THESIS

SINGLE-SHOT FLASH IMAGING USING A
COMPACT SOFT X-RAY MICROSCOPE

Submitted by
Sergio Carbajo

Department of Electrical and Computer Engineering

In partial fulfillment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Spring 2012

Master’s Committee:
Advisor: Carmen S. Menoni

Jorge J. Rocca
Mario C. Marconi
Diego Krapf

Alan K. Van Orden



ABSTRACT

SINGLE-SHOT FLASH IMAGING USING
A COMPACT SOFT X-RAY MICROSCOPE

Microscopes extend the ability of our eyes to see objects at micro- and nanoscales.
There are applications, however, for which a static image is not sufficient, and
thus require information on the dynamics before a process can be understood and
controlled. Therefore, the visualization of nanoscale dynamics in real-space can
significantly contribute to the understanding of nanoscale processes and to accel-
erate the development of new nanodevices. Today, there is a need for practical
microscopes capable of delivering nanometer spatial resolution and ultrafast tem-
poral resolution in order to readily visualize any arbitrary nanoscale phenomenon.
Conventional visible light microscopes can visualize ultrafast dynamics but are in-
herently limited in spatial resolution to about 200 nm. Alternatively, transmission
electron microscopes can routinely provide atomic spatial resolutions of static sam-
ples. Probing dynamics is possible using stroboscopic schemes with nanosecond
temporal resolution or scanning methods which can obtain femtosecond temporal

resolution at the expense of hours-long image acquisition times.

Soft x-rays (SXR) microscopes provide the ability to resolve at the nanoscale and
at the same time image dynamics with nanosecond to picosecond time resolution.
Pioneering work has been carried out using synchrotron illumination that has
allowed to study repetitive phenomena in magnetic materials. There are however
processes that are statistically reproducible but individually non-recurring that

require SXR flash illumination to capture their dynamics.

SXR flash imaging requires a large number of photons per pulse to illuminate
the sample (about 10E12 photons per pulse). There are two types of SXR sources

presently available which offer such high peak brightness: free electron lasers
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(FEL) and table-top SXR lasers. FELs have been used to probe dynamics us-
ing holographic and diffractive imaging configurations. This thesis describes the
first demonstration of real-space flash imaging using a compact SXR laser oper-
ating at a wavelength of 46.9 nm. A sequence of flash images obtained with the
full-field SXR microscope with a spatial resolution of 50 nm and temporal resolu-
tion of 1.5 ns captured the interaction dynamics of a rapidly oscillating magnetic
tip in close proximity to a magnetized surface. The interaction of the tip and the
stray magnetic fields led to changes in the amplitude of the tip oscillation as small
as 30 nm. Modeling of the interaction assuming an undamped perturbed harmonic
oscillator corroborate the experimental results. The use of compact plasma-based
SXR lasers operating at wavelengths down to 10.9 nm will allow to capture flash
images and render animations of picosecond phenomena with a few nanometers

accuracy on a table-top.
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Chapter 1

Imaging at the micro- and

nano-scales

Microscopy has evolved to become today an extensive field of research. Mi-
croscopy carries a long history and its universality may arguably proclaim the
microscope to be the most utilized tool in science, as a unique breed with the

capability to bring answers to multiple applications across many different fields.

Lenses were well known long before any telescopic or microscopic effect was dis-
covered. By the end of the thirteenth century, glass-makers had already developed
glass-grinding and -polishing techniques finely enough to produce commonly used
cumbersome magnifying lenses for reading. Nevertheless, it was not until the very
beginning of the seventeenth century that two Dutch spectacle-makers came across
the realization that an object appeared greatly magnified when experimenting
with several lenses in a tube. Only a year after and inspired by these experiments,
Galileo Galilei drafts the principles of lenses and builds a better instrument with a
focusing device. The first publication on microscopy, Micrographia [1], comes out
a few decades later in the hands of Robert Hooke, irrevocable pioneer and often
credited with inventing the first compound microscope. Motivated by his work,
Anton van Leeuwenhoek, self-taught lens maker, revolutionizes biological studies

by imaging for the first time cells and bacteria. With the microscope brought to



the attention of the scientific community, four centuries of extraordinary technical

innovations and achievements followed.

In 1878 Erns Abbe establishes the theoretical foundations of light microscopy
and eight years later, together with Carl Zeiss, demonstrates the first diffraction-
limited microscope [2, 3]. On account of the understanding of the recently for-
mulated theory, microscopy rapidly branches out, bringing to light Nobel Prize
awarded discoveries, such as the ultramicroscope for the study of colloids [4], and

the phase-contrast microscope for colorless samples [5, 6].

Beyond the optical range, the desire to observe features smaller than those
visible-light microscopy can resolve motivated scientist to investigate the use a
particle beam of electrons as illumination, leading to the invention of the greatest

resolving power microscope, the electron microscope [7].

Microscopy has evolved in complexity, attained outstanding results and reached
unimaginable extents. This chapter discusses where this field stands now and

reviews the leading technologies and imaging modalities.

In microscopy, it is all about the ability to distinguish the smallest possible
physical details on a sample. The characteristics of the optical system in a full-
field microscope determine the spatial resolution. The optical response of the
sample at the illumination wavelength determines the contrast. Both resolution
and contrast are essential in microscopy. Conventionally, the best achievable lat-
eral resolution for a visible-light bright-field microscope using immersion optics
is about 0.44 A, where A is the wavelength of illumination, which typically leads
to a theoretical limit of 200 nm [8], although sub-100 nm spatial resolution has
recently been demonstrated for the first time with visible light by Mosk et al. in
the Netherlands [9]. With the invention of the confocal microscope [10], the depth
resolution can be achieved to enable optical sectioning and 3D-reconstruction of

thick specimens. One of the main disadvantages of visible-light microscopy is the



lack of natural absorption contrast. For instance, most biological specimens lack
sufficient absorption contrast in the visible range and cannot be studied without
the use stains. There are two main ways to overcome this limitation: (1) increase
the absorption by changing the specimen properties, as in fluorescence microscopys;
and (2) exploit the phase as it is the case in phase-contrast imaging [5, 6], and

differential interference contrast imaging [11].
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Figure 1.1: Light path in a stage confocal microscope [12].

Efforts to improve the spatial resolution of microscopes from micrometers to
nanometers led to the invention of the electron microscope (EM) in 1931 by by
Knoll and Ruska [7]. An electron microscope uses high-energy electrons with
a de Broglie wavelength much shorter than the wavelength of visible light. A
transmission electron microscope can in principle achieve atomic spatial resolution.
EMs need to be operated in vacuum because the mean free path of electrons
in air is short, of the order of a few centimeters at the most. In the case of
transmission electron microscopy (TEM), the samples require additional thinning

to a few tens of nanometers [13]. EM is not exempt from staining either. TEMs



commonly utilize high atomic number stains to enhance contrast, while scanning
electron microscopes (SEM) require specimens to be electrically conductive at the
surface in order to prevent charging, increase signal, and enhance surface resolution
[14]. Any conventional sample processing technique, such as staining, drying,
sectioning, or freezing often introduce artefacts that obscure the interpretation
of the obtained micrographs. EM of specimens in their native state is slowly
becoming more accessible through the use of specialized chambers. In a liquid cell
system, usually made of thin silicon nitride membranes, the hydrated sample is
maintained in a steady liquid compartment or even with a flow channel. A few
experiments have demonstrated this approach that envisions a method for in situ
studies of nanoscale structures in varying chemical environments [15, 16]. As of
today, the TEM is the most powerful instrument in terms of spatial resolution

with demonstrated sub-50 pm spatial resolution [17].

It is possible to achieve nanometer spatial resolution with microscopes that use
as illumination radiation of much shorter wavelength, i.e. in the X-ray region.
The announcement of a range of the electromagnetic spectrum with a wavelength
much shorter than the visible light came in 1895 from Wilhelm Conrad Rontgen
[18]. This radiation exhibited new properties in that it would penetrate most
matter and thereby make internal structures visible. Since then, X-ray microscopy
has established a benchmark as a solution to high resolution imaging technique.
The major difference between X-ray microscopy and other techniques discussed
previously is that contrast at X-ray wavelegths results from the interaction of the
radiation with inner-shell electrons. Moreover, unlike EM, X-rays can provide
direct chemical specificity and polarization sensitivity. Therefore, X-ray imaging
combines some of the desirable capabilities from visible light microscopy while
simultaneously offering an order of magnitude greater resolution, simply because

the spatial resolution is proportional to the wavelength of illumination.
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Figure 1.2: The short wavelength region of the electromagnetic spectrum: X-ray
region [20].

In X-ray microscopy absorption and phase contrast arise from the interaction
of the high energy photons with inner-shell electrons. These contrast mechanisms
are crucial. The presence of many elemental absorption edges in the SXR region
has incentivated the development of SXR full-field microscopes that can image

structures with nanoscale spatial resolution [19].

The X-ray region is commonly divided into three different sub-regions: hard
X-rays, with wavelengths from 0.1 A to 3 A (125 keV - 4 keV); soft X-rays (SXR),
with wavelengths between 3 A and 5 nm (4 keV - 250 eV); and extreme ultraviolet
(EUV), ranging from 5 to 50 nm (250 eV - 25 eV). Several imaging geometries
have been demonstrated to exploit the short wavelength of X-rays and achieve
nanoscale resolution. The following section describes themost established X-ray

imaging methods.

1.1 X-ray Imaging

1.1.1 X-ray Projection

X-ray projection is a method by which an image is created when illuminat-
ing a sample and recording the transmitted radiation, some of which is absorbed
through the sample, and then recorded on an X-ray sensitive detector. This tech-
nique is the most common of all X-ray imaging techniques, including the widely

known projection radiography [21]. The magnification of the object in the detec-
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Figure 1.3: Schematic of X-ray projection imaging. The effect of edge unsharpen-
ing due to a finite size X-ray source is represented [22].

tor is achieved by positioning the sample close to a point-source of X-rays. That
magnification is equal to the ratio of the source-detector and source-object dis-
tances. Because there is no imaging lens involved in the process, the resolution
of the image is dependent on the magnification and the detector sensitivity; and
ultimately limited by the size of the X-ray source and the resolution of the X-ray

detector system, which leads to typical resolution no better than a few millimeters.

The reconstruction of 3D structures is possible through tomographic reconstruc-
tion algorithms [23], that is, by processing subsequently acquired projection images
at different angles. Phase contrast can also be attained in projection imaging [24].
A theoretical formulation of X-ray phase imaging with a monochromatic point
source and a phase retrieval method was first presented by Gureyev and Wilkins
[25]. The combination of both, tomographic phase-contrast X-ray imaging, has

also been succesfully implemented using different approaches [26, 27].

1.1.2 Scanning X-ray Microscopy

In a scanning mode, a focusing lens is used to focus an X-ray beam to a spot,
often called probe, through which the specimen is raster-scanned. At each probe

position, there are multiple signals that can be detected in order to map the



_________ 1‘ 0SA: order

Nl -

EW: exit
window

PC: proportional
counter

t\\ .
i scanning
\ ZP: Fresnel zone

plate with

central stop

Figure 1.4: The scanning transmission X-ray microscope [30]. Schematic of the
microscope showing the exit window (EW) through which beam emerges from the
beamline vacuum system, the zone plate (ZP) with 0 and + 1 focal orders indi-
cated, the order selecting aperture (OSA), the specimen mounted on a scanning
stage (Stage), and the proportional counter X-ray detector (PC).

chemical, elemental or crystallographic properties of the specimen. These signals
are usually the transmitted X-ray beam, fluorescent photons, photoelectrons and
diffracted X-rays. Since this technique requires the employment of high intensity
and collimated X-ray beams, the use of scanning X-ray microscopes has typically

been limited to synchrotrons [28, 29].

This technique relies on measuring the transmitted intensity at each raster point.
Therefore, it provides a map of the specimen’s response to the X-ray illumination
and the resolution is limited by the spot size on the specimen. Increase in resolu-
tion thus largely depends on improving focusing optics, and it is no better than

several tens of nanometers [31].

1.1.3 Lens-based Full-field X-ray Microscopy

The principle of operation of a lens-based full-field X-ray microscope is analogous
to that of conventional microscopes. Therefore, these microscopes capture directly

a real-space image of the illuminated specimen within the field-of-view. The field-
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Figure 1.5: Conventional transmission zone-plate based full-field X-ray microscopy
using wiggler as the illumination source [20].

of-view will decrease proportional to the quadrature of the magnification of the

microscope.

The incoming X-rays from the source are tightly focused onto the sample using
a condenser lens. The transmitted, scattered or reflected beam is collected by an
objective lens, which forms an image onto an area detector. In this geometry, the
spatial resolution is dependent on the wavelength of illumination, the numerical
aperture (NA) of the objective lens and other illuminating conditions. Multiple
lens-based schemes have been demonstrated employing diffractive optics [32, 33],
reflective optics [34, 35], and a combination of both [36]. To date, Chao et al.
have extended the spatial resolution of lens-based microscopes through a novel
nanofabrication process and achieved spatial resolutions equal to the outer zone

width ( 10 nm) of the employed zone plates [37].

1.1.4 Lensless X-ray Imaging

The difficulties in accessing optics has motivated the implementation of lensless
imaging schemes such as holography and coherent diffractive imaging. This group
of imaging methods has demonstrated sub-100 nm spatial resolutions in various

schemes [38, 39, 40].



Figure 1.6: Schematic of multiple aperture Fourier transform X-ray holography
[41].

Holography was invented over 65 years ago by the physicist Dennis Gabor [42].
In X-ray holography, an X-ray beam illuminates an object, which scatters the light
onto a detector such as a photographic plate, while an identical copy of the initial
beam, called reference beam, shines directly on the detector. The scattered light
from the object form interference patterns with the non-scattered light waves from
the reference beam, which serves to reconstruct an image of the object. There is a
wide variety of holographic methods demonstrated to date using X-rays featuring

exceptional temporal and spatial resolutions [43, 44].

X-ray coherent diffractive imaging (CDI) is another imaging method that does
not require the use of lenses. In CDI, a highly coherent beam of X-rays is scattered
by the sample object and produces a diffraction pattern collected by a detector
[45, 38, 46]. As the detector only records the intensity of the scattered light in
the far-field, the phase is retrieved through an iterative feedback algorithm. A
real-space image is recovered from the diffraction pattern in the reciprocal-space
with extensive post-processing. For X-ray imaging, this technique overcomes the
limitations of nanofabrication processes for optics, although it requires extensive
digital post-processing. X-ray CDI has in the last few years received significant

attention.
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Figure 1.7: Coherent diffractive (lensless) imaging [47]. A coherent monochro-
matic plane-wave, limited by an aperture, is incident on a specimen. The field
transmitted by the object propagates in free space and is measured by a detector
array.

1.2 Temporal and Spatially Resolved Microscopy

Different fields, such as magnetic vortex dynamics [48] and the development
of nano-electro-mechanical-systems (NEMS) [49], have also required the ability
to capture dynamic processes. Monitoring dynamics at the nanoscale is possible
with X-ray microscopy. Much of the early work in time-resolved X-ray imaging was
carried out using synchrotron illumination in stroboscopic pump and probe set-ups
[50, 51, 52]. As an example, by Kasai et al. [53] used this method to demonstrate
current induced resonant vortex core motion in a circular Permalloy disk and to
determine to polarization of the currents. These experiments have contributed to
a thorough understanding of the spin torque effects (schematic shown in figure
1.2). Due to the low intensity of the X-ray pulses, these stroboscopic images were
acquired over millions to billions of X-ray pulses. These stroboscopic images are
bound to deterministic processes with perfect repeatability [54]. To probe dynamic
processes that are statistically reproducible but individually non-recurring, pump
and probe methods to to be able to capture an image using a single X-ray probe

pulse.
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Single ultrafast X-ray pulse acquisitions using Synchrotron sources have been
demonstrated [55]. In these experiments the spatial resolution was downgraded to
the micrometer range. To date, X-ray sources capable of producing short pulses
with photon fluxes that enable the acquisition of nanoscale resolution images
are limited to free electron lasers (FEL) and a handful of compact X-ray lasers.
Only a few static images have been demonstrated thus far using single-shot X-ray
pulses from any of these sources employing lens-based, holographic and diffractive
schemes [36, 56, 57, 58, 59]. Moreover, stroboscopic ultrafast single-shot X-ray
imaging of any dynamics has only been realized using bright flashes from a FEL

[39).

Electron microscopes can also be used to observe fast dynamics. The first ap-
proach to dynamic imaging with TEM was realized in the mid 70s, by Bostanjoglo
and Rosin [60], which produced stroboscopic images in TEM using beam blank-
ing. Zewail took this idea to demonstrate a scanning imaging that uses an average
of one electron per pulse with femtosecond duration created by photoexcitation
of the photocathode by high-repetition femtosecond optical pulse duration laser
excitation [61, 62]. The fact that there is only one electron per pulse eliminates
the space-charge effects, enabling imaging spatial and temporal resolutions in the
picometer and femtosecond range. Of course, this technique requires to build up
the image over millions of single-electron pulses, which limits the process under
study to be repeatable. The other approach to dynamic imaging is to generate
pulses containing enough electrons (107 e~ /pulse) to construct an image from a
single pulse [63]. A large number of electrons in over nanosecond pulse duration
results in a very large peak current (3> mA) compared to the nA in traditional
TEM. Therefore, single-shot TEM suffers from limited resolution, tens of nanome-
ters spatially and tens of nanoseconds temporally, as Coulomb interactions and
repulsions lead to degradation of resolution due to stochastic blurring and global

space-charge [64].
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Figure 1.8: X-ray imaging schematic employed to probe spin polarization of cur-
rent by current-induced magnetic vortex dynamics [53]. An average of 10872 soft
X-ray pulses were required to build up an image.

1.3 Thesis Overview

The most fundamental motivation for microscopy is the ability to resolve struc-
tures that one would not be able to see with the naked eye. Microscopy is a
research field by itself that brings answers to other research fields, and therefore,
its advances majorly impact most areas of science and technology. Advances in this
field have allowed humankind to see structures down to atomic scales [17, 65, 66].
However, recovering information on structures does not always provide all what is
required to thoroughly understand a process, and it is often essential to have full

information on the structural dynamics before that process can be controlled.

As illustrated in figure 1.3, there is a vast range of processes that occur in
the sub-micron spatial and sub-microsecond temporal scales where there is little
or no knowledge of the relevant structural dynamics. One such example is the
development of complex carbon-nanotube based NEMS for which the transient
behaviour in controlled processes is yet to be fully understood [49]. As another
example, there is a great deal of interest in the large scale structural change of
large biomolecules, such as protein folding, which occurs on the microsecond to

picosencond timescales [67].

12
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Figure 1.9: Relevant time- and spatial-scales in research areas with unknown or
partially known structural dynamics.

The study of structural dynamics demands structural information at the nanoscale
at the requisite temporal resolution. This calls for image acquisition in pump and
probe schemes where the probe suffices the brightness required to obtain single-
shot images. Of all the potential candidate probes that have access to nanoscale
spatial and ultrafast temporal resolutions the only with sufficient maturity to

demonstrate this capability are SXRs.

Early work in SXR imaging was carried out at Stanford by Kirkpatrick, Baez
and Patee [68]. However, high spatial resolution SXR imaging was dramatically
boosted only a few decades ago by the availability of bright, tunable, monochro-
matic soft X-ray beams from electron storage rings with demonstrations of SXR
zone plate and scanning microscopy [69, 70, 71, 72, 73, 74]. Today, the available
sources that provide the flux necessary to put in practice the great potential of
nanoscale SXR imaging have been extended to newer generations of storage rings,
linear accelerators, and compact sources, through zone plate imaging [37, 75], to-
mography [76, 77], holography [78, 79] and diffractive imaging [80, 81, 82, 83]. In

addition to the static nanostructures, one can understand the functionality of these

13



nanostructures through their dynamics. The complementary effort of these tech-
niques to coextend spatial and temporal resolutions of SXR microscopes by single
flash probes will make it possible to freeze any arbitrary ultrafast phenomenon

and visualize the nanoscale.

Compact SXR imaging systems offer now a unique opportunity to deliver this
technology in a practical manner. This thesis describes the first demonstration
of single-shot flash imaging using a compact soft X-ray microscope. In chapter 2,
the theoretical foundations of SXR microscopy are described, including sources,
optics, and system performance characterization methodologies. Chapter 3 is ded-
icated to the imaging system utilized for single-shot flash imaging demonstration.
Chapter 4 briefs the details of the experiment. Finally, chapter 5 concludes with

the achievements and future progress.
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Chapter 2

Soft X-Ray Microscopy

As reviewed in the previous chapter, SXRs range from a few to several nanome-
ters in wavelength and attract, therefore, much attention because of their potential
for imaging with nanoscale lateral spatial resolution. This region embraces most
of primary atomic resonances and absorption edges for low and intermediate z
elements, from tens of eV to a few keV (tens of nanometers to a few angstroms),
enabling elemental and chemical identification through natural contrast mecha-
nisms [20, 84]. This range also exhibits magnetization sensitivity by means of
spin-absorption employing circularly polarized light [85, 86]. There are several
aspects that have preserved microscopy in this region of the electromagnetic spec-
trum relatively unexplored, specially because of the lack of practical sources and
suitable optics until very recently, and in a lower degree, the late development of

sensitive detectors and unfavorable vacuum demands.

In microscopy, the best achievable resolution or alternatively, minimum resolv-

able distance in an imaging system is described by

kX

o (2.1)

where A is the wavelength of illumination N A the numerical aperture and k is a

15



proportionality parameter that considers various properties of the optical system.
Presently, the best resolution achieved with diffractive optics is of 12 nm [37].
Soft X-ray microscopy is motivated by the potential for high resolution imaging
of relatively thick samples. In biology, for instance, SXRs exploit the natural

contrast mechanism of hydrated specimens without the need of stains or labels.

X-rays interact with matter in three ways: elastic scattering, inelastic scattering,
and absorption. Elastic scattering is a process whereby re-emission of radiation
occurs at the same frequency as the incident radiation. Elastic scattering from
bound-free electrons is called Thomson scattering, while elastic scattering from
bound electrons is called Rayleigh scattering. Inelastic scattering occurs when the
scattering causes an electron to be ejected from the atom, thereby transferring a
small fraction of the incident X-ray energy to the electron. In the soft X-ray regime,
inelastic scattering is negligible and the elastic scattering cross-section is less than
1% of the absorption cross-section. Thus, the dominating process is photoelectric

absorption, although inelastic scattering is important in phase-contrast imaging.

In terms of absorption, the Beer-Lambert law describes the attenuation that
X-rays undergo when travelling through a material of thickness ¢. The intensity

across t would decrease from the initial intensity I, according to

I(t) = Le ™, (2.2)

where p is the linear absorption coefficient , which depends on the material’s imag-
inary component of the refractive index () and the wavelength of illumination

(\) expressed as

b= (2.3)

16



Objective

Figure 2.1: Schematic Diagram of a SXR microscope.

Even though absorption is the major contrast mechanism for SXR microscopy,

there is generally a non-negligible phase shift ¢:

2mwd

o) = . (2.4)

where 0 is the real part of the refractive index of the material.

Soft X-ray microscopy has special popularity in the so-called water window, be-
tween the oxygen and carbon absorption edges (wavelengths 2.3 - 4.4 nm). In
this region, the attenuation length (1/u) differs strongly between organic com-
pounds and water, and thus provides enhanced natural contrast in the imaging of

biological specimens in aqueous environments.

The simplest form of an optical microscope consists of a light source, focusing
and imaging lenses, and a detector. In this chapter we consider SXR microscopy
using diffractive optics as imaging lenses. Prior to further dicussion, we will review
the existing SXR sources, available optics, and assess the characterization and

performance of SXR imaging systems.

17



2.1 Soft X-ray Sources

Generating SXR radiation for practical applications is not trivial. Prior to
describing the main different approaches to create SXR radiation, let us define

the parameter most commonly used for comparative purposes: brightness.

Light sources are typically compared by the spectral radiance [W/(sr x m? x
BW)], that is, a measure of the average energy per unit time per unit area per
unit solid angle divided by the bandwidth. The bandwidth normalization is unani-
mously agreed across the synchrotron radiation community to be of 0.1%, although
different communities within the X-ray field develop their own units and termi-
nologies depending on the source. Instead, spectral brightness is often used.
For spectral brightness [Photons/(s x sr x m? x BW)], the power of the radiation
is often omitted by quantifying the number of photons created by the SXR source

at a given line within a bandwidth relative to the energy of that line.

There exist a multitude of SXR sources today. These sources can be classified
in three different categories: synchrotron sources, free-electron lasers (FELs), and
compact sources. A brightness comparison chart of some X-ray sources is shown in
figure 2.1, which includes the aforementioned groups. Generally, high-resolution
SXR microscopy requires monochromatic high-brightness sources, preferably tun-
able in wavelength and coherence. Following these criteria, synchrotron radiation
has until very recently been the best choice for imaging, although great progress
of table-top and high-harmonic sources has increasingly shown very interesting
properties for SXR microscopy. Moreover, FELs have recently introduced a revo-
lutionary merge of ultrashort pulse duration and peak spectral brightness. Here,
we summarize the most relevant sources for SXR microscopy with nanoscale res-

olution.
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Figure 2.2: Peak Spectral Brightness Comparison Chart: Peak brilliance
of X-ray FELs and undulators for spontaneous radiation in comparison with syn-
chrotron radiation sources. Brilliance is expressed as photons/(s - mrad? - mm?)
per 0.1% BW [87].

2.1.1 Synchrotron Radiation

It is well known that a charged particle will emit electromagnetic radiation
when accelerated or decelerated. Synchrotron radiation is generated by relativistic
electrons undergoing a change in direction, thus acceleration, in a storage ring,
where electrons are maintained at a constant kinetic energy on the order of 10°

eV.

When an electron beam is bent a broadband energy spectrum of photons is

emitted. The spectrum usually covers from infrared to soft X-rays [20].

There are three principal methods for generating synchrotron radiation: bend-
ing magnets, undulators and wigglers [88, 20]. Wigglers and undulators, called

insertion devices, are placed in the straight sections between the bending magnets.
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They can produce narrower photon energy spectrum. The periodic nature of these
magnetic structures shape the electron oscillations dependent on the magnetic field
strength and a dimensionless parameter called magnetic deflection parameter and
defined as K = %, where By is the periodic magnetic field amplitude and A\,

is the period of the magnetic structure.

When K < 1 the insertion device is called an undulator and the source is char-
acterized by a wavelength-tunable, partially coherent, narrow bandwidth and high
spectral brightness beam. When K >> 1, the strong magnets makes the oscilla-
tion of the electron beam larger and non-sinusoidal. This insertion device is called
wiggler. A direct consequence of a large K is a strong generation of harmonics,
which merge into a continuum for higher photon energies. The photon flux and

energies are much larger in wigglers than in bending magnets or undulators.

Undulators and wigglers are very commonly used in combination with monochro-
mators in order to exploit very narrow bandwidths for the illumination of mi-
croscopy applications. In terms of repetition-rate, since the electrons travel in
bunches in the storage ring, the photon flux is not continuous, although light pulses
with duration > 200ps separated 107!% — 107! seconds are typically extracted.
Arbitrarily polarized undulator radiation can be generated by using specialized
magnet structures and K-values, which is of great interest for applications with
polarization dependent properties, such as probing magnetic materials and helical

structures.

2.1.2 Free Electron Lasers

The operating principle of the free-electron laser (FEL) has many similarities
with synchrotron sources. In a FEL the active medium consists of a beam of free
electrons traveling at relativistic velocities in an undulator, where the electrons
follow transverse oscillations and emit radiation in the forward direction. For this

reason, both the magnetic deflection parameter - K and the relativistic factor -
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Figure 2.3: Principle of operation of a FEL

~ are completely analogous to what has been discussed in the previous section.
Obviously, FELs exhibit free tunability of the wavelength by changing either the
electric £ or magnetic B field. The fundamental wavelength of the FEL radiation

is related to the period of a planar undulator A\, by

A K?
A= 2 (1 + 7) (2.5)

Presently, SASE FELs have demonstrated revolutionary light attributes reach-
ing the X-ray region surpassing by several orders of magnitude third-generation
synchrotron spectral brightness and featuring wavelengths as low as a few A
10 — 10'2 photons per pulse, and femtosecond pulse durations, although not si-
multaneously [89, 90]. These sources are still under intense development towards

shorter wavelengths and higher average power.

2.1.3 Compact sources

Compact SXR sources capable of producing high average powers can make ac-
cessible a wide variety of new studies in science and enable the development of
unique metrology and processing tools for industry. This section aims to review

the most relevant compact SXR sources.

21



Laser-produced Plasmas

The laser-produced plasma (LPP) source is one of the alternatives to syn-
chrotron sources only for very specific applications. In a LPP a hot dense plasma is
formed in a small volume when a high peak-power laser pulse is focused onto a tar-
get material. Initially, during the first picoseconds of the laser pulse free electrons
are created. The plasma is then rapidly heated by energy transfer from the in-
coming photons to the kinetic energy of free electrons, i.e., inverse bremsstrahlung
absorption. As the plasma is heated, more free electrons are generated and an

electron density gradient arises. The electron distribution oscillates at a frequency

e*ne

€0Me

1/2
called plasma frequency defined as omega, = ( ) , where n, is the electron
density, e is the electron charge, m, is the electron mass, and ¢y is the vacuum
permeability. The propagation of the incoming radiation through the plasma can

occur if w > w), is satisfied.

Generally, a plasma with ions of low atomic number has nearly or fully ion-
ized atoms and line emission dominates the radiated spectrum. A plasma of
higher atomic number ions has a blackbody-shaped spectrum with superposed
characteristic line emission predominantly from recombination and bound-bound
transitions. Consequently, the emission spectrum from a laser-plasma source can
be tuned by varying the target material and plasma temperature, but is clearly
characterized by a bulb-like, i.e. incoherent, behavior, unless very specific lasing
conditions are met [91]. The properties of a laser plasma are determined by a
complex relation between laser absorption, electron and ion temperature, density,
expansion rate, photon emission and re-absorption, and coupling between acoustic

and electromagnetic waves [92].

Discharge-pumped SXR Lasers

Lasing requirements at EUV and SXR wavelengths can be met through the use

of z-pinch capillary discharges, firstly observed by Rocca et al. in 1994 [93, 94].
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Figure 2.4: Z-pinch Dynamics. a, A capillary with two electrodes at both ends
is filled with a gas. A high voltage is applied rapidly and a discharge takes places,
flowing current to one electrode to the other. b, The Lorentz force created by
the fast current compresses the plasma column inwards. ¢, The plasma becomes
hotter and denser while compressing. It will continue compressing until the plasma
pressure equals the magnetic pressure (z-pinch) where lasing conditions are met.
d, After this point the hot dense plasma is under expansion.

This approach consists of generating the lasing media by collisional excitation. In
this scheme a plasma column is generated by a fast discharge in capillary channels
filled with a gas. The Lorentz force created by the fast current pulse rapidly
compresses the capillary plasma and forms a dense hot plasma column. The
plasma conditions for soft X-ray amplification are met by collisional excitation of

multiply ionized atoms.

Fast capillary discharges have been demonstrated to efficiently generate highly
uniform plasma columns, a critical requirement to enable lasing conditions. Large
soft X-ray amplification has been demonstrated by collisional excitation in Ne-
like ions at wavelengths ranging from 46.9 to 60.8 nm. The emissions from these
sources have reached ~ 0.1 mJ level featuring pulse durations in the nanosecond
range [95, 96]. Although the extension of discharge-pumped lasers to shorter
wavelengths using Ni-like ions is clearly of interest for future table-top experiments,
optical excitation is used instead for SXR amplification, as discharge excitations
schemes face very unfavorable pumping demands for higher photon energies. These

alternative approaches will be discussed in the subsequent sections.
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The wavelengths covered by this excitation schemes usually lie in the lower
end of SXR and EUV photon energies for saturated and large amplifications.
To set an example, the 46.9 nm wavelength discharge capillary laser produces
pulse of 1.5 ns duration with a repetition rate as high as 10 Hz. Moreover, the
spectral brightness is a few orders of magnitude higher than that of the synchrotron
sources, typically of 10**photons /(s x mrad® xmm?) per 0.01 % BW. The radiation
emitted is very monochromatic (AA/X < 107*). The plasma density profile in the
capillary exhibits an on-axis maximum that results a refraction of the amplified
radiation. This refraction is an effective mode-selection mechanism resulting in
an increase of the spatial coherence with amplification length. Therefore, for
saturated amplification, the spatial coherence of the radiation can be tuned from

partially to fully coherent by simply varying the gain medium length [97].

The coherence and short wavelength attributes of discharge capillary lasers have
been exploited to demonstrate various techniques of nanoscale imaging, nano-

patterning, and metrology [98, 99, 100, 101, 102, 103].

Laser-pumped SXR Lasers

The principle of operation of these lasers is analogous to that of the capillary
discharge, where spontaneous emission generated by the plasma or an externally
generated coherent seed, is amplified by stimulated emission in a population in-
version created between energy levels of plasma ions. These collisional lasers
require highly ionized plasmas (8-25 times) to produce amplified emission in the
SXR spectral region. These high ionization levels compel the creation of plasmas
with very high electron temperatures and densities, typically of 0.3-1 keV and
10%°cm =3, respetively, which are several orders of magnitude higher than those for
singly ionized collisional lasers in the visible spectrum. Therefore, the challenge
for these table-top plasma-based lasers has been and continues to be the extension
of their range of operation to shorter wavelengths and the increase of their peak

brightness and average power.
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Early significant work was realized at LLNL where gain in plasmas was demon-
strated for wavelengths as short as 35.6 A [104]. During the past few years, several
groups have successfully developed laser-pumped SXR lasers with stable output for
practical applications and repetition rates reaching up to 10 Hz [105, 106, 107, 108].
Collisional lasing has been demonstrated in both Ne-like and Ni-like ions. As of
today, the shortest wavelength achieved in gain-saturated table-top lasers is 10.9
nm by amplification of spontaneous emission in Ni-like tellurium ions in a plasma
generated at a 1-Hz repetition rate by the irradiation of a solid tellurium target
with pulses from a chirped amplification Ti:Sapphire laser [109]. This laser is
capable to output pulses of up to 2 uJ and an average power of 1 uWW in the
picosecond pulse duration range. Most recently, Rocca et al. have reached 10 puJ
pulse energies through a similar setup on a table-top generated by a Ni-like Ag
SXR laser at 13.9 nm [110]. This laser is operated at 2.5 Hz, resulting in 20 pW

average power.

The most common laser drivers used are high-energy Ti:Sapphire lasers and

Nd:glass pump lasers, which feature typical repetition rates of 10 Hz. For this
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Figure 2.5: Collisional Laser Demonstrations of SXR table-top lasers. Ni-like
ions (blue) provide access to shorter wavelengths (Ne-like ions in green).
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reason, diode-pumped solid-state lasers are currently being developed [111, 112]
in order to greatly increase their repetition rate (hence, average power) by at least
an order of magnitude (> 100 Hz). Ongoing progress has also been achieved in
improving the beam characteristics of plasma-based SXR lasers. Injection-seeding
of SXR laser amplifiers with high harmonic pulses have been shown to generate
intense fully phase coherent SXR pulses with lower divergence, shorter pulse-
width, and defined polarization [113]. This approach generates significantly denser
plasmas by heating solid targets that can support the amplification of femtosecond
pulses [114, 115]. Moreover, the pulse duration in a self-seeded SXR laser is
determined by the duration of the gain. The recent demonstration of injection-
seeding with high harmonics brings a different scenario where the pulsewidth is
governed by the amplifier bandwidth and is independent of the gain duration.
Injection-seeded plasma amplifiers are expected to result in femtosecond SXR laser
pulses, extending the applications for these table-top lasers to ultrafast dynamic

studies.

High-harmonic Generation

Another approach towards SXR radiation is through the generation of high har-
monics using high-intensity ultrashort laser pulses in gaseous media. The strong
nonlinear interactions between the electric field from the laser and the gas that
are responsible for the upconversion of the laser. Typically, the laser intensity
has to surpass 10'W/cm? and feature pulse lengths of the order of a few tens
of femtoseconds. High-harmonic generation is thus far the only available method
capable of producing attosecond (107'%s) pulses in the SXR and X-ray regions
(116, 117].

The harmonic generation process can be described microscopically by a three-
step semiclassical recollision model [119]. First, an electron tunnels out of the
Coulomb potential barrier suppressed by the laser field and moves away from the

ion. Once liberated, the electron is strongly accelerated by the field. When the
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oscillating laser field is reverted the electron is driven back and it violently collides
with its parent ion. Any kinetic energy excess during this recombination process is
emitted as a higher energy (upconverted) photon. A typical high-order harmonic
spectrum shows that with the increase of harmonic order, the signal intensity falls
off drastically for the first few low orders. However, after the intensities remain
almost constant for many orders (the plateau), the intensity finally drops abruptly

for the highest orders, the so-called single-atom cutoff, expressed as

hycutoff = Ecutoff = ]p + 317Up, (26)

where [, is the ionization potential of the atom and U, is the average kinetic

energy of a free electron oscillating in the laser field, defined as

Uy(eV) =933 x 1071 \3 (2.7)

where Ir,(Wem™2) and Ap(um) are the pump laser intensity and wavelength, re-
spectively. The radiation produced is spatially coherent and has a small diver-
gence angle. Most atoms emit harmonics over a broad range of photon energies.

However, in order to produce a bright output beam the emission of a large num-
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Figure 2.6: Representative HH Spectrum: simulated harmonic spectra for
two different laser intensities and a fixed plasma density [118].
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ber of atoms must add in phase, condition that is satisfied when the drive laser
and the generated X-rays travel at the same velocity in the nonlinear medium,
called phase-matching [120, 121]. For relatively low photon energies (< 100 eV)
phase-matching is readily met, enabling photon energy conversions over centime-
ter lengths which lead to puWW coherent beams in the EUV region [122, 123]. From
the expressions above, it is clear that higher photon energies (> 100 eV) require
higher laser intensities, which strongly ionize the gas medium. Highly ionized
media increase the dispersion of the drive laser in the plasma and hence induce a
phase slip relative to the generated harmonic field. Therefore, coherent addition of
the emitted fields is only possible over very short distances in the medium. In the
absence of phase matching, the harmonic emission builds up periodically over a
coherence length and then interferes with out-of-phase light generated in the next
section of the nonlinear medium, drastically reducing the total flux. In the SXR
region HHG can be efficiently realized through a phase corrective scheme called
quasi-phase-matching proposed by Armstrong et al. [124], whereby the phase mis-
match is periodically corrected by introducing a periodicity to the nonlinearity of
the medium equal to the coherence length. To date, quasi-phase-matching has

been successfully performed for photon energies up to 330 eV [125].

2.2 Soft X-ray Optics

Microscopy involves focusing and redirecting of the radiation using optical com-
ponents. The conditions under which soft X-ray radiation can be manipulated
relative to conventional microscope schemes, though, are quite different to those
in the visible range. The refractive index in the SXR region exhibits very strong
resonances. The extinction coefficient (the imaginary part of the refractive index)
is large, which is why diffraction and reflection lenses are used instead of refractive

lenses.
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The optical response of materials to soft X-ray radiation is governed by the same
classical equations for all electromagnetic radiation [20]. However, the response
can outcome very differently because the real part of the complex refractive index
in the SXR region is very close to one, for example, total external reflection instead

of total internal reflection. A plane wave propagating in some material is given by

E(r,t) = BEge '@k, (2.8)

where the complex propagating vector k is

k:

%’n - %’ (1—6—1iB) (2.9)

For X-rays, the refractive index is usually expressed as n = 1 — 9 — i8. Both

parameters are related to the complex atomic scattering factor f0 = f? —if? by

5= ”“;:TAQ £ w), (2.10)
a 6)\2
=" W), (2.11)

where n, is the atom density and r. is the classical electron radius. There are
various analytical models to estimate both values f? and f?, although values
tabulated by Henke et al. are a commonly applied [126]. By substituting n in

equation 2.8 we obtain

E(I‘, t) — Eoefiw(tfr/c)efi@ﬂ'é/)\)67(271*&//\) (212)

where the first exponential represents the phase advance through vacuum, the
second represents the phase-shift due to the medium, and the third represents the

absorption.
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Figure 2.7: s- and p-polarized incident, reflected and refracted waves at the inter-
face of two media [20].

We will consider the role of § and  shaping the optical response of SXR ra-
diation next. This section is dedicated to a brief description of the principles of

reflective and diffractive optics, with special emphasis in Fresnel zone plates.

2.2.1 Fresnel Equations in the SXR Region

The reflection and transmission coefficients of electromagnetic waves is governed
by boundary conditions for the electric £ and magnetic H fields at the interface
between two different media, shown in figure 2.7. From these relationships, the
reflectivity R at an interface is expressed as the ratio between the reflected and

the incident intensities determined by

j 1" "
Iy Re (Ey x {Hy*})

R = = 2.13
To Re(Byx Hp) (2.13)

Then, the reflectivity for s- and p-polarization is shown in the Fresnel equations
as

 |nicosp — nacosd'|

R, }? (2.14)

~ Ynicosd + nacosd|

|ngcosp — nicosd |

Ry ={ } (2.15)

|nacosd 4+ nycosd’|
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For soft X-rays, ¢ is small and positive for most materials, that is, the real
part of the refractive index is slightly less than unity, which results in overall low
reflectivity except for grazing angles. At normal incidence the reflectivity is al-
most negligible, which presents important implications for the design of multilayer

interference coatings.

2.2.2 Multilayer Mirrors

Multilayer coatings greatly increase the reflectivity in EUV and SXR regions.
Even at grazing incidence, these mirror exhibit several advantages over monolayer
mirrors, such as smaller aberrations or larger collection efficiency [128]. Most
generally, these coatings consist of two alternating materials with low and high
Z so that the difference in refractive index is maximized. Presently, much is
being invested in the development of Mo/Si multilayer-coated mirrors for extreme
ultraviolet lithography (EUVL) at 13.5 nm with a reflectivity of 72% at normal

incidence [129].

Multilayer mirrors obey Bragg’s law and hence have limited spectral bandwidth.
Scattering of electromagnetic radiation occurs at locations where the refractive in-
dex varies. The idea behind multilayer structures is that the thickness of each layer

is chosen so that scattered radiation interferes constructively. Since energy and
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Figure 2.8: Reflectivity Curves for s- and p-polarization X-ray incident on a
gold monolayer calculated with IMD [127].
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momentum is conserved in the scattering process, the energy (hw) and momentum
hk of the incident (i) and scattered (s) waves are related to the stationary charge

density distribution wave (d) as follows

hws = hw; + hwy, (2.16)

hk, = hk; + hkg, (2.17)

where hwy and hk, are a mathematical representation of the energy and momen-
tum of the multilayer structure. Since the multilayer density distribution does not

vary wg = 0, hence wy = wj;, resulting in

k| = [kl (2.18)

Simplifying the multilayer structure wave as a sinusoid, the general form of Bragg’s

law can be derived

mA = 2dsind, (2.19)

where d is the multilayer period, A is the wavelength, 6 the grazing angle and
m = 1,2,3,.... From the simplest form of Bragg’s law it can derived that there
only exists one possible value for the multilayer period for constructive interference,
given a wavelength and a single angle of incidence. In reality, the multilayer

structures acts as a band-pass filter, where the spectral bandwidth of roughly

~ mN, (2.20)

and N is the number of pair layers. There are several available advanced models
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that calculate optical properties of multilayers for most relevant materials, wave-
lengths, and incident angles that consider interlayer roughness, intermixing and
non-periodical structures for novel designs of multilayer coatings [127, 129]. Sev-
eral application-specific multilayer mirrors have been developed to cover the EUV
and SXR spectrum. For larger wavelengths, from 25 to 50 nm, Sc/Si and Mg/SiC
multilayers are often fabricated with typical normal incidence efficiencies of 30-60
% [130, 131]. Moreover, tri-material multilayer coatings, such as Co/Mg/B,C and
Mg/Sc/SiC, have also been demonstrated in this longer wavelength range for in-
creased reflectivity and bandwidth tunability [132, 133]. For shorter wavelengths,
from 15 nm to 1 nm, Si/Mo, Y /Mo, La/B4C, Cr/Ss, and W/B,C have been fabri-
cated and studied in depth [134]. Novel multilayer coating designs have also been

demonstrated for ultrafast pulses [135, 136].

2.2.3 Diffractive Optics

Diffractive opctical elements are most commonly used in the SXR region, which
primarily consist of linear gratings and focusing Fresnel zone plates. The former
are often used as monochromators or spectrographs. Their ability to deviate
electromagnetic radiation is governed by Bragg’s law form of the transmission

grating formula at arbitrary incidence

d (sina + sinf) = mA, (2.21)

where d is the period of the grating, « is the angle of incidence and 6 is the angle

of deviation. The resolving power limited by its bandwidth (as in equation 2.20).

For a transmission grating consisting of opaque lines of width equal to half the

grating period, the diffraction efficiency 7, is given by
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0.25 m=0
Nm =94 1/m?7% m odd (2.22)

0 m even

The diffraction efficiency of the gratings in limited to 10% in the first order.
However, the efficiency can be greatly improved if the "opaque” lines are replaced
by a translucent phase-shifting material. Ideally, this material should give a =
phase-shift and no absorption, which increases its efficiency to a 40% in the first
order. Most generally, a compromise between phase-shift and absorption must
be made. The theoretical diffraction efficiency of a general grating (this includes
Fresnel zone plates) with absorption and phase shift included for any non-zero
order is given by,

sin?(rmm)

N = — 1+ e~ AmBtA 26_2”&/’\003(2%515/)\)] , (2.23)

(m)

where r is the line-to-space ratio and t is the thickness of the lines. The choice
of the material is not trivial, since other factors, such as long-term stability and
fabrication aspects, must be taken into account. Most frequently Au, Ge and Ni

are used for soft X-rays [137].

In the soft X-ray regime, zone plates have become a standard focusing com-
ponent for high resolution imaging. They offer practically aberration free perfor-
mance at a moderate cost compared to other compound focusing reflective optics.
These circular gratings with radially decreasing periods perform point-to-point
imaging, just like conventional lenses. Zone plates have the highest resolving
power among all focusing elements. On the other hand, they feature multiple
diffraction order and strong zero order background, which for the aforementioned
reasons ultimately limits their efficiency to 10 — 40%. The following section is

dedicated to a brief description of amplitude Fresnel zone plates.
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2.2.4 Fresnel Zone Plates

In general terms, a zone plate consists of a set of concentric circular opaque-
transmission patterns that focus light by exploiting diffraction through circular
transmission gratings. Owing to diffraction, radiation is redirected in a new given

direction near sharp edges.

The zonal radii r,, are related to the focal length of the lens f by the Pythagorean

Theorem by

9 9 n\\ 2
f +rn:(f+—> , (2.24)

where nA/2 defines the incremental path length to the focal point. Thus, the radii

are given by

n2\?
4

rn=nAf+ (2.25)

Assuming that f > nA/2, ie., provided a small numerical aperture NA =
sinf) = A/ (2Ar) < 1, where Ar is the outermost zone width, the term n?\?/4,
which represents the spherical aberration of the lens, can be neglected. Under this

assumption,

T~ /nAf (2.26)

Clearly, one of the most influential zone plate parameters in the outer zone
width Ar, which shapes the NA of the lens, hence, determines the best achievable
resolution for a given wavelength. The spatial resolution is limited by this factor

as follows. By definition,

Ar=ry —ry_1, (2.27)
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where N is the total number of zones. By introducing the approximation in

equation 2.26

ry = v =NA = (N=1DAf=Af (2.28)
ra — (ry — AT)2 = 2ryAr — (Ar)2 ~ 2rNyAr (2.29)
Thus,
A =~ 2ryAr, (2.30)
or
Af = DAr, (2.31)

where D = 2ry is the total lens diameter. Using this expression in equation 2.26

D ~4ANAr (2.32)

The focal length of the lens can then be expressed as

}\ \(—3)

(m=-5

Figure 2.9: Zone plate diffractive focusing for higher order [20].
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(Ar)*

~ 4N
/ A

(2.33)

There are several conclusions that can be derived from these expressions. First
and foremost, zone plate lenses are strongly wavelength dependent. In order to
prevent strong chromatic aberration, the spectral bandwidth of the illumination
is required to be extremely narrow (AX < 1/N). For any lens, the numerical

aperture is defined by

: ry D
NA =sinf = — = —, 2.34
T (2.34)
or alternatively for zone plate lenses
A
NA~ _— 2.35
2Ar (2:35)

According to the Rayleigh resolution criterion given by the radius of the first

null of the Airy pattern, the best achievable spatial resolution is given by

0.61\
_ A 2.
res = —r (2.36)
or
res = 1.22Ar (2.37)

The depth of field(DOF) of a lens provides a quality factor of its performance by
determining the admissible axial displacement away from the focus plane which
causes an acceptable degradation of either the intensity or the image resolution.
The most widely acceptable criterion determines the displacement from the ideal
focal plane where the on-axis intensity decreases by 20% from the highest axial

intensity at z = f as
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A j:2 (Ar)?

1
Az =+~ =
2(NA)2 A

(2.38)

The expression above shows a NA™2 dependence of the DOF. As higher NA
values will enhance the resolution of the imaging system, these may also lead
to nanoscale values of the DOF. Such small values of the DOF create extremely
critical imaging conditions as astigmatic aberrations may begin to play a decisive

role.

2.3 The Generalized Imaging System

Conventionally, the spatial resolution (J) of any imaging system is expressed
as 0 = kA/NA. In order to understand the limiting factors of microscopy, some
fundamental principles of image formation are presented in this section. There
are critical factors that impact the formation and quality of an image, such as the
coherence, properties of the illumination (e.g. chromaticity or wavelength), the
depth of field or the object itself, among others. Let us discuss some of these main

attributes.

2.3.1 Spatial and Temporal Coherence of the Source

A well defined coherent radiation sets angular limits on diffraction and enables

the recording of interference patterns.

Figure 2.10: Representation of interference fringes created from a point source.

38



In the quasi-monochromatic approximation (long coherence length I..,), an ob-
ject composed of two point sources interfere with a contrast mechanism propor-

tional to their mutual coherence

__ (B)E5())
' VBV D) (2.39)

where p is the complex coherence factor, which acts as a normalized degree of
spatial coherence. A high degree of coherence (y — 1) implies an ability to form
a high contrast interference, while a low degree of coherence (1 — 0) implies an

absence of interference.

The spectral bandwidth is tightly related to the longitudinal (temporal) coher-
ence, characterized by the coherence length, defined as the distance of propagation
over which radiation of spectral width A\ becomes /2 out of phase. For a wave-

length A propagating through N cycles

lon = N, (2.40)

and for a wavelength A + A\, a half cycle less (N —1/2)

Qm:(N—%)Q+AM (2.41)
Equating both
N = ﬁ, (2.42)
so that
o = s (2.43
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2.3.2 Coherence of the Imaging System

Transverse (spatial) coherence refers to phase correlation in planes orthogonal
to the propagation. Conceptually, it can be understood as a set of concentric
spherical waves perfectly correlated everywhere within a well-defined direction.
From Heisenberg’s Uncertainty Principle (AxAp > %), the smallest source size
d one can resolve with wavelength A\ and half-angle 6 is called diffraction limit
and expressed as d -0 = \/27, equality that serves as a good estimate to generate
spatially coherent spherical waves. A bright-field microscope behaves as a partially
coherent system in which the coherence parameter o is given by the ratio of the
numerical apertures of the illuminating wave, typically from a condenser, and the

objective as

o NAcon o nconSin(econ)
NAobj nobjsin(Qobj) '

o (2.44)

where 0., and 0,; are the aperture angles of the condenser and objective lens,
respectively, and n.,, and nq; are the corresponding indices of refraction. If
o = 0, not to be confused with p, the optical system behaves coherently, while if
o > 1 it behaves incoherently. Generally, imaging systems are partially coherent

(0<o<1).

2.3.3 The Generalized Pupil Function

We begin with the assumption that an imaging system creates a real-space image
by representing the properties of the lens by an entrance and exit pupil adequately
described by geometrical optics. In a diffraction-limited imaging system, the point-
spread function (PSF) is the Fraunhofer diffraction pattern of the exit pupil and
centered on the ideal image point. Any aberrations present in the system can
be represented by waveform deformation of a perfect illuminating spherical wave

at the pupil exit. The effective path-length error, kW (zx,y), represents the phase
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error in the wavefront and gives a generalized pupil function P(x,y) as

P(x,y) = P(z,y)exp[jkW (x,y)] (2.45)

The generalized pupil function refers to the complex amplitude transmittance.
It is demonstrated that the PSF of an aberrated partially coherent system is
simply the far-field diffraction pattern of an aperture with amplitude P [138], as
in equation 2.45. Thus, if a system is free of any form of aberration, the exit pupil

is filled by a perfect spherical wave.

.

Object

Entrance Exit
A

Figure 2.11: Generalized Imaging System

Focusing-error is the simplest form of aberration in diffraction-limited optical
systems. Let us assume a perfect spherical wavefront at a square aperture of
width 2w. When a focusing error is present, the center of curvature of the spherical
wavefront converging towards the image place lies either prior to or after the image

plane. The phase distribution at the exit pupil is of the form

day) = 5 (7 +47). (2.46)

where z, # z;. The path-length error can be determined by subtracting the ideal

phase distribution from the actual phase distribution,

KW (,y) = - (2% +4?) — % (2% + %), (2.47)
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or alternatively,

2 \z, 2z

IV@W):—1(1~—1>Qﬁ+yﬂ (2.48)

We define W, for the square aperture as an indicator of the severity of focusing

eIrror as

1
W%:_é(___)w, (2.49)
which represents the maximum path-length error at the edge of the aperture along

the x and y axes. Using this definition

%+ y2
w2

W(z,y) =W, (2.50)

This expression can be substituted in a generalized form of the optical transfer

function (OTF) that yields

_ fx K\ o [8Wa (fx x|
OTF(fx, fr)= A (2—f0) A (2_fo) sinc {T (Q_fo) (1 _ Z_f())}
since [SWm (f—y> (1 - m)}

A 2fo 2fo

Under this formulae, notice that a diffraction-limited system is obtained when

(2.51)

W,, = 0. Additionally, for values of W,,, greater than A\/2 the sign reverses. As the
system is defocused the contrast attenuates gradually. When the focusing error is

severe (W, >> ) the frequency response drops to zero very quickly.

2.3.4 Frequency Spectrum of the Image Intensity

The Frequency Spectrum constitutes a simple attribute of an image to compare

the effect of coherence. The intensity of incoherent systems follows a linear be-
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Figure 2.12: Optical Transfer Function. a, The normalized optical transfer
function of a diffraction-limited system with a square pupil and b, fx cross section
of the optical transfer function with W,,/\ as a variable [138].

havior, while coherent systems are highly nonlinear in that quantity (only linear

in amplitude). The frequency spectrum of the image intensity distribution for the

case of an incoherent imaging system is expressed as

Flineon = [H * H][G * G] (2.52)

while for the coherent case it is described by

Fly, = [HG] * [HG] (2.53)

where

X(fxr fy)* X (fx fy) = / / X(p )X (0 - fxrq— fy)dpdg  (2.54)

is the autocorrelation integral, H is the amplitude transfer function (magnitude
of the OTF) and G is the spectrum of the ideal image U in magnitude and phase
[138].
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These expressions uncover that frequential content in both cases differs signifi-
cantly. Furthermore, it shows that the results of a case comparison will strongly
depend on both the intensity and phase distributions across the object. For this
reason, this general result does not lead to the conclusion that one type of illu-
mination is better than the other in terms of image frequency content, but rather
that one object can be said to be imaged better in one case or the other, depending
on intensity and phase properties. Because of the lack of a trustful representation

of the object and the OTF of a system, this comparison is generally very complex.

/1o

uw s Az

Figure 2.13: Two incoherent point sources: Image intensity for two equally
bright incoherent point sources separated the Rayleigh resolution distance. The
resulting modulation is of 26.5 %. The two vertical lines represent the two inco-
herent point sources.

2.3.5 Two-point Resolution

According to the Rayleigh criterion of resolution, two incoherent point sources
are resolved at the limit when the center of the Airy pattern generated by one
point source falls exactly on the first zero of the Airy pattern generated by the
second. The minimum resolvable separation of the geometrical images is therefore

A A

=0.61-—- (2.55)

0=061 sinb NA

where 6 represents the half-angle from the exit of the pupil and the NA is the

numerical aperture of the optical system. Now, for coherent systems the problem
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is found to be more complex and it is found that it also depends on the phase
distribution of the object. Let us take a cross-section of the Airy pattern intensity
for the most general case where ¢ is the phase between two point sources and

write it as

Ji[m(z — 0.61)] 03 Ji[m(x +0.61)] 2

I(x) =2 m@—061) | w(x+061)

(2.56)

Figure 2.14 shows the distributions of image intensity for point sources with
¢ = 0rad, ¢ = 7/2 rad, and ¢ = m rad. When the sources are in quadrature
(¢ = m/2), the image intensity distribution is identical to that resulting from
incoherent point sources. When they are in phase (¢ = 0), nonetheless, the
dip in the image intensity is absent, and therefore the two points are not as
resolved as in the incoherent case. Finally, when the two point sources are in
phase opposition ((¢ = 7)) the dip is of 100% modulation so it can be said that
they are better resolved than in the incoherent case. Again, no type of illumination

is unambiguously better than the other following this criterion.

1/1g
o=0 A4
1.2
o=n 1 o=n/2
8
0.6
0.4
2
_ uw / Az;
2 -1 1 2

Figure 2.14: Two coherent point sources: Image intensities of two equally
bright coherent point sources separated by the Rayleigh resolution distance for
different phase shifts [138].

2.3.6 Knife-Edge Resolution

There are other common resolution test that bring out properties of images

formed with coherent and incoherent light that are notably different. The knife-
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edge test relies on the response of an optical system to a sharp edge, or mathe-

matically, a 2D-object with transmittance

0 <0
ta(z,y) = (2.57)

1 >0
Figure 2.15 depicts some obvious coherent effects in sharp edges. The coherent
image crosses the location of the actual edge at % of its normalized intensity, where

the incoherent image does it at % its normalized value. This simple observation is

of great relevance when estimating edge positions or widths.

For resolution characterization purposes, the distance over which the normalized
image intensity varies from 10% to 90%, dig—go is often used. In principle, dyg_g is
dependent, as well as 4, on the numerical aperture of the objective lens (N A), the
wavelength of illumination (\), the coherence parameter (o), and other aberrations
in the system. However, djg_g9 and ¢ are related as defined only for the incoherent
case. For the knife-edge, a higher degree of coherence will provide a sharper edge,

hence, better resolution factor, than a lower degree of coherence would.

There are, nonetheless, several coherent artefacts that only arise from the use
of coherent illumination. The ripple-effect in sharp edges is highly undesirable as

it degrades the overall image quality. Furthermore, coherently illuminated objects

7l Coherent image
i Edge
Incoherent
0.5 image
0 u

Figure 2.15: Knife-Edge: Intensity profile representation of knife-edge images
of a sharp perfect edge t4 for the extreme coherent (0 = 0) and incoherent cases
(0 — o) [138]. Note the intensity normalization.
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often display images with a strong granular nature, a direct consequence of the
interference between closely spaced and randomly phased scatterers within the
diffuser (object), so-called speckles [139]. Finally, highly coherent illumination
is particularly sensitive to optical imperfections that may exist along a path to
the observer. For example, tiny dust particles on a lens may lead to pronounced

diffraction patterns superimposed on the image.

Again, it is not straightforward to denote coherent or incoherent imaging un-
doubtedly better than the other. It seems that partially incoherent illumination
would make a good choice in order to avoid the aforementioned effects, although
there are techniques that require a high degree of coherence, such as holography

or coherent diffractive imaging.

2.3.7 The Grating Test

The grating test describes the modulation response of an imaging system, which
can be characterized by analyzing the intensity modulation of a set of periodic
objects. These objects are one directional amplitude gratings with an ideal trans-
mission profile varying from zero to one. The intensity modulation the gratings
is calculated as (Lnar — Imin)/Imaz, that is, the intensity variation Inee — Imin,
normalized by the maximum intensity, where I,,;, and I, are the minimum
and maximum intensities of the grating image along the propagation axis of the

periodic structure, respectively.

Therefore, the modulation response of a microscope denotes the extent of spa-
tial frequencies that are contained in an image. Figure 2.16 represents the effect
of coherence on the shape of the modulation response. For perfectly coherent
illumination the modulation of decreasing half-period gratings is unity until the
half-period reaches a value slightly smaller than Ar, where it abruptly drops to
zero (coherent cutoff). As o begins to increase, the modulation response extends

to higher spatial frequencies although with degraded response. The partially co-
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Figure 2.16: Modulation Response in varying degrees of coherence to equal
line and space patterns

herent cutoff frequency is usually expressed either as Rayleigh-like or zero-drop
modulation. For ¢ = 1 the modulation is reduced and extends to twice that of

the coherent (o = 0) case.

2.3.8 Conclusions

In general, no particular value of o provides optimal image quality for all objects.
For an aberration free imaging system, the overall image quality will depend only
on the resolving power of the objective lens, the degree of coherence, and the

object amplitude and phase distribution. However, the illumination can always
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Figure 2.17: Resolution as a function of the degree of coherence as a result of
different resolution characterization techniques.
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be optimized for specific types of objects. If the imaging technique admits certain
coherence flexibility, the best overall imaging performance is typically given by

partially coherent illumination.

Unconditionally, none of the resolution criteria discussed in this section consti-
tute an absolute benchmark for imaging systems (see figure 2.17). That means
simply that, a given microscope may yield excellent image quality for a particular
object, whereas it may be unsuitable for others. A fair comparison of imaging sys-
tems not only requires a full characterization of optical system and illumination,

but also a consideration of the nature of the objects employed.
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Chapter 3

The 46.9 nm Imaging System

Soft x-ray laser

a1 et

A
" Micréscope -
_ chigmber

e e

Figure 3.1: The EUV microscope operating at 46.9 nm illumination wavelength

Full-field microscopy with EUV lasers has been demonstrated first by our group

using a compact microscope [36, 101], operating at a wavelength of 46.9 nm [140].

The microscope is illustrated in figure 3. Two spherical Sc/Si multilayer mirrors
arranged in a Schwarzschild configuration with 16% throughput condense the light
from the output of the laser onto the sample [34]. A zone plate lens with diameter
0.5 mm and numerical aperture (NA) 0.32 is used as the imaging objective lens
[141]. This zone plate was produced by electron-beam lithography on 100 nm sili-
con nitride membranes. The zone plate was made free-standing, containing pseu-

dorandomly located supportive spokes between the zones, to allow a throughput
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near full 10% efficiency of the first diffraction order. This zone plate lens projects
the image onto a charge-coupled device (CCD) detector with 13.5 um pixels. The
laser beam is created via a highly ionized plasma column that is generated by fast
electrical discharge excitation of an Ar-filled capillary. It emits laser pulses higher
than 10 uJ of energy (; 2.4 -10*2photons/pulse)andhighmonochromaticity(AXN/\ =
5-107°) [140].

A =46.9 nm (hv = 26.4 eV)
Vpillary discharge laser
Schwarzschild

e condenser
: Objective

zone plate

Sample

CCD
detector

Figure 3.2: Schematic of the compact 46.9 nm microscope in transmission mode
[36].

This microscope has demonstrated to be capable of obtaining near-wavelength
spatial resolution with a single laser shot, corresponding to ~1 ns temporal resolu-
tion, opening the possibility of investigating nanostructural dynamics. The entire

microscope is extremely compact and occupies an area of 0.4 mx2.5 m.

Each of the optical elements are described in further detail in the subsequent

sections.
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3.1 Microscope illumination:
Ne-like Ar discharge-capillary laser

The laser output is created via a highly ionized plasma column generated in a
capillary containing Ar. The excitation process in this collisionally pumped laser
makes use of an ionization bottleneck technique to guarantee a high density of ions
in a particular ionization state (see figure 3.3). The excited state can be produced
mostly through collisions with plasma electrons from the ground state, although
higher Ne-like excited states contribute by cascading from higher excited states.
For the Ne-like ions, the population inversion is produced between the 15225%2p°3p
and 15%2522p°3s. Particularly, population inversion in the Ne-like Ar*8 ions results
as the 2p°3p to 2p° transition is dipole forbidden, while the 2p°3s to 2p° is allowed

with a high oscillation strength and a short lifetime, of the order of 1/3 ps.

(3)4d

46.9 nm
(26.5eV)

Lasing
Transition

Electron Collisional
Excitation

Fast Radiative
Decay

(0) 1s%2522p"

Figure 3.3: Simplified energy level diagram for Ar*®. Ne-like ions are created
in a hot dense plasma by direct collisional electron excitation to the 4d level from
the ground state. The ions rapidly decay to the 3d and then to the 3p level.
This transition is favored because the 4d to ground transition is diple forbidden.
The decay to the 3s level leads lasing at 46.9 nm to occur. The 3s level has a
relatively low population since it has a fast radiative decay to ground, about 1/3
ps. Therefore, the population inversion is built up between the 3p and 3s levels.
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Figure 3.4: a, Schematic representation of the 46.9 nm discharge laser. b, Dis-
charge current pulse and laser output pulse.

One of the critical aspects in capillary discharge lasers is the plasma column uni-
formity. The major cause of severe distortions of the plasma column is connected
with axis inhomogeneities. High axial plasma uniformity is achieved through a
pre-ionization of the Ar and subsequent fast discharge excitation of the capillary
channel. The pre-ionized Ar gas that fills the capillary is compressed to form a
dense and hot plasma column excited by a current pulse of 22 kA peak amplitude.
The compression of the plasma column is induced by the magnetic field ﬁ that
generates a radial force ? = 7 X B, where 7 is the current flux across the

capillary, giving a length to diameter ratio of the order of 1000:1 [142].

The firing of the laser begins with two delayed signals from a pulse generator,
a 30 ms duration pulse and an impulse of 1 ps duration 29.7 ms after the first
pulse starts. A trigger boz, acting as a relay, remains open until it receives the
first signal from the pulse generator. During these 30 ms, the relay enables a
high wvoltage power supply to apply a 60 kV output voltage. During the 30 ms
and 60 kV pulse, a parallel/series configuration capacitor set is charged while
a pre-ionization current flows toward the capillary load. This pulse pre-ionizes
the Ar gas upholding the necessary initial uniform plasma conditions for a stable
compression. A Thyratron inside the trigger box makes use of the second signal
created by the pulse generator by driving the short impulse to trigger a first

pre-ionization spark gap from the parallel/series configuration set of capacitors.
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The output voltage of the single-stage pulsed power unit is estimated to be of
80-90 kV. The pre-ionization spark gap creates a small current pre-pulse that
increases the ionization level of Ar, charges a ring configuration ceramic capacitor
set surrounding the second spark gap and connected to the laser head with a
coaxial cable, igniting the discharge in the capillary, as shown in figure 3.4. The
main spark gap is self-triggered to generate the 22 kA current pulse necessary
to excite the plasma column and achieve conditions for amplification at 26.5 eV.
Even though the collisional excitation scheme is typical of CW lasers, the inability
to maintain the pump-power constant at the required levels limits the emission to

pulsed laser generation with repetition rates up to 12 Hz.

1o

Morminlized Intensey

Figure 3.5: a-c, Representative interferograms and their lineouts showing the
coherence buildup of the laser beam with increasing capillary length (a) 18 cm,

(b) 27 cm and (c) 36 cm [143].

Under this pump mechanism, amplified spontaneous emission results in pulses
of 1.5 ns duration at a wavelength of 46.9 nm (26.5 eV), with a spectral bandwidth
of AM/A = 3.5-1075. The plasma in the capillary has a convex axis-symmetric
electron density profile with an on-axis maximum that causes refraction of the
amplified light. This provides a mode selection mechanism that filters higher-

order modes and reduces the effective transverse source size significantly as the
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gain medium lengthens. Therefore, the degree of coherence can be tailored by
varying the plasma column length (see figure 3.5). The capillary length of 22 cm
selected for the imaging experiments produces optimized, partially coherent pulses
for illumination that limit speckle effects, as discussed previously, while providing
10p.J pulse energies, equivalent to 2.4 x 10'? photons/pulse, sufficient photon flux

for single-shot imaging.

3.2 The Imaging System

The output from the capillary discharge laser is collected by a multilayer con-
denser and focused onto the test sample. The condensed light travels through an

absorption-sample and the objective zone plate forms an image onto the CCD.

3.2.1 The Condenser

The system utilizes a Schwarzschild configuration Sc/Si multilayer mirror [144]
condenser [34] in order to focus the light on the sample. As discussed in chapter
2, at this wavelength the best monolayer mirrors exhibit a reflectivity no better
than 10~ at normal incidence, hence, multilayer coatings are required in order to
pursue enhanced throughput. The condenser depicted in figure 3.6 consists of two
concentric spherical mirrors. The primary convex mirror, 10.8 mm in diameter,

and the secondary concave mirror, 50 mm in diameter, are coated with 60 Sc/Si

Figure 3.6: Layout of the Schwarzschild configuration Sc/Si multilayer mirror
condenser.
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layer pairs with a total reflectivity of nearly 40 % each at normal incidence. This
particular design yields a condenser with NA = 0.18 and demagnification of ~90
at a focal distance of 27 mm. In a Schwarzschild configuration, upon an adequate
choice of Ry, Ry and d, the aberrations of both mirrors are cancelled out for
selected magnifications. Residual design aberrations become only apparent above

the 5th order [145].

3.2.2 The Objective Lens

Free-standing zone plates are used as the imaging lenses. The microscope has
been operated using four different zone plates, all with 500 um diameter, and NAs
0.11, 0.19, 0.32, and 0.47, corresponding to 200, 120, 72.5, and 50 nm outer zone
widths, and 2.13, 1.28, 0.77, and 0.48 mm focal lengths, respectively (see table
3.1).

Table 3.1:

Free-standing Objective Zone Plate Lenses: list of available objective lenses
for the 46.9 nm imaging system displaying their numerical aperture (NA), outer
zone-width (Ar), diameter (¢), focal length (f), depth-of-field (DOF), and ex-

pected resolution § for incoherent (*) and coherent (¢) cases.

NA | Ar [nm] | ¢ [mm] | f [um] | DOF [um] | §° — 6° [nm]
0.11 200 0.5 2132 3.41 120-250
0.19 120 0.5 1279 1.23 75-150
0.32 72.5 0.5 773 0.45 50-100
0.47 50 0.5 480 0.21 30-60

The zone plates were specifically designed to reduce absorption by making the
ring structures free-standing, so their efficiency is maximized to be 10 % in first
order. The zone plates were fabricated by electron-beam nano-lithography on 100
nm silicon nitride (Si3N;) membranes at the Center for X-ray Optics (CXRO)
[141]. In order to fabricate the zone plates free-standing, the design incorporated
a series of pseudo-randomly located spokes that connect all the consecutive zones

and support the membrane beneath the zone plate in a free-standing structure.
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3.2.3 The Detector

The formed image is capture by a 2048 x 2048 array CCD detector (model
DO436 Andor Tech.). The system boasts negligible dark current with thermoelec-

tric cooling down to - 30 C. The following table summarizes the main properties

of the CCD:

Active Pixels | 2048 x 2048

Pixel Size (W x H; um) | 13.5 x 13.5

2

Image Area (mm?) | 27.6 x 27.6

)
)

Max full frames per sec (1 MHz digitization) | 0.2
)

Read Noise (e-, typical) | 7.5 (1 MHz)

Count/photon at 26.5 eV | 0.851

3.3 Resolution Characterization

The grating test was performed in order to assess the resolution of the 46.9
nm microscope. This work was carried out by Brewer et al., further described in
reference [36]. The modulation response for three different zone plate objectives
with numerical apertures 0.32, 0.19 and 0.12, which correspond to 73, 124, and 200
nm outermost zone widhts, respectively, was obtained by measuring the intensity
modulation from single-shot images of gratings with different periods, as shown
in figure 3.3. The spatial resolution was determined according to the Rayleigh-
like cutoff, that is, the value of the grating half-period that exhibits an intensity

modulation of 26.5 %.

3.4 Applications in Imaging

The 46.9 nm imaging system has demonstrated acquisitions with 50 nm spatial
resolution using a single laser shot. The implementation of practical microscopes
in the SXR region capable of rendering full-field images with wavelength-resolution

and single ultrafast laser pulses is key to a vast number of applications, for ex-
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ample, to structural biology studies. As reviewed in chapter 2, SXRs exhibit
the potential to offer nanoscale spatial resolution with strong natural absorption
and phase contrast. It was also reviewed that the interaction of SXRs with matter
causes a high degree of ionization [146, 147|, leading to possible structural changes

and irreversible damage to the radiated sample. The radiation damage concerns
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Figure 3.7: Single-shot images acquired with the 0.32 NA zone plate objective of
a, a 70 nm half-period grating (with corresponding SEM image) and b, its corre-
sponding lineout with an 83% intensity modulation; and ¢, a 54 nm half-period
grating (with corresponding SEM image) with d, an intensity lineout showing an
average modulation of 33%.e, Reconstructed modulation response with achieved
half-period resolutions of 120, 80, and 54 nm for the 0.12, 0.19, and 0.32 NA

objectives, respectively [36].
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simply to the question whether the image recorded resembles the true biological
structure or the results change with radiation doses. The radiation challenge be-
comes specially critical for living specimens. While the lethal radiation dose for
most living organisms is about 1 to 10 Gy, typical doses for high resolution SXR
imaging are of the order of 10 Gy, far beyond the damage threshold. The ability
to rapidly flash a biological specimen with a single intense laser shot and acquire a
bright-field image before the specimen is damaged or turned into a plasma would

undoubtedly overcome any radiation-related alterations.

Towards this goal, the 46.9 nm imaging system has thus far assessed the feasi-
bility to capture an image of dehydrated pancreatic tissue with a few laser shots,
illustrated in figure 3.4. The sample consisted of a 45 nm thick mouse pancreas tis-
sue cut fixed with glyceraldehydes after stained with osmium tetroxide and uranyl
acetate and embedded in a glycerol-based aliphatic epoxy resin. From the image,
different regions of the tissue were identified, such as islets of Langerhans, which
are clusters of several types of cells active in producing hormones, or acinar cells,

responsible for secreting digestive enzymes.

Figure 3.8: Pancreatic tissue. a, SXR image of pancreatic tissue. Exposure
time 20 seconds at 2 Hz repetition rate. Islets of Langerhans (1), pancreatic
acini (2), and the acinar nucleus (arrow) are identified (bar = 2 ym). b, Light
Microscope Photomicrograph of 5 um thick section of hematoxylin and eosin
stained mouse pancreas.
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Figure 3.9: Single-shot bright-field acquisition of a C-nanotube entanglement
(nominal diamater 50 nm) using the 46.9 nm imaging system with an objective
lens of 0.32 NA [36].

The success in demonstrating single-shot SXR imaging of living specimens will
also rely on the fabrication of highly efficient membranes and cavities that serve
as specimen holders. These holders enable biological specimens to survive vac-
uum environments enclosed in sealed cavities and are constructed such that their
efficiency in the SXR region is maximized. Much work has been dedicated to the

development of these holders, further described in the appendix.

Another application to the capability to acquire high-resolution single-shot im-
ages is the recording of nanoscale ultrafast dynamics. The image shown in figure
3.4 was acquired with a single shot by Brewer et al. and displays an entangle-
ment of carbon nanotubes with nominal diameter of 50 nm. An extension of
this demonstration is the acquisition of multiple sequenced snapshots of nanoscale
events evolving in time, and hence, the recording of nanoscale movies. This idea

is elaborated and demonstrated in the following chapter.
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Chapter 4

Sequential single-shot SXR

Microscopy

Figure 4.1: SXR snapshots of an atomic force microscope tip in motion.

The development of high energy per pulse table-top soft X-ray lasers have set
the ability to freeze any arbitrary motion by acquiring full-field images in a single
laser shot in real-space. This chapter is dedicated to the first demonstration
of dynamic flash imaging employing a compact SXR microscope by means of
the 46.9 nm imaging system described in the previous chapter. Requiring little
sample preparation and operable in transmission or reflection configuration, the
microscope has proven the ability to effectively achieve near-wavelength spatial
resolution [101] and capture images with a single laser shot [36] to record nanoscale

dynamic interactions through sequential single-shot acquisitions.
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4.1 Introduction to Dynamic Imaging

Filmmaking smaller and faster has unconditionally set the trend for researchers
studying dynamic phenomena through time-resolved imaging, regardless of the
technique. There is a wide variety of areas of interest that today remain relatively
unexplored where dynamic processes at atomic-scales occur on very short to ul-
trashort timescales (107% to 107' seconds). This sections aims to briefly review

the main advances in imaging systems towards this goal.

Imaging the dynamics of ultrafast processes is possible using stroboscopic pump
and probe techniques. In these experiments, a pump pulse triggers a process and
a probe pulse samples the state at which the system is a certain time after the
stimulus has been applied. Through this approach, the temporal resolution is
only limited by the pulse width. However, it is necessary that during the image

acquisition time the state of the sample remains unaltered.

While the temporal resolution in conventional microscopes is limited to the
detector readout rate, time-resolved visible microscopy has accomplished to reduce
the gap through pump and probe experiments down to the femtosecond range,
although achieved spatial resolutions have never reached beyond a few micrometers

148, 149).

Alternatively, transmission electron microscopy can reach sub-A spatial resolu-
tion, although using the standard electron thermionic cathode cannot be used to
image fast dynamics. Two different approaches have been implemented to image
dynamics. In one of them, an ultrafast laser is used to generate an electron bunch
with only a few electrons per pulse and the same laser is used to trigger the dy-
namic process on the sample at a delayed time. The image is formed in a scanning
geometry from the scattering of thousands of single-electron bunches, so the spatial
(sub-A and temporal resolution (fs) are maximized [61, 62]. However, this imaging

scheme requires the dynamic subject of study to be strictly repetitive [150]. In
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Figure 4.2: Example of a single-shot SXR image: an atomic force microscope tip.

the other approach, Armstrong et al. have successfully demonstrated single-shot
acquisitions in transmission electron microscopy with exposures as short as a few
tens of nanoseconds [63, 151]. This technique also relies on laser excitation of the
cathode to generate short (10 ns) electron pulses with ; 107 e-/pulse), ultimately
limiting the spatial resolution to ~60 nm [64] due to stochastic blurring and space
charge effects. These technological constraints do not apply to SXR imaging.
Furthermore, imaging in the SXR region overcomes the low electron penetrating
power, provides element specificity, and allows more flexible imaging conditions,

e.g., the presence of electromagnetic fields.

Various X-ray imaging techniques such as zone plate based full-field and scan-
ning microscopy, holography and coherent diffractive imaging are currently being
developed to offer enhanced temporal and spatial resolutions [152, 37, 78, 46,
80, 75, 153]. However, most of these techniques exhibit the same limitation as
that of the approach developed by Zewail et al., i.e., full repeatability in order
to build an image. Specific to freezing the rapid motion of non-repetitive mecha-
nisms, it is essential not only to feature very short pulse durations but also that
these pulses contain sufficient amount of photons to enable single-shot acquisi-
tions. The access to soft X-ray imaging systems capable of taking images in a
single shot to study transient behaviors is, nonetheless, extremely reduced and

primarily limited to a handful of compact laser and free electron lasers (FEL) sys-
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tems [36, 43, 154, 58, 59]. FELs have indisputably revealed a revolutionary merge
of light attributes by owning the possibility to record the coherent diffraction pat-
tern from the sample before it is destroyed by a single ultrashort intense laser
pulse. As of today, there has only been one demonstration of sequenced single-
shot soft X-ray imaging of ultrafast nanoscale dynamics, reported in reciprocal
space and achieving sub-100 nanometer spatial resolution at FLASH in Hamburg

[39).

This chapter describes the results on the first full compilation of sequential
single-shot images depicting nanoscale dynamic interactions using a compact SXR
microscope. The images were acquired non-invasively and employing imaging

optics, hence necessitating no further image processing.

4.2 Experimental Setup

The experiment consisted of imaging the motion of an oscillating magnetic
nanoprobe perturbed by stray magnetic fields from an array of magnetic strips,
resembling the configuration of magnetic force microscopes (MFMs) [155]. These
results could substantially reach out to applications where a direct visualization
was previously unattainable yet highly desired. For example, nanocantilevers are
increasingly attracting attention because of their potential to become a new gen-
eration of ultrasmall sensors for biotechnology and data storage [156, 157], among
others. The ability to monitor the motion of these nanocantilevers subject to
their surrounding force fields would introduce a unique approach to the character-
ization of their mechanical properties, complementary to other efforts subject of
innumerable studies. Furthermore, based on previous demonstrations, this tech-
nique is now wavelength scalable and accessible to spatial and temporal resolutions
of a few tens of nanometers and a single picosecond, respectively [158, 114, 159].

We envision these tools will soon unfold the unseen in emerging nanotechnologies.
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Schwarzschild
Condenser

Nanoprobe

Figure 4.3: Sequential single-shot imaging of dynamic interactions.

The general layout of the experiment is depicted in figure 4.3. The Schwarzschild
condenser focuses a single incident pulse from soft X-ray laser into a nanoprobe
tip on an oscillating cantilever. The cantilever is mounted onto a piezoelectric
bimorph that is set to vibrate at a frequency equal to the cantilever’s natural
resonance frequency for in order to mechanically couple its actuation. At a given
instant, a bright-field image of this tip in motion is directly formed on a CCD
detector through by a 0.32 NA free-standing zone plate objective lens. A series
of time-delayed real-space images illustrating the evolution of the tip dynamics is

captured by synchronizing the soft X-ray laser trigger and the device drive signal.

Two different nanoprobes were employed for various demonstration purposes.
A high-aspect ratio standard atomic force microscope (AFM) was used to demon-
strate sequential single-shot imaging of a nanoscopic object. The time-delay step
for the sequence of snap shots was chosen to be nominally 30 ns, so that a total of
about 100 images reconstruct the rapid periodic motion with frequency f = 318.6

kHz (T = 3.14ps) and amplitude £250 nm.
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Magnetic
nanoprobe

Stray magnetic field

Array of Py strips

Figure 4.4: Representation of the interaction between an oscillating magnetic
nanoprobe and the stray fields from an array of magnetic strips.

The second part of the experiment employed a Co-alloy coated magnetic force
microscope (MFM) tip to demonstrate the capability of single-shot flash imaging
and reveal perturbations on the motion of the nanoprobe due to interactions with
surrounding magnetic force fields. The interaction scenario is depicted in figure
4.4, where the nanoprobe is made to oscillate with an amplitude of +500 nm above
an array of Permalloy strips at a minimum separation distance of 150 nm. These
strips exhibit strong uniaxial shape anisotropy and hence remain magnetized along
the x axis at remanence. The stray magnetic field is the largest at the end of the
microstrip (see figure 4.5). As will be shown, the nanoprobe experienced a strong

interaction above any strip and none in between strips.

4.3 Methods

4.3.1 Samples
Nanoprobes

The experiment was conducted utilizing two different commercially available
nanoprobes. The first, a 5:1 high aspect ratio atomic force microscope (AFM)

probe, featured a 20 nm radius Si tip on a 125 um long cantilever, spring constant
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of 40 N/m, and resonance frequency of 318.6 kHz. The second, a Co-alloy coated
magnetic force microscope (MFM) probe, had a resonance frequency of 65 kHz, a
nominal spring constant of 0.7 N/m, and a coated tip-radius of 40 nm fabricated
at the end of a 230 um long cantilever. The Co-alloy coating allows steady perma-
nent magnetization in the direction of the tip axis. The tip was pre-magnetized
prior to running the experiment by a strong Nd magnet. Both tips were clamped
onto a rectangular bimorph actuator driven by an AC signal at a frequency cor-
responding to their resonant frequencies. The voltage was adjusted to select a

desired amplitude of cantilever oscillation.

Magnetic sample

A 1:1 array of Permalloy strips with dimensions 10um x2um x40nm were fabri-
cated on a Si substrate by means of UV photo-lithography, magnetron sputtering,
and a lift-off process. A Si substrate was first cleaned, pre-baked for 60 seconds
at 90 °C, spin-coated with 300 nm of positive photo-resist Shippley 1818 and
post-baked at 120 °C for 90 seconds. The photo-resist was then exposed to a 15
mW UV lamp for 10 seconds through two absorptive masks simultaneously (the
1%twith1 : 12um spaces and lines, the 2"with10umx 10um clear squares) located

on the edges of the Si substrate. The exposed photo-resist was developed with

Figure 4.5: Normalized remanent magnetic field strength z-component at z = 150
nm from the surface of a single Permalloy strip after saturation along the x axis.
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Figure 4.6: Dark-field image of the fabricated array of 1:1 10pumx2umx40nm
Permalloy strips.

a 4:1 solution of distilled water and AZ 400K developer for 60 seconds, resulting
in cleared 1:1 arrays of the design dimensions. In order to clean the surface of
the target, pre-sputtering was carried out for 120 seconds before the film growth.
A 40 nm thin film of Permalloy with composition of Ni/Fe 81:19 wt% was then
deposited on the patterned array through DC magnetron sputtering . The base
vacuum before sputtering was 7.410~% Torr and the target-substrate distance was
30 cm. The DC power was 15 W (342 V and 43 mA). During the sputtering,
3.3 mTorr of Ar filled the growth chamber, resulting in a growth rate of 0.97
nm/min. The fabrication of Permalloy strips was finalized through lift-off, rinsing

the sample in an acetone bath for 60 minutes (see figure 4.6).

4.3.2 Magnetic Force Interaction Model

A magnetic cantilever interacting with stray magnetic fields can be modelled
as a frequency-locked harmonic oscillator. This interaction results in changes in
due to a frequency shift in the natural resonance curve of the harmonic oscilla-
tor which is proportional to the presence of force gradients. This is called the
perturbed harmonic oscillator model. Let us begin with the fundamentals of the

perturbation.

Within this model, the presence of a magnetic force gradient from the Permalloy
strip acts to modify the effective spring constant of the cantilever and change its
resonant frequency. Let us represent the tip with its spring constant ky;. The

derivative of of the exerted force F(x,y, z) as a function of the distance between
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the tip and the strip, 2z, can be represented in the form of a spring constant
ky = —0F/0z. With this simple representation, the cantilever can be modelled
with an effective spring constant modified by a z-dependent term corresponding
to the force gradient as

oF

begs = ko + Ky = ko — =~ (4.1)

A direct consequence of a varying spring constant is a varying resonance frequency

w,. For a harmonic oscillator with effective mass m

m m 0z

Wt Retr 1 <k 8F) (4.2)

Notice that the resonant frequency of the system is now a function of z, hence,
it will change depending on the position of the tip with respect to the surface of
the strip. The variable term of the resonance frequency, the frequency shift Aw(z),
is related to the unperturbed natural frequency of the cantilever wy as w?(z) =

T

[wo + Aw(z)]Q. From equation 4.2, under the approximation that Aw < wy,

Aw 1 OF
= _ _ -7 4.3
Wo 2k 0z ( )

Typical values of F/dz lie below 1072 N/m, which, in the range of 100’s of
KHz, results in a frequency shift Aw of only a few Herz at most. The amplitude in
a frequency-locked harmonic oscillator varies as a consequence of these few hertz
of resonance frequency shift. The resonance line-shape A(w) of a cantilever is

characterized by a Lorentzian of the form

_ Ao(wO/W)
1+ @ (e — w0

Aw) (4.4)

where () = wp/Aw is the quality factor of the cantilever. As equation 4.4 shows,
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a change in amplitude is maximized for small Aw when w lies in the maximum
slope at A(w = Wpae), which occurs at wy/v/8Q from the maximum on either side

of the curve. That is,

Winaz = Wo (1 + W%Q) : (4.5)

and at this point of the curve, its derivative

{aA] e 14Q (46

8_w w - 3\/5&)0
Recalling equation 4.3 and plugging it into the equation 4.6, the change in
amplitude produced by a force gradient when the oscillator is being driven at a

frequency wy,q, is given by

- (24Q) oF
A (3 ﬁk) d (4.7)

We are almost ready to predict the amplitude shift, since most parameters in

the equation above are given:

Ao | 800 nm | given by the experiment

Q 1E2 nominal (manufacturer)

kE | 0.7 N/m | nominal (manufacturer)

Let us estimate the magnetic force as the interaction force between two point
magnetic dipoles with magnetic moments mp, and my;, corresponding to the strip
and the magnetic probe, respectively. A single 10um x2um x40nm Permalloy strip
(Mp, = 800emu/cm?) exhibits a magnetic moment magnitude in z of mp, = 6.4x
1073 Am?, while a 40 nm cone shaped Co-alloy (Mc, = 1400emu/cm?) coated tip
has an approximate magnetic moment magnitude in z of my;, = 4.1 x 10717 Am?

[160).
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The magnetic field created by a single dipole is expressed as

B(r) = [ (g - )T — ] (4.8)

47r r3

We extract the component of the magnetic field only in z and express it in

Cartesian coordinates as

ﬁz(z) = Z_;%@dip] cos ¢ cos O sin* (%) (4.9)

and its derivative

0B,

0z

(2) = —Z—;%]mdm\ cos ¢ cos 0 sin* §(2) (4.10)

Therefore, a magnetic dipole with magnetic moment ms, experiences a force in

terms of the energy gradient such that for the z component

Fy(z) = V(my| B|) = ‘ﬁ (4.11)

By substituting my = my;,, mg;, = mp,, and recalling equation 4.7, we estimate

the the amplitude shift to be

_ |2A0Q8 5,

e (4.12)

which is expected to be of a only a few tens of nanometers at its maximum, as
shown in figure 4.3.2.

The contribution of a complete array of Permalloy strips to the amplitude shift
would be periodic with line-space distance period, hence, it can be readily repre-

sented as a function of z. Figure 4.3.2 exemplifies the case when z = 150nm, the

71



Amplitude Shifts due to Dipole-Dipole

Interaction at 150 nm Distance
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Figure 4.7: Estimated amplitude shift as a result of the interaction between the
Permalloy strip and the Co-alloy coated oscillating tip at a separation distance of
z = 150 nm for the two possible magnetizations of the strip across x.

lowermost unperturbed position of the tip in the experiment.

4.4 Experimental Results

4.4.1 Natural Harmonic Oscillation

A series of sequential non-destructive images was acquired and assembled into
a movie that depicts the complete motion of the tip oscillating at f = 318.6 kHz
with an amplitude of +250 nm and placed a few hundreds of nanometers off a
reference surface. The instant at which the image was taken with respect to the
phase of the oscillation was determined from the laser-generated current pulse and
was monitored at all times to guarantee the synchronization of the acquisitions.
Figure 4.4.1 a-d show a sequence of flash images of the tip at different times in

the oscillation. The trajectory of the tip was reconstructed (figure 4.4.1 e) from
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~ 100 images acquired over several cycles of oscillation.

An ensemble of images was formed with all the acquired flash images at different
times under the same oscillatory and illumination conditions. The location of the
tip in the images was analyzed by first equalizing the background of all the full-
field (23x23 pm?) images from each ensemble of images in order to compensate
for shot-to-shot brightness variations. The tip location was then roughly

estimated through a gradient map of the background-equalized image. In order
to retrieve the distance between the reference surface and the tip, the equalized
image was cropped into a 250x 250 pxl? sub-image centered at the estimated loca-
tion of the tip and mapped into a 10x intensity-interpolated image. Fach pixel in
the image corresponds to 11.37 nm (M ~ 1200). Finally, the surface-tip separation
distance was obtained by a normalized 3-pixel averaged intensity cross-section. As
a result, from the compilation 100 time-delayed images, the period motion of the

tip was completely reconstructed within an error of approximately +1 pixel, that

is, 11.37 nm.

4.4.2 Perturbed harmonic oscillator

Following the same image-acquisition and -analysis procedure, the perturbed
oscillation of the magnetic nanoprobe was captured under three scenarios: (1) on
top of a Py strip-edge, (2) in between two strips, and (3) on top of the neighboring
Py strip-edge. Scenarios (1) and (3) were implemented for repeatability purposes.
The nanoprobe was naturally oscillating with a £500 nm amplitude and frequency
65.2 kHz at a minimum separation distance of 150 nm. As the resonating magnetic
nanoprobe approached the edge of either Py strip, the present force gradients
deflected the tip towards the substrate surface. According to the model, at 150 nm
the frequency shift in the resonance curve of the cantilever would be of about Aw ~

—10rad/sec, leading to a positive amplitude shift of a few tens of nanometers.
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Figure 4.8: a-d, Time-delayed sequential SXR images illustrating the motion of a
nanorpbe tip oscillating at a resonance frequency of 318.6 kHz with an oscillation
amplitude of £250 nm. e, A total of 100 single-shot images reproduce the motion
of the tip over a full period.
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Figure 4.9: a-c, Relative reconstruction of the perturbed oscillations (above the
strips) in blue (a and c) and no measurable perturbation (in between strips) in
red (b) compared to the natural oscillation of the cantilever in black.d, Measured
(black) and modelled (blue) extrema of the tip oscillation.

From the analysis of the single-shot time-delayed images, the tip trajectory
was reconstructed for each of the interaction scenarios described above, shown
in figures 4.4.2 a-c. In these figures, the natural oscillation far from the sample
is shown in the black trace for comparison purposes. From the average of five
independent oscillation fits, increases in the amplitude of the oscillation of 40 +
3.29 nm and 30 £ 2.04 nm with respect to the tip natural oscillation amplitude
were measured for a and c respectively. No amplitude change was measured when
the oscillating tip was located in between the strips b. Figure 4.4.2 d illustrates
the extrema of the tip oscillation (black dots) relative to the magnetic surface
determined for the cases plotted in 4.4.2 a-c. The red rectangles represent the
Permalloy strips. This figures integrates in blue shading the estimated amplitude
of oscillation due to the interaction with the stray magnetic fields as a function
of transverse position across the edge of the substrate predicted by the model in
section 4.3.2. The estimated loci of the tip during a show very good agreement

with the experimental results.
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Chapter 5

Final Remarks and Outlook

Single-shot flash SXR imaging has been demonstrated for the first time using any
compact SXR source by acquiring single-shot images directly using a free-standing
zone plate. Therefore, a sequence of snapshots was readily acquired directly in
real-space, that is, without requiring any post-processing, and non-destructively,

thus, without altering the structural dynamics of the sample.

A direct recording of the motion of a magnetic force microscope tip in resem-
blance to its normal operation has been demonstrated. The perturbed oscilla-
tion of the magnetic nanoprobe due to magnetic force interactions has also been
recorded and fully characterized. These results demonstrate the capability to ac-
quire sequential single-shot images of nanoscale phenomena using bright flashes
from a SXR laser, directly in real-space, with one nanosecond temporal resolution

and nanometer-scale spatial resolution on a table-top.

The ability to readily visualize motions in the nanoscale can now be extended
to a wide variety of research areas where a direct observation of rapid arbitrary
motions in nanoscopic objects was unattainable. The technique opens new ways
to study nanoscale processes in material science and nanotechnology because it
allows for the rapid visualization of dynamic nanoscale phenomena in a very com-

pact setup. This means that researchers developing new NEMS, for instance, will
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be able to use it to readily visualize in their own lab the nanometer-scale mo-
tion of their nanodevices, potentially accelerating the development of that given

technology.

Moreover, this microscope has been proven in the past to operate in reflection
configuration [101]. A straightforward extension of this technique to sequential
single-shot reflection imaging can allow the recording of material surface dynamics,
such as nanomachining processes [103] or crystal twinning dynamics [161], are
readily available now. This demonstration, implemented in a compact laboratory
setting, constitutes a key step towards thoroughly contributing to the fundamental

understanding of nanoscale dynamic processes.

Furthermore, this technique will soon be implemented in the ultrafast regime
owing to recent advances in saturated table-top SXR lasers that are capable of
providing high pulse energies in the ultrafast regime. More specifically, a saturated
table-top SXR laser provides now one picosecond pulses with energies ; 10 uJ at
a wavelength of 13.9 nm [158]. Therefore, single-shot SXR flash imaging is now

extendable to visualize ultrafast dynamics on a table-top.
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Appendix A

Sample holders

Silicon nitride water chambers have traditionally been utilized to hold a wet
sample as intact as possible in a vacuum environment. Much higher efficiency can
be achieved, specially for lower photon energies in the SXR region, by replacing the
silicon nitride for a silicon layer. Two alternative approaches towards increasing

the throughput of these chamber will be assessed in this section.

A.0.3 Stratified a-Si Chambers

The illustration in figure A.1 summarizes the layout of the membrane design

and constitution, from bottom to the top.

Figure A.1: oblique view of the design of the cavity where the biological specimen
are sealed.

e Silicon Nitride (Si3NV;) - As an electrical insulator with a good thermal
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shock resistance, high fracture toughness and outstanding wear resistance,
the main purpose of the layers of silicon nitride is to yield the structure with
a robust and reliable hermetic seal, providing advanced protection to other
deposited film layers. Frequently, and specially in this case, it is necessary to
use high fracture toughness silicon nitride to allow an appropriate interlayer

shape.

Crystalline Silicon (S7) - This layer is the substrate of the membrane and
is processed from a crystalline silicon wafer form. The crystal orientation
is <100> as defined by the Miller index, which leads to a single crystal’s
highly anisotropic structural and electronic properties combination. This
orientation is extremely related to the wafer cleavage directions and other

material manipulation factors.

Silicon Oxide (a — Si0;) - Silica is a group IV metal oxide, which exhibits
good abrasion resistance, electrical insulation and high thermal stability. It
is insoluble in all acids with the exception of hydrogen fluoride (HF'). That
is why it serves as a convenient dielectric interlayer in the design. In other
words, the interface between silica and silicon plays an important role in the

fabrication of the windows since HF does not attack silicon.

Amorphous Silicon (a — Si) - Maximum uniformity is required for this
layer as it is the only layer separating the medium where the specimen is
immersed and the vacuum. Small variations in the flatness of this film may

cause strong scattering.

Fabrication Process

The a-Si-based membranes are manufactured following standard microfabrica-

tion procedures of the semiconductor industry. It starts with p-type doped 2”

diameter silicon wafers, <100> oriented, several tens of microns thick (typically

100 - 200 pm) and nominal resistivity of about 1-40 Q. A layer of silicon nitride
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(Si3Ny) of thickness 300 nm is deposited on both sides of the wafer by low pressure
chemical vapor deposition (LPCVD) at around 100 mTorr (820 C). Afterwards, the
backside Si3/NV, layer is patterned according to the design using photo-lithographic
techniques on a standard positive photo-resist. After the development, the pattern
is transferred to a reactive ion etcher (RIE) in order to etch the backside nitride
layer using an adequate concentration of any fluoride-based plasma (C'Fy/Os or
SFg/Oy) at an optimized pressure and power. The remaining nitride layer serves
as a mask, so that the Si substrate is anisotropically etched in potassium hydroxide
(KOH). The following step of the process is a sputter deposition of a few tens of
nanometers of silica onto the top nitride layer through ion beam sputtering (IBS).
The last layer of Si of thickness equal to the desired membrane thickness (a few
tens of nanometers) is also deposited using the same method. Subsequently, the
top nitride layer is also removed through a fluoride-based reactive back-etching
under the same conditions as those for the backside layer due to the symmetry of
the structure. Finally, in order to produce a single Si layer membrane on top of

the sample the silica layer is etched with buffered (usually 10:1) hydrogen fluoride.
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Photolithographic Development

The photolithographic process begins with a deposition of photoresist on the
backside silicon nitride film. To that end, the entire wafer is carefully cleaned with
solvents and pre-baked on a hot plate at 120 C for 2 minutes to make sure that
all the remaining solvent has evaporated before the photoresist deposition. Then,
the positive photoresist Shipley 1818 coats the upper face of the wafer using a
spin-coater at 4000 RPM for 30 seconds, resulting in a 23 kA thickness film. To
conclude the deposition of the photoresist, the wafer is baked for 90 sec at a 95
C temperature. Thereafter, the wafer is aligned with the corresponding mask
using a manual mask and exposed for 11 seconds at a UV illumination power
of 15 mW/cm?. Finally, the wafer is developed to remove the exposed zones of
the photoresist with a 4:1 solution of distilled water and 400K developer for 45

seconds.

Photomask

Ultimately, the design of the photomask will only depend on the desired cavity
shape and dimensions. In photolithography for semiconductor production, it is
common practice to use a chromium mask as a light shield, which is a chromium
film specifically patterned on a quartz substrate. The patterning of a chromium
film can usually be roughly summarized in a photolithography process consisting
of forming a quartz substrate with a chromium film, coating the chromium film
with a resist film, and forming a resist pattern by pattering the resist film with an

electron beam. These masks are usually 4”7 x 4”7 x 0.09” in dimension.

Silicon Nitride Dry Etching

Once the photoresist deposited onto the backside silicon nitride layer has been
patterned, the wafer is transferred to the reactive ion etcher (RIE) to proceed with
the etching of the nitride layer. A basic RIE consists of a set of parallel electrodes

within a cylindrical vacuum chamber. Generally, the sample is loaded onto the
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grounded electrode of the RIE in order to electrically isolate it from the rest of the
chamber when the desired gas flow and power are set to create the appropriate
conditions for the plasma. For this process, two calibrations were realized for a

CF,/O, gas flows under very similar conditions.

Calibration 1 | Calibration 2
C'F, concentration 40 sccm 32 scecm
O, concentration 6 sccm 8 sccm
P before plasma 10 mTorr 14 mTorr
P after plasma 80 mTorr 125 mTorr
Power 40 W 40 W
Etch Rate | 1.72 nm/s | 1.25 nm/sec

Silicon Wet Etching

The remaining patterned silicon nitride on the wafer backside serves as a mask
for the wet etching, allowing KOH to etch anisotropically the opened squares and
lines. Silicon <100> is typically anisotropically etched with a KOH hot bath
giving an etching angle of 54.74 degrees with respect to the layer parallel plane.
The bath is maintained at a constant temperature of 85 C using a close loop
temperature-control hot plate. The KOH solution ought to contain a proportion

of 2.5 L HyO per 1 kg KOH pellets.
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Figure A.2: Etching of <100> silicon in a KOH bath

After the solution has been stabilized at the desired temperature, the sample
is immersed into the KOH for several tens of minutes supported by a Teflon
holder. This configuration is calibrated to provide an etch rate of 16.78 nm/s
on a <100> Si layer. During the process, the solution must be stirred to prevent
air bubbles from disrupting the uniformity of the etching. Finally, the sample
is quickly removed from the KOH bath and neutralized to stop the reaction in

reduced hydrochloric acid (1:1 HCI/H,0).

a-Silica and a-Silicon Deposition

Both depositions are carried out using an Ion Beam Sputtering (IBS) system.
Ar is introduced into the discharge chamber, where energetic electrons from a
cathode strike and ionize Ar atoms. A set of grids set a -1 kV potential difference
used to accelerate ions. The Ar neutrals of high kinetic energy collide with the
target, producing a plasma that travels towards the sample and deposits on its
surface. The IBS system has typically been calibrated for 150 nm silica and 80
nm silicon depositions at around 100 C. The specific deposition rates are relatively

low, 15.36 nm/min and 20 nm/min for silica and silicon, respectively.

Silica Wet Etching

The grown silica layer acts as an isolator for the final Si-based membrane. Since
hydrofluoric acid (HF') has a very high selectivity over silicon, it is the most ap-
propriate etcher to allow silicon to remain intact, as the membrane homogeneity
is critical for imaging. HF can be very dangerous if mishandled. In addition,

because the etch rate is a function of the solution pH, buffered HF has a much
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Figure A.3: a, 1 mm wide square edge after silicon and silicon oxide deposition
(post-annealing). b, Dark-field image of a 10 pum wide silicon membrane.

more controlled etch rate over other etchers. For that, the solution used for the
etching is a buffered HF 10:1, enabling a slower etch rate, but still quite repeat-
able, remaining constant even after a large number of samples have been etched.
Consequently, as timing for this etching is not as critical as within the process of
membrane fabrication, no accurate calibration is required. In general, standard

etch-rates are tabulated by Williams et al. for further reference [162].

Fabrication Defects

One of the most critical factors during the fabrication is the final membrane
roughness and stress, which has a direct effect on the their flatness. Annealing
can partially mitigate stress, although ripples are accentuated for larger membrane
areas. For best results, annealing must be performed at several hundreds of degree

Celsius with minimized thermal-shock (slow ramp-up/-down).

A.0.4 B-doped Si Chambers

Selective etching of silicon can be provide the same desired outcome as in the pre-
viously described fabrication process, although greatly reducing the stress on the
final window. Channelling of ethylenediamine and pyrocatechol (EDP) is achieved
by grading p-dopant (typically Boron) diffusion and density on silicon, since EDP
will not attack silicon with concentrations above 7 x 10' B/cm?. Therefore, the

final window thickness will depend on the depth inside silicon that falls above that
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number. B-dopant grading is done by implant with ranging energies from 30 to
50 keV depending on the desired thickness, within a few hundreds of nanometers

for B.

EDP is the most selective etchant for this procedure, it exhibits a <111>:<100>
anisotropy of 1:35, although it is highly corrosive and carcinogenic. The recipe
consists of 1 L ethylenediamine + 160 g pyrocatechol, 6 g pyrazine soluted in 133

mL H>0, leading to etch rates

70 C | 14 pm/hr
80 C | 20 um/hr
90 C | 30 um/hr

95 C | 14 pm/hr

EDP etching can result in deposits of polymerized Si(OH), on etched silicon

surfaces. In order to avoid it, a post-EDP protocol needs to follow as
1. 20 seconds in DI water.
2. 120 second dip in 5 % ascorbic acid (vitamin C) + DI water.
3. 120 second rinse in DI water.

4. 60 second dip in hexane (CsHyy4).

This recipe is planned to be implemented in the near future. A more extensive

assessment of its results and capabilities will then proceed.
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