)%e dx

IR (4.17)
= —i27r/a:f(x)e_i2”kmdx

—00
Here, the angle has not been considered, yet. The importance of equation (4.17)
lies in the multiplication of z with f(z) meaning the derivative of 5 F(k) can be
transformed into a simple multiplication for easier numerical calculation.

Including the angle o and considering a 2D case, the derivative e, - Vi F'(k) is:
e, ViF(k) = —i2m // (:U cos(ar) + y3in(&)>f(x,y)e’i%(k'x)dxdy . (4.18)

Equation (4.18) is the formula used for the reconstruction of the experimental data

in chapter 6.

The angle o must be determined experimentally in order to use equation (4.18).
The determination of the angle can be done either from the diffraction pattern or
by Fourier transforming the hologram into real space without multiplication. In
the first case it can be exploited that the reference line produces a strong diffraction
pattern with the included angle 90° + «v in regard to the x-axis. In the second case
it can be exploited that the autocorrelation of the line also includes the angle «

relative to the x-axis.

4.2 Reconstruction in HERALDO

HERALDO with a line as reference will be simulated in this section. The sample
is shown in figure 4.3a. The convolution of the object with the line via FTH leads
to the hologram shown in figure 4.3b. A 2D FF'T results in the conventional recon-
struction seen in figure 4.3c. Here, the objects can already be imagined at the ends
of the two lines. The line profile through the complex conjugate cross-correlation,
seen in figure 4.3e, shows the edges, in which the two objects are encoded. Since
the reference line has an included angle o = 0 to the x-axis, equation (4.12) will

be used for the final reconstruction. Equation (4.12) describes a first derivative
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with respect to x of the cross-correlation. After the differentiation with respect to
x of the entire conventional reconstruction, figure 4.3d is obtained. As seen in the
appropriate line profile, figure 4.3f, and in equation (4.12), the §-functions at the
ends of the line have opposite signs resulting in reconstructed objects with positive
and negative intensity, respectively.

For the final reconstruction in section 6.2 it must be kept in mind that the the-
oretical description of the derivative of the Fourier transformed hologram applies
to the case that first the magnitude of the conventional reconstruction is obtained
and subsequently the derivative of the Fourier transformed hologram is calculated.
In that way the reconstructed objects of the same cross-correlation have different
signs in their intensities.

The signs in the intensities of the reconstructed objects will be equal as soon as
the differentiation is transferred into a multiplication, as it has been done in the
measurement in section 6.2. There, the magnitude of the conventional reconstruc-
tion is taken at last, after the multiplication is applied, making all intensities of

the reconstructed objects positive.
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Figure 4.3: Reconstruction via HERALDO; The x and y axes denote pixels of the

matrix.
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4.3 Advantages and disadvantages

Advantages
Intensity of the reconstructed object

In conventional FTH with a point-like reference structure the increase of the signal
intensity is the direct consequence of increasing the diameter of the pinhole, which
leads to a reduction in the resolution.

In HERALDO the increase of the signal intensity is not directly connected with
only one parameter. Here, the signal intensity depends on the line width as well
as on the transmission difference between highest transmission and highest ab-
sorption at the reference corner. While the increase of the line width reduces the
resolution, the increase of the transmission difference between highest transmission
and highest absorption at the reference corner raises the signal intensity without
losing resolution. This characteristic gives the main advantage over conventional
FTH.

Production

Producing small pinholes in multiple reference patterns by a FIB is still a challenge
today. An easier way is the production of a line or a rectangle. In the milling
process of a pinhole the removed mask material redeposits itself also in the hole.
This makes the production of high aspect structures very difficult.

In contrast the area for redeposition is much larger in a line or rectangle providing
the possibility to mill the line in such a way that the removed mask material does
not deposit itself at the position of the ion bombardment leading to a higher aspect

structure.

Disadvantages
Large opening

Considering the same amount of effective reference points the HERALDO-Pattern
has a larger open area for soft X-rays compared to reference patterns consisting of
only pinholes.

Due to the wide opening in a HERALDO-Pattern the dynamic range of the holo-

gram is mostly determined by the scattered light at low |g|-values. Since the



50 CHAPTER 4. FTH WITH HERALDO

dynamic range of the CCD-camera is limited, the effective dynamic range in order
to resolve the interference pattern between object and reference is shorter in the
HERALDO-Pattern than in the multiple reference pattern.

Therefore, minimizing the openings in the reference pattern results in a higher

resolution to resolve the interference pattern.

Noise and derivation

Noise is always present in measurements. Typically, the noise level in the final
reconstruction is set by the signal intensity, the exposure time and the properties
of the CCD-camera.

In a measurement with a HERALDO-Pattern as reference, however, the noise level
is additionally influenced by the reconstruction method via HERALDO. In the
reconstruction via HERALDO the noise is further increased, when the derivative
from the noisy Fourier transformed hologram is taken. The increase of the noise
level in the final reconstruction is plausible by looking at the derivative itself. The
higher the slope between two points the higher is the value of the derivative.

The increase of noise due to the derivative is the main drawback for a HERALDO-

Pattern as reference in FTH.

4.4 Rotation

Typically, in soft X-ray FTH in transmission mode the samples are measured or-
thogonal to the sample surface. In this case the resolution in regard to the reference
points in both, the multiple and the extended reference pattern, is defined by the
dimensions in the reference pattern and cannot be changed during measurement.
In the sample with an URA-Pattern the resolution is defined by the diameter of
the pinholes, whereas in the sample with a HERALDO-Pattern the resolution is
defined by the transitions between highest transmission and highest absorption

along the directions of the derivatives at the corners.

As soon as the possibility is given that the sample can be rotated, the resolution in
regard to the reference points is not clearly defined anymore. Rotating the sample

will include another parameter, the thickness of the reference pattern. Here, the
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rotation is only considered in which the rotation axis lies within the plane of the
surface.
In soft X-ray FTH in transmission mode the thickness is very high compared to

the typical lengths in the reference patterns. Most often the ratio is 1:10.

In multiple reference patterns, like the URA-Pattern, the high aspect ratio leads to
the situation that these samples cannot be rotated by large angles. The pinholes
have typically a diameter of 100 nm in a layer with a thickness of 1 ym. After ap-
proximately 0.1° every passing photon of the incoming light will interact with one
of the side walls in the pinhole. This situation is independent of the orientation
of the rotation axis. Therefore, rotating a sample makes only sense, when the as-

pect ratio between thickness and at least one length in the reference pattern is low.

A HERALDO-Pattern can fulfill this condition. For the description of the rotation
with a HERALDO-Pattern only the special case of a single line as reference is con-
sidered any further. In the special case of the single reference line, treated as 1D
structure, it only makes sense to discuss the rotation further, when the rotation
axis is perpendicular to the length of the line.

All reference lines in the HERALDO-Samples for soft X-ray FTH produced so far
had a length of 1 um and larger. In these cases the aspect ratio between layer
thickness and line length has always been 1:1 and lower. With a low aspect ratio
of 1:1 and lower the sample can be rotated by 45° and more and still provides an
opening for the photons.

It will be shown in the following that the rotation of the single reference line leads
to two purposes, the increase of the resolution and the contrast in the final recon-
struction on the one side and to the feasibility of doing tomography on the other

side.

Resolution and contrast

Whereas the increase of the contrast of the reconstructed objects depends only on
the rotation angle «, the increase of the resolution depends in addition on the edge

shape.
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While the material absorbs according to the Beer-Lambert-Bouguer law: [(z) =
Toe ", the assumption is made that the thickness of the material is so thin that
the light is not entirely absorbed, in order to understand the benefit of the rota-
tion. In this case the basics can be understand, firstly, how the resolution depends
on the rotation angle v and the edge shape and secondly, how the contrast depends

on the rotation angle ~.

In figure 4.4 different reference lines are seen. In the first column the line pro-
files of the single reference lines are illustrated. Each reference line is illuminated
from up to down. The resulting reference points, illustrated in the second column,
convolved with the object, seen in the third column, result in two reconstructed

objects, shown in the fourth column.

At first the reference line will have sharp edges at its ends. In the illustration it
can be verified that the resolution is highest, when the reference point is close to
a o-function.

In the first case the edges of the line ends are parallel to the beam of illumination
and the sample is illuminated orthogonal to the surface. In this case the transition
between highest transmission and highest absorption can be approximated to an
infinitesimal short step length leading to a reference point with a shape close to a
o-function.

The resolution decreases the larger the length of the transition between highest
transmission and highest absorption. In figure 4.4b an example of a lower resolu-
tion is seen.

In figure 4.4c the rotation of the reference line is taken into consideration. In this
example the rotation angle 7 is set equal to 90°-¢ with ¢ as the steepness angle of
one edge in the reference line. In this case it leads to one optimum rotation angle
Yopt=90°-¢. Here, the edge parallel to the beam exhibits a resolution close to that
of a d-function, whereas the other side of the line exhibits a decreased resolution

after rotation.

Taking rounded edges into consideration leads to broadened reference points, as
seen in figure 4.4d.
Rotating a reference line with rounded edges leads to an increase and a decrease in

resolution like in the case of sharp edges, too, but a resolution close to a d-function
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cannot be achieved under any angle . In figure 4.4e such a situation is illustrated.
After rotation the FWHM of one soft edge is smaller, whereas the FWHM of the

second edge is wider as it is in the case with v=0.

Beside decreasing and increasing the resolution the contrast is changed during ro-
tation as well. With increasing the rotation angle ~y the projected thickness along
the propagation of light raises, too, resulting in an increase of the intensity differ-
ence between highest transmission and highest absorption. However, this scenario

is independent of the edge shapes at the reference line ends.

Tomography

The second purpose for rotating a HERALDO-Sample is the ability to carry out
tomography. Since the object may be a three dimensional structure and is mea-
sured in transmission mode, the projection of the absorption or the phase shift
inside the object along the propagation of light is represented in the final recon-
struction. Rotating the sample will reveal the information of absorption or the
phase shift in dependence on the angle v. Combining all reconstructed objects,
recorded at different angles 7’s, allows to create a 3D visualization of the object.
The visualized 3D image shows the absorption or the phase shift inside the object
with the resolution given by the transition length at the corner under the angle ~.
However, one drawback of soft X-ray tomography with HERALDO is the depen-
dency on the angle in regard to the resolution. Thus, the resulting 3D image will
show the inside of the object with different resolutions depending on the angle of

view.
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Figure 4.4: Rotation with HERALDO



Chapter 5
Experimental Setup

The experimental conditions for the measurements with the URA-Sample and the
HERALDO-Sample are presented in this section. It contains the radiation source,
the coherence of the radiation and the support of the sample needed to record an
soft X-ray hologram.

Furthermore, the milling process of the holography mask via FIB is discussed.

5.1 Synchrotron source

The experiments with the URA-Sample and the HERALDO-Sample were both
carried out at BESSY II. The high brilliance synchrotron facility BESSY 1II is a
third generation light source in the vacuum ultraviolet to soft X-ray range. It

stores electrons at an energy of 1.7 GeV and delivers radiation with a brilliance of
3-10'® [photons/sec/(mm mrad)?/0.1%BW] at about 300eV.

The URA-Sample and the HERALDO-Sample have been investigated at beamline
UE112_PGM-1 and at beamline U41_PGM, respectively.

Beamline UE112 PGM-1

In figure 5.1 the optical layout of the beamline UE112_ PGM-1 is illustrated. The
beamline UE112_PGM-1 has a plane grating monochromator operating in an en-
ergy range from 20eV up to 600eV. At the focus position the beam has a size of
(80x 30) pm, when the exit slit is closed to 20 gm. The beam divergence is 1.4 mrad

25
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Figure 5.1: Optical layout of the beamline UE112_ PGM-1 [83]

horizontally and 0.5 mrad vertically. At an energy of 150 eV and an energy resolu-
tion of 30000 [83] the longitudinal coherence length is 124 ym. In order to increase
the transverse coherence length, the sample is moved 90 cm downstream behind

the focus position, which leads to a transverse coherence length of 47 pm.

Beamline U41 PGM

In figure 5.2 an illustration of the optical layout of the beamline U41 PGM is
seen. The energy range of this beamline goes from 170eV to 1800eV, which is
delivered by a plane grating monochromator. At the focus position the beam has
a size of (23x12) pum, horizontally and vertically. At this beamline the horizontal
divergence is 1.2mrad and the vertical divergence is 0.5 mrad. At an energy of
800 eV and an energy resolution of 2000 [84] the longitudinal coherence length is
2 pm. Furthermore, the sample was placed around 60 cm downstream behind the

focus in order to increase the transverse coherence length to 66 pm.
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Figure 5.2: Optical layout of the beamline U41_PGM [84]

5.2 Coherence of light

In this thesis the term "light” typically denotes synchrotron radiation in the range
of soft X-rays.

FTH is one of the imaging techniques in which the coherence of light is manda-
tory. Coherence is illustrated in figure 5.3. Two points in the wavefield are called
coherently correlated, when the electric field amplitude and the phase of one point
can be determined by knowing the electric field amplitude and the phase of the
second point at any time. If this is true for any two points at arbitrary positions
in the wavefield, then the entire radiation field is said to be coherent.

The wavefields of real sources are neither completely coherent nor fully incoher-
ent. Fully incoherent means that there is no correlation at all at any time. All
real sources are partly coherent, meaning within a specific distance the electric
field amplitude and the phase of one point can be determined by any other point
within this distance.

In figure 5.3 the coherence correlation is divided into the transverse and the longi-

tudinal coherence length. The scheme illustrates both definitions. The transverse
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Figure 5.4: Longitudinal coherence length [20]

coherence length is the distance to which two points are coherently correlated or-
thogonal to the propagation of the light, whereas the longitudinal coherence length
is the distance to which two points are correlated along the direction of propaga-

tion.

Via the shape of the wavefield the transverse coherence length is related to the
finite source size and to the distance between the point of observation and the
source. With the Heisenberg uncertainty equation AzAk > g the relation for the
transverse coherence length is obtained:

P ZA
coh = 27d

Here, A is the wavelength in the wavefield, d the size of the source and z the dis-

(5.1)

tance between the point of observation and the source.
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The longitudinal coherence length is defined over the bandwidth of the emitted
radiation as illustrated in figure 5.4. In the scheme a light source is presented
emitting radiation of the wavelength A with a specific bandwidth A\, though only
the longest and the shortest wavelength of the bandwidth are shown. At the source
both wavelengths are in phase meaning two photons at the source are coherent
correlated. At a specific distance .., the two wavelengths are exactly in antiphase.
When two photons are considered, one at the source, the other one separated by
the distance [, or larger, it is said that both photons are uncorrelated.
In form of an equation the longitudinal coherence length is:
22
leoh = 5AN

(5.2)

This equation is obtained by setting l.,, = NA = (N — %)()\—I—A)\) and transposing
it to NA = leop-

Coherent light sources

Coherently correlated photons can be created in different ways, from the emission
of a white bulb to the radiation of an undulator. The important parameter of the
radiation source is the brilliance, also known as spectral brightness. The better
the brilliance of a light source the higher is the available coherent photon flux for

an FTH experiment. The brilliance is defined as:

[total number of photons]

brilliance = (5.3)

[time] - [area] - [solid angle] - [energy bandwidth]

Radiation from sources with low intrinsic coherence can be filtered to select the
coherent part of the emitted radiation. In figure 5.5 a white light bulb is shown.
The white bulb emitting polychrome light as an extended source (a) can be trans-
formed into a point light source, having a higher transverse coherence length (b),
into a monochrome light emitting source, having a higher longitudinal coherence
length (c), or into both, a point source emitting monochrome light, having both,
a higher transverse and a higher longitudinal coherence length (d).

Although the filtered point light source can be used as radiation source for FTH,
the efficiency is very low due to a very low brilliance. Especially for measurements
with short exposure times, a high brilliance source is mandatory. Suitable high

brilliance sources for soft X-ray F'TH are the undulator radiation of the synchrotron
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radiation facility BESSY II and the undulator radiation of the Free Electron Laser
FLASH.

a)

>)

>) K

b)

c) (n

Figure 5.5: Creation of a monochrome point light source [70]; a: extended light
source emitting polychrome light; b: point light source emitting polychrome light;
c: extended light source emitting monochrome light; d: point light source emitting

monochrome light

5.3 Support of the sample

FTH-mask

In this thesis the URA-Sample and the HERALDO-Sample are measured in soft
X-ray FTH in transmission mode. Since the soft X-rays are absorbed within less
than 1 pm from most materials, some special preparations have to be considered
first. Beside being in vacuum the support for the sample has to be very thin in

order to avoid a strong decrease in signal intensity.
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Figure 5.6: An entire SizNy-membrane with a size of 50 pm x 50 gm and a thickness

of 50 nm is irradiated by an ion beam of 1 nA until it brakes.

In recent years a suitable support has been found and already been used in sev-
eral measurements, the SizNy-membrane. SizN, is strong, when it comes to a
freestanding thin membrane. Dimensions of a SizNjg-membrane are for instance
100 pm x 100 pm x 50 nm.

It should be noted, nevertheless, that later steps in the production of holography
masks can destroy the SigNj-membrane as seen in figure 5.6. In the example of
figure 5.6 the entire SizNy-membrane with a thickness of 50 nm was illuminated
by a strong ion beam of 1 nA. After 60s the membrane broke. While substantially
lower ion currents of about 2pA are typically used for the milling procedures of
the holography masks, the ion currents must, nevertheless, be considered carefully,
when membrane thicknesses of 20 nm and below are used. A wavelike pattern on

the membrane is often a first sign for a possible destruction as shown in figure 5.6.

(a) SlgN;

Figure 5.7: Transmissions of different materials with a thickness of 50 nm [85]
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Figure 5.8: Transmission of gold for a thickness of 1 um [85]

A further strength of SisNy is the low absorption coefficient for soft X-rays com-
pared to other materials, at least in certain ranges of the soft X-ray spectrum. In
figure 5.7 the transmissions between 10eV and 1000eV for a thickness of 50 nm
are shown for SigNy and gold, respectively. It can be seen that above 500eV the
transmission is at around 80% and higher for SizN4, whereas for gold the trans-
mission above 500eV is at around 30% and higher.

The HERALDO-Pattern has been measured at a photon energy of 800eV. At
800 eV the transmission in SizgNy lies by 93%, whereas in gold the transmission lies
by 47%.

Though SizN, might not be the ideal supporting layer for the energy range be-
low 500eV, SisNy has also been used as support for measurements at 150eV. At
150eV SigNy has a lower transmission coefficient as gold, with a transmission of
30% compared to 50% in gold.

The samples in this thesis are only test samples in order to investigate the poten-
tial of the URA-Pattern and the HERALDO-Pattern as references in soft X-ray
FTH in transmission mode. For this purpose SizN,-membranes are covered with
gold, typically with a thickness of 1 pm, in order to avoid unscattered light to be
detected by the CCD-camera. The transmission for 1 pum gold is seen in figure 5.8.
At 150eV and a thickness of 1 pm the transmission is 4.3310-107°, whereas at
800 eV and a thickness of 1 um the transmission is 0.33338-10°% times the inten-

sity of the incoming radiation [85].
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Figure 5.9: Gold is a good absorber for soft X-rays, but is difficult to handle in the

fabrication of object holes and reference holes due to its microcrystalline structure.

The structures are milled into the gold coated SizNs;-membrane with a FIB. Both,
the object and the reference pattern, are milled entirely through the gold layer
and the Si3sN ;-membrane.

Although gold is a good material for a soft X-ray absorber, the microcrystalline
structure of gold provides a challenge for the milling of fine reference structures,
as the milling yield depends on the relative orientation of the crystal axes to the
focused ion beam. In figure 5.9 the effect is illustrated by the presence of "hard

grains”.

A scheme of a complete mask for soft X-ray FTH is seen in figure 5.10.

B 2N

/ | N

SigN,4 Object Reference hole

Figure 5.10: Mask for soft X-ray FTH
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(a) Sample holder (b) FIB-holder

Figure 5.11: Two different membrane holders for measurements with soft X-rays

Membrane holder

SizNs-membranes have been fabricated in two different sizes of silicon wafers. The
one kind of a silicon wafer has a size of 10 mm x5 mm, whereas the other kind has
a size of 5mm x5 mm.

In order to fix the silicon wafer on the holder, two new holders have been con-
structed. One sample holder, seen in figure 5.11a, holds six silicon wafers.

In order to produce the samples the SizN,;-membranes have to be transferred into
a FIB. To minimize the risk of damage, a special sample holder, seen in figure
5.11b, has been constructed, which fits both into the FIB and into the soft X-ray

scattering apparatus.

5.4 Nanofabrication by Focused Ion Beam

The Focused Ton Beam (FIB) allows to produce structures in the range of some
nanometers to several micrometers. The dual beam FIB used in this thesis consists

of two main parts, the electron column and the ion column. The electron column
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Figure 5.12: Different positions of the sample for different imaging modes

(a) Resolution of the electron column (b) Resolution of the ion column

Figure 5.13: Resolution of the electron column and of the ion column

is used for imaging, whereas the ion column is used for the milling procedure due
to the typically ~1.3-10° higher mass of the ions compared to the electrons. The
ions with their high momentum, gained through the acceleration by a high voltage,

remove surface atoms leaving a crater in the material of production.

The unit for electrons as a stand alone machine is known as Scanning Electron
Microscope (SEM). This unit consists of an electron gun, an electric field as ac-
celerator and electromagnetic lenses to influence the shape of the electron beam
and to focus the electrons on the sample. In figure 5.12a and figure 5.12b two pic-
tures are shown how the sample will be placed in regard to the electron column.
The distance between the sample and the end of the electron gun, which is called

"Képpchen”, can vary. The larger the distance between the "Kéappchen” and the
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Figure 5.14: HERALDO-Pattern

(a) 20nm (b) 1.1 nm | | (¢) 7.1nm

Figure 5.15: Smallest achieved diameters for high resolution FTH

sample, the larger will be the depth of field.
In order to work with the electron column and the ion column at the same time

the sample is very close to the " Kappchen” as seen in figure 5.12b and figure 5.12c.

In the electron column the electrons are accelerated by a maximum voltage of
10kV. With this acceleration a resolution of 2nm can be obtained, which is seen

in the electron raster image 5.13a.

The ion column is similar to the electron column, but has to take into account the

opposite charge and the larger mass of the ions accelerated here. It also consists
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(a) Electrons (b) Tons

Figure 5.16: Different contrasts with electrons and ions

(a) Milling procedure with Cartesian coordi- (b) Hole

nates

Figure 5.17: The milling procedure sets the ion beam according to Cartesian

coordinates complicating the fabrication of smooth round holes.

of a gun, an accelerator unit and electromagnetic lenses to influence the shape of
the ion beam and to focus the ions on the sample. The emitted ions are gallium
ions and are accelerated by 30 kV. The number of accelerated gallium ions, the ion
current, depends on the process the user wants to do. In the case of fabricating a

mask for FTH, an ion current between 1 pA and 10 pA is used.

In figure 5.14 a HERALDO-Pattern, produced by the described FIB, is seen. It
consists of an object and two reference lines. The achieved sizes of reference holes
in multiple reference patterns had an average size of 40nm. In figure 5.15 the

smallest diameters achieved for a reference hole are seen.
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(a) 50 Hz noise (b) Higher noise fre-  (c) Charge effects  (d) Software problems

quency

(e) Drift (f) Jumps (g) Hardware problems

Figure 5.18: Different kinds of FIB-production artifacts

If the sample is stable enough to survive the ion bombardments, the ion column
can be used as imaging tool as well. In figure 5.13b a resolution of 20nm is
demonstrated. However, images taken with the ion column are not typically used
in combination with a gold layer as the gold is significantly milled away during
image acquisition. The images of the ion column shown here have been done at a
time when the ion source was close to being empty. In this case the gold stayed
long enough to be viewed.

In the relatively fortunate case of imaging with ions the sample can be imaged
by the electron and the ion column showing different contrasts in the sample. An
example is shown in figure 5.16. In figure 5.16a the sample is imaged by electrons,

whereas in figure 5.16b, the sample is imaged by ions.

Though several samples have been fabricated with this particular FIB, some disor-
ders were encountered, making the milling procedure difficult. Particular difficul-
ties for structuring in the nanometer range, seen in figure 5.17 and in figure 5.18,

were:
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variations in the nominal versus real ion current

no support for circular shapes in the patterning software

drift of the sample relative to the ion beam

intermittent oscillatory noise on the pattern beam

sudden jumps of the sample stage

The drift could partially be corrected by a drift correction, which uses image recog-

nition on a reference structure.

(a) Scratch (b) Parts broke off (c) SisNg-membrane torn off

Figure 5.19: Three examples of damaging the wafer with a tweezers

In addition to the disorders some handling difficulties have been encountered as
well. In figure 5.19a and in figure 5.19b two examples are shown, in which the
surface of the wafer is scratched due to the use of tweezers. With a wafer size of
S5mmx5mm it might happen that the SizN,-membrane will tear away from the
silicon wafer. If the SisNj;-membrane is already sputtered with gold, the tearing

off does not necessarily lead to a broken SizN,-membrane as seen in figure 5.19c.

Production of the sample "RK26”

With this FIB the sample "RK26”, shown in figure 5.20, is produced. The figure
shows the test object at the bottom of the picture, the Reference URA-Pattern
in the upper part and two additional reference pinholes at the right side of the
picture. The four holes close together at the left side of the picture are markers

for the drift correction. It turned out that the four point layout is most suitable
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for a drift correction with a high repetition rate, like in the case of this sample.
The structures of the sample have been produced separately.

The Reference URA-Pattern with its 162 pinholes is milled with an ion current
of 2pA, with 10s per pinhole split in 100 repeats. The drift correction has been
applied 172 times every 42s.

The two additional pinholes are milled with an ion current of 2pA as well, but
with a milling time of 120 s for the lower pinhole and 240 s for the upper pinhole,
without drift correction.

The object is milled with an ion current of 2pA. The total milling time for the
cross has been set to 200 s, whereas the four adjacent pinholes had a total milling
time of 120s each. Both structures are milled with 100 repeats and without drift

correction.

Markers for software
drift correction

e

Figure 5.20: Sample "RK26”



Chapter 6
Results and Discussion

The considerations in chapter 3 and chapter 4 are the basis of the experiments
described in this chapter. The measurement of the URA-Sample using its new
way of hologram reconstruction and the measurement of the HERALDO-Sample

are proof-of-principle experiments for soft X-ray FTH in transmission mode.

6.1 URA in soft X-ray FTH

Soft X-ray imaging with an URA-Pattern as reference in FTH has been recently
reported in reference [62]. In this publication the authors used a self-supporting
URA-Pattern to extract the reconstructed object from the experimental data by
using a deconvolution method in combination with a phase retrieval algorithm [89].
In the following experiment the sample with an URA-Pattern as reference is mea-
sured in soft X-ray FTH in transmission mode and is reconstructed according to
the convolution method described in section 3.3.1 without the need for a phase

retrieval algorithm.

Sample "RK26”

The sample "RK26” is measured at beamline UE112_ PGM-1 with an energy of
150 eV, which is equivalent to the wavelength of 8.3nm. The sample is placed
900 mm behind the beamline focus position leading to a transverse coherence
length of 47 ym. Further downstream at 217mm behind the sample the CCD-

camera is placed. At this distance the diffraction limited resolution is calculated

71



72 CHAPTER 6. RESULTS AND DISCUSSION

114 nm
123 nm
203_hm
236 nm
950 nm
940 nm

= 93nm
= 133 nm

= 88 nm
=163 nm
= 374 nm
= 107 nm
.'=" 426 nm -

- ® 1T O T O
1l

T o N M e o9 r
|

= 73 nm
363 nm

= 80nm
= 412 nm
.85 nm
= 134 nm
=_'113.' nm

Ziegh e Aars
I

200 nm May = 5419 KX EHT = 10.00 Ky Signal A = SE2 Date 5 Nov 2008

I ! FIBMag= 390 KX WD= 49 mm gil Aperture Size = 30.00 pm
FIB Mode = Imaging Noise Reducti Frame Int. DoneFIB Probe = 30KV:2 pA System Vacuum = 1.12e 006 mbar

Figure 6.1: SEM-picture of the object in "RK26” with length markers; point of
view: orthogonal to the surface; grey areas: edges with flat slopes; arrows: terraces

arisen due to milling disorders, visible in the reconstructed object in figure 6.9b

to dpin, =130 nm and d,,,, =66 pm, according to section 2.3.1. d,in, is calculated
for the shortest distance between center and border of the CCD-chip. Since the
CCD-chip is squared, the corners of the CCD-chip detect |g|-values belonging to
distances down to din, = 92 nm. However, it should be kept in mind that only the

distance d,,;,, can be resolved in all directions.

The object, which will be investigated in this experiment, is seen in figure 6.1.
Since the thickness of the layer, in which the structure is milled into, is over 1 pm,
the distances marked in the SEM-picture show the smallest and largest possi-
ble distinguishable lengths in the different milled parts, respectively. Though the
different lengths will be a lot smaller and larger on the other side of the layer,
respectively, it must be kept in mind that the absorption in the measurement is

lower, the deeper the structure is milled.
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Figure 6.2: SEM-picture of the Reference URA-Pattern in ”RK26”

Note that figure 6.1 shows a top view of the sample. Several side walls of the
aperture have a significant slope such as the regions marked by arrows. As will be

seen later, this effect is visible in the soft X-ray transmission images of the sample.

The object of figure 6.1 is convolved with a Reference URA-Pattern, which is
seen in figure 6.2. The Reference URA-Pattern is assembled of only one Basic
URA-Pattern, which consists of 17x19 URA-Elements and is created according
to section 3.1.

The Reference URA-Pattern is larger than the object, which is, according to
section 3.3, a precondition for the successful reconstruction via the convolution
method. It will be seen that the size ratio of 1:6 between the Reference URA-
Pattern and the object is found again in the final reconstruction.

Another precondition for the Reference URA-Pattern is the production of its holes.

According to section 3.3.4, the transparent URA-Elements must be identical in or-
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der to avoid artifacts. Looking at the size of the holes in figure 6.2, over 90% look
very similar to each other. The holes within the transparent URA-Elements are
well positioned, too, when the shear geometry is considered in the borders of the
URA-Elements. In this case the borders have not a rectangle, but a rhombus
shape. It will be shown in the convolution method that this shear geometry can-
not be taken into account in the reconstruction procedure. Most probably this is
the main reason for the poor performance of the convolution method with respect
to increasing the signal to noise ratio of the reconstructed object, while sustaining
the high resolution of conventional FTH.

Under ideal conditions, avoiding the shear geometry and improving the diffraction
limited resolution, the achievable resolution due to the diameter of the pinholes
should be 70nm along the y-axis and 120nm along the x-axis, as seen in figure
6.2. In addition to the improved resolution, the reference beam intensity would
be 162 times higher compared to conventional FTH due to the 162 pinholes in the
Reference URA-Pattern.

In figure 6.3 the entire sample is shown. The SEM-picture shows the SizNy-side.
The large bright area and the large dark area in the SEM-picture show the location
of gold and silicon, respectively, directly behind the SizNy-layer. As a reminder,
the material structure is seen in figure 5.10. Since the SizNy-layer is only 100 nm
thin, the primary electrons of the electron gun in the SEM penetrate through
the SizNy-layer and create secondary electrons, which penetrate back through the
SizNy-layer to the secondary electron detector used to generate the image. More
secondary electrons are created in the gold than in the silicon, therefore, the gold
appears brighter than the silicon.

The distance between the object and the Reference URA-Pattern is very large
ensuring that the separation conditions of section 2.2 are followed.

The two additional pinholes, seen in figure 6.3, are not necessarily needed for
the convolution method. However, this special feature in the sample allows the
comparison between the convolution method, the deconvolution method and the

conventional method, which will be considered later in this section.

The hologram of the sample is seen in figure 6.4. The center of the hologram is
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Figure 6.3: SEM-picture of the sample "RK26”; This picture is taken from the

SipsNy-side of the wafer. The entire field of view is covered with Si;N,. The contrast

between gold (bright on the right) and silicon (dark on the left) is seen through
the thin Si;Ny-layer on top.

well positioned in the middle of the CCD-chip leading to the ability to resolve
dpmin, equally in all directions.

Due to the strong illumination, unscattered light passes through the sample and
reduces the exposure time and, therefore, the effective dynamic range for the de-
tection of the hologram. A beamstop, made out of a high vacuum compatible
epoxy bead on a 150 um tungsten wire, blocks the unscattered light. Unfortu-
nately, the beamstop blocks also scattered light with low |g|-values. Since the
beamstop is positioned acentric in regard to the center of the hologram, different
ranges of |g|-values are covered. Due to the shape and position of the beamstop,
lengths of 5 um and larger in all directions in the sample are reconstructed with
a reduced quality in the final reconstruction. In addition, since the beamstop is

elongated and acentric positioned along the x-axis, lengths in the same direction
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Figure 6.4: Hologram of "RK26”; The x and y axes denote pixels. 1 pixel is equal
to 0.03nm™1.

with a size of 2.5 um and above cannot be properly reconstructed. However, the
longest distance in the object is smaller than 1 pm, meaning the beamstop does
not influence the quality of the final reconstruction.

A slight influence on the quality of the final reconstruction is exerted by the Bragg-
Peaks, created by the Reference URA-Pattern. In several |¢|-regions the Bragg-
Peaks are more intense than the diffraction pattern of the object. The remaining
diffraction pattern of the Reference URA-Pattern, apart from the Bragg-Peaks, is
almost not visible in the entire view and only slightly visible in the cutout.
Though the Bragg-Peaks are more intense than the diffraction pattern of the ob-
ject, they are not the most intense areas in the hologram and thus not limiting
the CCD exposure time. The area with low |g|-values is the most intense area and

restricts the exposure time to 240s. In order to reduce the noise level relatively to
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Figure 6.5: Entire view of the Fourier transformed hologram; The x and y axes

denote pixels. 1 pixel is equal to 32 nm.

the signal intensity the measurement is accumulated 10 times leading to a summed

exposure time of 2400s.

The Fourier transform of the hologram is seen in figure 6.5. In the hologram dif-
ferent cross-correlations are visible. It is visible as well that artifacts from the
center spread out and partly reach the cross-correlations. However, the influence
of these artifacts is not significant. These artifacts in the background of the cross-
correlations are removed by a rolling ball background subtraction function with 6

pixels as diameter, available in the program ”ImageJ”.
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Figure 6.6: Cross-correlation between object and Reference URA-Pattern; The x

and y axes denote pixels. 1 pixel is equal to 32 nm.

For the convolution method only the cross-correlation between the object and the
Reference URA-Pattern is considered, which is seen in figure 6.6. This cross-
correlation is convolved with the Reconstruction URA-Pattern, seen in figure 6.7.
The Reconstruction URA-Pattern has an URA-Element size of 11x 11 pixels. For
now, the size of the URA-Elements is a free parameter due to experimental un-
certainties. It will be seen later that the special design of the sample allows the
direct determination of the URA-Element size in the Reference URA-Pattern and,
therefore, according to section 3.3, the size of the URA-Elements in the Recon-
struction URA-Pattern.

Furthermore, the Reconstruction URA-Pattern is mosaiced of 3x3 Basic URA-
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Figure 6.7: The Reconstruction URA-Pattern for the convolution method in order
to reconstruct the object of "RK26”; The matrix consists of 561 x 627 pixels.

Patterns, which are generated the same way as the Basic URA-Pattern of the
Reference URA-Pattern. Therefore, the Reconstruction URA-Pattern consists of
51x57 URA-Elements leading to a total size of 561 x 627 pixels. The total size of
the Reconstruction URA-Pattern defines the size of the empty matrix, in which
the cross-correlation between object and the Reference URA-Pattern is embedded,
which has, therefore, a size of 561 x 627 pixels as well.

The most important parameter in the Reconstruction URA-Pattern is, however,
the RSH value. According to section 3.3.1 the quality of the final reconstruction is
only perfect, when RSH=0 in the Reconstruction URA-Pattern, which is the case

here.

According to section 3.3 the 3x3 Basic URA-Patterns create nine reconstructed
objects. In the final reconstruction of the convolution method, presented in figure
6.8, the nine reconstructed objects are seen, though five reconstructed objects are
split by the border. The four properly reconstructed objects in the middle of the

picture show the principal success of the reconstruction method via convolution. It
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Figure 6.8: Final reconstruction of "RK26” via the convolution method without
a phase retrieval algorithm; The x and y axes denote pixels. 1 pixel is equal to

32 nm.

should be noticed that this reconstruction has been done without a phase retrieval
algorithm, which is the main idea behind the use of the URA-Pattern as reference
in the convolution method.

However, the quality of the final reconstruction is poor. Though the reconstructed
object is visible, it does not show the fine details of the original object, seen in
figure 6.1. Due to the special design of the sample, critical parameters for a good
final reconstruction can be checked. Critical parameters are the geometry, the
homogeneous illumination and the transmission of the Reference URA-Pattern.
The illumination and the transmission can be checked by looking at the cross-
correlation between object and Reference URA-Pattern. The illumination and the
transmission are not perfectly homogeneous. The illumination and the transmis-
sion vary along the Reference URA-Pattern by about a factor of 3 as will be seen
below, which certainly reduces the quality of the final reconstruction. However,

the non-uniformity of the exit wave behind the URA is only one part of the quality
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reduction.

The quality of the holes in the Reference URA-Pattern has already been dis-
cussed. The hole sizes and the hole positions have been evaluated by looking at
the SEM-picture of figure 6.2. It has been found that the positions of the holes are
well placed, when the shear geometry is neglected. However, this shear geometry
seems to be the main reason for the loss of the quality in the final reconstruction.
Over the entire height of the Reference URA-Pattern the URA-Elements in the
top line are shifted by almost a full length of an URA-Element relative to the
URA-Elements in the bottom line. This shift should be considered in the Recon-
struction URA-Pattern. However, shifting the URA-Elements in relation to each
other in the Reconstruction URA-Pattern leads to additional empty spaces and
with it to additional strong artifacts as seen in figure 3.6d. Therefore, the shear
geometry is very disadvantageous and should be addressed at the fabrication level
in future experiments.

Moreover, as said above, the quality of the final reconstruction depends on the
hole sizes in the Reference URA-Pattern. While the sizes of the holes only have
a small variance in the SEM-picture of figure 6.2, it will be shown below that
the transmission through the different holes varies noticeable within the Reference
URA-Pattern. According to section 3.3.4, this variation reduces the quality of the
reconstruction further.

Another parameter, which influences the quality of the final reconstruction, is the
correct size of the URA-Elements in the Reconstruction URA-Pattern. Though
the URA-Element size can be determined, especially through the special design
of the sample, the size of the URA-Element is not exactly 11x 11 pixels, but on
average 11.1x10.8. Due to the requirement for an integer number for the pixel
size in the numerical treatment, the rounding to the next integer leads to a further

reduction of the quality, according to section 3.3.2.

The sample "RK26” is specially designed in so far as two additional pinholes are
placed near the Reference URA-Pattern as seen in figure 6.3. Both pinholes fol-
low the separation conditions for many pinholes as described in section 2.2. After
the Fourier transform of the hologram the upper pinhole in figure 6.3 creates low
contrast cross-correlations. Therefore, it is not considered any further. The lower

pinhole creates cross-correlations with good contrast as seen in figure 6.9a and
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Figure 6.9: Reconstructions via conventional FTH; The x and y axes denote pixels.

1 pixel is equal to 32 nm.

in figure 6.9b. Figure 6.9 shows the reconstructions via conventional FTH. Since
the convolution method and conventional FTH are based on pinholes as reference
points, figure 6.9b clearly shows how the object should be reconstructed via the
convolution method. Moreover, since the reconstruction in figure 6.9b has only one
pinhole as reference and the Reference URA-Pattern for the convolution method
consists of 162 pinholes, the final reconstruction in the convolution method should
be approximately 162 times as intense as the reconstruction in figure 6.9b.

Note that the lines indicated by arrows are not artifacts of the imaging process,
but do correspond to the side wall slope as indicated in figure 6.1. Most likely
sample creep during the FIB-milling process, as seen in figure 5.18, generated ter-

races which show up strongly in the transmission image.

In order to determine approximately the resolution in the convolution method, the
resolution in the reconstruction via conventional FTH is determined first. In the
conventional FTH-image shown in figure 6.9b the resolution is diffraction limited
to 92nm in the diagonal and to 130 nm along the coordinate axes.

In contrast, the resolution achieved in the convolution method is significantly
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Figure 6.10: Convolution of the reconstructed object of figure 6.9b with a Gaussian

shape profile; The x and y axes denote pixels. 1 pixel is equal to 32 nm.

poorer. The image obtained is shown in figure 6.8. To determine the resolution
obtained in the convolution method the reconstruction in figure 6.9b is convolved
with a Gaussian shaped profile. The FWHM of the Gaussian shape profile in the
resulting convolution in figure 6.10 is 500 nm. Therefore, the resolution in the

convolution method is determined to 500 nm.

In addition, the special design of the sample "RK26” unveils the transmission in
the Reference URA-Pattern. The reconstructed URA-Pattern is seen in figure
6.9a. This image shows the exit surface intensity of the Reference URA-Pattern at
the photon energy of 150eV. It should be noted that this information is typically
not available, e.g. from a SEM-picture. The reconstruction of the URA-Pattern
shows that approximately 30% of the holes within the Reference URA-Pattern are
entirely milled through, whereas 5% of the holes absorb to much light in order to
contribute a significant amount to the final reconstruction. The rest of the holes
has a reduced transmission, but still contributes to the final reconstruction. These
different transmissions lead in the reconstruction via convolution to additional ar-

tifacts as mentioned previously.

The reconstruction via the convolution method is one way to achieve an image of
the original object, when the URA-Pattern is used as reference. Since the origi-

nal object and the Reference URA-Pattern are convolved via FTH, an alternative
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Figure 6.11: Final reconstruction of "RK26” via the deconvolution method with
a heuristic ”Wiener filter”; The x and y axes denote pixels. 1 pixel is equal to

32 nm.

way of reconstructing the original object is the reconstruction via deconvolution.
This route is possible as the exit surface intensity of the Reference URA-Pattern
is determined, which is shown in figure 6.9a.

A reconstruction via deconvolution, according to equation 3.5 in section 3.2, is
presented in figure 6.11. The ”Wiener filter” had a value of K=1e™?.

Overall the quality of the final reconstruction in figure 6.11 is not as good as the
quality of the reconstruction via conventional FTH. Though the resolution is high
and identical to the resolution in conventional FTH with a single pinhole, the con-
trast is very low making many parts of the object hard to distinguish from the

otherwise smooth background.

The quality of all three final reconstructions is compared again in figure 6.12. Un-
der the condition the experiment has been done, including the production process,

the reconstruction via conventional FTH achieves best results. The convolution
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Figure 6.12: Comparison of all three reconstruction methods; The x and y axes

denote pixels. 1 pixel is equal to 32 nm.

method achieves the worst results: apparently signal intensity is gained at the
expense of resolution. Moreover, the resolution of the reconstruction via deconvo-
lution taking the real transmission of the URA-Pattern into account is very much
superior to the results achieved via convolution.

The poor quality of the final reconstruction in the convolution method is mainly
due to the shear distortion in the Reference URA-Pattern, as it is not considered
in the reconstruction process. In contrast, in the final reconstruction via the de-
convolution method the shear geometry is explicitly included in the reconstruction
procedure leading to a better quality as in the case of the convolution method.
Future improvements can be made by optimizing especially the production quality
of the Reference URA-Pattern. For a Reference URA-Pattern with high accuracy
relative to the defined URA-geometry the convolution method is a promising tech-

nique to retain the resolution of a single pinhole and to increase the signal intensity.

Finally, one more note should be given to the Fourier transform of the hologram.
Unexpectedly, additional object images are found near the reconstructed URA-
Pattern as seen in figure 6.13. Although they cover a relative large area around
the reconstructed URA-Pattern, these additional images do not effect the recon-
structed URA-Pattern significantly. The additional images must arise from cross-
correlations between the object and tiny pinholes. It seems that through the

sputtering process of the polycrystalline gold mask, tiny channels have been cre-
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Figure 6.13: Reconstructed objects due to tiny cracks near the object; The x and

y axes denote pixels. 1 pixel is equal to 32 nm.

ated, which act as tiny reference points. From the positions of the additional
cross-correlations in the Fourier transformed hologram, their location on the mask
can be determined. A reinspection of this area via SEM is planned for the near

future in order to assess the nature of these unexpected reference beams.



6.2. SOFT X-RAY HERALDO 87

6.2 Soft X-ray HERALDO

The use of a HERALDO-Pattern as reference in visible light has been reported
recently [41]. Here, the use of the HERALDO-concept in the soft X-ray regime is
demonstrated for the first time. For this proof-of-principle experiment the refer-
ence for HERALDO is a single line, which will create two reconstructed objects
in one cross-correlation as described in section 4.2. The HERALDO-Sample for
the experiment has been produced via FIB-milling by O. Wilhelmi from the FEI

company according to our sample design.

Figure 6.14: Object of the HERALDO-Sample ” TV-Tower”

Sample ”TV-Tower”

A FTH-experiment with the HERALDO-Sample ”"TV-Tower” has been carried
out at beamline U41_PGM with a photon energy of 800 eV, which is equivalent to
a wavelength of 1.5nm. The sample is placed 600 mm behind the beamline focus

point leading to a transverse coherence length of 66 ym. Further downstream the
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CCD-camera is placed at a distance of 250 mm behind the sample. The diffraction
limited resolution at this position is calculated to dpn, =28 nm, dy,, =20 nm and

Amae = 14 pm.
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Figure 6.15: Side view of the object in the sample " TV-Tower”

The test object is displayed in figure 6.14, which represents the ”TV-Tower” of
Berlin. It will be seen that the object has some fine structures suitable for deter-
mining the resolution in the final reconstruction, like the thin antenna, the sphere
of the "TV-Tower” and a gold chunk in the lowest opening of the "TV-Tower”.
While the gold chunk is hardly visible in figure 6.14, the gold chunk is better to see
in figure 6.15. The gold chunk indicates the fact that the openings in the object
are milled through the gold layer, but not through the SizNy-layer.

In figure 6.15 an additional design feature is visible. The areas between the open-
ings are only milled half through the gold layer. It will be shown that these areas
are distinguishable in the final reconstruction leading to the ability to image ob-

jects with parts of different heights.
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Figure 6.16: Thickness of the gold layer

Since figure 6.15 is a view under an angle of 54°, the thickness of the layer is
visible. According to figure 6.16 the thickness of the gold layer is 1.22 ym. Al-
though the gold layer is very thick leading to a transmission of 1.26e~® times the
incoming photons with an energy of 800¢V, it will be seen that the thickness is
not high enough to absorb the entire beam leading to the detection of scattered

and unscattered photons.

Figure 6.17: Reference line in the sample " TV-Tower”

The reference in the HERALDO-experiment is a line, which is seen in figure 6.17.
The line is longer by a factor of six compared to the largest width in the object
and, therefore, fulfilling the separation conditions for a HERALDO-Pattern as de-
scribed in section 2.2. Furthermore, in figure 6.17 the quality of the reference line
can be evaluated. There are no additional nooks visible along the line meaning
only the ends will create the reconstructed objects. However, it will be seen in
the final reconstruction that apparently nooks exist within the depth of the line,

which influence the soft X-ray transmission and give rise to ”ghost images”.

In figure 6.18 the entire sample is seen. The distance between the reference line
and the object is so high that the separation conditions of section 2.2 are clearly
followed. The additional pinhole on the left side is not considered any further. It

does not disturb the cross-correlations of interest.
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Figure 6.18: Front side of the entire sample " TV-Tower”

It is important to know for the evaluation of the final reconstruction, which struc-
tures are milled through the gold layer. The sample from the backside is seen in
figure 6.19a.

The most important part is the reference line, which is seen in figure 6.19¢. Also
at the backside of the reference line no additional nooks are visible. Comparing
figure 6.19¢ with figure 6.17 the transition length between highest transmission and
highest absorption is determined by the difference of the line lengths to 103 nm
at each end of the line. The transition length of 103 nm is only an approximation
in regard to the final resolution, since the correct absorption of the light is not
considered.

The object, seen in figure 6.19b, is not milled through the SizNy-layer as mentioned
above. However, it can be seen that only the big openings of the object are milled
through the gold layer. All other fine structures consist of gold in their opening

and are not visible.
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Figure 6.19: Back side of the HERALDO-Sample with its reference line and its
object
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stop; sum of 400 exposures sum of 600 exposures

Figure 6.20: Measurements with the HERALDO-Pattern, without and with beam-

stop; The x and y axes denote pixels. 1 pixel is equal to 0.07nm™!.
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The HERALDO-Sample has been measured twice, once without beamstop and
once with beamstop, shown in figure 6.20. Both measurements had an exposure
time of 1s and were accumulated 400 times without beamstop and 600 times with
beamstop in order to improve the noise statistic.

In the middle of the hologram without beamstop, seen in figure 6.20a, the projec-
tion of the membrane window is clearly visible as a rounded square. The projection
is generated by light which transmits through the membrane window without be-
ing scattered by the sample, despite a high absorption coefficient of =15 ;%m
The projection covers the area with low |g|-values, in which the first maxima of
distances of 1.1 ym and larger along the x-axis and distances of 1.3 um and larger
along the y-axis are located. These distances will not be reconstructed properly.
Since the object is larger than 1.3 um along the y-axis, the background-level at
two points separated by a distance larger than 1.3 ym along the y-axis is not com-

parable.

The dynamic range in the hologram is typically more expanded than the dynamic
range of the CCD-camera. Through the transmission of the unscattered light, seen
in figure 6.21a alone, the dynamic range in the hologram is enlarged even further.
In order to increase the dynamic range later in the reconstruction to the same
extent as the dynamic range in the hologram the second measurement is done
including the beamstop as seen in figure 6.20b. The beamstop is large enough to
cover all unscattered light.

The two measurements are stitched together in figure 6.21 in order to gain the re-
quested high dynamic range. The stitched hologram alone is seen in figure 6.21b.
Since the unscattered light creates strong artifacts after the Fourier transform of
the hologram, the middle of the hologram is cut as seen in figure 6.21c and replaced

by a 2D Gaussian shape profile as seen in figure 6.21d.

According to section 4.2 the object is reconstructed via equation (4.18) by applying
firstly a multiplication and afterwards a Fourier transform. The angle o needed
for the multiplication is determined in the hologram to av=-1.55°.

The stitched hologram multiplied by the angle « is seen in figure 6.22. The correct

angle « is confirmed by looking at the streaks created by the thin reference line in
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Figure 6.21: Stitching the holograms together; The x and y axes denote pixels. 1

pixel is equal to 0.07 nm™*.

figure 6.22, which are exactly split in two halves.

The Fourier transform of the multiplied hologram leads to the real part as seen
in figure 6.23a, which shows clearly the different signs in the intensities of the
reconstructed objects.

Taking the magnitude of the Fourier transformed hologram leads to the final re-
construction in figure 6.23b. In the associated cutout, seen in figure 6.24a, both
reconstructed objects of the same cross-correlation have positive intensities as ex-

pected according to section 4.2.
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Figure 6.22: Stitched hologram multiplied by «; The x and y axes denote pixels.

1 pixel is equal to 0.07 nm™!.

The artifacts, which look like branches from the middle of the final reconstruction,
are fortunately not disturbing the reconstructed object significantly. Beside the
branch-like artifacts there are other artifacts visible between the reconstructed ob-
jects in figure 6.24a. These artificial structures appear to be faint ”ghost images”
created in between the end points of the reference line. It is suspected that these
artifacts are due to the quality of the reference line. Tiny nooks in the side walls
of the line - not visible in the SEM-images from the front and back - will act as
weak references in the HERALDO-process.

The resolution in the final reconstruction is determined by looking at the antenna
of the "TV-Tower” in figure 6.14. By comparing figure 6.24a with figure 6.14, the
visible height of the reconstructed antenna is determined to 1.26 ym, which leads
to a resolution of 48 nm. The high resolution is confirmed by the comparison with
other fine structures like the crack between the two upper openings or by the gold

chunk in the lowest opening of the ”TV-Tower”, seen in figure 6.25a and in figure
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Figure 6.23: The real part and the magnitude of the final reconstruction of the
HERALDO-Sample; The x and y axes denote pixels. 1 pixel is equal to 14 nm.

6.25b, respectively. Features with a size of 3 pixels & 14 nm can be discerned.

In the final reconstruction with a false color scale, seen in figure 6.24b, the fine
structures are clearer to see. Furthermore, in the false color image, it is well visible
that the parts between the openings are not entirely milled through the gold layer,
which are displayed by a green to yellow color.

From this successful reconstruction at 48 nm resolution it can be concluded that
the HERALDO-concept is a suitable approach to generate a reference in soft X-ray
FTH.

One advantage of the HERALDO-Pattern is the feasibility to be rotatable. In fig-
ure 6.26 the sample is rotated by v=-10°. It is visible that the left reconstructed
object has a worse resolution than the right reconstructed object. In section 4.4 it
is explained that the resolution is increased by shorten and decreased by lengthen
the transition length between highest transmission and highest absorption. Here,
the edges of the reference line in this sample are not parallel to the beam under
orthogonal illumination, therefore, the resolution increases and decreases by rotat-

ing the sample. The result can be seen comparing figure 6.26 with figure 6.24a.
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Figure 6.24: Cutout with the magnitude of the final reconstruction of the
HERALDO-Sample; The x and y axes denote pixels. 1 pixel is equal to 14 nm.

In figure 6.26 the sphere of the ”TV-Tower” is taken for the determination of the
resolution, which is 28 nm.

Furthermore, in the same comparison of figure 6.26 with figure 6.24a the increase
of the contrast due to the rotation is visible. While rotating the sample, the path-
length of the light to propagate through the sample increases resulting in a higher
intensity difference between highest transmission and highest absorption. Accord-
ing to section 4.4 this increase of the intensity difference leads to an increase of

the contrast in the final reconstruction.

Besides increasing the resolution, another advantage is that the rotation can be
used to view the object under different angles, as explained in section 4.4. Viewing

the object under different angles and detecting the absorption along the direction
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Figure 6.25: Parts in the shaft of the " TV-Tower” for the confirmation of the high

resolution; The x and y axes denote pixels. 1 pixel is equal to 14 nm.

of view different projections are recordable. From a suitable number of projections
a 3D image can be retrieved in principle, showing the spatial absorption inside the
object. To illustrate the concept, figure 6.27 shows the object under 0°, 10° and
20°. While the data quality certainly needs to be improved, one can see that
different projections with different information content are obtained.

It is thus clear that tomography will be a principal possibility with a HERALDO-
Sample, although the fact that the image resolution changes as a function of angle

is an impediment.
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Figure 6.26: Sample "TV-Tower” rotated by -10°; The x and y axes denote pixels.

1 pixel is equal to 14 nm.
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Figure 6.27: Rotation series with a HERALDO-Sample; The x and y axes denote

pixels. 1 pixel is equal to 14 nm.



Chapter 7
Summary and Outlook

In soft X-ray FTH in transmission mode several parameters, from the quality of the
reference structure to the transverse coherence length of the incoming beam, are
under investigation in order to gain a better quality of the reconstructed object in
the final reconstruction. In experiments with a short exposure time one parameter
is especially longing for improvement, the signal intensity. In conventional FTH
with only one single pinhole the signal intensity can be improved by increasing
the exposure time, if the object is static. However, when dynamics in objects are
investigated or when investigated objects are not radiation resistant, this is not
always an option. In such cases, a possibility to increase the signal intensity is

most welcome.

In this thesis it is presented that the signal intensity can be increased, when the
number of reference points is raised, which can happen in two different ways. Ei-
ther the layout of conventional FTH with its one pinhole is modified by increasing
the number of pinholes or a new layout is taken and the reference points are math-
ematically generated after the hologram is detected. The former one leads to the
multiple reference pattern, whereas the latter one leads to the extended reference

pattern.

The first reference pattern investigated in this thesis is the URA-Pattern, which
belongs to the multiple reference pattern. The URA-Pattern is a compact ref-
erence pattern, in which the pinholes are arranged in a specific way, so that all
distances between them appear equally often. Although each pinhole follows the

separation condition of conventional FTH, the distances between the pinholes are

99
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so close that the reconstructed objects overlap each other.

In order to disentangle the reconstructed object the complex conjugate cross-
correlation is convolved with a second URA-Pattern, the Reconstruction URA-
Pattern. The Reconstruction URA-Pattern and the Reference URA-Pattern are
based on the same Basic URA-Pattern, except for the RSH-value, which describes
the ratio between the spacing and the diameter of the holes. The RSH-value is the
most important parameter in order to disentangle the reconstructed object with-
out the need of a phase retrieval algorithm. The RSH-value in the Reconstruction
URA-Pattern is always zero, independent of the RSH-value in the Reference URA-
Pattern.

In order to use the convolution method properly, the Reference URA-Pattern must
follow several requirements. Beside being produced with a very high accuracy and
being entirely homogeneously illuminated, the Reference URA-Pattern must be

larger than the object.

With the available FIB of the Helmholtz-Zentrum Berlin a sample with a test ob-
ject and an URA-Pattern as reference has been produced. The sample consists of
a self-supporting Basic URA-Pattern with 162 pinholes as reference. The aim of
the first measurement is to show the ability of the convolution method to recon-
struct an object without a phase retrieval algorithm under the condition that the
Reference URA-Pattern is a self-supporting URA-Pattern with RSH>0.

Due to the 162 times more pinholes in the Reference URA-Pattern compared to
conventional FTH with its one pinhole, the signal intensity in the final recon-
struction should be increased by a factor of approximately 162. Furthermore, the
resolution should be as good as in conventional FTH, which is 130 nm.

However, the quality of the final reconstruction is poor, the expected superiority
of the convolution method compared to conventional FTH could not be shown.
There are several parameters, which need to be improved in order to make the
convolution method competitive with conventional FTH. The most important im-
provement is the quality of the Reference URA-Pattern. At first the shear geome-
try in the Reference URA-Pattern should be avoided in the fabrication process by
any means. The shear geometry mainly reduces the quality of the final reconstruc-
tion. Secondly, the size of the pinholes must be produced more homogeneously.
Thirdly, the coherent illumination of the sample should be more homogeneously,

too.



101

The same URA-Sample includes a pinhole located next to the object and the
Reference URA-Pattern. The pinhole is used in order to reconstruct the object
separately via conventional FTH. This reconstruction allows the comparison of the
convolution method with conventional FTH. Under the given circumstances the
reconstruction via conventional FTH leads to a superior reconstructed object.

In the chosen mask design the pinhole reconstructs the Reference URA-Pattern as
well. The convolved object can thus be reconstructed by a deconvolution method
as the Reference URA-Pattern is well characterized in its transmission at the
wavelength used in the experiment. The shear deformation of the Reference URA-
Pattern is automatically accounted for in the deconvolution method, which is the
reason why the reconstruction via deconvolution is superior to the reconstruction
via convolution under the given circumstances. The resolution achieved via de-
convolution is 130 nm, the same as in conventional FTH with a single pinhole.
However, the contrast of the final reconstruction via deconvolution is poor com-
pared to conventional FTH.

The deconvolution with an URA-Pattern as reference is new in so far that the
URA-Pattern for the deconvolution is reconstructed in the same measurement as
the cross-correlation between object and Reference URA-Pattern, providing more
precise information about the Reference URA-Pattern like the real transmission

of the pinholes.

The second reference pattern introduced in this thesis belongs to the extended
reference pattern, the HERALDO-Pattern. The HERALDO-Pattern consists only
of reference structures, which include corners or kinks. These corners or kinks in
the reference structure of a HERALDO-Sample act as reference points. The refer-
ence points have to be mathematically generated after the hologram is detected.
In the Fourier transformed hologram a reference point is obtained by taking the
derivative along the edges at a corner or a kink. The higher the intensity difference
between highest transmission and highest absorption at the edge perpendicular to
the direction of the derivation the higher is the contrast in the final reconstruction.
The resolution depends on the transition length between highest transmission and
highest absorption at this edge. The smaller the transition the higher is the reso-

lution.
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So far, HERALDO-experiments have only been reported using visible radiation. In
this thesis first soft X-ray HERALDO-experiments are presented. The HERALDO-
Pattern consists of a single line with its ends acting as reference points. To produce
the reference points the derivative has been taken along the line length. Using the
HERALDO-approach it has been possible to encode and reconstruct an image of
a test object. A resolution of 48 nm has been achieved.

Furthermore, a special feature of the HERALDO-Pattern is presented. The special
feature is to rotate the entire sample, allowing to increase the resolution and the
contrast in the final reconstruction. With a rotation of -10° a resolution of 28 nm
is achieved.

In principle a rotation can be used to view the sample under different angles lead-
ing to the feasibility to do tomography. This approach is demonstrated by an
experiment with a sample rotation of 10° and 20°.

The results in the HERALDO-measurement can be improved by increasing the
quality of the reference line like producing sharp corners and avoiding any hidden

nooks.

Comparing the multiple and the extended reference pattern leads to advantages
and disadvantages for both reference patterns.

The advantage of the URA-Pattern is its compactness and its small open area.
The disadvantage is its complexity to produce the accurate pinhole pattern.

The advantage of the HERALDO-Pattern is its ease of production and the ability
to vary the contrast and the resolution in the final reconstruction by rotating the
sample. The disadvantage is its wide opening and the higher sensitivity to noise
compared to multiple reference patterns.

Despite the disadvantages for each reference pattern both kinds of reference pat-
terns are interesting for future soft X-ray FTH-experiments. They both have the
potential to increase the signal intensity during a constant exposure time. Es-
pecially for future single shot FEL-experiments with an exposure time of several
femtoseconds, the multiple and the extended reference pattern are of interest.

In addition the feasibility of the HERALDO-Pattern to be rotatable may lead to

new kinds of experiments with depth resolution.
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Appendix B

Deutsche Zusammenfassung

Mannigfaltige und ausgedehnte Referenzen in der Fourier Transforma-

tions Holographie

Die Fourier Transformations Holographie (FTH) im Bereich der weichen Réntgen-
strahlung hat sich vor allem durch die Einfiihrung Freier Elektronenlaser (FEL)
zu einem schnell wachsenden Forschungsgebiet entwickelt. In der klassischen FTH
mit einem einzelnen Punktloch als Referenz sind Untersuchungen von Objekten
auf kurzen Zeitskalen typischerweise mit einer schwachen Signalausbeute verbun-
den. Die hohe transversale Koharenz der FELs ercffnet die Mdoglichkeit, Referen-
zstrukturen in der FTH zu erweitern, um eine hohere Signalausbeute bei gleicher

Belichtungszeit zu erhalten.

Im Bereich der erweiterten Referenzen werden in dieser Arbeit zwei Strukturen
vorgestellt, das mannigfaltige und das ausgedehnte Referenzmuster. Ersteres be-
steht ausschliefllich aus Punktlochern, letzteres hingegen kann jegliche Gestalt mit
mindestens einer Ecke annehmen. Als Vertreter der mannigfaltigen Referenz-
muster wird die URA und als Vertreter der ausgedehnten Referenzmuster wird
das HERALDO-Muster diskutiert.

Die URA besteht aus vielen eng beieinander liegenden Punktlochern, die zusam-
men eine kompakte Referenzstruktur bilden. Die Anordnung der Punktlocher ist
so gewahlt, dass jeder Abstand zwischen ihnen gleich haufig vorkommt. Diese
spezielle Anordnung fithrt dazu, dass das Objekt, welches bereits durch die FTH
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mit der Referenz-URA gefaltet ist, durch eine zweite Faltung rekonstruiert wer-
den kann. Diese Vorgehensweise wird als Faltungsmethode bezeichnet. Die fiir die
zweite Faltung verwendete URA, die Rekonstruktions-URA, enthalt als Grundlage
die gleiche Basis-URA wie die Referenz-URA.

Der RSH-Wert, das Verhaltnis zwischen Lochabstand und Lochgrofe, ist der wich-
tigste Parameter zur Rekonstruktion des Objektes ohne Einsatz eines mathema-
tischen iterativen Algorithmus. Ein bedeutendes Ergebnis dieser Arbeit ist, dass
der RSH-Wert in der Rekonstruktions-URA unabhéngig vom RSH-Wert in der
Referenz-URA ist und als Voraussetzung fiir eine optimale Rekonstruktion des
Objektes stets Null sein muss.

Unter Verwendung des FIBs vom Helmholtz-Zentrum Berlin wurde eine Probe
mit einer selbsttragenden Referenz-URA hergestellt und gemessen. Ohne Zubhil-
fenahme eines mathematischen iterativen Algorithmus konnte das Objekt erfol-
greich rekonstruiert werden. Mit Hilfe eines zuséatzlichen Punktloches konnte die
Auflosung in der Faltungsmethode mit den jeweiligen Auflosungen in der klassis-
chen FTH und der Entfaltungsmethode verglichen werden. Die Messungen er-
gaben, dass die Faltungsmethode weder an die Auflosung der klassischen FTH
noch an die Auflosung der Entfaltungsmethode heranreichte. Die Rekonstruktion

nach der klassischen FTH erzielte die weitaus beste Auflésung von 130 nm.

Das in dieser Arbeit betrachtete HERALDO-Muster besteht aus einer einzel-
nen Linie als Referenz. Die Referenzpunkte werden mathematisch in Form einer
Ableitung entlang dieser Linie erzeugt, nachdem das Hologram detektiert wurde.
Die Auflosung bestimmt sich durch den Ubergang zwischen hochster Transmission
und héchster Absorption. Die Auflosung ist umso héher, je kiirzer dieser Ubergang
ist. Dariiber hinaus hangt der Kontrast von der Unterschiedshohe in der Trans-
mission zwischen hochster Transmission und hochster Absorption ab. Je grofier
der Unterschied, desto starker ist der Kontrast.

Das HERALDO-Konzept wurde erstmalig im Bereich der weichen Rontgenstrahlen
umgesetzt. In den Messungen konnte eine Auflésung von 48 nm erreicht werden.
Mittels Drehung der Probe konnte sogar eine Verbesserung der Auflosung auf 28
nm erzielt werden. Die Moglichkeit der Drehung der Probe stellt eine Besonder-
heit des HERALDO-Musters dar. Hierdurch lésst sich eine 3D-Darstellung der

rdumlichen Absorption erzeugen.
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Beide Referenzmuster besitzen ihre eigenen Vor- und Nachteile. Trotz vorhan-
dener Nachteile sind beide Referenzmuster sehr interessant fiir zukiinftige Exper-
imente in der FTH im Bereich der weichen Rontgenstrahlung. Beide Referenz-
muster erhohen die Signalintensitat bei konstanter Belichtungszeit. Insbesondere
bei FEL-Experimenten mit einer Belichtungszeit von nur wenigen Femtosekunden

erfreuen sich derartige Referenzmuster zunehmender Beliebtheit.



