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I. Abstract
Focused ion beam (FIB) and scanning electron microscopy (SEM) developed into indispensable tools
not only in material science and nanotechnology but also in natural sciences including various
aspects of analytical chemistry. The possibility of maskless prototyping and 3D structuring with high
accuracy and the unique advantage of serial sectioning and imaging of whole sample volumes, which
provides structural information in three dimensions, leads to the wide-spread use of dual beam
FIB/SEM systems.
This thesis comprises the application and development of advanced focused ion beam methods in
combination with SEM towards solving analytical problems within the fields of chemistry, material
science and cell biology. The thesis is divided in two major parts; the first part is related to the
acquisition and evaluation of FIB/SEM tomographic datasets, the second part comprises strategies
for advanced FIB/SEM prototyping.
FIB/SEM tomography is a powerful tool to investigate features that extend in three dimensions like
pore networks in polymers and battery materials, membranes in biological entities, and grain
boundaries in geological samples. Investigations by FIB/SEM tomography avoid cut effects resulting
from 2D investigation of a 3D feature and provide quantitative data of three-dimensional structures
of the investigated material with microscopic to nanoscopic resolution. Therefore, FIB/SEM
tomography shows great potential for investigation and understanding of structure-functionality
relationships, which play a significant role in many emerging research areas. Examples are polymeric
materials, such as molecularly imprinted polymers (MIPs) and non-imprinted polymers (NIPs), where
interconnectivity of pore space plays a significant role for the functionality of the polymer in
separation and sensing applications. It is commonly acknowledged that MIPs and NIPs exhibit similar
physical properties and typically control experiments using NIPs are performed to show the binding
capabilities of the imprinted polymer. Within this thesis, FIB/SEM tomography was for the first time
evaluated to visualise and quantitatively describe differences in the pore network of different
molecularly imprinted and non-imprinted polymers in terms of pore volume, pore surface area and
pore connectivity. In order to perform such studies, sample preparation of polymer particle for
FIB/SEM tomography was adapted and optimised. The study revealed significant differences
between the investigated imprinted polymers and their non-imprinted counterparts. Molecularly
imprinted polymers exhibit higher pore space, a much higher interconnectivity and larger individual
pores than their non-imprinted counterparts. The distribution and connectivity of pore space plays
also an important role for crystallised silica hollow spheres as these parameters provide access
towards the hollow core, especially when the sphere interior should be functionalised with catalytic
materials for applications. Such hollow silica spheres were crystallised for different time length and
then investigated by FIB/SEM and TEM tomography. Although, two different methods for
investigations were chosen, the study clearly shows fewer but larger pores in the 15 h experiment
than in the 5 h experiment. FIB/SEM tomography also reveals important insight in material related
problems. For example, the reason for unwanted growth of Ag nodules within an Ag layer deposited
on CuNi3SiMg substrate during industrial electro plating processes could be solved based on the
tomographic data. Pores within the copper alloy substrate and surface roughness of the copper alloy
were identified as reason for the nodule growth.
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The third part of FIB/SEM tomography chapter is related to an important biomedical problem, as it
addresses the virus capsid transport mechanisms within a cell. Human foreskin fibroblast cells
infected with human cytomegaloviruses (HCMV) were investigated by FIB/SEM tomography. HCMV
capsids were successfully identified and quantified, 5498 single capsids were counted within a
sampled volume of 6.4x5.5x10 µm. This leads to an estimated number of 15000 – 30000 capsids in a
single nucleus, which is 15 – 30 times more than previously anticipated. For biological and nonconducting samples, drifts of the sample due to charging phenomena are a significant challenge in
FIB/SEM tomography. Within this thesis, methods to avoid drifting phenomena during data
acquisition are evaluated and optimised for studying biological samples.
The second part of this thesis is devoted to advanced prototyping strategies for fabrication of
analytically relevant devices such as sophisticated advanced optical structures or membranes with
nano hole arrays. First, strategies for FIB-based fabrication of hemispherical and Weierstrass type
solid immersion lens (SIL) in GaAs were tested and evaluated. In future, these SILs will be
manufactured above semiconductor quantum dots (QD) to enhance the efficiency of light extraction
from single QDs embedded within the GaAs matrix. The FIB-preparation of Weierstrass type lenses is
challenging due to the fact that the structure rejuvenates towards the button of the structure. The
lower part of the lens has to be processed stepwise at 0° tilt and successive rotation of the sample.
Due to a preferential sputtering of arsenic, FIB milling of GaAs induces the formation of Ga-enriched
droplets. Therefore, strategies were developed in this thesis to avoid the formation of Ga-enriched
droplets. In addition, a cleaning procedure after FIB processing was tested to obtain smooth welldefined surfaces. Within this thesis, it was evaluated that the best method to process such structures
is FIB processing at cryogenic conditions, as milling at -140°C minimises the formation of droplets.
FIB prototyping also enables the fabrication of metasurfaces, periodically nano-structured metal
surfaces, which may alter the reflectivity of incident light. For such structures, different strategies
were tested and single elements like ring structures or trenches with sizes in the range of 30 – 500
nm were fabricated. Light absorption and therefore the features of the reflected light spectra are
sensitive towards the geometrical variables of the structures, like length, width, periodicity and
depth. Furthermore, the application of FIB milling towards the fine structuring of optical sensing
schemes like mid-infrared (MIR) Mach-Zender interferometer (MZI) and ring resonator structures
prefabricated by electron beam lithography and reactive ion etching within GaAs were realised
within the time frame of this thesis.
Micro and nano electrode arrays are widely used for electrochemical sensing, as they provide a more
efficient mass transport of reactants towards the electrode surface and exhibit a faster response
time compared to macroelectrodes. Nano-hole arrays exhibit similar features for electrochemical
measurements at two immiscible electrolyte solutions (ITIES). Such arrays were reproducibly
fabricated by FIB prototyping. Pore size and pore-to-pore separation are crucial factors for efficient
mass transport in ITIES measurements. Within this thesis, nano pore arrays milled into 50 nm and
100 nm thick SiN membranes were fabricated with different pore-to-pore separations given by the
quotient between distance and the pore radius. ITIES measurements of membranes with pore
diameters ranging from 50-70 nm and pore-to-pore separations of factor from 13 up to 82 were
conducted, the optimum separation was determined at 56. A challenge for the fabrication of such
arrays, addressed within this thesis, beside drifting issues caused by the non-conducting properties of
SiN and the small size of the pores, was the requirement to fabricate pores of fairly similar size and
shape for all tested membranes to ensure comparison of the individual measurements.
vii

FIB milling became a standard method for the preparation of electronically transparent TEM foils.
Within this thesis, FIB was applied for the preparation of TEM foils of zeolite crystals containing
Co3O4 particles as catalyst material for Fischer-Tropsch synthesis. The prepared foils were used for insitu tempering experiments within a TEM. The prepared samples were attached towards wildfire
chips, equipped with heating coils. Due to the layout of those chips, standard TEM foil preparation
could not be applied. Therefore, a procedure was developed for the preparation and attachment of
horizontally oriented foils. Finally, FIB milling was conducted for preparation of facets for the
evaluation of the quality of HgCdTe-CdTe thin films grown on GaAs and GaSb substrates by electron
backscattered diffraction (EBSD) measurements, which were tested as a fast alternative towards time
consuming TEM investigations. The measurements exhibit mis-orientations of the crystal lattice
below 1.5°, which is close to the angular resolution of EBSD measurements. Investigations of the
facets prepared by FIB milling were compared with measurements on a facet achieved by cleaving of
the sample. It turns out that differences between HgCdTe, CdTe and the substrate are less
pronounced in the measurement of the cleaved surface, although all measurements were conducted
at the same sample. Therefore, facet preparation within HgCdTe-CdTe samples by FIB milling may
introduce artefacts, which may become significant, as the measured misorientation are close to the
angular resolution of EBSD.

II. Zusammenfassung
Fokussierter Ionenstrahl- (FIB) und Rasterelektronenmikroskopie (REM) sind weit verbreitet und
haben sich zu unverzichtbaren Geräten in den Materialwissenschaften, den Nanotechnologien sowie
in den Naturwissenschaften entwickelt, in denen sie unter anderem Anwendung in den
verschiedensten Bereichen der analytischen Chemie finden. Zwei-Strahl FIB/REM Mikroskope bieten
die Möglichkeit, maskenlos Prototypen herzustellen und mit hoher Präzision Materialen in 3D zu
strukturieren, sowie mittels einer seriellen Abfolge von Schnitten und dem Aufnehmen von Bildern
größere Probenvolumen zu untersuchen und strukturelle Informationen über eine Probe in 3D zu
erhalten.
Die vorliegende Arbeit beschäftigt sich mit der Entwicklung von erweiterten FIB Methoden und deren
Anwendung in Kombination mit REM in diversen analytischen Fragestellungen aus den Feldern der
analytischen Chemie, der Materialwissenschaften und der Zellbiologie. Die Ergebnisse der
vorliegenden Arbeit sind in zwei Teile gegliedert, der erste Teil beschäftigt sich mit der Aufnahme
und Auswertung von FIB/REM Tomographie Datensätzen, der zweite Teil stellt Strategien für die
Herstellung von Prototypen mittels FIB/REM vor.
FIB/REM Tomographie ist eine leistungsfähige Methode mit einer Auflösung im Mikro- bis
Nanometerbereich für die Untersuchung von dreidimensionalen Strukturen wie Porennetzwerke in
Polymeren und Batteriematerialien, Membranen in biologischen oder Korngrenzen in
geowissenschaftlichen Proben. Durch die Nutzung von FIB/REM tomographischen Untersuchungen
können zudem Schnitteffekte vermieden werden, welche durch die Untersuchungen von
dreidimensionalen Strukturen mit zweidimensionalen Messmethoden auftreten können.
Zusammenhänge zwischen Feinstruktur und Funktionalität eines Materials spielen eine wichtige
Rolle in vielen wissenschaftlichen Bereichen. FIB/REM Tomographie weist ein enormes Potential als
Untersuchungsmethode auf, um diese Zusammenhänge zu erforschen und zu verstehen. Ein Beispiel
dafür sind molekular geprägte Polymere (MIP) und nicht geprägte Polymere (NIP). In diesen
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Polymeren spielt die Vernetzung der Porenräume eine wichtige Rolle bezüglich deren Effektivität in
Trennungs- und Sensoranwendungen. Es ist allgemein anerkannt, dass MIPs und NIPs sich in ihren
physikalischen Eigenschaften sehr ähnlich sind. Daher wird routinemäßig das Bindungsverhalten von
MIPs durch Kontrollexperimente mit nicht geprägten Polymeren demonstriert. In der vorliegenden
Arbeit werden zum ersten Mal die Porennetzwerke von verschiedenen MIPs und NIPs quantitativ
mittels FIB/REM Tomographie in Bezug auf Porenvolumen, Porenoberfläche sowie die Vernetzung
der Poren untereinander untersucht. Für die Untersuchungen wurde die Probenaufbereitung von
Polymerpartikeln weiterentwickelt. Die Studie zeigt wesentliche Unterschiede zwischen MIPs und
NIPs auf. Im Gegensatz zu den nicht geprägten Polymeren zeichnen sich die geprägten Polymere
durch ein größeres Porenvolumen, eine wesentlich größere Vernetzung sowie größere Einzelporen
aus. Verteilung und Vernetzung von Porenraum ist auch im Fall von kristallinen SiO2 Hohlkugeln ein
wesentlicher Parameter, da vernetzte Poren die Verbindung zwischen dem inneren Hohlraum und
der Außenwelt darstellen. Der Zugang zum Inneren der Kugel ist für zukünftige Anwendungen der
Materialen von Wichtigkeit, wenn beispielsweise das Innere der Hohlkugeln mit katalytisch aktiven
Materialien beschickt werden soll. Mittels FIB/REM und Transmissionselektronenmikroskopie (TEM)
Tomographie wurden SiO2 Hohlkugeln untersucht, welche jeweils für 5 und 15 Stunden kristallisiert
wurden. Obwohl zwei verschiedene Methoden zur Untersuchung der Proben angewandt wurden,
konnte dennoch gezeigt werden, dass die für 15 Stunden kristallisierten Proben weniger, jedoch
größere Poren aufweisen, als die für 5 Stunden kristallisierten Proben. Eine weitere Fragestellung aus
dem Bereich der Materialwissenschaften beschäftigt sich mit der Bildung von Silberpartikel in einer
industriell hergestellten Silberbeschichtung auf einem CuNi3SiMg Substrat. Mit Hilfe von FIB/REM
Tomographie Untersuchungen konnten Poren innerhalb der Kupferlegierung sowie ein erhöhtes
Relief des Substrates oberhalb der Poren als Ursache für das Partikelwachstum identifiziert werden.
Der dritte Teil des FIB/REM Tomographie Kapitels beschäftigt sich mit einem bio-medizinisch
relevantem Thema, welches Transportmechanismen von Viruskapsiden innerhalb von Zellen
untersucht. Dazu wurden mit humanen Cytomegaloviren (HCMV) infizierte humane VorhautFibroblasten mittels FIB/REM Tomographie untersucht, wobei in dem untersuchten Volumen von
6.4x5.5x10 µm insgesamt 5498 einzelne Kapside identifiziert werden konnten. Daraus kann
abgeleitet werden, dass in einem einzelnen Zellkern 15000-30000 Kapside vorhanden sind, circa 1530 mal mehr als bisher angenommen. Biologische und andere nicht-leitende Proben führen oft zu
Problemen mit Probendrift während der Messungen. Dies ist speziell für zeitaufwändige Studien
mittels FIB/REM Tomographie ein ernsthaftes Problem. Innerhalb der vorliegenden Arbeit werden
Methoden beschrieben, mit deren Hilfe Driftphänomene während der Messungen von biologischen
Proben minimiert werden können.
Der zweite Teil dieser Arbeit beschäftigt sich mit der Entwicklung von Strategien für die Herstellung
von Prototypen analytisch relevanter Systeme, wie fortschrittlichen optischen Bauelementen oder
regelmäßige Anordnungen aus nanometergroßen Poren innerhalb von Membranen. Als erstes
wurden Methoden für eine FIB basierte Herstellung von hemisphärischen und Weierstrass-Typ
Festkörper-Immersionslinsen (SIL) getestet. Diese sollen zukünftig oberhalb von Halbleiter
Quantumdots (QD) fabriziert werden um die Effektivität der Lichtextraktion aus einzelnen QD
innerhalb einer GaAs Matrix zu erhöhen. Vor allem die FIB-Präparation der Weierstrass Linsen ist
schwierig, da diese sich zum unteren Ende der Struktur hin verjüngen. Der untere Teil der Linse muss
daher schrittweise unter einem Kippwinkel von 0° geformt werden. Problematisch ist auch die
Entstehung von Ga-angereicherten Tropfen auf der Probenoberfläche. Diese entstehen durch eine
höhere Sputterrate vom As des GaAs während der Bestrahlung mit Galliumionen. Verschiedene
Methoden wurden im Rahmen der vorliegenden Arbeit getestet, um die störenden Tropfen zu
vermeiden oder nachträglich zu entfernen. Die effektivste Methode ist das Prozessieren der Proben
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unter kryogenen Bedingungen, da eine Bestrahlung der GaAs Proben mittels FIB bei -140°C die
Bildung von Ga Tropfen auf ein Minimum reduziert.
Mit Hilfe von FIB können Prototypen von periodisch-nanostrukturierten Metalloberflächen
hergestellt werden, sogenannte „Metasurfaces“. In Abhängigkeit der gewählten geometrischen
Strukturen, deren Länge, Breite, Tiefe sowie Periodizität beeinflusst die Oberflächenstrukturierung
die Absorptionseigenschaften der Fläche und alteriert damit das Spektrum des von der Fläche
reflektierten Lichtes. Innerhalb der vorliegenden Arbeit wurden Methoden getestet, periodische
Matrices (arrays) bestehend aus ring- und grabenförmigen Elementen mit Dimensionen von 30 – 500
nm herzustellen. Weiterhin wurde FIB für Nachbearbeitung von Mach-Zender Interferometern (MZI)
und
Ringresonatoren
genutzt.
Die
optischen
Sensorbauteile
wurden
mittels
Elektronenstrahllithographie und reaktiven Ionenätzen in GaAs vorgefertigt, anschließend wurden
die Dimensionen der Strukturen im FIB Mikroskop optimiert.
Arrays bestehend aus einer Vielzahl einzelner Mikro- bzw. Nanoelektroden sind als elektrochemische
Sensoren weit verbreitet. Sie zeichnen sich im Vergleich zu Makroelektroden durch einen
effizienteren Massentransport zur Elektrodenoberfläche und einer schnelleren Reaktionszeit aus.
Gleiches gilt für Arrays bestehend aus Nanoporen in dünnen Membranen, welche für Messungen an
zwei nicht-mischbaren Flüssigkeiten (interface between the two immiscible electrolyte solutions,
ITIES) Verwendung finden. Die Effizienz solcher Arrays wird maßgeblich durch die Porengröße und
den Abstand der Poren zueinander bestimmt, angegeben als Separationsquotient zwischen Abstand
und Porenradius. Im Rahmen der vorliegenden Arbeit wurden mittels FIB Arrays in 50 – 100 nm
dicken SiN Membranen mit Porendurchmessern von 50 – 70 nm hergestellt. Die Arrays wiesen
Separationsquotienten von 13 bis 82 auf, wobei mittels ITIES Messungen ein optimaler Porenabstand
mit dem Faktor 56 ermittelt wurde. Ein wesentlicher Vorteil der FIB Strukturierung ist die flexible
Änderung des Porenabstandes, die Herausforderungen dabei ist aber die Herstellung von möglichst
gleich großen und gleichförmigen Nanoporen in allen Arrays, um vergleichbare Ergebnisse in den
folgenden ITIES Messungen zu ermöglichen.
FIB ist eine der Standardmethoden für die Präparation von elektronentransparenten Proben für TEM
Analysen. Im Rahmen dieser Arbeit wurde ein Verfahren entwickelt, um TEM Proben aus Co3O4
Partikel enthaltenden Zeolith-Kristallen zu präparieren und zu einem „Wildfire“ Chip zu überführen.
Wildfire Chips enthalten eine Platinwicklung für in-situ TEM Temperexperimente, der spezielle
Aufbau der Chips erfordert eine Anpassung der Präparationsmethode, da die TEM Folien horizontal
an den Chip angebracht werden müssen. Der letzte Abschnitt dieser Arbeit behandelt die
Untersuchung von HgCdTe-CdTe Schichten auf GaAs und GaSb Substraten. In dieser Studie wurde
getestet, ob Elektronenrückstreubeugung (EBSD) als zeitsparende Alternative zu TEM
Untersuchungen genutzt werden kann, um die Qualität der aufgewachsenen HgCdTe-CdTe Schichten
auf den jeweiligen Substraten zu untersuchen. Für die EBSD Messungen wurden Flächen senkrecht
zum Schichtpaket angelegt, durch mechanisches Spalten der Proben sowie durch Präparation mittels
FIB. Die EBSD Messungen auf allen Flächen zeigen eine geringe Misorientierung des Kristallgitters
unterhalb von 1.5° auf, was sehr nah an der Winkelauflösung der Messmethode liegt. Weiterhin
ergaben sich Unterschiede in den Messungen an gespaltener und FIB-präparierter Fläche. Die
Unterschiede zwischen den einzelnen Schichtpaketen zeichnen sich deutlicher im Fall der FIB
präparierten Flächen ab, obwohl die Messungen an der gleichen Probe vorgenommen wurden.
Lediglich die Präparationsmethode der Messflächen unterschied sich. Daher ist anzunehmen, dass
die Präparation von Flächen mittels FIB in HgCdTe-CdTe Schichtpaketen Artefakte hervorrufen kann,
welche im Fall derart geringer gemessener Misorientierungen signifikant werden können.
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1. Motivation and scope of the work
Scanning electron microscopy (SEM) is one of the well-established and most used methods in
material science, nanotechnology and related disciplines as it provides high-resolution information of
the investigated sample spatial resolutions down to the nanoscale. But SEM investigations are limited
to the surface and surface near region and no information is obtained about bulk structures of the
specimen. In contrast, focussed ion beam (FIB), where the sample is irradiated with accelerated ions,
allows a controlled removal of material via sputtering processes. FIB technology has become an
indispensable routine tool for maskless prototyping and characterisation of materials in industry and
academia ranging from semiconductor industry to biomedical research and biology. For example, FIB
can be used to excavate a simple trench perpendicular to the sample surface, generating a facet that
enables the investigation of the deeper structure of a specimen by SEM. If this process is repeated
many times a whole volume of a given sample can be investigated, providing information of features
in three dimensions. Such information can be crucial for understanding the physical and chemical
properties of materials, for example the connectivity of pore networks or the structure of vesicles
inside a cell organism.
The possibility provided by FIB to manipulate almost any material, which is stable under high vacuum
conditions can be exploited for prototyping applications. Analytical devices, such as micro and nano
electrode arrays, lens structures, metasurfaces etc. can be fabricated by FIB milling. FIB prototyping
of structures at the micro and nano scale is a fast and precise alternative to other structuring
methods like electron beam lithography (EBL) and reactive ion etching (RIE), as FIB milling and FIBinduced deposition allows a maskless, direct structuring of the sample. Since the first FIB systems
became commercially available in the 1980s, FIB technology was subject of rapid developments,
which was related to its emerging applications in the semiconductor industries [1]. As the achievable
resolution of the beam spot and higher beam currents were constantly improved, the field of
applications rapidly expanded to other areas. Enhanced resolution enables the fabrication of delicate
structures with dimensions smaller than 100 nm. On the other hand, higher beam currents enables
the removal of large volumes at reasonable times. Nowadays, state of the art dual beam microscopes
provide a beam spot size smaller than 10 nm and currents of tenth of nA, required for manipulation
in the range of a few nm or rapid removal of material in the range of tenth to hundreds of µm.
Cryogenic stages, which keep a sample cooled at liquid nitrogen temperatures during the processing
enhances the field of possible applications to water containing specimen like biological samples [2].
The range of possible applications of FIB can be roughly classified in two main categories, namely
prototyping and analytical investigations. Prototyping applications exploit the capabilities of FIB to
remove and deposit material in a controlled way, in order to shape a material into a new desired
form. The fabrication of micro and nano arrays for electrochemical [3] or optical [4] applications, the
realisation of free-space-wiring [5], fabrication and modification of cantilevers, bridges, pillars and
nano-indenter heads [6] as well as the site-specific preparation of electron-transparent sample foils
for transmission electron microscopy (TEM) investigations [7] are just a view examples.
Analytical investigations strongly rely on dual beam instruments, which allow manipulation by FIB
and characterisation of the structures or generated facets by scanning electron microscopy using
specific detectors such as Everhart-Thornley detector (ETD) for detection of secondary electrons (SE)
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or backscattered electron (BSE) detector, just to name a few. As SEM provides only information of
the sample surface or near surface areas, combination with FIB makes the third dimension accessible
by exposing previously buried areas of the sample. The acquisition of 3D structural data via FIB/SEM
tomography of volumes in the range from several up to hundreds of µm³ provides information
difficult to obtain with other techniques. The range of applications involves numerous studies, for
example in the field of material sciences [8], battery research [9], analytical chemistry [10], biology
[11], geoscience [12] and related interdisciplinary fields.
The scope of the present thesis is to develop and apply advanced FIB/SEM methods and procedures
for a variety of problems that originate from various fields in analytical chemistry, material science
and cell biological investigations. Within this thesis, FIB/SEM tomography was applied successfully
towards the investigation of pore distribution, pore connectivity and pore volume of molecularly
imprinted polymers (MIPs) and non-imprinted polymers (NIP) (chapter 3.1.1.). The obtained data
allowed quantification of pore space and pore volume, which revealed significant differences
between MIPs and NIPs, in contrast to the so far anticipated similar physical properties. FIB/SEM
tomography was also used in this thesis to characterise the pore space of crystallised hollow silica
spheres and in terms of quantification and investigation of possible transport mechanisms of human
cytomegalovirus within human foreskin fibroblast cells (chapter 3.1.2. and 3.1.3.). Prototyping
strategies were developed for the fabrication of hemispherical and Weierstrass type lens structures
in GaAs. It is anticipated to use such lens structures to enhance the efficiency of light collection from
semiconductor quantum dots (QD) embedded within a GaAs matrix. FIB prototyping strategies based
on semi-automated Nanobuilder software were developed for the fabrication of metasurfaces within
gold single crystals. In general, the prototyping strategies of FIB were evaluated within this thesis for
analytical and electroanalytical applications. The influence of pore radius and pore-to-pore spacing
on the electrochemical performance of liquid/liquid interface measurements using FIB-milled nano
pore arrays in 50 nm and 100 nm thick SiN membranes was investigated. The achieved pores exhibit
diameters of 50 – 70 nm. Arrays with pore radius to pore-to-pore distances ratios ranging from 13 to
82 were fabricated and used as interface between the two immiscible electrolyte solutions (ITIES)
electrochemical measurements. The measurements revealed that the sensitivity and limit of
detection were improved from 0.50 (±0.02) A M-1 to 0.76 (±0.02) A M-1 and from 0.101 (±0.003) µM
to 0.072 (±0.002) µM, respectively for the transfer of tetrapropyl ammonium (TPrA+) across the
interface. Fib milling in combination with electron back-scattered diffraction measurements was
used to investigate the quality of HgCdTe-CdTe thin films grown on GaAs and GaSb substrates, which
are IR detector materials and show high promise as waveguide materials.
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2. Introduction and state of the art
2.1. Fundamentals of SEM and FIB microscopy
2.1.1. SEM
Since the introduction of scanning electron microscopes (SEM) in the 1930’s to 1940’s by Max Knoll
and Vladimir Zworykin [13], SEM became an indispensable tool in many research areas ranging from
material science to biology. SEM provides the possibility to detailed studies of nearly any type of
material that is stable under vacuum conditions and withstands irradiation of a focused electron
beam. Areas of interest covering hundreds of nm up to several mm can be visualised in the same
microscope with an achievable resolution of approximately 1 nm in state of the art SEMs, bridging
the gap in resolution between light microscopy and transmission electron microscopy (TEM). SEMs
provide a large depth of focus and information about the sample such as dimensions of a feature,
surface structure and relief, chemical composition and crystal orientation. The basic hardware
components of a SEM are an electron source, a column for demagnification and scanning of the
electron beam and a sample chamber containing the sample stage as well as a set of detectors.
Advanced SEM systems may be equipped with additional detectors or specialised sample stages. For
example, the standard sample stage may be replaced by a cooling stage to investigate rather fragile
specimen like snowflakes [14], or by a heating stage, which is capable to heat samples to
temperatures up to 1250°C, to investigate i.e. in situ crystallisation experiments of glass [15]. The
installation of a tensile stage to perform deformation experiments on metals or alloys within the
microscope has also been realised to investigate changes of crystallographic texture in situ [16]. With
its broad range of possible applications and achievable superior resolution, SEMs became an
indispensable workhorse also in modern analytics. In the following, the components of a SEM are
introduced.

2.1.1.1. SEM column

The SEM column contains the electron source, a set of apertures, a set of electro-magnetic lenses, an
octupole of small electromagnetic lenses to correct astigmatism of the electron beam and a set of
scanning coils (Fig. 1). The sample chamber holds the stage as well as various electron and x-ray
detectors. To maintain high vacuum conditions of about 10-7mbar (chamber) up to 10-10mbar
(electron source), a system of pre-vacuum, turbo and ion getter pumps are attached to column and
chamber.
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Fig. 1: Schematic sketch of the electron column. Reproduced with permission from Springer Nature from reference [17].

Two different types of electron sources are used, thermionic and field emission emitter. Thermionic
emitters like tungsten hairpin and LaB6 tips work at high temperatures of 2000 – 2700 K in order to
overcome the work function energy barrier and allow electrons to leave the source material [18]
[19]. The emitter functions as a cathode, which is biased at a high negative potential relative to the
anode plate set to ground potential. The electrons, emitted at the cathode, are accelerated within
the electric field between cathode and anode. A hole in the anode plate enables a portion of the
emitted and accelerated electrons to proceed down the column. A grid cap or Wehnelt cylinder
around the tip set to a slightly higher negative potential than the cathode focusses the emitted
electrons and controls the amount of electron emission. Although thermionic electron emitters are
cheap and easy to operate in terms of required vacuum conditions, field emission guns become more
and more popular due to their longer lifetime, higher brightness (beam current per area and solid
angle), low noise, and smaller spot sizes resulting in higher resolution. Field emission of electrons
occurs if the energy barrier at the surface of the emitter material is deformed by an electric field in
the order of 107 V /cm to allow electrons to tunnel through the barrier into the vacuum. Such high
field strengths can be achieved around a tip with a very small radius of curvature in the range of 100
nm and smaller [20] [21]. Besides the emitter, field emission gun assemblies consist of a set of two
anodes, working at different potentials relative to the emitter. The potential between the emitter
and the first anode determines the field strength available to extract the electrons, the potential
between the emitter and the grounded second anode accelerates the electrons [17]. Field emission
guns are operated at room temperature (cold field emission guns) or elevated temperatures (thermal
field emission guns). Schottky emitters are technical speaking no field emitter but thermionic ones,
which use the field around a sharp tip to lower the effective work function barrier. Its brightness and
emission density are comparable to those of field emitters [17] [22].
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The electron lenses demagnify of the electron beam crossover in the electron gun to the final spot
size on the sample. For thermionic emitters like tungsten hair pins, the initial cross over of about 50
µm is demagnified to a spot size of approximately 10 nm. In SEM’s equipped with a field emission
gun, the achieved spot size is around 1 nm because field emitters have a much smaller source size
[17]. SEMs mostly use electro-magnetic lenses, which consist of a coil of wires inside an iron casing.
When the wire coil is energized by an appropriate current, fringing magnetic field extends through a
small gap in the iron case. Electrons off the optical axis of the column interact with these fields and
start to spiral down through the lens towards the optic axis. The final lens, also called objective lens,
finally focusses the electron beam towards the sample surface. In order to enhance resolution, state
of the art microscopes use immersion or single pole piece objective lenses, where the electromagnetic field of the lens is used to collect electrons and conduct them to an electron detector
within the objective lens. Low energy electrons emitted from a sample surface are confined close to
the optical axis of the microscope and spiral upwards into the column [23]. This is achieved by placing
the sample within the objective lens or by extending the electro-magnetic field of the objective lens
on the sample surface [24] (and references therein).
A limiting factor for the achievable beam spot size and therefore the resolution are lens aberrations
like spherical aberration, chromatic aberration and astigmatism. Spherical aberration originates from
the fact that electrons travelling through a lens change the direction of their trajectories as a function
of distance towards the optical axis and the applied field strength of the lens. Trajectories of
electrons further away from the optical axis bend more than those electrons close to the axis.
Consequently, electrons away from the axis are focussed at shorter distances below the lens. This
results in a disk where the trajectories converge. The effect can be limited by an aperture in front of
the lens, which reduces the opening angle of the beam and therefore the maximum distance of
electrons towards the optical axis. Because the aperture blanks parts of the electron beam, the
achieved specimen current is also reduced and at very small aperture sizes circular diffraction of the
electron beam at the aperture hole increases the spot size again. Chromatic aberration refers to the
phenomena that electrons with slightly different energies are focused in different locations below
the same lens. The result is similar to spherical aberration; the electrons converge in form of a disc
and not in an ideal point. For SEMs using field emitter as electron source with an energy spread
lower than 1 eV and state of the art immersion lenses with small focal length, spherical and
chromatic aberration are less severe, except when operated at low voltages such as 1 kV and lower.
Hence, corrector assemblies common for TEM systems were developed for low voltage SEMs
applications [25].
Astigmatism may result from small inhomogeneities, asymmetries in the lens assembly or dirt on
apertures, which results in that the incoming electron beam is not focused homogeneously by the
lenses. This may lead to an oval shaped beam spot and lower achievable resolution. The stigmator
function corrects for differences in spatial focussing capability of the lens. A weak supplement
magnetic field is applied via an octupole of small electromagnetic lenses.
Above the objective lens, a pair of two scan coils allows to move the electron beam across the
sample area of interest. During scanning the area is divided in a matrix of pixel with the electron
beam resting on each pixel area for a certain amount of time (dwell time). At each pixel the electron
induced signal (i.e. backscattered electrons, secondary electrons) is measured and displayed in grey
values. Several electron detectors like Everhart-Thornley detector, through-the-lens and
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backscattered electron detectors are registering the electrons, which are described in detail in
chapter 2.1.1.3.

2.1.1.2. Electron – matter interaction

When the focussed electron beam hits the sample surface, the incident electrons interact with the
atoms of the sample through a variety of physical processes referred to as scattering events, which
may lead to a transfer of energy from the beam electrons to the atoms and a change in direction of
the electrons. Interaction is classified into elastic and inelastic scattering events, which will be
described in the following. The interaction of energetic electrons with atoms involves the emission of
secondary and backscattered electrons, as well as auger electrons, x-rays, photons
(cathodoluminescence), which to describe in detail is beyond the scope of this work.
During elastic scattering events, incident electrons are deflected by the electric field of the atom. The
direction of an individual, incident electron is changed and redirected up to 180° in a single event.
The average change is about some degrees per scattering event. No energy is transferred during
elastic scattering. The probability of an elastic scattering event at angles greater than the threshold
elastic scattering angle φ0 can be expressed as follows [17]:
𝑄(> 𝜙0 ) = 1.62 × 10−20 (

𝑍2
𝜙0
) 𝑐𝑜𝑡 2 ( )
2
𝐸
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Q is called the cross section (cm²) for elastic scattering or the probability of elastic scattering; Z is the
atomic number and E is the electron energy. From this equation, the distance between scattering
events or the mean free path of the electron, λ, can be derived [17]:
𝜆=

𝐴
𝑁0 𝜌𝑄

Where A is the atomic weight (g/mol), N0 is the Avogadro’s number, and ρ is the density (g/cm³). The
equations show that the probability of elastic scattering events rises in denser materials with atoms
of higher Z and smaller electron energy, and therefore the distance electrons travel before being
scattered shortens.
Inelastic scattering induces a variety of physical processes, where the energy of the beam electrons is
successively transferred to sample atoms by interaction with the electrons within the atoms’ shells.
These interactions include the ejection of shell electrons as secondary electrons (SE), emission of xrays due to relaxation of atoms after ejection of inner shell electrons, emission of an x-ray continuum
or bremsstrahlung due to a deceleration of beam electrons in the electric field of the atoms. Primary
beam electrons and SE, which lose all energy during scattering events finally come to rest and are
absorbed by the material. An expression for the rate of energy loss with the distance travelled in the
sample is given by Goldstein et al. [26] based on the work of Bethe [27]:
𝑑𝐸
𝑍𝜌
1.166𝐸
(𝑒𝑉/𝑛𝑚) = −7.85 ( ) 𝑙𝑛 (
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Where E is the beam energy (keV), s is the distance (nm), Z is the atomic number, ρ is the density
(g/cm³), A is the atomic weight (g/mol), and J is the “mean ionisation potential” (keV). The equation
shows that the rate of energy loss dE/ds increases when the atomic number and the density increase
and the electron energy decreases. From the rate of energy loss, the distance electrons are able to
travel, the Bethe range RB, can be derived [28]:
𝐸0

𝑅𝐵 = ∫

(

𝐸𝑚𝑖𝑛

1
) 𝑑𝐸
𝑑𝐸
−( )
𝑑𝑠

With E0 the incident energy and Emin a suitable lower energy limit for integration between 30 and 100
eV. Therefore, the distance an electron may travel through a specimen depends on its energy, as well
as the atomic number and density of the sample. High energetic electrons in a low-density sample of
light elements will travel much further than electrons with low energy in a dense sample.
The fact that the scattering probability and the energy loss per travelled distance depend on Z and
the electron energy has a great impact on the probed volume. The interaction volume of a focussed
electron beam striking a material can be simulated by Monte Carlo simulations (for more details see
i.e. P. Hovington et al. [29], D. Drouin et al [30] and H. Demers et al. [31] and references therein). Fig.
2 shows simulations for silicon (Z = 14) and copper (Z = 29) at 5 kV and 15 kV acceleration voltages of
the incident electron beam, respectively, and a beam diameter of 2 nm using the program Casino
V2.51. It is important to note the drastic change in volume when the beam acceleration is raised
from 5 to 15 kV for silicon.

Fig. 2: Monte Carlo simulation of the interaction volume for silicon at 5 kV and 15 kV beam energy and copper at 15 kV. The
trajectories of electrons absorbed within the material are shown in blue, the trajectories of electrons capable of leaving the
material as BSE are shown in red. (Simulations were performed with Casino 2.51)

Primary beam electrons, with energies higher than 50 eV, which are able to leave the sample after
scattering are called backscattered electrons (BSE) [32]. In Fig. 2 the trajectories of electrons leaving
the material as BSE are marked in red. The extent of backscattering can be quantified by the
backscattering coefficient, η, which is defined as:
𝜂=

𝑛𝐵𝑆𝐸
𝑛𝐵

where η is the quotient of the number of BSE (nBSE) and the number of beam electrons (nB).
Measurements of backscattering coefficients show a strong dependence on composition of the
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sample ranging from about 0,05 for carbon to 0,5 for uranium. The dependence of η in respect to the
acceleration voltage is surprisingly small. For elements near Z = 45, η is nearly independent of the
energy [33]. The strong dependence of η on the composition of the sample is the basis for the
compositional or atomic number contrast in BSE images. It is important to note that the information
regarding composition carried by the BSE signal refers to a volume of the sample, which dimensions
depend on the applied acceleration voltage. Therefore, the observed signal will represent an average
value over the entire sampled volume [32].
The backscatter coefficient shows a dependence on the angle of inclination of the electron beam
towards the sample surface. The higher the surface is inclined relative to the beam, the more BSE are
emitted from the sample. In Fig. 3 backscatter coefficients derived from Monte Carlo simulations
published by Goldstein et al. [26] are plotted against the tilt angle of the sample surface for several
materials. With rising tilt angle, the coefficients of all elements rise and converge toward unity at
grazing incidence of the electron beam.

Fig. 3: Dependence of the backscattering coefficient on the tilt angle of the sample surface towards the beam. Data derived
from Monte Carlo simulations for various pure element bulk samples. Reproduced with permission from Springer Nature
from reference [26].
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The amount of backscattered electrons is an important feature for crystalline samples. The regular
arrangement of atoms in a crystalline material causes variations in atom density towards the incident
electron beam depending on crystal orientation towards the beam. At certain angles the electrons
will move parallel towards the lattice planes with a reduced packing density of the atoms. Electrons
travelling deeper into the crystal are less likely to return to the surface; in that case the backscatter
coefficient will be lower (blue arrows in Fig. 4). If the crystal orientation reveals a higher atom
packing towards the beam, electrons are more likely to scatter near the surface, therefore the
backscatter coefficient will be higher (red arrows in Fig. 4) [34].

Fig. 4: Sketch of the channeling effect, incident electrons facing an orientation with lower atom density (blue arrows) travel
deeper into the sample, which causes less interaction near the surface than those facing a higher atom density (red arrows).
Reproduced with permission from Springer Nature from reference [26].

The relationship of scattering coefficient to crystal orientation offers the opportunity to distinguish
between crystal grains as well as to visualise sub-grains, twins and even deformation within a single
crystal in terms of a channeling or orientation contrast in the SEM image. Direct measurement of the
crystal orientation can be obtained by tilting the sample in a steep angle towards the electron beam.
This orientation allows most of the incident electrons to escape the sample (see Fig. 3) after a
minimum of scattering events and therefore minimises the amount of electrons absorbed within the
material. After an initial elastic scattering event, the incoming primary electrons are scattered
statistically in all possible directions. These electrons can be interpreted as a point source just below
the sample surface with the scattered electrons impinging upon crystal planes in all directions [35].
Hence, there will be a fraction of electrons, which satisfy the Bragg condition for diffraction for each
of the lattice planes regarding to Bragg’s equation:
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃
Where λ is the wavelength of an electron with a given energy, n is an integer for the order of
diffraction, d is the lattice spacing of the crystal and θ is the diffraction angle.
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In other words, electrons with a certain wavelength, which impinge a set of lattice planes
characterised by a certain lattice spacing d will be diffracted along the lattice planes if they hit under
an angle were Bragg’s law is fulfilled. The diffracted electrons will leave the sample in form of two
cones for each lattice plane and can be visualised by a phosphorous screen in front of the sample
(Fig. 5 a) On the screen, the cones form a regular pattern (Fig. 5 b), the so-called Kikuchi pattern or
electron backscatter diffraction (EBSD) pattern [36]. It is important to note that EBSD is very surface
sensitive. The pattern is formed from the upper 10 – 40 nm of the sample surface. The lateral
dimension are close to the dimensions of the incident beam diameter [37]. Evaluation of the pattern
reveals the orientation of the related crystal lattice.

Fig. 5: a) Scheme of the measurement geometry for EBSD; a single diffraction cone and its intersection at a phosphorous
screen is shown. Reproduced with permission from Springer Nature from reference [17]. b) Exemplary EBSD pattern of
GaAs.

Electrons emitted from the sample with energies of 50 eV and less are defined as secondary
electrons. SEs are formed by inelastic interaction of high energetic electrons with electrons in the
shell of an atom. SEs are produced along the entire path of a BSE within the sample material, but
only a small portion of the total amount of SEs produced within the interaction volume is able to
escape the sample. After release from the atom shell, SEs are also inelastically scattered. Each SE
produces another SE, both electrons contain almost half of the energy of the original SE after
interaction. This pair of SE interacts again to form a cascade of multiplying SEs with decreasing
energy content. At some point the energy of the secondary electrons is too low for further inelastic
scattering and only elastic scattering occurs until the SE are finally absorbed within the material. The
maximum distance this SE cascade spreads is in the range of 5-15 nm for most materials [32]. As a
consequence, only SEs produced approximately 5-15 nm beneath the sample surface are able to
reach the surface and contain enough energy to overcome the surface potential barrier and escape
the material. The yield of SE, δ, is defined similar to the backscattering coefficient:
𝛿=

𝑛𝑆𝐸
𝑛𝐵
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Where nSE is the number of SEs escaping the sample and nB the number of incident beam electrons.
The yield of SEs increases with the angle of incident, ϑ, of the beam towards the surface as follows
[38]:
𝛿(𝜗) = 𝛿0 (𝑐𝑜𝑠𝜗)−𝑛
With δ0 the SE yield at ϑ = 0, i.e. the beam perpendicular to the surface, and the value n = 1 for a
material with an atomic number Z of about 30. The value n is higher for lighter elements and smaller
for heavier elements [38]. The increase of SE yield with changes of the incident angle can be
explained with the limited escape depth of SEs from the sample. At higher ϑ, the high energy
electrons of the beam travel a longer distance within the escape depth region and produce more SEs
that are able to escape the sample (Fig. 6 a). Depressions in the sample surface may cause a decrease
in SE yield because parts of the SEs are not able to reach the detector. When the beam approaches
an edge within the surface relief, more SEs can escape the sample due to additional surface area
within the SE escape range [26][38]. In that case, the imaged feature shows a bright rim at the edge.
Hence, due to the surface sensitivity, SEs are carrying information about the sample morphology.

Fig. 6: Sketch of topography effects affecting the SE yield. a) Differences in inclination of the beam to the surface result in a
higher SE yield because primary electrons (PEs) from the incident beam travel longer distances in the SE escape region (λ); b)
shadowing effects due to depressions; c) shows the edge effect: enhanced possibility of SEs to escape at edges. a) and b)
Reproduced with permission from AIP Publishing from reference [38]. c) Reproduced with permission from Springer Nature
from reference [26].

SEs produced at the entrance point of the primary electrons are called SE1, SEs produced by BSE
close to the surface are called SE2 (see Fig. 7 a). SE1 contain the highest resolution information
because they originate from the immediate vicinity of the beam entrance point and the emitted
intensity profile is closely related to the beam diameter [32]. SE2 leave the surface with a Gaussian
intensity profile with a full width at half maximum intensity (FWHM) in the order of 0.2 to 0.4 of the
Bethe range (Fig. 7 b) and emerge from a much wider area than the SE1. The information carried by
SE2 depends on the number and average energy of BSEs and is in contrast to SE1 affected by parts of
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the sample remote from the incident beam. The intensity of SE2 is governed by BSE that have a
maximum penetration depth of about 0.4 of the Bethe range, which, for example, can be several
hundred nanometres for beam energies in the range of 10 kV [39]. This is important when
inhomogeneous samples are investigated as exemplarily shown for a modified platinum
microelectrode in Fig. 8, where the platinum surface is covered with a thin layer of Prussian blue and
is investigated at different beam acceleration voltages. At 2 kV the image shows the surface of the
Prussian blue layer, at 20 kV the platinum electrode beneath the layer becomes clearly visible.
When BSEs strike the pole pieces of the SEM column or the vacuum chamber wall, SE are produced
and may also contribute to the SE images in case they reach the secondary electron detector. These
electrons are termed SE3 and depend on the amount of BSEs leaving the sample as well as the
properties of the SEM chamber and its interior [26] and may blur image details especially at low
acceleration voltages of the electron beam [40]. Therefore, SEs contain surface sensitive information
such as morphology as well as compositional and crystal orientation information. They may contain
information about sample areas deeper than the escape depth due to their strong dependence on
the amount of BSEs.

Fig. 7: a) Origin and nature of SE1 and SE2. b) Schematic view of the emission profile of SE1 and SE2. Reproduced with
permission from Elsevier from reference [32].

Fig. 8: SE images of the same platinum electrode covered with an approximately 200 nm thick layer of Prussian blue
visualised at different acceleration voltages: a) 2kV, b) 5kV, c) 20 kV.

The interaction of high-energy electrons with matter may also lead to the emission of X-ray photons,
if an inner shell electron is removed from its position and leave the atom as a SE. The excited atom
returns to its ground state by filling the vacancy in the inner shell with an electron from an outer
shell. This process releases an x-ray photon with energy content specific to the transition and
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therefore characteristic for the atom. Measurements of emitted x-rays can be used for elemental
characterisation and quantification of the composition of the sample. Due to the fact that no energy
dispersive x-ray spectrometry (EDS) was used for the studies presented within this thesis, a detailed
discussion about the fundamentals of EDS would be beyond the scope of this work. A detailed
overview of the method can be found, for example, in the text books of J. Friel [41] and J. Goldstein
et al. [17] [26] and the references therein.

2.1.1.3. Signal detection in SEM

For the acquisition of an image, the electron beam scans over a certain area of the sample surface.
The SEM image is composed of a matrix of pixels, where each pixel reflects the quantity of electrons
measured during the dwell time of the electron beam in the pixel area. The amount of detected
electrons is converted into a grey scale image where bright pixel stands for more counted electrons
than dark pixel. Therefore, the grey value of the pixel depends on the interaction of the electron
beam with the specific sample area and reflects the properties of the sample.
The standard detector for secondary electrons is the Everhart-Thornley detector (ETD), which was
introduced by T. Everhart and R. Thornley in 1960 [42]. A schematic sketch is shown in Fig 9. The
detector assembly consists of a grid biased positively by a few 100 volts to attract low energy
electrons such as SE. After the grid cage follows a scintillator covered with a thin metal layer with a
large positive potential, accelerating all electrons that passed the grid towards the scintillator.
Electrons striking the scintillator material causes the emission of light, which is transmitted through a
light guide to a photomultiplier, where the light is converted back into an electron signal and
amplified. The ETD detects all low energy electrons attracted by the positive bias at the grid, SE1, SE2
and SE3 as well as all BSEs. The grid voltage of the ETD can be varied from about 250 V to a negative
potential of -50 V, where low energy electrons will be repelled and only BSEs are able to reach the
scintillator. In this case, the ETD acts as a pure BSE detector [26]. As the ETD is typically mounted at
the side of the pole piece in the SEM chamber BSE are only collected within a small solid angle.
Therefore, the BSE signal contains a strong topographic component and the signal-to-noise ratio is
rather bad.
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Fig 9: Schematic of an ETD. Reproduced with permission from Springer Nature from reference [43].

State of the art SEMs offer in addition immersion lenses, which project a strong magnetic field to the
sample (see Müllerová & Konvalina [24] and references therein). Hence, SE1 and SE2 are collected
within this field and spiral up the column (Fig. 10 a). When the electrons reach the upper part of the
objective lens, a biased scintillator-type detector like the ETD attracts the SEs. SE3 are excluded
because they are produced far away from the sampling site. An exclusion of SE3 enhances the SE1
signal component and improves the image quality in terms of achievable resolution [26].

Fig. 10: Schematic drawings of different detector positions. a) Through-the-lens detector (TTL) located above the objective
lens; SE1 and SE2 spiral up the column and are attracted to the detector whereas the ETD (abbreviated here E-T) is placed at
the chamber wall. b) Semiconductor BSE detector placed at the end of the pole pieces, Ω is the solid angle of detection.
Reproduced with permission from Springer Nature from reference [26].

BSE detectors are often in disc-shaped and placed just below the pole pieces of the objective lens
(Fig. 10 b). In the case of a solid-state semiconductor detector, p – n doped silicon is used as detector
material. Incoming BSEs create electron – hole pairs within the semiconductor material and external
bias via thin metal electrodes at the detector surface cause electrons and holes to move in opposite
direction. The current of the electrons is measured at one of the electrodes. SEs impinging the
detector surface contain insufficient energy to form electron – hole pairs and are not detected.
Hence, the information derived from such a detector assembly reflects the pure BSE signal. A
subdivision of the detector area as shown in Fig. 10 b can be used to investigate the topography of
the sample. If only a part of the detector surface is active, only those BSE are detected which hit the
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detector under a certain solid angle [26]. BSEs originate from sample surfaces inclined away from the
active detector area are less likely to be measured and therefore topographic features can be
emphasised. Instead of doped semiconductors, scintillator materials are also used in BSE detectors.
The EBSD detector set up includes the already mentioned phosphorous screen and a low light
charged coupled device (CCD) camera behind the screen (Fig. 11). The recorded image of the pattern
is transferred from the CCD camera to a computer, where the pattern is stored and processed. The
EBSD software package processes the position and orientation of the single bands in the pattern via
the application of Hough transform parametrisation algorithm to the image, which transfers the lines
within the original pattern to points in the parameter space that are easier to recognise by the
software [44]. The identified bands are then compared with theoretical positions of bands for certain
orientations (indexing). After that the beam is located on the next point and the next pattern is
processed. State-of-the-art systems can capture, process and index hundreds of measurement points
per second, depending on material and surface quality [45] (and references therein).

Fig. 11: EBSD detector set up, a) schematic sketch (taken from D. Prior et al. 1999 p.1746), b) setup in the SEM, the actual
CCD camera is placed at the end of the tube visible in the left corner of the image. a) Reproduced with permission from
Mineralogical Society of America from reference [36].

2.1.2. Focussed Ion Beam (FIB)
A focussed ion beam (FIB) system basically directs a beam of high-energy ions of a heavy element
towards the sample surface. The mass and the momentum of the ions induces sputtering processes
and produces secondary electrons, which can be used for imaging purposes during the process [46].
The development of technologies leading to state of the art FIB and FIB/SEM systems started in the
early 1960s as a result of research on liquid metal ion sources (LMIS) for applications in space [46]. In
the 1970s, different metals like mercury, caesium and gallium were tested as potential source
materials. Beam spot diameters at that time were in the range of several micrometres until the end
of the 1970s when a scanning ion probe system was reported with a focussed gallium ion beam
having a spot diameter of approximately 100 nm [47]. In the 1980s, first FIB systems became
commercially available as mask-less ion implantation and lithography instruments and were
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predominantly used for device fabrication and as repair technique [46] [47]. Further improvement of
FIB technologies in the late 1980s and 1990s lead to the application of FIB towards preparation of
cross sections in sample surfaces and the preparation of TEM foils. The combination of FIB and SEM
in so-called dual beam or cross beam systems, equipped with an electron and an ion beam column in
one microscope significantly, broadened the range of possible applications, as the analytical
capabilities of SEM are combined with the preparational power of FIB in one instrument [48]
[49][50].

2.1.2.1. FIB column

The general assembly of an ion column is similar to the electron column, comprising a beam source, a
set of lenses for demagnification and focussing purposes, a deflector unit for scanning and an
aperture strip (Fig. 12 a).
The predominantly used ion source for FIB microscopes is the LMIS. It consists of a tungsten tip with
a radius of about 2-5 µm, which is wetted by a liquid metal film and a metal reservoir above the tip
(Fig. 12 b). The application of an electric field between the tip and an extractor electrode next to the
tip causes electro static stress to the metal film and results in the formation a sharp cone above the
tip, the so-called Taylor cone. The apex of the cone is in the range of 5 nm. At a certain threshold
voltage applied to the extractor, a jet forms at the end of the cone and metal ions leave the metal
film via a field evaporation process [51][52]. The value for the threshold voltage depends on the
nature of the tip, the metal used and the temperature of the tip [53]. LMIS are usually operated at an
extraction voltage between 2 and 10kV achieving an emission current of about 3 µA. At this
conditions the energy spread of the ions is low and the beam is stable [54] [55]. Metal ions leaving
the metal film are accelerated due to the applied electric field and start to travel down the column.
Many elements were investigated for LMIS, but mostly gallium is used as a source material due to its
low melting point just above room temperature, low volatility, low reactivity with the tip material,
low vapor pressure, high vacuum and electrical stability and small energy spread during emission
[56]. Ga has the advantage that about 99% of the emitted ions are singly charged ions, therefore no
mass filter is needed within the FIB column [51].
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Fig. 12: a) Sketch of a FIB column; b) sketch of a LMIS. a) Reproduced with permission from Springer Nature from reference
[57]. b) Reproduced with permission from Cambridge University Press from reference [46].

Electro-magnetic lenses like those used in SEM are not practical for ion beams due the much higher
mass and the lower velocity. It would be problematic to generate electro-magnetic fields of sufficient
strength. Electrostatic lens systems are used to de-magnify and focus the ion beam and to further
accelerate the ions [58].
The emission of ions from the LMIS is maintained at a constant value in the range of 3 µA. A smaller
beam current can be achieved by the insertion of a beam-defining aperture below the condenser
lens. The aperture is a stripe made of molybdenum with holes of different size and therefore limits
the quantity of ions able to propagate further down the column. Both, the beam size and the current
can be regulated by changing the aperture position to a different hole size. The higher the chosen
current, the bigger the size of the spot on the sample, ranging for example from 7 nm spotsize at 1.5
pA current up to 274 nm at 21 nA beam current. The current density of the beam has a Gaussian
shape. A beam diameter of 7 nm reflects not the complete width but the width of the beam at
FWHM of the intensity profile of the beam. Therefore the “spot” at the surface is surrounded by
beam “tails” of lower beam intensity but still destructive, able to interact with the adjacent area [59].

2.1.2.2. Ion – matter interaction

When the focussed ion beam hits a target material, energetic ions of the beam collide with the
atoms of the sample. During this process, the ions loose kinetic energy, part of the ions are back
scattered from the surface, or ions may be slowed down in the process and may come to rest, and
therefore are implanted within the solid. The collision includes inelastic interaction of the incident
ions with the electrons in the shell of the atom and may lead to ionisation of the atom and ejection
of secondary electrons or atomic excitation by raising electrons to higher orbits. Relaxation of the
atoms may lead to the emission of x-rays and photons. Elastic interactions take place between the
ions and the nuclei. Although such interactions are considered to be energy conserving processes,
some energy can be lost due to generation of bremsstrahlung. Elastic collision involves scattering of
the incident ions and therefore change of direction as well as transfer of momentum towards the
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atoms. The recoiled atoms in this process collide with other atoms and induce a cascade collision
process within the solid (Fig. 13)[60][61]. If sufficient momentum is transferred to a surface atom
within the collision cascade region to overcome its surface binding energy, this atom is ejected. This
process is called sputtering or milling.

Fig. 13: Scheme of ion sputtering process and collision cascade region, thick arrow represents the path of the incident ion,
thin arrows the response of the recoiled atoms in the collision cascade. Rp is the projected range of the ion, RI the lateral
range. Reproduced with permission from Cambridge University Press from reference [61].

The energy loss of the impinging ions during collisions is also termed stopping power. The total
stopping power Stotal is defined by energy loss per unit length dE/dx of the incident ion and has two
energy loss components [57]:
𝑑𝐸
𝑑𝐸
𝑆𝑡𝑜𝑡𝑎𝑙 = ( )
+( )
𝑑𝑥 𝑛𝑢𝑐𝑙𝑒𝑎𝑟
𝑑𝑥 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
Nuclear stopping includes the elastic collision with the nuclei, electronic stopping involves the
interaction with the electrons in the atom shells. In the acceleration energy range of 5-50 keV
typically used nuclear stopping power is the most significant process and contributes to the
formation of collision cascades and therefore to sputtering of atoms [46] [62].
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The interaction between incident ion and atom is characterised by the interatomic potential, which
describes the variation of the potential energy of a two particle system as a function of their
distance. The potential can be described as the Coulomb potential between two particles with the
charges Z1e and Z2e, respectively, multiplied with the screening function φTF derived on the basis of
the Thomas-Fermi atomic model [46]:
𝑉(𝑟) =

𝑍1 𝑍2 𝑒 2
𝜑𝑇𝐹 (𝑥)
𝑟

Where r is the distance between the two particles and x is given by x = r/a; a is the screening length.
The screening function describes, how the charges of the nuclei of both, impinging ion and target
atom, are shielded or screened by the electrons in the atom shells. The shielding effect reduces with
the nuclei converge with φTF → 1 when r → 0.
With the interatomic potential known, the scattering angle ϑ can be calculated [57]. In the physical
concept of a centre of mass system the energy transfer ET from the impinging ion to the target atom
can be expressed as a function of the energy of the ion E0 before collision, the mass of the ion and
the target atom, m1 and m2 respectively, and the scattering angle ϑ:
𝐸𝑇 =

4𝑚1 𝑚2
𝜗
𝐸0 sin2
2
(𝑚1 +𝑚2 )
2

Based on the energy transfer, the nuclear stopping power Sn can be calculated as following:
𝐸𝑇,𝑚𝑎𝑥
𝑑𝐸
𝑆𝑛 = ( )
= 𝑁∫
𝐸𝑇 𝑑𝜎
𝑑𝑥 𝑛𝑢𝑐𝑙𝑒𝑎𝑟
0

The term N stands for the number of target atoms per unit volume, dσ is the differential cross
section [57].

2.1.2.3. Sputtering and sputtering yield

The efficiency of sputtering can be quantified in terms of the sputtering yield, Y, which is defined as
the average number of atoms sputtered per incident particle. The sputtering yield typically lies in the
range of 1 – 20 for irradiation of the sample with a Ga beam operated at 30kV [61] and depends on
many factors, such as acceleration voltage and composition of the ions, incident angle of the beam
towards the sample surface and sample composition . According to the work of Sigmund [60] the
sputtering yield can be expressed as follows [46]:
𝑌(𝐸, 𝜃, 𝑑) =

0.042𝐹𝐷 (𝐸, 𝜃, 𝑑)
𝑁𝑈0

where FD is the deposited-energy depth distribution depending on E the ion energy, θ is the angle of
incidence and d is the depth of sputtering from the entrance point. U0 refers to the average surface
binding energy of the atoms and N is the density of the material. For backscattering at incidence
angle normal to the surface, the equation can be simplified to:
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𝑌=

𝑚
0.042𝛼 (𝑚2 ) 𝑆𝑛 (𝐸, 𝑍1 , 𝑍2 )
1

𝑁𝑈0

where Sn represents the nuclear stopping power and α is a function depending on the mass ratios of
the sample m2 and the incident ion m1. According to this equation, the sputtering yield is
proportional to the nuclear stopping power and hence to the energy of the incident ion. It is inversely
proportional to the surface binding energy of the material, which recoiled atoms in the collision
cascade must overcome to leave the surface.
In multicomponent materials, the sputtering yield can be different for each element, which might
lead to preferential or selective sputtering of one of the components. For example, GaAs irradiation
with Ga ions leads to a selective sputtering of As resulting in the formation of Ga-enriched droplets
on the sample surface [63] (Fig. 14 a).
The sputtering yield also depends on the incident angle of the beam towards the surface. At higher
inclinations the intersection of the collision cascade with the sample surface increases, therefore
more atoms are able to leave the sample. Although the number of reflected ions also increases, both
effects lead to a maximum in sputtering yield at incidence angles around 75 – 80 °[61]. The effect
plays an important role, even at normal incidence of the beam towards the sample surface if a slow
scanning velocity is used. If the beam moves slowly enough across the sample so that the volume of
material removed locally is in the range of the beam diameter, the sample surface beneath the
moving beam becomes inclined and therefore the sputtering yield rises (compare single-pass, i.e.
slow scanning and multi-pass, i.e. fast scanning, in Fig. 14 b). The slower the scan velocity and the
higher the amount of locally removed material, the higher is the slope beneath the beam and the
higher is the sputtering yield [64] [65].
In the case of crystalline materials, the orientation of the crystal lattice towards the ion beam plays
an important role for the sputtering yield as well. The atom density, incident ions are facing depends
on the orientation of the crystal lattice towards the beam. In the case of low atom densities, the ions
are able to penetrate deeper into the sample experiencing inelastic scattering events at glancing
angles before significant elastic scattering occurs. Therefore, collision cascades are located deeper
inside the material and fewer atoms are sputtered. The same holds true for inelastic scattering and
secondary electron emission. This process is called channeling, because in low-density orientations,
regular channels like voids open, allowing the Ga ions to travel further into the sample, similar to
channeling effects in SEM (Fig. 4). The effect of channeling on the sputtering yield is demonstrated in
Fig. 14 b. Ring structures milled in copper at a grain boundary are shown, which resulted in a reduced
milling rate for the multi-pass milling process.
Imaging of the sample surface by FIB microscopy is done similar to imaging in SEM. Secondary
electrons formed during interaction of the ion beam with the sample atoms are detected using the
ETD. Ions sputtered during interaction can be detected by negatively charged particle detectors,
which repel electrons but attract all positively charged ions. If a secondary ion mass spectrometer
(SIMS) is attached to the microscope, ions recognised by SIMS can be resolved in terms of mass and
charge as well [62].
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Fig. 14: a) SE image of a trench milled into GaAs at 30 kV, which resulted in the formation of Ga droplets at the surface. b)
Ion-induced SE image of two ring structures milled at a grain boundary into Cu. The multi-pass ring shows a strong
dependence of the sputtering yield towards the crystal orientation. The single-pass ring shows an enhanced sputtering yield
(deeper structure) and redeposition at the sidewalls. b) Reproduced with permission from Cambridge University Press from
reference [61].

Most of the sputtered atoms are ejected into the gas phase and removed by the vacuum system of
the microscope. However, a portion of the sputtered atoms is redeposited as a solid after collision
with a surface. Since the ion beam moves in a raster over the sample surface, sputtered material may
deposit in regions previously altered by the ion beam like sidewalls of trenches or milled surfaces. As
a result, redeposition can be severe, if the beam moves only once over the raster with a long dwell
time per pixel (Fig. 14 b “single pass”). In the case of a fast and repetitive scanning, the total amount
of redeposited material can be reduced due to a continual removal [66] (Fig. 14 b “multi pass”). In
general, redeposition depends on the scanning pattern, scanning speed and dwell time per pixel, the
geometry of the milled structure, the dynamics of the ejected ions and the sticking coefficient of the
target material, which is a statistical measure of the affinity of a material to condense on a surface.
Redeposition remains an inevitable problem in FIB milling which limits the achievable aspect ratio of
features leading, combined with the Gaussian shape of the ion beam, to the typical V-shape observed
for milling of deep trenches (Fig. 15) and reduces the milling rate [46].

Fig. 15: SE image of a microchip, which shows two trenches and a cutting line; note the redeposition at the trench walls
forming a V -shaped trench.
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2.1.2.4. Gas-assisted deposition and etching

FIB processing of samples can be combined with chemical processes induced by reactive etching
gases or depositional processes to achieve local modification via beam-assisted, controlled
deposition or an enhancement of the sputtering yield. Via a nozzle, situated a few hundred µm above
the sample surface, a gaseous component is locally introduced into the microscope, which is still
operated in high vacuum (Fig. 16). The nozzle is connected to a reservoir outside the microscope and
can be retracted if not needed. The whole assembly of nozzle and reservoir is called gas injection
system (GIS).

Fig. 16: a) SE image of an inserted GIS needle located in close proximity to a microchip. b) Schematic view of FIB-induced
deposition, precursor molecules adsorbed at the surface are decomposed by the Ga ion beam, volatile compounds leave the
area, non-volatile compounds form a film on the surface c) A platinum deposit in form of the IABC logo. b) Reproduced with
permission from American Vacuum Society from reference [67]. c) Courtesy of A. Eifert & C. Kranz

The fundamental principles of gas-assisted deposition and etching was reviewed by Yao et al. [46]
and Utke et al. [67], respectively, and is based on the absorption of gaseous precursor molecules on
the surface of the sample, which are decomposed during the interaction with the focussed Ga ion
beam. In the case of gas-assisted deposition, the gas molecules are decomposed in volatile
components, which leave the surface immediately and non-volatile components, which successively
form a layer at the surface (Fig. 16 b). Typically, metals like platinum, gold, tungsten, but also
insulator materials such as silicon dioxide (SiO2) may be deposited by the ion-induced process. For
example, for platinum depositions (methylcyclopentadientyl)trimethyl platinum is used as precursor.
As the gaseous precursor has a high content of carbon, the layer is composed of carbon, platinum
and oxygen, in addition to implanted gallium [68]. It is important to note that FIB irradiation causes
decomposition of adsorbed molecules leading to deposition and sputtering of surface atoms at the
same time. In order to avoid erosion of the surface, operation parameters like gas flux, ion dose, and
dwell time of the beam have to be adjusted carefully. If the dwell time or the beam current are too
high, sputtering will dominate the process.
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In the case of gas-assisted etching, the gas molecules introduced to the sample surface enhance the
milling rate of the substrate. In addition, the amount of redeposited material is reduced, allowing e.g.
the fabrication of structures with higher aspect ratios. Gas molecules are adsorbed on the surface
and react with the surface atoms of the sample spontaneously. Examples herefore are XeF2, which is
used for enhanced milling of Si, or water vapour, which enhances the milling of carbon substrates.
The result in both cases is the production of species with low binding energies, which can be
removed by the vacuum system more efficiently.
The way etching gasses influence the milling process strongly depends on the composition of the
sample. Water for instance enhances the milling rate of carbon-based materials dramatically but has
no influence on the sputtering rate of gold. In the case of aluminium, an introduction of water
molecules to the sample surface even lowers the sputtering rate, due to the formation of a top layer
composed mainly of oxygen atoms. Sputtered oxygen from the surface layer is replaced by the flux of
water molecules instantaneously. This behaviour can be exploited for milling processes of multi
component materials by a selective sputtering of one component to expose parts of the sample
consisting of material with an inhibited sputtering rate at the presence of water molecules. This
process is called delination etching and is frequently used, for example, for processing
semiconductors.
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2.1.3 Dual beam microscope and accessories
2.1.3.1. General assembly of dual beam systems

Dual beam or cross beam microscopes combine a SEM and a FIB column in one platform, which were
described first by Sudraud et al. [69]. Usually, the SEM column is mounted upright and the FIB
column at the side, with both columns arranged in an angle of about 50 to 70 degrees (Fig. 17),
depending on the system and manufacturer, respectively. Both beams coincide in a point at the
sample surface called the eucentric height, which reflects the optimum working distance for both
beams. All detectors and attached accessories like GIS, micro manipulator needle etc. are adjusted
for this height.

Fig. 17: a) Sketch of a dual beam microscope. b) Photograph of the Helios Nanolab 600 dual beam system from Thermo
Fisher Scientific. a) Reproduced with permission from IOP Publishing from reference [1].

Cross sectioning is one of the most applied methods provided by dual beam microscopes. The ability
to locate the region of interest by SEM and FIB to excavate a trench perpendicular to the surface is
used for investigation of the deeper structure of the sample. The face of the trench, which represents
a cross section through the upper part of the sample, usually in the range of a couple of tenth µm
deep, can be investigated by SEM and related techniques like EDX and EBSD, in the same microscope,
which saves a lot of time [62]. The cross section shown in Fig. 18 reveals the shape and distribution of
gold nanostars surrounded by a silicon sphere. Because the particles were embedded in an organic
matrix, possibly remnants of the solvent, investigation of nanostars at the top surface of the sample
was not possible. However, the cross section through the sample reveals shape, size and distribution
of the stars. The abilities of the FIB in terms of milling and deposition can be exploited for
micromachining and prototyping and site specific preparation of sample foils for TEM [48][70]. Dual
beam microscopes also provide the opportunity to investigate the fabricated devices for analytical
applications like, e.g., optical gratings, lens structures or AFM probes direct after fabrication or
manipulation by FIB.
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Fig. 18: a) Schematic view of a cross section. The sample is tilted perpendicular to the ion beam, material is removed by FIB
milling in order to create a flat facet, which can be investigated by SEM instantly. b) Example of a cross section milled into
an organic matrix with embedded gold nano-stars.

2.1.3.2. Micro-manipulator needle for TEM sample preparation

For TEM investigations, the sample has to be sufficient thin for the electron beam to penetrate the
sample and reach the detector. Depending on sample composition, electron beam acceleration
voltage and the features to be resolved, the typical sample thickness for TEM measurements is about
50-100 nm [71].
The preparation of TEM samples in a dual beam microscope has several advantages compared to
other methods like dimpeling, ultramicrotomy or preparation in a single beam FIB system. First, no or
little additional sample preparation is necessary prior to thinning, most of the samples can be used
without any pre-preparation steps. If the sample is non-conductive, a thin metal or carbon coating is
required to avoid charging and drifting effects during the preparation process. Second, SEM can be
used to locate the appropriate area of the sample, where the TEM sample is then obtained. For
instance, techniques like EBSD can be used to accurately orient the sampling site to prepare a TEM
foil in a certain crystallographic orientation. Third, dual beam microscopes are frequently equipped
with a micro-manipulator needle for in-situ lift out and direct transfer of the foil to a TEM grid. This
requires accurate information about the position of the needle in 3D, which is almost impossible for
single beam instruments. TEM foils prepared by single beam instruments have to be transferred to a
TEM grid ex-situ by an manipulator needle attached to an optical microscope [7][62].
Protocols for TEM foil preparation are described and reviewed by several authors, see for instance
[7][48][72][73] and the references therein. The basic procedure is illustrated in Fig. 19 for a TEM
sample prepared from a Pt electrode covered with a Prussian blue layer. After locating the sampling
site, the area of interest is covered with a protective metal layer (Fig. 19 a). In a second step, two
trenches are milled next to the metal layer, leaving a wall in between (Fig. 19 b). Successively milling
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steps are applied to thin the wall section from both sides to a thickness of about 1 – 0,8 µm. Then,
the tilt of the stage is changed to about 7°, so that the thinned section can be cut lose except for one
small part to hold the foil in position (see Fig. 19 c). In a next step the stage is tilted back to 0° and
the manipulator needle is inserted and carefully positioned in contact to the prepared foil (Fig. 19 d).
The needle is attached to the foil using ion beam-assisted platinum deposition and then the small
part to hold the foil is milled through. Now, the foil is transferred to a TEM grid and is attached to the
grid by another platinum deposition (Fig. 19 e to g). After that, the needle is detached from the foil
by FIB milling and the sample can be thinned to the final thickness of about 100 nm by successive
milling steps from both sides (Fig. 19 h and i).

Fig. 19: Stepwise preparation of a TEM foil for investigation of a Prussian blue layer deposited on a Pt microelectrode; a)
Deposition of a protective metal layer; b) excavation of two trenches leaving a thin wall in between; c) after initial cleaning
steps, the foil is cut loose except for a small bar holding the foil in place. d) Attachment of the foil to the micro-manipulator
needle via platinum deposition. e) The foil is completely cut loose and then transferred to a TEM grid. f) & g) The foil is
attached to the grid again by platinum deposition; h) & i) final thickness of the foil is achieved by successive FIB milling.
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2.1.3.2. Cryo system

One way to stabilise soft materials and biological samples for SEM investigations is to rapidly freeze
the samples and keep them cooled during the measurements, which is maintained via a cryogenic
system attached to the microscope. The components comprise of a cryo stage and a cooling finger
inside the vacuum chamber, a transfer chamber attached to the microscope, a preparation unit, and
a control unit (see Fig. 20). The temperature of the stage and the finger are adjusted at -140°C and 170°C, respectively. The transfer chamber keeps the sample at low temperature before entering the
microscope chamber. In addition, the transfer chamber holds a knife to cleave a fresh surface for
investigations and non-conducting samples may also be coated with platinum before the transfer.
The frozen sample must be kept under vacuum conditions and at low temperature at all times to
avoid the formation of ice on the sample surface.
With the cryo system attached to a dual beam microscope, manipulation of frozen samples by FIB
milling, i.e. cross sectioning, micromachining and even TEM foil preparation is available. For example,
TEM foil preparation and tomography studies of frozen cell ultrastructure [74], the study of hydrated
phases in cement [75], in situ studies on hydrophilic and hydrophobic nanoparticle at oil-water
interfaces [76] and the electron beam induced deposition of platinum layers with a porosity
depending on electron beam flux and fluence [77] have been demonstrated.

Fig. 20: Photographs of the Quorum PP2000 cryo system. a) Transfer chamber, b) cryo stage inside the SEM chamber, c)
control unit.
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2.2. FIB / SEM tomography
2.2.1. State of the art
To investigate properties of heterogeneous materials, the microstructure and processes within a
given material, three-dimensional characterisation is a prerequisite. As depicted in Fig. 21, several
techniques can be applied, which differ in the method used, information provided and, most
importantly, in achievable resolution and sampled volume. The choice of a method is a compromise
between achievable resolution and the volume, which can be probed, which in turn depends on the
dimensions of the features that should be visualised. The resolution required for the investigation of
a material depends on the dimensions of the smallest feature of interest. Holzer et al. [8]
recommended at least ten sections per feature to achieve sufficient resolution for an accurate 3D
reconstruction of the region of interest.

Fig. 21: Comparison of different tomographic characterisation methods in terms of achievable resolution and probed
volume. Reproduced with permission from Cambridge University Press from reference [78].

In the last two decades, FIB/SEM tomography became very popular and was applied to a wide range
of different materials and analytical problems. For example, the behaviour of battery electrodes,
membranes, fuel cell components, polymeric matrix such as molecularly imprinted polymers,
geological relevant samples to name a few, is strongly dependent on pore size, pore distribution,
pore volume, total pore surface, and pore connectivity. Hence, the visualisation and quantification of
pore space is important to understand its function for mass transport through a volume.
For example, Holzer et al. [8] demonstrated the capabilities of FIB/SEM tomography to investigate
the porosity of BaTiO3 ceramic. They reported significant differences between the FIB/SEM data and
the results obtained from mercury intrusion porosimetry of the same sample. An overestimation of
the frequency of small pores, related to ink-bottle effects was observed for pores with radii of 50-100
nm. Gunda et al. [79] examined the pore network in solid-oxide fuel-cell electrodes and reported that
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poorly chosen image post-processing parameters like thresholding, median and smoothing filter,
surface triangulation etc. may cause huge variation in calculated porosity and surface area. Liu et al.
[80] investigated LiCoO2 cathode material used in batteries, by filling a low viscosity silicon resin into
the pore space to distinguish between LiCoO2, the carbon binder phase and pore space, which
provides pathways for the electrolyte. FIB/SEM tomography was successfully applied to porous
monolithic material used for chromatographic and electro chemical analysis by Vazques et al. [81]
and to catalytically active particles used for cracking by de Winter et al. [82]. Norberg et al. [83][84]
investigated the formation of pore space developed during experimentally preplacement of
potassium rich feldspar to albite and coarsening of lamellar cryptoperthite to patch perthite,
respectively. Milke et al. [85] investigated the experimental growth of orthopyroxene crystals
between olivine and quartz layers. They showed that single orthopyroxene crystals are spiking into
the quartz substrate often exhibit small pores at the front of the crystal. The authors postulated that
these pores are filled with water, enhancing local mass transport and therefore the growth of the
orthopyroxene crystals. Keller et al. [86] examined samples of Opalinus clay from Switzerland in
terms of volume, surface area and 3D distribution of pore space. They compared the FIB/SEM
tomography data with the results of nitrogen-adsorption methods, which were in good agreement in
the range of pore sizes that are measurable by FIB/SEM (down to a diameter of 5-10 nm). Voids
along quartz grain boundaries were investigated by Kruhl et al. [87], as they provide pathways for
fluid circulation within the rock and influence its properties in terms of strength, cracking and
permeability.
FIB/SEM tomography was successfully applied to soft materials such as polymer - clay composite
materials by Ray et al. [88] to investigate the distribution of clay minerals within the polymer matrix.
In the last decade, FIB/SEM tomography became very popular in biological, bioanalytical and
biomedical research, as the ultrastructure of biological specimens such as cells can be examined. For
instance, Knott et al. [89] investigated parts of mouse brain tissue to visualise the wiring and
connections of the neural circuit. Schroeder-Reiter et al. [90] used FIB/SEM tomography to examine
the architecture of a complete chromosome. Villinger et al. [91] demonstrated that the achievable
resolution with state of the art FIB/SEM tomography is comparable to TEM for BON cells.

2.2.2. Sample preparation
Sample preparation necessary prior to FIB/SEM investigations depend on the sample properties like
stability under high vacuum conditions, stability under focussed electron and ion beams, electrical
conductivity, sample size, etc.. The sample material is typically fixed on a specimen holder via carbon
tape or conducting silver paint. In the case of a non-conducting sample, a thin conducting carbon or
platinum layer, typical a few nm thick, can be deposited to avoid charging effects. In the case of
porous, soft and biological materials more extensive sample preparation is required. Porous samples
should be embedded in a resin to fill all holes within the sample. Open pore space may complicate
image interpretation or the application of a threshold for post-milling data treatment due to higher
image contrast at the edges of the pores (edge effects) and a partial visibility of the pore interior.
Soft materials like polymers can be stabilised for FIB/SEM investigations by embedding in epoxy
resin. Due to the similar composition and density and therefore similar contrast in SEM images, the
polymer sample requires staining prior embedding. This can be done, for example, with OsO4 that
tends to react with carbon – carbon double bonds of the polymer structure enhancing the contrast in
SEM images [92]. Sample preparation of biological samples is even more complex, because delicate
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internal structure of cells like membranes, organelles and other internal structures must to be
preserved during the whole staining and embedding process. The tissue samples or single cells are
usually high pressure frozen and fixated using glutaraldehyde, then post-fixed and stained using
osmium tetroxide and uranyl acetate mixtures before final embedment in resin [93] [94]. An
alternative is the investigation of biological samples under cryogenic conditions, which avoids the
chemical alteration of the sample, but nonetheless is as complex as the fixation and embedding of
the samples, especially when TEM samples are prepared and needed to be transferred [95].

2.2.3. FIB/SEM tomography procedure
The general procedure for FIB/SEM tomography comprises following steps. First the region of
interest is covered with a platinum protective layer via gas-assisted FIB deposition. The platinum
layer protects the sample surface form alteration by the beam tails and provides a flat surface layer
for homogeneous milling of the sample, avoiding artefacts like “curtaining”. In a second step, a
trench is excavated in front of the protective layer at each side (Fig. 22 b). The side trenches act as a
sink for redeposited material. Without side trenches, layers of redeposition are occurring at the sidewalls with each milling step and may limit the achievable field of view. The excavation of side
trenches also avoids shadowing effects in SEM images and EDX mappings. The required width of the
trench depends on the position of the detector in the SEM chamber relative to the sample surface.
The third step is the cleaning of the front face by removing redeposited material with several
successive milling steps at reduced beam currents. The actual tomography routine comprises the
collection of a SEM image of the prepared front face followed by the removal of a defined volume of
material at the front face by FIB milling as depicted in Fig. 22 a and c. This process can be repeated ad
libitum and results in a stack of SEM images representing the sampled volume. A specific software
module allows automation of this “slice and viewing” process. During the process the sample is tilted
so that FIB milling is performed perpendicular to the sample surface and imaging by SEM is done
under an angle depending on the angle between the SEM and FIB columns. In case of dual beam
microscopes from Thermo Fisher Scientific (formally FEI) the angle between FIB and electron beam is
52°, which means that the electron beam hits the surface of the block at an angle of 38° relative to
the block face normal. Therefore, the SEM image is distorted, and a tilt correction routine must be
applied.
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Fig. 22: a) Sketch of the FIB/SEM procedure for the investigation of polymer particles (MIP/NIP) embedded in Epon epoxy
resin. First a protective platinum layer is deposited on the area of interest. After preparation of a trench within the sample, a
SEM image is collected followed by the removal of a thin slice at the front of the block. This process is repeated several times
leading to a stack of SEM images representing the interior of the sampled volume. b) SEM image of the area of investigation
prior FIB/SEM tomography routine. c) SEM image of the front face of the sample block as recorded during the process.
Reproduced with permission from The Royal Society of Chemistry from reference [96].

2.2.4. Data processing
After collecting the FIB/SEM tomography data, the stack must be processed to obtain a 3D
reconstruction of the sampled volume. There are many different programs available providing a large
variety of tools for processing and visualisation of such data sets. Within this thesis, the freeware
program FIJI [97] was used for processing and Avizo (Thermo Fisher Scientific) was applied for
visualisation of the image stacks.
Small movements of the field of view due to mechanical- or charging-induced drifts occur during the
acquisition of almost all automated FIB/SEM tomography data sets. Therefore, the first step in data
processing is an alignment of all images in the recorded stack, which is either done manually step by
step or with the help of processing routines, for example, the “alignment with SIFT” routine available
in FIJI [98]. In a next step, the image quality may be enhanced by several options like adjustment of
brightness and contrast, the application of band pass filters, smoothing filter, and filtering routines
for the reduction of shadowing effects.
The next step is the segmentation of the data set, i.e. a grading of all pixel in the images in classes of
features. The simplest way is a binarisation of the images via thresholding at a certain grey value,
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where the data is divided in two different classes of features, one class with grey values higher than
the threshold value and one class with lower values. The threshold can be set manually or with the
help of different thresholding algorithms (see Sezgin and Sankur [99]). After the application of the
threshold, the segmented data are usually reviewed by the operator to control if the chosen
threshold fits the data set and reflects a correct grading of the pixels. As a consequence, the
segmentation of a data set is strongly subject to an interpretation of the raw data by the operator
and therefore all data processing steps that follow, like calculation of volume, surface area, pore size
distribution etc.. In the case of more than two classes of features, a certain range of grey values is
chosen for each class. Segmentation becomes even more complicated in the case of open pore space
because of so-called “shine through” artefacts, which originate from the fact that structures below
the milling plane are visible through the open pore space. Possible approaches for an automatic
segmentation of such complex features are given by Salzer et al. [100] and Prill et al. [101]. The best
solution may be the avoidance of such artefacts by appropriate sample preparation.
After the segmentation step, the data can be visualised in 3D. Cut effects, which impede the
interpretation of 2D data, are omitted. Morphological characteristics like volume and surface area
can be calculated by various tools available within the software packages used for segmentation, like
the 3D object counter available in FIJI [102]. The 3D reconstruction reveals e.g. the interconnectivity
of features like pores and pore space distribution. Such 3D data sets may be used as basis for
modelling, for instance models of mass transport through investigated pore space [103]. Beside the
advantages 3D reconstructions yield, it is important to be aware of the limitations and possible
pitfalls that may occur during data acquisition and processing. On major limitation in resolution is the
voxel size in z direction, representing the thickness of the slices. State of the art FIB/SEM microscopes
are able to precisely mill slices with a thickness in the order of 5 -10 nm, but still the achieved slice
thickness is in the order of 5 times larger than the x and y resolution of the SEM image. This leads to
an anisotropic spatial resolution of the reconstruction, which may lead to significant errors in the
calculation of morphological properties relative to the “true” nature of the sample, especially when
features are quantified that are in the range of the achieved slice thickness [104].

2.3. Advanced FIB / SEM prototyping
Beside the already discussed advantages of dual beam microscopes, controlled maskless, FIB-induced
material removal and deposition processes are highly suitable for prototyping, patterning and the
fabrication of various analytical devices at the nm to µm scale (e.g. nano- and microelectrode arrays,
optical gratings etc.). Microfabrication processes can be automated with software modules like the
Nanobuilder (Thermo Fisher Scientific) for the realisation of even complex features, designed and
translated to CAD and GDSII files. For example, the Nanobuilder uses a layout of different layers,
defining individual pattern designs and individual milling and deposition parameters, which are
executed step by step. Stage movement and alignment via fiducial markers during the processing
steps can be applied. Parameters and design of the patterns can easily be adjusted and obtained
structures can be instantaneously imaged by SEM.
Nano- and micro prototyping of lenses, grids, arrays, photonic structures and electrochemical devices
have been demonstrated within the last decades. Lanyon et al. [3] used direct FIB milling to fabricate
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high-aspect ratio nanopore arrays in a silicon nitride layer attached to a buried platinum electrode,
resulting in an array of nanoelectrodes. Triroj et al. [105] fabricated arrays of Au nanoelectrodes by I2
gas-assisted FIB milling on a microfluidic sensor chip as ultrasensitive bio-signal transducers. Eifert et
al. [106] applied FIB milling for the fabrication of boron-doped diamond electrodes and investigated
the influence of the FIB milling parameters on the formation of amorphous carbon layer by studying
electron transfer rates at such structured electrodes. Post-treatments such as cathodic surfacetermination were suggested to remove the amorphous layer. FIB milling can be used for the
fabrication of atomic force microscopy - scanning electrochemical microscopy (AFM-SECM) probes
with recessed electrodes for simultaneous measurement of topographical and electrochemical
signals. FIB milling is used to expose a frame-shaped electrode at a metallised AFM tip insulated with
SixNy layer. Two approaches are reported for such recessed electrodes: the first approach by Kranz et
al. [107] uses several diametrically opposed FIB milling steps from the side of the AFM tip, the second
approach by Eifert et al. [108] exposed the electrode material by an automated software-controlled
top milling process. Knittel et al. [109] succeeded in the preparation of high aspect ratio silicon
nanowire-modified AFM tips with radii smaller than 20 nm. Jin and Xu [110] reported the fabrication
of optical probes for near-field scanning optical microscopy, by FIB milling routines to produce
aperture holes in commercial silicon nitride AFM probes with controllable size ranging from 120 – 30
nm. Mo et al. [111] utilised FIB milling for the fabrication of arrays of plasmonic tapered coaxial holes
in Au for light absorption experiments. The achieved structures were 160 and 230 nm wide and 420
and 440 nm deep, respectively, and formed homogeneous arrays, which extended over an area of
20.8 x 20.8 µm. Another important application for FIB micro machining is the fabrication of lens
geometries above single photon emitters. Callegari et al. [112] reported an approach for an
optimised manufacturing of Fresnel phase lenses on optical fibre tips. Marseglia et al. [113]
described a technique to create hemispherical structures with diameters ranging from 5 – 8 µm
above fluorescent defects in diamond. Jamali et al. [114] investigated FIB milling procedures for the
fabrication of solid immersion lenses precisely positioned above nitrogen vacancy centres in diamond
to obtain single photon emitters with a diameter of 10 µm.

3. Results and discussion
3.1. FIB / SEM tomography
3.1.1. Pore networks in imprinted polymers
Introductory remarks
Molecularly imprinted polymers (MIPs) are tailorable and selectively functionalised materials that
become more and more important for a large variety of applications e.g., as biomimetic recognition
elements in chemical/biosensors and pseudo-immunoassays [115] [116], as synthetic carrier
materials for drug delivery [117] or stationary phase for liquid chromatography and in solid phase
extraction [118] [119]. MIPs reflect a polymeric network, obtained by co-polymerisation of functional
monomers with a cross-linker monomer in the presence of a template. A polymerisation in presence
of the template molecule “imprints” selective binding sites for the functional groups and to some
extend the size and shape of the template molecule into a 3D polymer network. Thus after removal
of the templates, selective recognition sites are obtained [120] [121]. Binding sites of a MIP can only
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be effective when accessible. Accessibility is determined by the pore network, interconnectivity, pore
size distribution and tortuosity, therefore, macro-porosity is an important factor for the binding
capacity and binding kinetics of MIPs [122]. The efficacy of MIPs is often described in terms of the
ability to selectively bind analyte molecules relative to a non-imprinted control polymer (NIP), which
was synthesised in absence of a template. It is anticipated in the literature that MIP and NIP exhibit
similar physical properties, but so far only a few studies examine the pore network, pore
interconnectivity and the similarity of MIPs and NIPs [123] [124].
Conventionally, structure and porosity of polymers are examined by gas-phase adsorption isotherm
methods like Brunauer-Emmett-Teller (BET) isotherms [125], Barrett-Joyner-Halenda (BJH) isotherms
[126] and/or by mercury porosimetry [127], to derive structural information like surface area and
pore size distribution [128]. Although these methods have proven useful in examining the polymer
structure, they all use indirect approaches with data susceptible to overestimation during analysis
and artefactual outcomes. In the course of this thesis, FIB/SEM tomography was applied and
evaluated as method to investigate the pore network of MIPs and NIPs. The imprinted polymers
were formed in presence of propranolol, a beta blocker often used as a model template in molecular
imprinting studies [129][130]. For the synthesis of the polymers two different cross-linker monomers
were used, divinylbenzene (DVB) and DVB – ethylene glycol dimethacrylate (EGDMA) mixture (see
Table 1), respectively. The ester cross-links resulting from the polymerisation of EGDMA provide the
opportunity to alter the available pore space by breaking parts of the polymer network via a partial
hydrolysis at conditions the DVB cross-links are not affected.

Table 1: Composition of the investigated MIPs and NIPs, polymers altered with KOH treatment are marked with an “H”.
Reproduced with permission from The Royal Society of Chemistry from reference [96].
Template

Propranolol

MIP0

NIP0

Yes
(1.61 mmol)
Yes
(1.61 mmol)
Yes
(1.61 mmol)
no

NIPH0

no

NIPH40

no

MIPH0
MIPH40

Functional
monomer
Methacrylic acid
(MAA)

Cross-linker
Divinylbenzene
(DVB)

Cross-linker
Ethylene glycol
dimethacrylate
(EGDMA)

Hydrolysis
Potassium
hydroxide
(KOH)

Yes
(6.44 mmol)
Yes
(6.44 mmol)
Yes
(6.44 mmol)
Yes
(6.44 mmol)
Yes
(6.44 mmol)
Yes
(6.44 mmol)

100%
(30.93 mmol)
100%
(30.93 mmol)
60%
(18.56 mmol)
100%
(30.93 mmol)
100%
(30.93 mmol)
60%
(18.56 mmol)

0%
(-)
0%
(-)
40%
(12.37 mmol)
0%
(-)
0%
(-)
40%
(12.37 mmol)

no
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yes
yes
no
yes
yes

Choice of sample preparation and swelling behaviour in epoxy resin
Six different polymers (i.e. M0, MH0, MH40, N0, NH0 and NH40, see Table 1 for compositions) have
been investigated. DVB was used as cross-linker for all MIPs and NIPs, for M40, MH40, N40 and NH40
40 % of EGDMA was added to the polymerisation mixture. MH0, MH40, NH0 and NH40 were
hydrolysed with KOH after the polymerisation, to induce changes within the EGDMA cross-linker
backbone. A cross section of a, as prepared, MIP polymer microparticle is shown in Fig. 23 a. No
structural features can be observed and the exposed area appears like a homogeneous surface. To
overcome the lack of contrast and to visualise the porous structure, the polymer particles were
stained in a mixture of acetone, osmium tetroxide, uranyl acetate and water and embedded in epoxy
resin following a protocol described by Walther et al. [93]. A series of cross sections have been
performed to investigate the quality of staining, which results are summarised in Fig. 23 b-e. It turns
out that the protocol, which works fine for cells, is not optimal for polymers. Cross sections of the
embedded polymer particles reveal that the polymer network was not stained homogeneously and
that staining in solution leads to the formation of nm-sized precipitations throughout the whole
polymer matrix. The high contrast of the precipitations visible in the SE images is dominating, which
prevents that a proper contrast can be achieved between the imprinted polymer and the embedding
resin (Fig. 23 d and e). Hence, a correct evaluation of the SE images in terms of polymer matrix and
darker pore space is impossible. To avoid this problem, a procedure for staining such polymeric
material was developed. Osmium tetroxide vapour was used for staining of the polymer matrix.
Portions of the samples were placed overnight in a sealed container together with an osmium
tetroxide crystal. Afterwards, the stained polymer particles were embedded in Epon epoxy resin.
Cross sections show a homogeneous staining of the polymer matrix without any precipitations (Fig.
23 f).

Fig. 23: a) SEM image of a cross section of a as prepared MIP microparticle, b) SEM image revealing a cross section of an
Epon-embedded MIP particle; c) SEM image of large precipitations within embedded and stained MIP particle; d), e) and f)
SEM images of cross sections of embedded MIP particles: d) and e) stained with uranyl acetate and osmium tetroxide
solution showing nm-sized precipitations with high contrast, f) stained with osmium tetroxide vapour revealing a
homogeneous stained polymer matrix, darker areas refer to pore space. a) courtesy of C. Kranz.
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MIPs and NIPs tend to swell differently in fluids, depending on the solvent and composition of the
imprinted and non-imprinted polymer [131] [132] [133]. Therefore, the swelling behaviour of MIPs
and NIPs in the liquid resin was investigated prior to polymerisation as this may result in variations of
the associated pore volume. MIP0 and NIP0 particles were placed on a transparent grid and
examined by light microscopy prior and after embedding in Epon epoxy resin. The analysis of small
irregularly shaped particles in terms of small volume changes is challenging and only significant
differences (at least about 25%) are detectable. Although, an analysis is only qualitatively possible,
two important facts can be derived: (i) the change in volume is moderate for all investigated polymer
particles and (ii) no difference in swelling behaviour of MIP and NIP particles were detected after
embedding in Epon epoxy resin.
FIB/SEM tomography and data processing
All samples were investigated by FIB/SEM tomography, as described in the experimental section in
detail. Each sample was processed the same way to achieve comparability. For each sample, a
volume of 2.5 x 2.5 x 0.73 µm at a resolution of 3.57 x 3.57 x 5 nm was investigated. After alignment
of the SE image stacks, a band pass filter was applied to enhance the contrast of the image and to
remove shadowing effects. Still the images show a blurry and not sharp transition in grey values from
bright areas, representing the stained polymer and darker areas, representing the pore space (Fig. 24
a & b). The histogram of the image stacks shows an almost unimodal distribution of grey values (Fig.
24 c), which make it difficult to apply a certain threshold to binarise the images. A uniform data
treatment procedure has to be implemented to obtain segmented data sets, which are comparable
to each other. The application of the automatic thresholding algorithm described by Otsu [134],
which uses a clustering approach for threshold discrimination from a grey level histogram that was
successfully applied, for instance, by Keller et al. [86], seems to overestimate the pore volume. The
same holds true for other automated methods available in FIJI. An individual determination of the
threshold for each set manually is not recommended, because the criteria for the value of the
threshold would not be exactly the same and small changes in threshold may have a huge impact on
the pore size and connectivity derived from such a thresholding procedure. In order to determine a
feasible threshold value, pixel with grey values of zero were defined as pure pore space throughout
the probed volume, the maximum of the histogram was set as pure stained polymer (Fig. 24 c, red
line). The threshold was selected as the grey value corresponding to approximately 50% stained
polymer matrix and 50% pore space (Fig. 24 c, blue line). Hence, the threshold chosen for each data
set is always the value half way between zero and the maximum of the histogram.
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Fig. 24: Image processing of the collected SE Images. a) Non-processed SE Image of MIP0; b) same image after a band pass
filter was applied; c) histogram of the entire MIP0 image stack after the band pass filter was applied revealing an almost
unimodal distribution of grey values. Peaks at grey values 0 and 255 arise from the auto-saturation function during the band
pass filter application. The red line indicates the maximum of the histogram, all grey values brighter than the peak value are
suspected to represent probed volume consisting of stained polymer only. Darker grey values refer to a probed volume
composed of stained polymer and epoxy resin, i.e. pore volume. The blue line correlates to half of the grey value of the red
line and indicates a 50/50 mixture of stained polymer and epoxy resin. This value was used as threshold value for
binarisation of the image stack. d) Image after binarisation, stained polymer shown in white, pore space in black.
Reproduced with permission from The Royal Society of Chemistry from reference [96].

Characterisation of pore space
The total pore space of all three examined MIPs is considerably larger than of their non-imprinted
control polymers, ranging from 0.74 µm³ (MIP0) to 0.61 µm³ (MIPH40) within the investigated
volume of 4.56 µm³ (Table 2). The NIPs range from 0.49 µm³ (NIP0) to 0.43 µm³ (NIPH40) and contain
approximately 0.2 µm³ less pore volume than the corresponding MIPs. Therefore, the portion of pore
space relative to the total sampled volume is about 5% higher in MIPs than in NIPs. The observed
pore surface area shows a similar trend for the pure DVB MIP/NIP particles, for the hydrolysed
MIPs/NIPs composed of a mixed DVB/EGDMA polymer network, the total surface area is almost the
same, although the total pore volume is not. Pure DVB-based MIPs show a higher number of
individual pores than the pure DVB-based NIPs. The hydrolysed MIPs/NIPs composed of DVB/EGDMA
mixture show much higher numbers of individual pores with the NIPs showing more than twice as
much pores. The pores in NIPH40 must be smaller than those in MIPH40, because the total pore
volume is smaller as well. Smaller pores are more likely to be isolated within the polymer matrix and
therefore increase the difference between NIPH40 and MIPH40 in terms of available pore space.
Resulting, the investigated NIPs generally contain smaller pores than the MIPs, a trend clearly visible
in the plot of pore size distributions, which is shown in Fig. 25.
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Table 2: Summary of pore volume and surface area measurements derived from FIB/SEM tomography data. Reproduced
with permission from The Royal Society of Chemistry from reference [96].

MIP0
Total volume [µm3]
Total surface

[µm2]

Pore space [%]
Area per polymer volume

[µm2/µm3]

Number of individual pores

NIP0

MIPH0

NIPH0

MIPH40

NIPH40

0.74

0.49

0.70

0.48

0.61

0.43

138.65

90.63

159.73

96.77

171.84

179.37

16.2

10.8

15.4

10.6

13.3

9.5

30.41

19.88

35.04

21.23

37.69

39.35

14164

9260

17500

8132

34431

73800

Fig. 25: Pore size distribution plots obtained by FIB/SEM tomography shown as cumulative pore volume vs. pore diameter.
The minimum resolvable diameter in pore size was approximately 7nm, smaller pores which may occur in the samples
cannot be resolved in this study. MIPs show a higher total pore volume than the NIPs; MIPs contain larger pores than their
non-imprinted counterparts. Hydrolysed MIPs/NIPs composed of DVB/EGDMA polymer contain lower total pore volumes
and significant smaller pore sizes than the MIPs/NIPs without EGDMA. Reproduced with permission from The Royal Society
of Chemistry from reference [96].

In Fig. 26, Fig. 27 and Fig. 28 the pore space is shown in a line of sight along the z-axis (i.e. parallel to
the front cut by FIB milling). The achieved resolution was approximately 7 nm due to the application
of a constrained smoothing filter during image processing and hence only pores >7nm can be
visualised. The images a) and b) in Fig. 26, Fig. 27 and Fig. 28, respectively highlight completely
isolated pores (marked in red) that have no connection within the sampled volume. It is evident that
the number of isolated pores in the investigated NIPs (Fig. 26 b, Fig. 28 a & b) is significantly higher
compared to the MIPs (Fig. 26 a, Fig. 27 a &b), where only a small portion of the pore space is
isolated. Large fractions of pore volume created by local interconnection of pore space are marked in
Fig. 26, Fig. 27 and Fig. 28 in c) and d) in different colours with all voxels that are connected in three
dimension share the same colour. MIPs obtained from a DVB-based polymer network are
characterised by large pores forming well-connected pore networks across the entire sampled
volume (see Fig. 26 c and Fig. 27 c). Hydrolysis with KOH in a methanol/water mixture, which should
only affect the EGDMA containing polymers, appears to influence the interconnectivity of pore space
as expected. As shown in Fig. 27 d, pore space within the hydrolysed DVP/EGDMA-based MIPH40 is
significant less interconnected compared to MIP0 and MIPH0. A breakdown of the EGDMA
containing polymer structure by hydrolysis causes not only a significant reduction of pore volume but
also produces more isolated pores. This is in line with the observation that the hydrolysed EGDMA
bearing polymers exhibit much more individual pores than the polymers without KOH treatment.
Nevertheless, the visualised pore network in MIPs is still more interconnected than all pore networks
throughout the examined NIPs (comparison of Fig. 26 d, Fig. 28 c and d). The relative percentage
change in pore space between MIPs and corresponding NIPs is around 30%. It is important to note
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that the pore space within the NIPs is less connected compared to the MIPs, which are characterised
by distinct pore networks throughout the sampled volumes. Still, the MIPs contain a significant
number of isolated pores potentially containing template molecules, which is consistent with the
findings of Meier et al. [122]. The only difference during the synthesis of MIP and NIP pairs is the
presence or absence of the template molecule propranolol and therefore the formation of a prepolymerisation complex prior the actual polymerisation. A polymerisation in the absence of the
template molecule seems to result in a less interconnected pore space. It is hypothesised that the
template and/or the formation of a pre-polymerisation complex affect locally the radical
polymerisation process and therefore the cross-linking of the polymer matrix, giving rise to the
observed structural differences between MIPs and NIPs, respectively.

Fig. 26: 3D visualisation of pore space in transparent blue for MIP0 in a) and c) and NIP0 in b) and d). The pores highlighted
in red in a) and b) represent isolated pore space within the sampled volume. None of these pores have a connection to a
front facet of the sampled volume. In c) and d), the interconnected pore space is marked in the same colour that have a
connection to both front facets. The network of the MIP shown in c) is distributed throughout the entire sample, pore space
of the NIP marked in d) clearly reveals smaller interconnected areas. Reproduced with permission from The Royal Society of
Chemistry from reference [96].
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Fig. 27: 3D visualisation of pore space in transparent blue for MIPH0 in a) and c) and MIPH40 in b) and d). The pores
highlighted in red in a) and b) represent isolated pore space within the sampled volume. None of these pores have a
connection to a front facet of the sampled volume. In c) and d), interconnected pore space is marked in the same colour that
have a connection to both front facet. The network of MIPH0 shown in c) is distributed throughout the entire sample similar
to Fig. 26 c, pore space of MIPH40 marked in d) clearly indicates the change induced by the hydrolysis of the polymer.
Reproduced with permission from The Royal Society of Chemistry from reference [96].
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Fig. 28: 3D visualisation of pore space presented in transparent blue for NIPH0 in a) and c), and NIPH40 in b) and d). The
highlighted pores in red colour presented in a) and b) show pore space, which is isolated within the sampled volume. None of
these pores have a connection to a front facet of the sampled volume. In c) and d), large interconnected pore spaces are
marked with the same colour with sections that are connected to each other, and to the front facet. NIPH40 shows much
more isolated pore space than NIPH0. Reproduced with permission from The Royal Society of Chemistry from reference [96].

Pore spaces that can be visualised by the FIB/SEM tomography approach shown in the present study,
is limited to a diameter >7 nm. Nonetheless, evident differences in pore space interconnectivity are
clearly visible. Consequently, besides the differences observed in MIPs and NIPs in terms of their
binding behaviour, resulting from the actual imprinting procedure, differences in local porosity and
accessible surface area cannot be neglected. It appears that not only the surface area of the pores,
but especially the interconnectivity of pore space is an important factor affecting the amount of
template molecules, which can be bound or can be adsorbed by the polymer matrix. This aspect is
important and should be carefully considered, if MIPs and NIPs are compared in terms of their
binding behaviour.
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FIB/SEM tomography vs. BET/BJH measurements
Commonly, BET and BJH measurements are used for investigations of pore space in polymers like
MIPs and NIPs. Both methods provide access to pore volume and surface area data of the samples,
like FIB/SEM tomography as shown in this study. However, a direct comparison of the data derived
by BET/BJH measurements and the data achieved by FIB/SEM tomography is difficult, because
BET/BJH data sets are often related to mass, whereas the FIB/SEM tomography data are related to
the sampled volume. For a comparison of both data sets precise knowledge of the density of the
material is required. Alternatively, the pore space distribution functions can be derived from both
data sets and compared directly, as shown by Keller et al. [86], where both data sets align well except
for differences related to the limited achievable resolution of FIB/SEM tomography. It is anticipated
that FIB/SEM tomography data underestimate the true pore space as, in this case, pores <7 nm are
not considered in contrast to BET/BJH data. On the other hand, BET/BJH data may overestimate pore
volume and surface area, because the sample surface is also included in the measurements. Another
difference between both methods is the overall sampled volume, which is considerable small in the
case of FIB/SEM tomography (4.56 µm³ in the present study), whereas BET/BJH measurements are
derived from much larger amounts of sample material, typical 50-100 mg are used for one
measurement. Although, each method has its merits and limitations, only FIB/SEM tomography
provides information about the internal structure of a pore network like interconnectivity, pore
space distribution and even pore orientation in three dimensions, which contributes to a detailed
understanding of functional materials like molecular imprinted polymers at the nanoscale.
Conclusion and outlook
FIB/SEM tomography has been successfully applied for the first time to investigate the
interconnectivity and distribution of pore space within imprinted and non-imprinted polymers. The
staining of the polymer samples via OsO4 vapour was found to be a suitable strategy for optimised
contrast in the recorded high-resolution SEM images, enabling the distinction between polymer
matrix and pore space. Significant differences between MIPs and NIPs in terms of pore space
interconnectivity, pore volume and pore surface area could be visualised and quantitatively
evaluated. However, the information provided by FIB/SEM tomography is limited by the achievable
spatial resolution. Nevertheless, it could be demonstrated that FIB/SEM tomography is suitable to
investigate the influence of chemical parameters on obtained pore properties including the selection
of cross-linkers and the influence of chemical treatment like hydrolysis. In most studies, the
differences in binding behaviour between MIPs and NIPs is only related to the absence of specific
binding sites, but, as demonstrated in this study, significant differences in pore structures and
properties may have a significant additional influence. The method presented in this study is not
limited to bulk polymers and may be applied to spherical MIP particles and core-shell particles as
well. In addition, swelling behaviour of polymers may have a significant impact on pore size,
interconnectivity, surface area, and therefore on the binding behaviour and functionality of the
polymers. Due to the fact that MIPs are typically used in solution possibly containing template
molecules, a swelling of the particles during usage and therefore possible changes in pore size is
inevitable. FIB/SEM tomography under cryogenic conditions may be applied to obtain insight in
swelling behaviour. Rapid cooling of the sample preserves the structure of the polymer particle in its
swollen state and allows the investigation of pore space under conditions closer to the real working
conditions of MIPs than BET/BJH measurements, which are typically also performed in dry state.
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3.1.2. Pores in crystalline hollow silica spheres
Introductory remarks
Crystalline hollow silica spheres have a wide range of potential applications, as they combine a higher
thermal stability compared to their amorphous counterparts and the advantages of a hollow core,
which can be functionalised. Possible applications comprises functionalisation with catalytic
materials like TiO2 for oxidative reactions [135] or functionalisation with fluorescent dyes for the
application as photonic crystal sensor arrays [136]. The transparency of crystalline SiO2 in the ultraviolet to near infrared range of the electromagnetic spectrum is of advantage for applications in
optical devices [137]. Pore space distribution within the particle shell is of great importance to
provide access to the hollow core from the outside of the particle. Therefore, the characterisation of
the pore space is essential for sensing applications, especially in terms of connectivity towards the
hollow core area.
Hollow nano- and micro spheres are routinely imaged by SEM and TEM to investigate the
morphology of the spheres. To some extend, depending on density of the sphere, the interior can be
visualised directly by TEM, as long as the size of the spheres does not exceed about 200 – 300 nm.
Larger spheres are intransparent for the electrons and a TEM sample has to be prepared prior to TEM
investigations. For instance, silica particles investigated by Pochert et al. [138] were embedded in
epoxy resin, electron transparent slices for TEM measurements were cut from the resin block by a
microtome knife. 3D tomographic data about the structural interior of hollow silica spheres was
obtained by Martines et al. [139] for mesoporous silica nanospheres, by Okuda et al. [140] for the
localisation of Fe2O3 particles within rattle-type hollow mesoporous silica spheres, and by Song et al.
[141] to study the morphology of spherical Fe3O4-silica nanoparticle. All three studies used TEM
tomography, to the best of our knowledge, so far FIB/SEM tomography was not applied on hollow
silica spheres to investigate the pores and morphology of the particles in detail. FIB was used by
several authors for cross sections of particles, for instance by Park et al. [142] on TiO2 hollow spheres,
Kane et al. [143] for the evaluation of imperfections of silica and glass microspheres and Pochert et
al. [144] to evaluate the dimensions of the hollow core and the thickness of the rim within hollow
silica nano particles.
For the FIB/SEM tomography study, hollow silica spheres with a diameter of approximately 1500 nm
were prepared following a method described by Pochert et al. [144]. These spheres are composed of
amorphous silica and a mesoporous shell containing pores with a diameter of approximately 8 nm.
These pores should be connected to the hollow interior core (Pochert, personal communication). In
an additional preparation step, the samples were impregnated with Sr2+ and then crystallised in an
oven at 1050°C for 5 h and 15 h, respectively. Strontium was added as devitrifying agent to trigger
crystallisation of the amorphous particles without melting and loss of particle morphology [145]
[137]. Interestingly, during the crystallisation step, all spheres shrink homogeneously, which results
in particles of approximately 1000 nm in diameter for both crystallisation times, maintaining their
spherical shape. Both samples were in a first step investigated by FIB cross sectioning to visualise the
interior of the spheres. This provides a first overview about the average pore size and the distribution
of pores within the spheres. In a second step, the samples were investigated by TEM and FIB/SEM
tomography to characterize the pore space in 3D and to obtain quantitative data about pore volume,
pore surface, pore size distribution and connectivity. As the pores of the sample, crystallised for 5 h,
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were expected to be relatively small, TEM tomography was chosen for these 5 h crystallised samples.
Although the volume that can be investigated with TEM is limited, the higher resolution of
1.37x1.37x1.37 nm per voxel provided by TEM tomography, especially in z direction, is of advantage
for the investigation of samples with nm-sized features. Pore space of the 15 h crystallised samples
was expected to be larger so that FIB/SEM tomography was chosen, which allowed the investigation
of the complete spheres.
Characterisation of silica spheres by FIB cross sectioning
Both samples were investigated by cross-sections through several spheres. For the 5 h crystallisation
experiment, in total 30 spheres were investigated, in the case of the 15 h crystallisation experiment,
20 spheres were cross sectioned. The 5 h-crystallised spheres exhibit two types of structures.
Approximately, 2/3 of the spheres show fine pores spread across the entire shell area (Fig. 29 a and
b). About 1/3 of the investigated spheres exhibit larger pores (red arrows in Fig. 29 c and d) and
circular areas, which appear brighter in the SE images compared to the rest of the particle shell
(white arrows in Fig. 29 c and d). One possible explanation for the origin of the bright spots may be
that they represent crystalline areas and the brighter appearance in the SE images is related to a
channeling contrast due to different orientations towards the electron beam. In that case darker
areas should appear as well, which was not observed. More likely, the bright spots may represent
areas enriched in Sr. The devitrifying agent evenly distributed prior to crystallisation seems to
migrate out of the crystallised parts during the crystallisation process forming agglomerates of SrO as
described by Drisko et al. [146]. All spheres exhibit a hollow core with a highly structured surface
area.
The spheres crystallised for 15 h show all a similar internal structure. A dense shell is observed with
larger pores than those obtained in the 5 h crystallisation experiment (red arrows in Fig. 29 e and g).
The relief of the surface of the hollow core is much more coarse and less fine structured than the
cores of the 5h crystallisation experiment. Obviously, the longer crystallisation time causes a
coarsening of the internal features of the spheres. One exception is shown in Fig. 29 f; it appears that
the left side of the shell is dense without any pores (green arrow) and the other part of the particle
(yellow arrow) as well as the core area looks similar to the spheres of the 5 h crystallisation
experiment. As this appearance was far only observed once, more investigations would be needed
for conclusive evaluation of such structures.
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Fig. 29: SE and BSE images of cross sections through crystalline hollow silica spheres showing the interior structure of the
particles, a) - d) 5 h of crystallisation at 1050°C and e) - f) 15 h of crystallisation, respectively. a) and b): Most of the spheres
crystallised for 5 h exhibit a hollow core with a fine-structured surface and many small pores distributed within the shell
area. Some spheres show larger pores (red arrows, c) and d)) and round bright spots (white arrows) within the shell area,
most pronounced in the BSE image of d). The spheres crystallised for 15 h exhibit larger pores and elongated channels like
structures compared to the 5 h crystallised sample (red arrows in e) and g)). The surface of the hollow core appears to be
more coarse compared to the 5 h crystallisation experiments. One exception is the sphere shown in f), where one part of the
sphere seems to be dense and featureless (green arrow), whereas the core area and the other side (yellow arrow) looks
similar to the structures observed for the 5 h crystallisation experiment.

TEM tomography (5 h crystallisation experiment)
TEM tomography was chosen as method for the 3D characterisation of small-scaled pores observed
in the spheres crystallised for 5 h. Although, the investigated volume is much smaller compared to
FIB/SEM tomography, the achieved resolution of 1.37x1.37x1.37 nm per voxel is more appropriate
for such small features. For TEM tomography, a ca. 400 nm thick TEM lamellae was prepared by
FIB/SEM and in situ lift out with a manipulator needle following a standard procedure of transfer to
TEM grid (Fig. 30 a). The final thickness of the TEM foil with approximately 400 nm is rather thick
compared to the typically required thickness of about 50-100 nm. As the samples are composed of
relatively light elements like Si and O, the foil is still “electron transparent”. This thicker sample was
chosen to enlarge the probed volume of the sample. Tomography was achieved by recording a series
of TEM images, whereby for each image the angle of the TEM foil relative to the electron beam was
altered starting from -72° tilt angle to +72° in increments of 1.5°. Fig. 30 b shows an example of a
dark field image recorded at 3° tilt angle. The tilt series was aligned and processed using the freeware
software packages IMOD. The resulting image stack of 260 images was segmented by thresholding
and visualised using the program Avizo 9.1 (Thermo Fisher Scientific).
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Fig. 30: Images of the prepared TEM foil. a) SE image of the TEM foil, red box shows the location of the dark field image
shown in b). The blue box in b) represents the area where the 3D reconstruction of the tilt series was done.

Fig. 31 shows the 3D reconstruction of the tilt series, representing an approximately 356 nm thick
slice of the sampled silica sphere, with the silica matrix displayed in transparent green colour. In Fig.
31 a and b, the total pore space is displayed in blue covering the complete particle. Fig. 31 b and c
show the pores with a connection to the inner hollow core of the sphere marked in yellow.
Obviously, the inner part has no connection to the outside of the sphere, pores in the outer parts of
the silica shell of the particle are isolated from the inner pores.

Fig. 31: 3D reconstruction of the investigated area shown in Fig. 30 b. The volume only represents an approximately 356 nm
thick slice of the particle. The SiO2 matrix is displayed in green, all pores are shown in blue, all pores connected to the hollow
core of the particle are shown in yellow. a) shows all pores within the SiO2 matrix of the particle, b) shows the pores with a
connection to the hollow in the core of the particle relative to the rest of the pores and c) displays the distribution of the
hollow core -connected pores within the SiO2 matrix. It seems that the hollow core has no connection to the outside within
the sampled volume.
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FIB/SEM tomography (15 h crystallisation experiment)
Pore space of the spheres crystallised for 15h were investigated by FIB/SEM tomography. For that
particles were embedded in Epon epoxy resin. Embedding was chosen anticipating that the resin fills
the hollow cores of the particles. In addition, it should help to avoid edge effects at the rim of the
core region. It turned out that the resin was not penetrating the hollow core area in most of the
cases. Therefore, the inner structure of the hollow core region behind the actual image layer became
visible on all slides, once the particle is cut open. Both effects are very problematic for automatic
segmentation of the data set via thresholding. As a consequence, the data set was reduced to a
volume of 3.319 x 1.951x1.740 µm containing 2 complete spheres (Fig. 32 b) and was segmented
manually using the program Avizo 9.1 (Thermo Fisher Scientific). The achieved resolution was
3.6x3.6x10 nm per voxel.

Fig. 32: FIB/SEM tomography obtained from 2 silica particles. a) SEM image of the trench prior FIB/SEM tomography
procedure. b) SEM image from the image stack, the red box represents the segmented and reconstructed area, the two
particles in the box are parts of particle 1 and 2, respectively. c) 3D reconstruction of particle 1 and particle 2, the SiO 2
matrix coloured in transparent green, pore space is displayed in blue. Pore space that exhibit a connection from the hollow
in the middle to the outside (including the hollow core volume) of the particle are shown in yellow. The sight of view is
parallel to the propagation of the FIB slicing along the z – axis.
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Fig. 32 c shows the 3D reconstruction of both particles, with the silica matrix of the spheres displayed
in transparent green colour, pore space in blue. The hollow core of particle 1 has no connection to
the outside and the silica shell contains several isolated pores. Particle 2 exhibits a connection of the
hollow core area towards the outside of the sphere. The hollow core and all pore space connected
towards the centre are displayed in yellow, non-connected pores again in blue (see Fig. 32 c). It can
be seen that beside three channel-like pores that connect in- and outside, several pores are isolated
within the silica shell.
Pore size characterisation
Two different methods were chosen for investigation of the pore space, FIB/SEM tomography for the
15 h crystallisation experiment and TEM tomography for the 5 h crystallisation experiment. The
quantitative data derived from the tomograms are summarised in Table 3 and compared in terms of
trends and fundamental differences. The main differences between both methods concern the total
probed volume and the achieved resolution. The TEM tomography data only reflects a fraction of a
sphere, therefore the measured pore diameter reflects the minimum dimensions of the pore space
within the probed particle, although unlikely, the appearance of larger pores within the probed
sphere cannot be excluded completely. On the other hand, FIB/SEM tomography is limited to a
resolution of 3.6x3.6x10 nm voxel size, pores with smaller dimensions are not visualised by FIB/SEM
tomography.
Still, the observed difference in the number of individually measured pores is remarkable. In the 5 h
crystallisation experiments, 35373 individual pores were measured whereas in the 15 h experiments
only 138 individual pores for particle 1 and 122 pores for particle 2 were identified, although the
investigated volume for the 5 h experiment is only about 25% of the volume sampled in the case of
the 15 h crystallised sample. This observation is also reflected by the surface area per volume, the
particles obtained from the 5 h experiment exhibit a ten times higher surface area than the particles
from the 15 h experiment. The pore volume related to the total investigated particle volume is quite
similar between 5 h and 15 h experiment. For the 5 h crystallisation experiments about 25.5% pore
volume was observed, for the 15 h crystallisation experiments differences between particle 1 with
23.6% and particle 2 with 14.9% pore volume were observed. Similar trends can be observed in the
pore size distribution shown in Fig. 33. Particle 1 and 2 are characterised by a few large pores, which
represents the inner hollow core area. The TEM tomography data of the 5 h experiment shows a
steep slope within pore sizes smaller than 50 nm with about 92% of all pores being smaller than 50
nm, indicating a highly structured hollow core area, as also observed in cross sectioning
investigations. Obviously, many small pores characterise the pores obtained by the 5 h crystallisation
experiment in contrast to the 15 h crystallisation experiments, where most of the pore space seems
to be located in the hollow core area, especially in the case of particle 1. The graphs in Fig. 33 show
that almost all of the measured pores of the TEM tomography data plot have pore diameters in a
range also observable by FIB/SEM tomography. Hence, the both data sets are comparable.
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Table 3: Summary of pore volume and surface area measurements as derived by FIB/SEM (Particle 1 and 2) for the sample
crystallised for 15 h and TEM tomography data representing the sample crystallised for 5 h
Particle 1
(15 h)

Particle 2
(15 h)

TEM –
Tomography
(5 h)

Total volume of the investigated structure
(pores + matrix) [µm³]

0.702

0.722

0.182

Total volume of SiO2 matrix [µm³]

0.537

0.614

0.136

Total pore volume [µm³]

0.165

0.108

0.047

Total pore surface [µm²]

5.696

8.293

18.672

Pore space [%]

23.6

14.9

25.5

Area per particle volume [µm²/µm³]

0.8

1.1

10.2

Number of individual pores

138

122

35373

Fig. 33: Pore size distribution obtained by FIB/SEM and TEM tomography shown as cumulative pore volume vs. pore
diameter. The minimum resolvable diameter in terms of pore size was approximately 7 nm for data acquired by FIB/SEM
tomography and about 2.7 nm for TEM tomography, respectively. Pores of smaller size may appear in the sampled volume
but cannot be resolved by the employed methods.
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Conclusion and outlook
The data presented here represent the first detailed investigations of the evolution of pore space
within crystallised hollow silica spheres after 5 h and 15 h tempering at 1050°C. The tomography data
shows that the volume of pore space is fairly similar in the investigated particles. The amount of
pores and smaller-sized pores for 5 h crystallisation relative to the 15 h experiment indicate a change
of the particle inner morphology from many small pores to a few larger ones. This observation is
expected, because a longer timer period at high temperatures may cause growth of crystals in
expense of other resulting in a coarsening of available pore space. The data show that the interior of
the hollow spheres remains isolated from the outside after crystallisation for 5 h. In case of particle 2
larger pores were observed after 15 h of crystallisation, which indicates merging of pore space
possibly leading to new connections of the hollow interior of the particles with the outside. On the
other hand, coarsening of the morphology of the particles causes a reduction of available surface
area, which is important for possible applications of the crystallised hollow particles, for example
functionalisation of the particle interior with catalytic compounds. As demonstrated by the cross
section data, the crystallisation of the spheres for 5 h or 15 h time periods seems to result in
inhomogeneous pore size distribution across all investigated particles within the same batch of
experiment. Especially in the case of the 5h experiment, two different kinds of morphology in terms
of pore size were observed.
Although, the chosen methods for 3D pore characterisation in this study are limited in terms of
accessible sample volume and characterised samples, the obtained data provide valuable novel
information about pore space distribution in crystallised hollow silica spheres with a spatial
resolution of 10 nm and better. As a matter of fact, almost all pores within the silica particles are
isolated and have no connection to the outside of the particle. Therefore, BET and BJH analysis by
nitrogen adsorption is not suitable to characterise the pore morphology as the isolated pores cannot
be studied in this case by BET.
The formation of large pores at longer crystallisation times is promising as new connections between
the hollow core and the outside of the particles were observed. This allows access to the inner part
of the hollow spheres and is essential for possible applications of the material. Further systematic
studies of the morphology after different crystallisation times, temperatures or even under
hydrothermal conditions with a higher number of samples have to be performed to fully understand
the influence of the experimental conditions on the pore formation. Nevertheless, this feasibility
study clearly revealed the suitability of FIB/SEM tomography as well as TEM tomography on electron
transparent samples prepared by FIB milling for characterisation of hollow silica spheres.

50

3.1.3. FIB/SEM tomography on biomedically/biologically relevant problems
TEM analysis of ultrathin sections of embedded biological samples like cells is routinely applied to
gain insight into cellular structures. Within recent years, FIB/SEM tomography became very attractive
in biological studies. It allows the investigation of complex inner cell structures with high resolution
appropriate to clearly distinguish individual features like the phospholipid bilayer of biological
membranes (plasma membrane), the membranes of cell organelles (e.g., mitochondria and the
endoplasmic reticulum) and vesicles or ribosomes covering the surface of the rough endoplasmic
reticulum (Fig. 34 a). Not only the high resolution but also the volume that can be sampled is a
significant advantage in such cell studies. Complex relationships like the interaction of a parasitic
protozoan within a host cell (Fig. 34 b) can be investigated in three dimensions.

Fig. 34: SE images from FIB/SEM tomography data sets. a) The resolution of the acquired images allows the distinction of
features like ribosomes covering the rough endoplasmic reticulum (red arrows), the lipid bilayer of the plasma membrane
(green arrow) and various vesicles (yellow arrow). b) Example of a Leishmania, a parasitic protozoan (blue arrow) within a
human cell.

FIB/SEM tomography was applied as part of a study to elucidate the three-dimensional structure of a
fibroblast nucleus infected with human cytomegalovirus (HCMV), in addition to classical serial
ultrathin sectioning TEM analysis, where the sections were prepared by ultramicrotomy. For the
investigation, human foreskin fibroblasts infected with HCMV were high pressure frozen, freeze
substituted and embedded in Epon epoxy resin following a protocol described by Buser et al. [147].
FIB/SEM tomography was done on two segments of one infected fibroblast nucleus, both covering a
volume of 6.4x5.5x5 µm. The attained data sets consist of 250 subsequent images with a resolution
of 2048x1768 pixel and a voxel size of about 3x3x20 nm.
One advantage of FIB/SEM tomography over the classical ultrathin sectioning TEM analysis is a higher
resolution in z direction. For the here investigated fibroblast nucleus, a slice thickness of 20 nm was
chosen for FIB/SEM tomography, which reflects an improvement by a factor of 4 compared to the
section thickness achieved by ultramicrotomy with about 70 to 90 nm per section. The higher zresolution of the FIB/SEM tomography allows a complete quantification of various types of the
approximately 85 nm wide HCMV capsids within the sampled volume and reveals the rather high
complexity of the intranuclear membrane structures. The quantification of the capsids within the
investigated nucleus segments reveals a higher number of HMCV capsids than previously postulated.
In our case, 5498 single capsids were identified in both sampled volumes, which results in an
estimated number of roughly 15000 – 30000 nuclear capsids in the entire nucleus, which is 15 – 30
times more than previously postulated by Wild et al. [148]. Up to three different orders of membrane
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infoldings were identified in the 3D reconstruction of the data set, filled with HCMV capsids and
vesicles. The infoldings form spherical and tubular segments, which are all located near the nuclear
envelope (see Fig. 35). Some of these membrane structures clearly show a connection with the
nuclear envelope, which provides evidence of the formation of these structures as infoldings of the
inner nuclear membrane. FIB/SEM tomography could thus reveal much more detail about the
number of the capsids in the nucleus as well as the complex structure of the nuclear infoldings than it
was possible with 2D TEM techniques and by that contribute to a better understanding of HCMV
egress from the cell.

Fig. 35: a) Single SE image of the FIB/SEM tomography data set showing a part of the nucleus. Three different types of
HMCV capsids are identified, one of the membrane infoldings is shown. The contrast of the image was inversed. b) 3D
reconstruction of the data set revealing 3 different infolding structures close to the nuclear membrane. Different types of
capsids identified in the SE images are marked in different colours, type A in pink, B in blue and C in white. The reconstructed
volume holds 1338 single capsids. Reproduced from reference [149], original article distributed under the terms and
conditions
of
the
Creative
Commons
Attribution
License
4.0
International
(CC
BY
4.0),
https://creativecommons.org/licenses/by/4.0/.
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Drifting Issues
One of the major issues during FIB/SEM tomography acquisition is related to drifting of the electron
and the ion beam during image acquisition and milling procedures, respectively. Drifting may occur
due to instabilities of the stage, the beam and by changing electric or magnetic fields during the
process [150] and depends on sample material, beam current and dwell time. Drift during electron
image acquisition can be corrected by a post alignment procedure of the image stack during data
processing, whereas drifting of the ion beam relative to the sample surface, i.e. the x-z plane is rather
problematic for the quality of the obtained tomography data. A drift in x direction limits the usable
area of the slices, a drift in z direction causes a variation in slice thickness. Particularly, in the case of
embedded biological samples, drift of the ion beam may cause serious problems due to charging
effects. Often tomography is performed over night due to the long processing time, which may result
in unusable stacks when drifting occurs. One example of severe drifting is shown in Fig. 36 a, where
the ion beam was drifting for a length of about 1.5 µm in x direction out of its anticipated area shown
as the yellow box. Measurements in z direction revealed that a length of 5.4 µm was milled by
FIB/SEM tomography routine, which is 400 nm more than originally targeted. This is important,
especially if the segmented tomogram is used for the calculation of quantitative data like volume or
surface area. The example shown in Fig. 36 b and c demonstrate the effect of ion beam drift in x
direction. The bulge marked with the red arrow is visible in all acquired SE images, limiting the field
of view and its size is also dependent on redeposition effects.

Fig. 36: SE images of the area investigated by FIB/SEM tomography showing two samples of extreme drifting during FIB
slicing. a) The yellow box represents the area of the targeted sample area defined for FIB/SEM tomography. The SE image
taken after FIB/SEM tomography routine reveal changes of position up to 1.5 µm. Furthermore, the milling process removed
material on a length of 5.4 µm, which is 0.4 µm more than targeted. b) and c) show another effect of lateral drifting during
FIB milling. The red arrow marks a bulge visible in each SE image of the data stack, which limits the field of view and
therefore the volume that can be reconstructed from that data set.
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The effects of drifting can at least be reduced by suitable preparation of the sampling site prior to
FIB/SEM tomography. Although, the entire sample surface is covered by a thin platinum or carbon
layer to achieve electrical conductivity and by an approximately 300 nm thick platinum layer that is
deposited by gas-assisted deposition to protect the area of interest, an additional “touchdown” of
the tungsten manipulator needle direct on the platinum cover can help to dissipate charges and
reduce drift (Fig. 37 a). The preparation of a “U-turn” shaped pattern, i.e. a trench in the front and
one trench at each side, helps to avoid redeposition build up in the field of view and shadowing
effects [150]. To enhance electrical conductivity, the whole area including the trenches can be
covered with a second platinum deposition (Fig. 37 b). FIB-induced SE imaging may damage the area
in the direct vicinity of the sampling site during the positioning of patterns, and the platinum or
carbon layers that cover the whole sample may be completely erased around the sampling site
during this process. This area should be bypassed by additional platinum stripes (Fig. 37 c) to ensure
dissipation of charges.

Fig. 37: SE images of areas prepared for FIB/SEM tomography showing different methods to minimise drifting effects. a)
Touchdown of the tungsten Omniprobe manipulator needle usually used for in-situ lift out of prepared TEM foils in order to
dissipate charges. b) A second deposition of platinum after the excavation of side trenches over the whole region including
the excavated trenches for an enhanced dissipation of charges. c) Initially deposited platinum or carbon layer on the sample
surface is damaged by FIB-induced SE imaging during the preparation steps prior to FIB/SEM tomography routine.
Additional platinum stripes are deposited to ensure contact to the platinum cover of the sample.
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3.1.4. Investigation of Ag - nodules on copper alloy
Introductory remarks
Copper alloy plates such as CuNi3SiMg covered with by an Ag layer with a thickness of several µm and
deposited by electroplating are used for the fabrication of light-emitting diodes (LEDs). The copper
alloy plates are produced on an industrial scale by several coupled annealing, rolling, brushing and
cleaning steps. The quality of the upper layers of the plate surface is essential to avoid the formation
of pores and incorporation of foreign particles as the surface quality is crucial for later applications,
especially for the deposition of metal layers at the surface.
For the application of the copper alloy in LEDs, the Ag surface roughness should be as low as possible
avoiding any relief, as such surface features reduces the reflectivity of the component. Furthermore,
these surface reliefs can be problematic during wire bonding. Therefore, the sample surface is
routinely checked by optical microscopy. If inhomogeneities at the surface are detected, further
FIB/SEM studies may provide information on the origin of such inhomogeneities. The sample
investigated in this study exhibit the formation of Ag nodules lined up parallel to the rolling direction
(Fig. 38 a). FIB/SEM tomography is a suitable method to investigate the internal structure of such
nodules. Information about the formation of the nodule is crucial to identify possible root causes of
the various rolling, brushing and tempering steps during the industrial fabrication process of the
plates.

Fig. 38: a) SE image of the Ag surface showing two Ag nodules (red arrows). b) SE image number 37 from the FIB/SEM
tomography image stack showing the Ag layer and the underlying CuNi 3SiMg alloy. About 200 nm below the Ag – alloy
boundary a cavity is visible within the copper alloy. The SE image is characterised by a strong orientation contrast;
differences in contrast within the Ag or the alloy are caused by different orientations of individual crystal grains towards the
electron beam.
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FIB/SEM tomography
Copper alloy and Ag are electrical conducting materials, and therefore no further sample preparation
was necessary as charging issues are absent. Therefore, a small piece of the sample fixed on a
specimen holder was investigated directly. After the deposition of a protective platinum layer,
FIB/SEM tomography was applied over a volume of 10.24x8.84x6.4 µm in the centre of a nodule
perpendicular to the rolling direction. By that, the rolling direction matches the z-axis of the sampled
volume, i.e. the direction in which the FIB slicing propagates. The x- and y- axis of the volume, i.e. the
plane of the SE images, are perpendicular to the rolling direction. The achieved voxel size was
10x10x64 nm. The SE images of the tomography stack are characterised by a strong orientation
contrast, which reveals form and size of individual oriented crystal grains within the materials (Fig. 38
b). The Ag layer and CuNi3SiMg substrate can be distinguished due to different texture and an overall
brighter appearance of the Ag layer relative to the copper alloy. However, images exhibiting a strong
orientation contrast of polycrystalline materials are almost impossible to be segmented by
thresholding methods, as almost all grey values appear in both materials. Therefore, image
processing and segmentation was done manually using the software package Avizo (Thermo Fisher
Scientific).
3D reconstruction of the sampled volume shown in Fig. 39 reveal two elongated voids parallel
towards the rolling direction (along z-axis of the volume, pore space marked in red in Fig. 39 a & d,
white arrows in Fig. 39 b). The copper alloy surface shows an elevation relative to the surrounding
area just above the pores (black arrows in Fig. 39 b, c and d). These elevations are situated below the
centre of the Ag nodule and are up to 300 nm higher than the surrounding area.
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Fig. 39: 3D reconstruction of the FIB/SEM tomography data set shown in different orientations. The x-y plane is parallel
towards the SE images, propagation of slicing is along the z direction. The voxel size is 10x10x64 nm. a) 3D reconstruction of
the complete data set of about 10.24x8.84x6.4µm in x, y and z direction, respectively. Copper alloy is displayed in
transparent orange, Ag in transparent blue, the pore space is shown in red. b) A SE image along the y-z plane extracted from
the middle of the data set showing elongated pores (white arrows) and direct above the pores, the copper surface exhibit a
higher relief (black arrows). c) & d) Detail of the 3D reconstruction shown in a), displayed volume is 5x3.75x6.4 µm in x, y
and z direction. The copper surface forms a ridge just above the pore space (black arrows).

The pores and the elevation above the pores seem to be the origin for the growth of the Ag nodule.
The formation of pores may be the result of the rolling or brushing process, which is part of
fabrication process where parts of the relief may bend over and are folded onto the surface leading
to surface roughening. Pores in combination with the elevated surface features cause a local
enhancement of current density during the electroplating process, which results in an increased
deposition, and therefore a thicker layer of Ag above the disturbed surface area.
The gap between the two pores and the two elevated areas as shown in Fig. 39 is situated directly
under the centre of the Ag nodule. SE images of a standard single cross section through this
particular area would only reveal the pore space beyond the nodule. Although cross sectioning is
much faster and less laborious than a complete tomography study, the amount of information is
limited and depends strongly on the chosen sample area. Although, FIB/SEM tomography is more
time consuming, comprehensive information of the sampled volume can be obtained.
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3.2. Advanced FIB/ SEM prototyping and investigations
3.2.1. Strategies for optical devices
3.2.1.1. Preparation of SILs and Weierstrass Lenses in GaAs

Introductory remarks
Semiconductor quantum dots (QDs) are nm-sized islands of a semiconductor material that is
embedded in a second different semiconductor material which exhibit a wider energy gap between
its valence and conduction states [151]. Often InGaAs QDs are embedded in a GaAs matrix. When
excited, for example by a pulsed laser, QDs act as a light source capable of emitting single photons
[152]. A current issue with such semiconductor QDs emitting devices is that they exhibit low
collection efficiency. Most of the emission of the QD is reflected due to the huge difference in the
refractive indices of the semiconductor and air, approximately only 3% of the total emission is able to
leave the surface [153]. One possibility to enhance collection efficiency of QDs was recently
demonstrated by Sartison et al. [154]. Using low-temperature, in-situ photolithography and
femtosecond 3D direct laser writing, they were able to fabricate a solid immersion lens (SIL) above a
QD which enhances the total light extracted from the sample by the factor of approx. 2 compared to
the sample without SIL. The efficiency may be further improved by lenses fabricated from the solidstate matrix surrounding of the QDs to avoid differences in the refractive index between the lens
material and the semiconductor matrix. In addition, a different lens shape like the Weierstrass
geometry could contribute to improvements [151]. Fabrication of Weierstrass type lens geometries is
challenging, as the lens rejuvenates towards the lower part of the lens (see Fig. 40) and is not
accessible by FIB top milling processes. Within the scope of this thesis, prototyping strategies to
fabricate SILs and Weierstrass lenses in a GaAs matrix directly by FIB milling were developed. Fig. 40
shows the geometry of hemisphere SIL and a Weierstrass-type lens. Note that the QD is situated in
the middle of the hemisphere and r/n2 exactly below in the case of the Weierstrass geometry, with r
is the radius of the lens and n2 the refractive index of the lens material, which is the refractive index
of the semiconductor matrix. Therefore, the depth of the QD inside of the semiconductor matrix
defines the dimension of the lens. In the case of QD situated in 1 µm depth within the matrix, the SIL
has a diameter of 2 µm. Based on the r/n2 ratio, in the case of a Weierstrass lens, the dimensions are
even smaller.

Fig. 40: Geometries of SIL - hemisphere and Weierstrass lens. Reproduced with permission from IOP Science from reference
[155].
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The fabrication of smooth GaAs surfaces by FIB milling is challenging due to a preferential etching of
arsenic, which leads to the formation of gallium rich droplets at the surface during the milling
process [63]. These droplets are mobile during the FIB milling and tend to move over the irradiated
surface. Another issue is the small overall dimensions of the lenses of about 2 µm in diameter. All SIL
were fabricated by a set of ring patterns with the same outer diameter but successively smaller inner
diameters and reduced depths (details are given in the experimental section). The first challenge was
to optimise the prototyping method for the fabrication of SILs with a smooth surface avoiding GaAs
enriched droplets at the SIL surface. Hence, four different procedures were evaluated optimising the
FIB milling conditions and using post-treatment steps such as 1) influence of FIB current, 2) posttreatment with H2SO4, 3) gas-assisted FIB milling with XeF2, and 4) FIB milling at cryogenic conditions.
1) Influence of FIB current
The fabrication of SILs was tested using different beam currents. As discussed in chapter 2.1.2.1, the
beam current is defined by an aperture strip. A larger hole in the aperture causes a higher beam
current but also a larger spot size of the beam hitting the sample surface. With higher current, more
ions reaching the surface and therefore result in a higher sputter rate and shorter milling times
necessary for a given volume. Unfortunately, higher beam currents are associated with a lower
resolution due to a higher beam diameter. A beam current of 28 pA was determined as a good
compromise between overall milling time and size of the beam diameter as beam diameters at
higher currents do not provide the required resolution to fabricate such delicate structures. To test
the influence of the beam current, SILs of the same dimensions were produced using 28 pA and with
the smallest beam current available, 1.5 pA. As shown in Fig. 41, the milled SIL structures with 28 pA
causes the formation of Ga-enriched droplets over the entire exposed surface, whereas for a beam
current of 1.5 pA only a few larger droplets were formed at the edges of the structure. Therefore, a
beam current of 1.5 pA is clearly favourable in terms of droplet formation, but with the major
drawback that such a small beam current leads to substantially increased milling times. As a
consequence, most of the SILs produced in this study were fabricated using a beam current of 28 pA.
The test structures shown in Fig. 41 are relatively small compared to the dimensions of the SIL that
should be fabricated for applications. Hence, the time required for milling is an important factor.
With a beam current of 1.5 pA, the milling time of the SILs is about 56 min, whereas with 28 pA only
3 min are required to fabricate the structures. During the milling time, the drifts related to
mechanical drifting of the sample or caused by local charging, may ruin the structure. As drifting
issues occur at longer milling times, the time of approx. an hour, which would be required to mill SILs
with 2 µm in diameter at a beam current of 1.5 pA, is therefore not practical.
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Fig. 41: SE images of SILs fabricated with different beam currents, SILs with the same dimensions milled with 1.5 pA (a) and
28 pA (b), respectively. The structures milled with 1.5pA show the formation of only a few droplets at the edges of the
structures, the SIL surface is droplet free. In the case of SIL preparation with 28 pA Ga-enriched droplets are spread over the
entire surface of the structure.

2) Post-treatment witch concentrated H2SO4
In order to remove the Ga-enriched droplets after the milling process, post-treatment (wet
chemistry) with concentrated sulfuric acid was tested. A sample of SILs milled with 28 pA was dipped
into concentrated H2SO4 for 5 min. The dipping time was kept short to avoid etching of the SIL
surface. Fig. 42 b shows the same SIL direct after milling and after dipping in sulfuric acid. Droplets,
formed by milling, were almost completely removed from the surface. Small remnants were removed
by a second exposure of the SIL to the FIB beam for 10 s with a beam current of 28 pA (Fig. 42 c).
Longer FIB exposure times may cause the formation of new droplets. Although the SIL surface is free
of droplets, it exhibits many small dents clearly visible in the recorded SE images. The surface
roughness is increased. The observed inhomogeneities appear to result from an inhomogeneous
abrasion of materials during the milling process, caused by the droplets at the surface. Ga-enriched
droplets limit the milling at those locations, so that the GaAs surface beneath the droplet is not
altered, as long as the droplet remains at its place. Therefore, after removal of the droplets by wetchemistry etching a surface with higher reliefs is observed reflecting previous locations of Gaenriched droplets. To obtain smooth homogeneous surfaces, Ga-enriched droplets have to be
avoided.

Fig. 42: SE images of a SIL fabricated with 28pA after milling (a), after dipping in concentrated H2SO4 for 5 min and after a
second exposure to the FIB beam for 10 seconds at 28 pA.
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3) Gas-assisted FIB milling with XeF2
A possible approach to avoid the formation of droplets during the milling process is gas-assisted FIB
milling, e.g. using XeF2. Using XeF2-assisted FIB milling, the surface of the SIL appears smooth in SE
images and completely free of any droplets (Fig. 43). However, there is a major drawback of using
XeF2. The gas is highly aggressive and tends to etch the surface of the structure, especially in the flow
direction as clearly visible in the upper part of the rim (see Fig. 43 b), where the gas-assisted FIB
milling causes a slope. Also the middle of the SIL structure shows a deformation at the upper part. As
an exact geometry and accurate shape of the lens is crucial for the targeted applications, gas-assisted
FIB milling is not suitable for the fabrication of SILs.

Fig. 43: SE images of a SIL fabricated by gas-assisted FIB milling with XeF2. An application of XeF2 avoids the formation of
Ga-enriched droplets but causes additional damage to the structure in the flow direction of the gas.

4) FIB milling at cryogenic temperatures
FIB milling of samples cooled down to nitrogen temperatures was successfully applied towards the
investigation of delicate water containing samples like biological cells (see for instance Hayles et al.
[156]), inorganic materials like clays at different moisture contents [157] or the preparation of TEM
lamellae of biological samples [158]. Dolph et al. [159] proposed cryogenic FIB milling as a fabrication
strategy, especially for Group III-V compound semiconductor materials and they demonstrated that
the formation of Ga-enriched droplets in GaAs can be avoided by FIB milling at cryogenic
temperatures. For the first time milling under cryogenic conditions was evaluated for the fabrication
of SILs milled with 28 pA at -140°C. The obtained structures were compared in respect to amount and
distribution of Ga-enriched droplets to SILs milled with same FIB parameters at room temperature
(Fig. 44). All SILs produced at -140°C show a smooth surface, single droplets appear only at the edges
of the structure, and the lens surface is completely free of droplets. The results of FIB milling at
cryogenic temperatures is therefore a highly suitable method to fabricate SILs. Compared to the
results of gas-assisted milling with XeF2, no distortion of the lens geometry was observed.
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FIB milling at cryogenic temperatures is more challenging and time consuming than milling at room
temperature, as the sample has to be cooled down to -140°C and kept at this temperature over the
whole fabrication time. Changes in temperature of about 2° or more may cause drifting in the order
of µm, which is intolerable for the targeted dimensions of the structure. On the other hand, FIB
milling at cryogenic temperatures provides the best results for the fabrication of smooth,
homogeneous SIL surfaces.

Fig. 44: SE images of SILs fabricated at room temperature (a) and at -140°C (b). The structures milled at room temperature
exhibit many Ga-enriched droplets whereas the structures milled at -140°C only one or two droplets were observed at the
edge of each structure (red arrow).

Fabrication of Weierstrass type lenses
FIB prototyping was also evaluated for the fabrication of a Weierstrass type lens. The fabrication of
such lenses directly by FIB milling is rather challenging, as the Weierstrass lens geometry rejuvenates
towards the bottom of the structure (Fig. 40). This part is not directly accessible by the typically
“from top” FIB milling process. To achieve such undercuts, the sample has to be tilted. In this case,
the stage was tilted back to 0°. In this orientation, the FIB beam points towards the sample surface in
a 38° angle and material below the SIL may be removed. To achieve an undercut around the SIL top
the sample was successively rotated by 360° in 30° steps, about 300 nm of material was removed
after each rotation with a beam current of 9 pA. The result of this procedure is shown in Fig. 45. The
test structure was investigated by cross sectioning and FIB/SEM tomography, which show the
hemispherically shaped upper part of the lens as well as the achieved undercut. FIB/SEM tomography
investigations reveal that the undercut was successfully realised around the complete structure, as
intended. Nonetheless, the parts at the side of the lens are still too steep after one milling step. The
resulting geometry is not perfectly spherical as required for a Weierstrass geometry, but the results
demonstrate that the fabrication of Weierstrass lenses by FIB milling should be in principle possible.
A spherical shape can be achieved by performing several sets of undercuts with different angles of
the FIB beam towards the sample surface, by altering the tilt of the sample, accordingly. Still,
because of the small dimension of the structures and the multitude of required steps for shaping the
lens, the whole process is much more complex and time consuming than the fabrication of
hemispherical SILs. The undercuts cannot be performed at cryogenic temperatures, due to the
required stage rotation of 360°. The cryo stage is connected to the cooled nitrogen reservoir via a
tube connection limiting the rotation.
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Fig. 45: Investigation of the test structure for the fabrication of Weierstrass type lenses. SE images from the side and the top
of the test lens (a & b), SE image of a cross section through the test structure (c) and 3D reconstruction of a FIB/SEM
tomography through the whole structure (d).

Conclusion and outlook
The capability of FIB for the direct fabrication of symmetrical shaped SILs with smooth surfaces in
semiconductor material could be successfully demonstrated. Due to the flexibility of the FIB/SEM
stage, also milling of Weierstrass type lenses should in principle be possible. It is important to note
that the lack of cooling during fabrication of the undercut may cause the formation of Ga-enriched
droplets at the lens surface (see Fig. 45 a &b). These droplets may be removed via a final top milling
step under cryogenic conditions.
The next step will be the fabrication of lenses above QDs. Because QDs cannot be visualised by
FIB/SEM, the QDs have to be localised prior to the lens fabrication, as they appear randomly spread
across the sample. Sartison et al. [154] solved the problem of localisation using markers produced by
photolithography once the location of QDs was identified via microphotoluminescence mappings.
The markers were used as a reference for the positioning of the lens fabricated by direct laser 3D
printing. Our approach to solve this particular problem will be in future (QD are fabricated in
collaboration with University of Stuttgart) by FIB milling a grid into the surface of a sample, which can
be easily recognised in SE images and microphotoluminescence mappings and therefore can be used
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as a reference frame. Fig. 46 shows a possible grid layout, which is subdivided in numbered squares.
The small holes in the middle of the crosses (Fig. 46 b) allow a precise localisation within each square.
After the fabrication of one or more grids into the sample surface, QDs spread out across the entire
surface can be located by microphotoluminescence mappings within each square. By using the grid
as a reference, single QDs identified in the microphotoluminescence mappings can also be precisely
located in the SE images. That way QDs can be located and the SIL can be milled exactly above the
QD.

Fig. 46: SE images of a grid to locate single QDs. b) shows a zoomed view of a cross as shown in a). Each cross has a small
hole in the middle to enable a precise location of the QDs.

3.2.1.2. Fabrication of metasurface arrays

Introductory remarks
The capabilities of FIB milling as a precise and flexible tool for prototyping and structuring of various
materials in the range of µm to nm can be used to fabricate structures for light reflectance
experiments in the range of visible light to near infrared (vis-NIR). Metal surfaces patterned by arrays
of sub-wavelength features, so called metasurfaces, can couple incident light into localised plasmon
modes. Thereby the intensity and phase of the reflected light is modified. The change in the
reflectance spectra relative to the spectra of an non-patterned surface is a function of shape, depth,
length, periodicity of the features in the array and, in the case of polarised light, also the orientation
of the features relative to the polarisation direction of the incident light [160]. For instance,
elongated features reveal the absorption of a certain wave length, which depends in intensity on the
orientation of the polarised light relative to the feature, whereas circular structures are orientation
independent. Therefore, it is possible to change the perceived colour of a metal surface and
substantially change its reflectivity by a periodic structuring of the surface [161]. The arrays are
characterised by repeating geometric features like trenches and circles and are evaluated by whitelight scattering measurements. In these experiments the whole array is illuminated with linear
polarised white light from an external source and the reflected light is guided over a beam splitter
towards a spectrometer. Shape, size and periodicity of features can be easily changed and arrays of
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features up to a dimension of tenth of µm can be fabricated by automated FIB milling processes
using programs like the Nanobuilder (Thermo Fisher Scientific). By this automated approach, single
parameters can be easily varied and their influence on optical properties of the structured material
can be investigated.
This chapter presents examples of arrays produced by advanced FIB milling processes and discusses
the limitation of the method in terms of minimum and maximum achievable size. All arrays shown
here were fabricated on flat gold single crystals. The advantage of using single crystalline material
rather than sputtered polycrystalline Au films is the homogeneous milling characteristics of single
crystalline gold. Polycrystalline Au films consists of Au grains that differ in size, height and crystal
orientation (Fig. 47), which results in inhomogeneous sputtering properties due to edge effects and
differences in sputtering yield as a function of crystal lattice orientation relative to the incident FIB
beam. These effects combined with differences in local film thickness render it very challenging to
fabricate accurate features with dimensions in the range of tenth to hundreds of nm in
polycrystalline gold.

Fig. 47: SE images of gold surfaces. a) The surface of polycrystalline gold is characterised by a random distribution of Au
grains differing in size and orientation. b) Features like a square milled in polycrystalline Au layer exhibit a fairly rough
surface, due to differences in size and orientation. Parts of the layer are completely removed while others remain covered
with gold. c) Au single crystals are well suited for milling as they provide a homogeneous, flat surface of the same crystal
orientation.

Examples of individual metasurface structures
The first example is the fabrication of a set of H – shaped structures with a length of about 300 nm,
each part of the H is 70 nm wide and approximately 100 nm in height (Fig. 48). The gold was removed
within a 5 µm x 5 µm square by automated FIB milling using the program Nanobuilder (Thermo
Fisher Scientific) around the H structures. To preserve the delicate structure of the features, a
current of 9 pA was chosen. At this current, the beam diameter is only approx. 13 nm, which allows
that structures with dimension between 70 – 300 nm can be milled. However, it is important to note
that such a small beam diameter limits the overall size of the pattern. The FIB software translates the
chosen pattern into an array of pixels, the pixel size depends on the actual beam diameter. The
smaller the chosen beam diameter and current, respectively, the more pixels a certain pattern will
contain. As the software is limited in the number of pixels that can be processed in a single pattern,
the maximum size of a pattern is related to the beam diameter chosen. The dimensions of the
fabricated and here shown H-shaped structures marks the limit for feature dimensions that can be
manufactured by FIB. The structures shown in Fig. 48 b) and c) already exhibit significantly rounded
edges and the features are smaller than the thickness of the gold crystal, which is approximately 170
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nm. Although the H-shapes are not part of the milling pattern, as a result, these structures are
already altered by the beam due to the Gaussian spread of intensity of the beam profile.

Fig. 48: SE images of H - type structures: a) shows a set of 9 individual H-shaped features, milled into an Au single crystal. b)
and c) show a zoomed view of one structure. The H’s are approximately 300 nm long and 70 nm wide with a height of about
100 nm.

The second example presents three arrays with features of various shape also milled into Au single
crystals. Fig. 49 shows SE images of arrays containing trifolium-like structures, circles and wave-like
structures. The arrays extend over an area up to 30 µm x 30 µm with a wall thickness of
approximately 100nm and a depth, ranging from 300 to 500 nm, as required for the targeted
reflectance measurements. The overall achievable size of this type of arrays is larger than the
maximum size achieved for the H-shaped structures, as less material has to be removed during the
process and less pixels have to be addressed. The size of achievable arrays is not only limited by the
number of pixels within a single pattern, but it is also limited in respect to the field of view of the
microscope. The number of scanned pixels by the microscope is set to a fixed number of pixels (e.g.
1024x884 pixels or 512x442 pixels). If the scanned area is extended, the size of each scanned pixel is
also increased. As the pixel size of the pattern is defined by the chosen beam diameter, pixels of
patterns that are smaller than the pixel size defined the field of view of the microscope can’t be
processed.

66

Fig. 49: SE images of examples of metasurface patterned by FIB milling in Au single crystals. a) shows trifolium structures, b)
circles and c) wave-like features. d), e) and f) are zoomed views of a), b) and c), respectively. The depth of the structures is
300 to 500 nm.

3.2.1.3. Improvement of Mach-Zender interferometers and ring resonators in GaAs
Introductory remarks
Semi-conductor (GaAs/Al0.2Ga0.8As) thin-film waveguides operated in the mid-infrared (MIR, 2-20 µm)
spectral range are used for chemical and bio-sensing applications, as they provide inherent molecular
selectivity [162] [163]. MIR photons interact with most organic and inorganic molecules by excitation
of vibrational and rotational modes. The interest in micro- and nanofabriated sensing systems for
miniaturised sensitive and selective chemical and bio-sensing diagnostics has increased in particular,
for optical devices used as appropriate transducers. The successful transfer of optical schemes from
the visible regime to the MIR providing specific molecular selectivity, like Mach-Zehnder
interferometer (MZI) (Fig. 50 a) and ring resonators (e.g. Fig. 51 a) is of particular interest in
combination with miniaturisation of the devices for a new generation of ultrasensitive chemo- and
biosensors [164]. The MZI and ring resonator devices are usually defined by photolithography and
fabricated by reactive ion etching (RIE). The structures extend over several mm and are far too large
to be fabricated by FIB milling. However, the microfabricated structures may have rough end facets,
which induce a loss of radiation when light is coupled in. FIB is an important tool to fine-tune the
structures, as RIE is limited to a resolution of about 2-3 µm (see e.g. Fig. 50 b).
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FIB fine-structuring of MIR-MZI junctions
The first example is related to defined structuring of MIR-MZI, especially at the Y-junctions of the
structure. Preparation of the MZIs by RIE results in round necks with a diameter of approximately 2
µm (Fig. 50 b). The optical throughput of radiation through the MIR-MZI depends on the opening
angle of the Y-junction. Within MIR-MZI with opening angles larger than 6° almost all radiation is lost
due to internal scattering [165]. FIB milling was used to produce necks with a width of about 100 nm
(Fig. 50 c) to reduce scattering losses at the Y-junction. In this case, the restructuring of the neck
leads to an enhancement of radiation throughput through the MZI up to 30% [164]. Gas-assisted FIB
milling with XeF2 to avoid the formation of Ga-enriched droplets is not required, as the droplets form
at the surface and do not influence the wave guiding properties of the MZI.

Fig. 50: SE images of MIR-MZI waveguides: a) shows the top view of three MIR-MZIs, b) zoomed view of marked area (red
box in a) of a Y-junction prior and c) after FIB milling.

Improvement of MIR ring resonator structures
Unlike planar waveguides or MZI, resonator structures like ring resonators possibly provides an
enhancement of the optical signal as they enable photons to interact multiple times with the sample
[166]. Ring resonator structures consist of two waveguides and a ring in between, waveguides and
rings are separated via a narrow gap. Radiation is coupled into the ring via evanescent wave coupling.
Like the MZI, the ring resonator structures and adjacent wave-guides were fabricated by
photolithography and RIE. Due to the limited resolution of these methods, rings and waveguides are
still connected after fabrication (Fig. 51 a). For the functionality of the ring resonators, the linear
waveguides and the rings have to be separated. At MIR wavelength a gap width < 500 nm is required
for efficient coupling of light into the ring resonator. The rings and the waveguides were structured
by FIB milling and a gap width of about 300 nm was achieved (Fig. 51 b) and c). Smaller gap width
could not be produced, as redeposition causes limitations in aspect ratio of the gap and therefore
limits the achievable depth of a trench for a given material and width of a trench. A smaller trench
width leads to an incomplete separation of ring and waveguide. In the case of oval resonator
structures, which may extend up to several 100 µm (Fig. 52), for separation of resonator ring and
linear waveguide, a higher FIB current is required to maintain reasonable milling times. A higher
beam current results in a wider beam diameter, which affects the achievable width of the gap, as
shown in the example in Fig. 52. A gap width of about 500 nm was achieved over a length of 280 µm.
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Fig. 51: SE images of a ring resonator assembly. a) Prior and b) after FIB milling, c) zoomed view of the upper trench marked
in b) with a red box

Fig. 52: SE images of an oval ring resonator; the length of the milled trench is approx. 280 µm

3.2.2. Strategies for electrochemical devices
Introductory remarks
Micro- and nanoelectrodes are widely used as electrochemical transducers in sensing devices. The
reduced electrode dimensions ranging from radii of a couple of µm down to 10 nm [167] results in
unique electrochemical properties such as enhanced mass transport, reduced ohmic drop and low
capacitive current contributions in comparison to macroscopic electrodes [168]. The electrochemical
properties and the dimensions allow measurements in resistive media at low electrolyte
concentration, at high scan rates (e.g., fast scan cyclic voltammetry) and in small sample volumes. In
order to further enhance the sensitivity, micro- and nanoelectrode arrays are used in sensing
applications. A critical factor for the design of such devices is the centre-to-centre separation of the
electrodes, usually given as the ratio rc/ra between the centre-to-centre distance rc and the electrode
radius, ra. The distance between the individual electrodes influences the diffusional mass transport,
leading to overlapping diffusion zones similar to the mass transport to a macroscopic system or
spherical diffusion zones around each electrode. The same consideration holds for diffusional
transport at micro- and nanopore arrays. The value for an optimal centre-to-centre distance to
achieve individual diffusional zones depends on three factors, the radius of the miniaturised
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electrode, the diffusion coefficient of the redox active molecule and in terms of cyclic voltammetry
on the used scan rate. Unfortunately, there is no simple universal relationship, which allows a direct
calculation of the centre-to-centre distance at given radius, diffusion coefficient and scan rate for
dynamic voltammetric measurements [169].
Next to optical devices for sensing applications, FIB is also a highly suitable tool for precise
fabrication of electrochemical sensing devices. Within the scope of this thesis, the fabrication of
nanopore arrays for electrochemical measurements at liquid/liquid interfaces was evaluated.
Defined arrays of features in the range of 10-100s of nm have recently been described as interfaces
with significant improved sensitivity [170]. Within this work, arrays of small holes with tunable but
defined rc/ra centre-to-centre separation, also called pore-to-pore separation milled in SiN
membranes with arrays of holes, ranging from 13 up to 82 and with diameters of 50 up to 100 nm
were fabricated. One significant advantage of using FIB milling for fabricating such arrays is the
flexibility of the method in terms of dimensions of the patterns as the pore spacing and the individual
pore diameters can be easily and much faster adapted compared to other fabrication methods like
electron beam lithography.
For ITIES measurements, the membrane with the array is placed between two immiscible electrolyte
solutions. By applying a potential between electrodes placed in the two solutions, a transfer of
charged ions and/or electrons at the interface between the ITIES is induced, resulting in a
measurable current. A successive change of the applied potential may result in a change of the
measured current in dependence of the applied potential (voltammogram) and reflects the transfer
of ions at the ITIES and therefore, holds information about the analyte [171]. The size and nature of
the ITIES is of great importance, as it influences the possible charge transport across the interface
and therefore the measurable current at the electrodes. Whereby, the size of the pores and spacing
of the pores are crucial parameters. Similar to electrode arrays [172] micro- and nanoscopic arrays
with sufficient spacing between the individual pores exhibit an enhanced mass transport towards the
interface because a radial diffusion regime towards the interface becomes dominant and the charge
transfer is less likely be limited by mass transport. This is of importance, especially if fast
electrochemical and chemical reactions are studied [173]. The overall transfer rate of ions and
electrons can be enhanced by using arrays of small holes, where each hole contributes to the
transfer of ions. It is important to note that the distance between pores within the membrane must
be large enough to avoid an overlap of the individual diffusion zones around each pore, as an overlap
leads to linear mass transport [174] [175].
Nano-hole arrays in SiN foils
The major challenge in FIB patterning of such membranes, beside the small dimension of the features
of about 50 – 70 nm and the problems that arose by structuring non-conducting materials such as
SiN is reproducibility. The structured membranes were used to investigate the optimal pore-to-pore
separation in ITIES measurements, therefore the only variable that was changed was the distance
between the individual pores within the pattern. All other parameters must be the same during
investigation in order to ensure comparability of the measurements. Hence, reproducibility in terms
of pore diameter and form for fabricating such arrays is of high importance to obtain statistically
meaningful data. Two sets of patterns were fabricated with differences in the pore-to-pore
separation (Fig. 53). The achieved diameter of the fabricated holes is about 50 to 70 nm and the
separation of the pores range from 500 nm up to 2.5 µm, depending on the individual array
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geometry. Sairi et al. [174] investigated for the first time the behaviour of such FIB milled arrays in
ITIES measurements and described FIB milling as a valuable tool for structuring ITIES membranes.
The dependence of measured current on pore size, pore-to-pore separation and total number of
pores was shown. The study of Liu et al. [175] uses a similar approach with a set of pore-to-pore
separations ranging from rc/ra = 13 up to 82. Within the contribution of Liu et al. a minimum pore-topore separation of 56 for ITIES nano-arrays was determined to ensure complete independent radial
diffusion regime around each pore.

Fig. 53: SE images of SiN membranes with hole arrays for electrochemical ITIES measurements. a) and b) show a pattern
where the pores are separated by 500 nm and have diameter of about 65-70 nm. c) shows a pattern with a separation of 1.5
µm between the pores, in d) the separation is 2.5 µm. The pores shown in c) and d) have a diameter of about 50 nm.

Issues and problems during fabrication
One of the biggest challenges for the fabrication of nano-hole arrays is the reproducibility of the
individual pore and array geometries. Mostly round pores were produced, but in some cases, pores
had an oval shape (Fig. 54 b). The shape of the pores and therefore the shape of the ITIES may
influence the mass transport capabilities. Electrochemical experiments with arrays, which exhibit
differences in pore geometries may result in slightly altered electrochemical responses and
therefore, may not be directly comparable. The same holds true for the achieved diameter of the
pores. Interestingly, pores fabricated at the same FIB/SEM microscope using the same milling
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conditions exhibit differences in pore diameters up to 10 nm, with a trend towards larger pore
diameters over the time period of this research project, which was approx. one year. The differences
in achieved diameters are tolerable, as the important parameter is the quotient of the radius and the
distance. A reason for increased pore diameter might be related to the life time of the beam source
and associated with the life time of the same FIB beam defining aperture strip. The strip defines the
current and the size of the FIB beam by physical holes in a molybdenum stripe, which become larger
due to erosion during usage. Therefore, even small changes in size of the strip hole and with that of
the beam diameter can impair the achieved pore dimensions, in particular if nanopores with
dimensions of 50 – 100 nm are targeted.
For the fabrication of nano-arrays, SiN foils of different thickness were used. Well-defined pores
were mostly achieved at 50 nm thick SiN foils. Foils with a thickness of 100 nm often exhibit drifting
and charging problems (Fig. 54 c) causing distortions of the patterns. Foils with a thickness of 200 nm
show artefacts due to charging phenomena that make FIB milling as well as visualisation by SEM
almost impossible (Fig. 54 a).
After the milling step, the produced patterns were investigated by SEM. Imaging of the arrays can be
also challenging, because the material imaged is composed of relatively light elements and especially
in the case of the 50 nm thick membranes, the sample is quite fragile. The amount of SE, produced
by the interaction of the primary electron beam with the sample material, is quite small. Therefore,
the contrast of the achieved images is relatively poor. The high magnification needed to visualise the
holes combined with low differences in contrast achieved in the SE images make a precise
measurement of the pore diameter challenging. The SiN foil is more or less featureless, except for
the milled holes. An adjustment of the electron beam focus on the milled holes may cause them to
shrink (Fig. 54 b), red arrow). A reduction of the scanned area during focussing enhances the electron
beam intensity, which fluidises the atoms of the SiN membrane and causes a shrinking of the hole by
surface driven tension effects [176]. Additionally, the SE images provide no information whether the
pores are completely milled through the SiN foil.

Fig. 54: SE images of SiN foils processed for ITIES applications. a) shows an example of a 200 nm thick SiN foil which exhibit
strong charging phenomena. The image shows the complete free-standing foil and parts of the support structure. Charging
occurs at the foil part only. b) Milled holes may exhibit an oval shape, especially if drifting occurs during the milling process.
The holes can exhibit a reduction of diameter after intense irradiation with electrons (darker corona around the pore, red
arrow), for example during adjustment of focus of the electron beam. c) More intense drifting during FIB milling can cause
band like structures.
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Fabrication of diamond microelectrode arrays
Diamond microelectrodes are of great importance for investigation of chemical and biochemical
processes due to their inertness and broad potential window. Due to the high sensitivity and fast
response times, microelectrodes are used, for example, for the direct detection of the temporally
resolved release of neurotransmitters from cells [177]. By using an array of microelectrodes, with
individually addressable electrodes, such processes can be monitored providing spatially resolved
information. FIB milling is also suitable for the fabrication of such ultra-micro electrode-arrays
(µMEA). As an example, the fabrication of microelectrode arrays based on boron-doped
nanocrystalline diamond (BNCD) thin film material is presented in this chapter. These µMEA are
intended to be used for the amperometric detection of neurotransmitter release at living cells [178].
As the whole assembly is optical transparent in the spectral range from NIR to near UV, simultaneous
application of fluorescence measurements techniques can be performed.
The BNCD layer deposited on a glass chip by microwave plasma chemical vapour deposition, defined
by electron beam lithography and etched by RIE is covered by an approximately 1 µm thick SiO2
passivation layer. FIB milling was applied to remove the passivation layer on top of the BNCD
structure to expose disc-shaped electrodes with a diameter of 2 µm at the end of the finger-like
structures (see Fig. 55). The major challenge, besides the precise placement of the exposed area, was
the fabrication of holes with the correct depth. The entire passivation layer has to be removed but
the BNCD layer below should not be damaged by the ion beam. As the BNCD layer is only
approximately 200 nm thick, depth of the milling patterns has to be chosen carefully.

Fig. 55: SE images the µMEA, a) shows an overview of the structure, b) and c) are zoomed views of the middle (red arrow). b)
shows the BNCD structure endings covered with SiO2 passivation prior FIB milling and c) after exposure of the disc
microelectrodes.
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3.2.3. Strategies for horizontal TEM foil preparation
Introductory remarks
For TEM investigations an electron transparent thin foil of the sample is crucial. As shown in chapter
2.1.3.2, FIB/SEM microscopes are excellent tools for the location of the sampling area, the
preparation of the foil by FIB milling, the transfer to a TEM grid, which holds the foil as well as the
final thinning of TEM sample foil, which is done all in the same instrument. A standard procedure for
TEM foil preparation is described within this chapter in detail.
In the last years, Fischer-Tropsch synthesis for liquefaction of carbon sources such as coal, biomass or
waste to produce synthetic fuels experiences a renaissance in scientific research. The goal is the
development of a combined catalysator material composed of cobalt nanoparticle embedded inside
a zeolite matrix [179]. For that, zeolite crystals containing nanoparticles of Co3O4 were synthesised
(see Fig. 56 a and b). In order to investigate the behaviour of the Co3O4 nanoparticle within the
zeolite matrix at elevated temperatures up to 800°C, in-situ experiments within an environmental
TEM are intended. For the experiments, a special TEM holder called wildfire chip (Fig. 56 c) was
developed, which is capable of heating electron transparent sample foils during investigation by TEM
via platinum windings. Unlike standard TEM foil preparation, the sample lamellae need to be
attached on the viewing windows of the wildfire chip horizontally. Therefore, the standard TEM foil
preparation procedure needs to be modified. Within this thesis, a procedure for successful lamellae
preparation for such applications was developed.

Fig. 56: a) shows a SE image of the zeolite particles, b) a bright field TEM image of a standard TEM foil prepared from the
sample. The white arrows point at the Co3O4 nano-particle within the zeolite matrix. c) shows a SEM image of the central
part of the wildfire chip containing the platinum wiring for heating the samples (white arrow) and the viewing windows for
the attachment of the electron transparent sample lamellae (black arrows). b) and c) Courtesy A. Straß-Eifert.
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TEM foil preparation
The major challenge in this project was that neither the manipulator needle required for lift out and
transfer, nor the wildfire chip can be tilted. The position of the needle is fixed, so only movements in
x, y and z directions are possible. The wildfire chip may be tilted as it rests on the FIB/SEM stage, but
the position of the viewing windows in the middle of the chip limits access. Therefore, it is a good
strategy to attach a horizontal orientated sample foil on the manipulator needle (see Fig. 57 a and b).

Fig. 57: Scheme of the position and orientation of a TEM foil attached to the manipulator needle during the transfer to: a) a
standard TEM grid and b) towards the wildfire chip.

The first preparation steps are similar to the standard TEM foil preparation. This includes the
deposition of a protective platinum layer on two or more zeolite grains and a coarse excavation of
material around the sampling site to create space for the next preparation steps and the approach of
the manipulator needle (Fig. 58 a). This first preparation steps are done at a stage tilt of 52° with the
FIB beam perpendicular to the sample surface.
The following steps involve the preparation of the foil by successive FIB milling at different beam
currents. The stage is tilted back to 0°. In this position, the electron beam strikes perpendicular to the
sample surface. The FIB beam, which has a 52° angle towards the electron beam now points in a 38°
angle towards the sample surface. Therefore, the sample foil is prepared at a 38° angle towards the
sample surface (Fig. 58 b and c). It is important to note that the foil must be thinned to its final
electron transparent thickness at this stage, as the geometry of the wildfire chip prevents a further
thinning of the foil after attachment. The thickness of the foil prepared here was about 130 nm.
The next step involves the attachment of the manipulator needle to the sample foil by FIB-induced
platinum deposition and consecutive detachment of the foil from the rest of the sample (Fig. 58 d). In
order to attach the foil to the needle horizontally, the stage must be tilted to 38°. In this position, the
prepared foil is now horizontally oriented.
In the last step, the foil attached on the manipulator needle is transferred towards one of the
viewing windows at the wildfire chip. This is done at a stage tilt of 0°. It is important that the chip
should be aligned in a way that the needle can be approached along the space between the platinum
windings as shown in Fig. 58 e) to avoid collision of the needle and the sample foil with the windings.
The windings are slightly elevated relative to the position of the viewing windows. After the
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positioning of the sample in the middle of a viewing window, the sample foil needs to be attached
(Fig. 58 f). This has to be done now by electron beam induced platinum deposition, as a deposition by
FIB is geometrically impossible at 0° stage tilt on that chip. Similar to ion beam-induced deposition,
electron-induced deposition uses an energetic electron beam for the dissociation of pre-courser
molecules. As a matter of fact, the area around the viewing windows is made of electrically insulating
material, to separate the sample from the heating wires of the chip. Therefore, local intense
irradiation by electrons during the platinum deposition causes charging and drifting phenomena. The
position of the deposition pattern has to be monitored and adjusted by beam shift during the whole
deposition procedure as it is important to avoid deposition on the sample and the formation of a
connection to the heating wires. After attachment on the chip, the needle needs to be detached
from the sample foil by FIB milling.
The main challenge of the described procedure is that the foil must be milled to the final thickness
before the attachment to the chip. Typically, final thinning and cleaning steps are performed in TEM
sample preparation after the foil is attached to the TEM grid. In the developed procedure here, it is
impossible to clean the backside of the foil after attachment. A cleaning of the upper side is possible,
but only by a low kV cleaning at 5 kV and a tilt angle of 47°. In this position, the FIB beam includes a
glancing angle of 5° with the foil surface. In this position locating the foil may be challenging. At the
same time, the cleaning process is very time consuming (all other FIB steps are obtained at 30 kV), as
rate of material removal is significantly lower for 5 kV than for 30 kV. Therefore, it is very important
to place the patterns for platinum deposition and detachment carefully and to avoid unnecessary
imaging by FIB to limit the contamination of the sample by platinum and also by redeposition.
Contamination and damage of the surface resulting from the transfer procedure can be easily
removed in standard TEM foil preparation but not under the special requirements described here.
Nonetheless, successful in-situ TEM experiments could be conducted with the prepared TEM foils
attached to wildfire chips. The particles were successfully reduced and sintered at temperatures up
to 800°C within the first conducted experiments. All prepared TEM foils stayed in place during
investigation at high temperatures. Nonetheless, it turns out that platinum residues originating from
foil attachment may disturb the measurements. (A. Straß-Eifert, personal communication)
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Fig. 58: Stepwise preparation of a horizontal TEM foil with the stage tilt given for each step. a), d), e) and f) are SEM images,
b) and c) are FIB-induced SE images. a) shows the sampling area after Pt deposition (red arrow) and excavation of material
around the sampling area. b) shows the TEM foil after the first rough cut, c) the same part of the sample after successive
thinning of the foil to its final thickness of about 130 nm. d) represents the TEM foil after the attachment of the manipulator
needle and detachment from the rest of the sample (red arrows). e) shows the TEM foil (red arrow) after the approach
towards the wildfire chip. f) shows the TEM foil finally attached at a viewing window of the wildfire chip. The foil was
attached by electron beam induced Pt deposition at the upper and the lower part of the foil (red arrows).
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3.2.4. EBSD investigations of HgCdTe layers grown on GaSb and GaAs substrates
Introductory remarks
As presented in the chapters 2.1.1.2 and 2.1.1.3, SEM in combination with an EBSD detector can be
used for the investigation of crystalline samples in terms of grain orientation, grain size, grain
boundaries and even small scale distortions of the crystal lattice (misorientation) [180]. The method
is surface sensitive, as the signal originates from the upper 10 – 40 nm of the sample surface. The
sample surface has to be flat, any relief will cause significant shadowing effects as the sample surface
is investigated under an angle of 70° tilt. FIB milling can be used as alternative preparation method to
time consuming mechanical and chemo-mechanical sample preparation of a flat surface. However,
FIB sample preparation is limited to an area in the range of about 100x100 µm².
HgCdTe-CdTe thin-film structures are used as MIR detector materials and exhibit excellent wave
guiding properties in the MIR spectral regime [181]. These thin-films materials are usually grown on
substrates like CdZnTe by molecular beam epitaxy (MBE) [182]. Recently GaAs and GaSb were
successfully tested as alternative and cheap substrate materials [183]. Because GaAs and GaSb differ
slightly in terms of the lattice constant to the grown HgCdTe-CdTe film, defect formation at the
interfaces may occur, which have to be investigated. This is usually done by TEM, as shown in the
study of Kim et al. [184]. Although TEM analysis gives detailed information about the sample
structure, such as defect densities, a clear disadvantage of TEM is the required time consuming,
labour-intensive sample preparation. It is the scope of the study presented in this chapter to
evaluate, if EBSD measurements of facets of HgCdTe-CdTe-GaAs (GAMCT) and HgCdTe-CdTe-GaSb
(GSMCT) stacks (Fig. 59 a) can be used as a faster alternative to characterise such layered structures.
TEM is superior in terms of resolution in comparison to EBSD, as single defects can be visualised in
TEM micrographs. Although single defects can not be investigated in EBSD maps due to resolution
limitations, accumulations of misfit dislocation like those displayed at the CdTe – GaAs interface
shown in Fig. 59 b) should be visible as they distort larger parts of the lattice.

Fig. 59: a) shows a sketch of the investigated GSMCT and GAMCT stacks. b) represents an exemplary TEM measurement of a
CdTe layer grown on GaAs substrate. At the CdTe-GaAs interface, a high misfit dislocation density is visible (red arrow).
b) Reproduced with permission from Springer Nature from reference [184].
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EBSD measurements and facet preparation
The simplest way, tested here, to prepare a facet for EBSD investigation, is by cleaving the sample
perpendicular to the layered stack. Unfortunately, most of the time the material breaks irregularly,
resulting in facets that contain too much relief at the surface for EBSD measurements. Only one
GSMCT sample shows a mostly flat surface with just one small step in the middle of the CdTe layer
(Fig. 60 c). Alternatively, facets can also be prepared by FIB milling. Surprisingly, the GaAs substrate
was free of Ga-enriched droplets after the milling procedure (Fig. 60 a), whereas the GaSb surface
was heavily covered by Ga droplets (Fig. 60 b).

Fig. 60: SEM images of the prepared surfaces prior EBSD measurements. a) and b) were prepared by FIB milling, c) was
prepared by cleaving. Surprisingly, the GaAs surface prepared by FIB is free of Ga-enriched droplets, however, the GaSb
surface is covered with droplets. The cleaved surface exhibits a step within the facet (red arrow). a) Reproduced with
permission from Springer Nature from reference [185].

The EBSD measurements of a FIB-milled GAMCT facet, a FIB-milled GSMCT facet and a cleaved
GSMCT facet are presented in Fig. 61. The mappings are shown in terms of kernel average
misorientation maps, were each pixel represents the misorientation of the lattice relative to all
points on a perimeter of three pixel (i.e. 3rd neighbour) around the pixel. The pixels are colour-coded
between minimum misorientation of 0° displayed in blue up to a maximum of 1.5° misorientation
displayed in red. The highest misorientation values measured are below 1°. The maps reveal a higher
misorientation at the interfaces between HgCdTe and CdTe layers and less pronounced between the
CdTe layer and the GaAs or GaSb layer, respectively. These areas may be interpreted as areas,
containing a higher misfit dislocation density, like those shown in Fig. 59 b). Misorientation data of
the GaSb layer obtained from FIB-milled facet are difficult to interpret, as the Ga-enriched droplets at
the surface are affecting the measurement.
A comparison of the EBSD maps of the FIB-milled GSMCT facet and the cleaved sample reveal
significant differences, although both mappings were obtained at the same sample material. The
accumulation of pixels showing higher misorientation at the interfaces is much less pronounced in
the case of the cleaved facet and even vanishes at the interface between HgCdTe and CdTe. From
this observation the question arises, if the preparation of the facet by FIB milling introduces artificial
dislocations, especially at the interfaces. If this is true, the features observed in the maps on facets
prepared by FIB milling show mostly artefacts such as artificial misorientation.
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Fig. 61: Kernel average misorientation maps (3rd neighbour) of the FIB-milled facets of a) GAMCT and b) GSMCT. The map in
c) shows the measurements of a cleaved GSMCT surface with a step at the surface (black area, red arrow). The interfaces
(white arrows) between the different phases show an accumulation of distortion of the lattice. The misorientation values of
GaSb substrate in map b) are difficult to interpret as the Ga-enriched droplets disturb the measurement in that area.
Surprisingly, no clear interface can be defined between HgCdTe and CdTe in map c) that is clearly visible in map b). a) and c)
Reproduced with permission from Springer Nature from reference [185].

Conclusion and outlook
The observation of the differences between facets prepared by FIB milling and cleaving is a serious
problem that has to be investigated in future studies. According to Vieu et al. [186], damage done by
FIB irradiation can be drastically reduced by cooling of the sample during milling. Wang et al. [187]
reported that interstitial mercury is responsible for structural damage in HgCdTe layers during ion
beam treatment. They also recommended cooling of the sample with liquid nitrogen during milling.
Therefore, facet preparation by FIB milling should be repeated at cryogenic conditions and EBSD
measurements on that facets should be compared with the results of the measurements presented
in this study. If the cryogenic facets exhibit less pronounced interfaces in the kernel average
misorientation maps than the facets prepared at room temperature, it becomes obvious that FIB
milling introduces a significant amount of artificial dislocations to the surface. In addition, as already
discussed, a reduction of Ga-enriched droplets at the GaSb surface is obtained under cryogenic
conditions.
It is important to note that measurements of misorientations below 1° are at the limit of the possible
angular resolution of the method. However, in terms of experimental times, EBSD mappings
containing more than 100 000 pixels can be done in less than 15 min. On the other hand, facet
preparation becomes complex and time consuming, if the facets have to be prepared by FIB milling
under cryogenic temperatures. The same holds true for the classical mechanical polishing methods,
which may take a whole working day for a well-polished facet. EBSD measurements may still be a
valuable alternative to TEM as the problems of artificial defects also affect the preparation of
electron transparent foils. An alternative method to study defects in SEM systems was demonstrated
recently by Zaefferer et al. [188]. In this study, crystal defects were visualised by electron channelling
contrast imaging (ECCI), where basically the crystal is rotated till it appears dark in the BSE image, i.e.
most of the beam intensity is channelled deep into the crystal. Distortions of the lattice like
dislocations became then visible as bright features.
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3.3. Conclusion
FIB and FIB/SEM microscopy became an indispensable tool beyond semiconductor applications
within the last decades. The ability of maskless microfabrication at the µm to nm scale provides a
huge range of applications also important for analytical device fabrication. Within this thesis, the
advantages of FIB/SEM microscopy are shown and the limits of the method are discussed. The
projects presented within this thesis, ranging from the investigation of polymers and hollow silica
spheres, of biomedically/biological samples such as cells, the investigation of copper alloy plates, the
fabrication of hemispherical and Weierstrass-type lens structures, metasurface arrays, the fine
tuning of Mach-Zender interferometers and ring resonators, the structuring of microelectrode and
nano ITIES arrays, the preparation of TEM sample foils and facets for EBSD measurements. These
projects impressively demonstrate the versatility of scientific problems, which can be solved by
FIB/SEM microscopy. The applications can be categorised into three groups: 1) Investigation of
sample volumes by FIB/SEM tomography, 2) FIB/SEM prototyping of optical and electrochemical
sensing devices and 3) the preparation of facets and electron transparent sample foils for further
investigation by EBSD and/or TEM.
FIB/SEM tomography was successfully applied towards the investigation of pore space within
imprinted and non-imprinted polymers for the first time. The study reveals a 5% higher portion of
pore space within the MIPS than in the NIPs. The connectivity of pores within the polymers were
investigated in three dimensions and showed that pores in MIPs are much more connected than in
the investigated NIPs. The pore size distribution revealed that pores within NIPs are generally smaller
of size than those within the MIPs for this particular template. These findings are important as it is
assumed that the physical properties of MIPs and NIPs are very similar. Most of control studies and
the termination of the imprinting factor are based on NIP measurements. Pore size, distribution and
connectivity were also investigated in crystalline hollow silica spheres. In this study samples
crystallised for 5 h and 15 h were investigated and compared. The 15 h crystallisation experiments
exhibit less but larger pores than the sample crystallised for 5 h. FIB/SEM tomography was conducted
for samples crystallised for 15 h and compared with the findings of TEM tomography on a 400 nm
thick TEM foil of a 5 h crystallised sample prepared by FIB. Only one sample of the 15 h experiment
contains a connection by adjacent pore space of the inner hollow core towards the outside of the
sphere. In the case of the 5 h experiment, the core region remains isolated within the sphere. In
terms of biological samples, FIB/SEM tomography is a well-established technique. Within this thesis,
FIB/SEM tomography was applied for the investigation of human cytomegalovirus infected human
foreskin fibroblast cells. 5498 single capsids were identified in the total sample volume of about
6.4x5.5x10 µm, which lead to an estimated number of about 15000 – 30 000 capsids in a single cell
nucleus, 15 – 30 times more than previously anticipated. Such studies of cells are often challenging as
the cells are embedded in an epoxy matrix, which causes several problems with drifting during data
acquisition. Therefore, concepts to avoid drifting were developed and are discussed. Finally, the
reasons for growth of Ag nodules on a copper alloy substrate were investigated by FIB/SEM
tomography.
The second part of the thesis is focussing on FIB/SEM for the fabrication of optical and
electrochemical sensing devices. Prototyping strategies were developed for the manufacturing of
hemispherical and Weierstrass type lens structures within GaAs substrates. FIB milling of GaAs
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causes the formation of Ga -enriched droplets at the sample surface due to a selective sputtering of
arsenic. One requirement for the functionality of such lens structures is a clean, rather smooth
surface. Therefore, strategies were tested to avoid droplets or remove them after FIB processing. The
most valid strategy was FIB structuring under cryogenic conditions. The fabrication of Weierstrass
lenses was challenging as the lens rejuvenates towards the button of the structure. It was shown that
this problem can be overcome by milling at 0° tilt angle of the stage. The lenses are supposed to be
manufactured above semiconductor QDs in order to enhance the efficiency of light extraction from
the QDs. FIB milling was also applied to the fabrication of metasurfaces on Au single crystals and
post-structuring of optical waveguide structures such as Mach-Zender interferometer or ring
resonator structures for MIR spectral region. Metasurfaces are periodic structured surfaces, which
may alter the reflectivity of light. The size of the single structural elements like rings, trenches, etc. is
in the range of 30 – 500 nm. Especially, the sensitivity of the light absorption towards length,
periodicity and depth of the structures make the fabrication of homogeneous metasurfaces
challenging. Hence, FIB milling parameters have to be chosen carefully.
FIB/SEM micro- and nanomachining was used for the fabrication of electrochemical sensing devices
like microelectrode arrays and nanoITIES arrays. FIB milling was used for the precise structuring of 50
and 100 nm thick SiN membranes used for ITIES measurements. Crucial for an efficient mass
transport of reactants towards the pores is the size of the individual pores and the distance in
between. Therefore, nanoITIES arrays of different pore-to-pore separations given in the quotient
between distance and the pore radius were fabricated and tested. An optimum pore-to-pore
separation was determined with a factor of 56 for nanometric pores. The major challenge here were
the small size of the pores of about 50 -70 nm in diameter, the non-conductivity of the SiN
membranes that causes drift during processing and the necessity to fabricate pores of similar size
and shape for all membranes, to ensure comparability of the measurements with such devises.
FIB milling was used for advanced TEM sample preparation of zeolite crystals containing Co3O4
particles as catalysator material for Fischer-Tropsch synthesis. The TEM foils were attached towards
wildfire chips used for in-situ tempering experiments within a TEM. The special layout of the wildfire
chip prohibits the use of the established standard method for TEM sample preparation as the foil has
to be attached horizontally. Therefore, a new method for TEM foil sample preparation was
implemented. Finally, FIB milling was applied for the preparation of facets for EBSD measurements to
investigate the quality of HgCdTe-CdTe thin films grown on GaAs and GaSb substrates. EBSD
measurements are an attractive alternative to time-consuming TEM investigations. The samples
exhibited misorientations of the lattice lower than 1.5°, which is close to the angular resolution of
the method. Measurements on facets prepared by FIB were compared to facets prepared by
cleaving. In future studies, it has to be clarified, wether facet preparation by FIB milling introduces
artefacts, which may be significant as the measured misorientations are very low.
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4. Experimental
4.1. Chapter 3.1.1.
MIP synthesis
For the MIP synthesis, a bulk preparation protocol was used. Propranolol hydrochloride (Sigma) was
converted to the free base by titration of aqueous solution with concentrated sodium hydroxide
solution. The precipitate was collected and dried. Then propranolol-free base was dissolved in
acetonitrile (Fisher Chemicals) and toluene (Acros Organics). Methacrylic acid (Sigma) was used as
functional monomer, different ratios of DVB (Aldrich) and EGDMA (Aldrich) were used as crosslinkers (MIP0: 100% DVB; MIP40: 60% DVB, 40% EGDMA) and 1,1´-azobis(cyclohexanecarbonitrile)
(Aldrich) as radical initiator was added. The mixture was degassed for 4 minutes with nitrogen and
polymerised for 18 h at 95°C. The polymerised monolith was crushed and sieved, particles with sizes
of 25-63 µm were separated for analysis. Template molecules were removed by excessively washing
of the polymer particles with 90% methanol (Fisher Chemicals) and 10% acetic acid (Fisher
Chemicals), finally with pure methanol in tubes under gentle rocking. Afterwards, the particles were
dried in a vacuum oven (Gallenkamp) at 40°C. NIP particles were synthesised the same way but
without the presence of the template. 400 mg fractions of the prepared polymers were hydrolysed
with 20 mL of a 3.66M KOH solution (MeOH/H2O; 2:1 (v/v)) over night at 60°C in sealed vials.
Afterwards the particles were washed with 50% methanol 50% water followed by 80% methanol 20%
acetic acid and finally with pure methanol.
Sample preparation and FIB/SEM tomography procedure
Small portions of MIP and NIP particles were placed overnight in a sealed container together with an
osmium tetroxide crystal. The highly volatile osmium tetroxide forms an OsO4-enriched vapour,
which reacts with the double bonds within the MIP and NIP polymer particles [189]. During the
treatment, osmium is incorporated within the polymer matrix, enhancing the achievable contrast in
recorded SE images. After the staining with osmium, the samples were embedded in Epon epoxy
resin (Sigma Aldrich) by polymerisation at 60°C for 72 h in small Eppendorf vials [93]. The resulting
Epon blocks were cut with a diamond knife to obtain samples of 1 x 1 cm in width and 1 mm in
thickness with a flat and smooth surface. After cutting, the samples were sputter-coated with
approximately 3-4 nm thick platinum layer to avoid charging effects during FIB/SEM measurements.
Swelling behaviour was tested with MIP0 and NIP0 particles using a Zeiss Axio Scan.Z1 microscope,
particle dimensions prior and after embedding were measured using Fiji software package [97].
FIB/SEM tomography was performed using a Helios Nanolab 600 (Thermo Fisher Scientific). First, an
approximately 700 nm thick platinum protection layer was deposited onto the sampling area by FIBinduced deposition using (methylcyclopentadientyl)trimethyl platinum as precursor in a two-step
process. First an initial platinum layer was deposited with 30 kV and 48 pA for 5 min in order to
preserve the sample surface, then the current was raised to 0.28 nA to accelerate the deposition
process. This two-step deposition avoids the formation of holes beneath the protection layer, which
otherwise dramatically increase the probability of curtaining artefacts during the milling process. The
next step was the excavation of a wedge at 30 kV and 9.3 nA. The front perpendicular facet towards
the surface was cleaned from residual material by successive milling steps using smaller beam
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currents down to 0.28 nA. FIB/SEM tomography was performed using the “slice-and-view” software
package (Thermo Fisher Scientific); an automated serial milling procedure was done at 30 kV and 48
pA, SE images were acquired at 5 kV and 86 pA using the through the lens detector and immersion
mode of the microscope. A volume of 2.5x2.5x0.73 µm was investigated in each sample with a
resolution of 3.57x3.57x5 nm (voxel size).
Data processing
All image stacks were processed the same way using the software package Fiji [97]. First the images
of the stack were aligned using the plugin “Linear Stack Alignment with SIFT” [98] with an expected
transformation of translation only to avoid a turning of the images during the alignment process. In a
next step, a FFT bandpass filter was applied to the image stacks to correct possible differences in the
brightness of the images (shadowing effects) and to enhance contrast. Third, the images were
binarised by a certain threshold value. The grey value for the threshold was set half of the grey value
of the peak in the stack histogram. Quantitative data about volume and surface area of the pore
space was done by using the plugin “3D object counter” to the processed image stacks [102]. Pore
space distribution data was obtained by using the plugin “local thickness (mask, calibrated, silent)”
[190]. 3D visualisation was done with the program Avizo 9.1.0 Lite (Thermo Fisher Scientific). Isolated
pore space shown in Fig. 26, Fig. 27, and Fig. 28 was obtained by removing all pixels with a
connection to the lateral faces of the sampled volume. Visualisation of connected pore space as
shown in Fig. 26, Fig. 27, and Fig. 28 was achieved by highlighting an individual pore at the front face
and all black pixels connected to the marked one in 3D.

4.2. Chapter 3.1.2.
Preparation of crystalline hollow silica spheres
Hollow mesoporous spheres composed of amorphous silica with a diameter of approximately 1500
nm were produced following the protocol of Pochert et al. [144]. In a second step, the material was
impregnated with Sr2+ as devitrifying agent to trigger crystallisation of the amorphous particles
without melting and loss of particle morphology [145] [137]. Finally, the particles were tempered at
1050°C in an oven, one batch for 5 h, another for 15 h. The samples were provided by Alexander
Pochert.
Characterisation by FIB cross sectioning
Small portions of each sample (5 h batch and 15 h batch) were glued on a specimen holder using
conducting silver paint (Plano) prior investigation. FIB cross sectioning and SEM measurements were
performed with a Helios Nanolab 600 (Thermo Fisher Scientific). First an approximately 250 nm thick
platinum protection layer was deposited by FIB-induced platinum deposition operated at 30 kV and
48 pA. Then a wedge was excavated at 30 kV and 2.7 nA, followed by successive cleaning steps of the
facet of the cross section using smaller beam currents down to 90 pA. SE and BSE images were
recorded using 5 kV and 86 pA, immersion mode and the TLD detector.
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TEM tomography (5 h crystallisation experiment)
The sample foil for TEM tomography investigations was prepared with a Helios Nanolab 600 (Thermo
Fisher Scientific) from particles glued on a specimen holder by conducting silver paint (Plano)
following a standard protocol for TEM sample preparation. First, a platinum protection layer of about
10x2x1 µm was deposited via FIB-induced platinum deposition at 30 kV and 48 pA. Then two wedges
of about 11x7x8 µm in front and behind the sample area, as well as a trench of about 5x7x8 µm on
the left side were excavated. The sample foil was thinned to a thickness of about 1 µm, attached to a
manipulator needle (Omniprobe) by FIB-induced platinum deposition and transferred to a standard
TEM Cu grid (Omniprobe). After attachment to the grid by another platinum deposition the foil was
further thinned by successive milling steps from both sides within a window of 6.5x7 µm using FIB
currents down to 90 pA. Two 1 µm wide stripes on the left and the right side of the foil were not
thinned to grant mechanical stability to the foil (Fig. 30 a). The final thickness of the thinned window
was about 400 nm, which is still electron transparent, as the sample is mostly composed of light
elements like silicon and oxygen.
The sample foil was investigated with a Jeol JEM 2100F TEM operated at 200 kV. A series of brightand darkfield images was recorded, in which the tilt angle of the sample was altered from +72° to 72° in 1.5° increments. Imaging and tilting procedure were done automatically by the program
EMMENU4 (TVIPS). Image stack alignment (automatic and afterwards by hand using fiducial markers)
and transformation of the tilt series into a 3D image series was done with the tools provided by the
freeware software package IMOD (University of Colorado). The resulting image stack of 488x707x260
pixels and an achieved voxel size of 1,37x1.37x1.37 nm was segmented by thresholding and also
manually and visualised in 3D using the program Avizo 9.1 Lite (Thermo Fisher Scientific). Segmented
images were exported as a grey value image stack for the calculation of pore volume, pore surface
area and pore space distribution using the plugin “3D object counter” [102] and “local thickness
(mask, calibrated, silent)” [190] incorporated in the software package Fiji [97].
FIB/SEM tomography (15 h crystallisation experiment)
A small portion of hollow silica particle crystallised for 15 h was embedded in Epon epoxy resin
(Sigma Aldrich) in a small Eppendorf vial. The resulting block was cut using a diamond knife and the
resulting surface was coated with 3-4 nm thick platinum layer to avoid charging effects during
investigations. Tomography data was obtained using a Helios Nanolab 600 (Thermo Fisher Scientific).
First a 350 nm thick platinum layer was deposited by FIB-induced platinum deposition onto the
sampling area using a FIB beam operated at 30 kV and 46 pA. Then a wedge with dimensions of
about 13x6x3 µm in front and two trenches to the left and right, each 3x6x3 µm, were excavated by
FIB milling at 30 kV 0.9 nA and 0.44 nA, respectively. The front was polished by successive FIB milling
steps at 30 kV and currents down to 90 pA. FIB/SEM tomography was done using the “slice-andview” software package (Thermo Fisher Scientific), automated serial sectioning was done at 30 kV
and 90 pA. SEM images were acquired at 2 kV and 21 pA with a dwell time of 1 µs per pixel using the
immersion mode and the TLD detector in SE mode. The relatively low acceleration voltage of the
electron beam and the short dwell time was chosen to avoid charging artefacts during image
acquisition. Achieved resolution of the tomography data set was 3.6x3.6x10 nm per voxel. The
dataset was processed with the program Fiji [97], image stack alignment via the plugin ““Linear Stack
Alignment with SIFT” [98] with an expected transformation of translation only was applied. Within
the sampled volume two adjacent spheres were chosen that are completely covered by the
85

tomographic data for segmentation. A volume of 3.319x1.951x1.74 µm around the two spheres was
cropped from the image stack, manually segmented and visualised in 3D using the software Avizo 9.1
Lite (Thermo Fisher Scientific). The hollow core of the spheres was not filled by epoxy resin, edge
effects at the borders of the inner core as well as the fact that the complete interior of the sphere
was visible on all slices. Hence, a segmentation by thresholding was not possible. For pore volume,
pore surface area and pore size distribution calculations, segmented images were exported as grey
value image stack and analysed using the Fiji plugins “3D object counter” [102] and “local thickness
(mask, calibrated, silent)” [190].

4.3. Chapter 3.1.3.
Sample preparation
Human foreskin fibroblasts infected with HCMV were prepared for FIB/SEM investigations following
the protocol described by Buser et al. [147]. The cells were high-pressure frozen (HPF Compact 01,
Engineering Office M. Wohlwend GmbH), hexadecane was used as a filler material to improve
pressure and temperature conductivity. Freeze substitution was done with the help of a substitution
medium composed of acetone with 0.2% osmium tetroxide, 0.1% uranyl acetate and 5% water to
improve contrast of the membranes [93]. During the process the temperature was raised
exponentially from -90°C to 0°C in 17 h. The sample were brought to room temperature afterwards
and washed with acetone twice. Finally, the sample was embedded in Epon epoxy (Sigma Aldrich)
and polymerised for 72 h at 60°C. One half of the embedded sample was trimmed to a height of
about 1 mm and glued on a specimen stub and coated with approximately 5 nm platinum. The
prepared sample was provided Clarissa Villinger.
FIB/SEM tomography
FIB//SEM tomography was performed with a Helios Nanolab 600 (Thermo Fisher Scientific). The area
of interest was identified by low magnification SE images, taken at 10 kV and 0.69 nA and covered by
a protective platinum layer of approximately 300 nm of thickness by FIB-induced platinum
deposition. The deposition was done at 30 kV in a two-step process to preserve the sample surface
from damage. After the deposition of an initial platinum layer the FIB current was raised from 48 pA
to 0.28 nA. In front of the sampling area, a wedge was excavated by FIB milling at 30 kV and 6.5 nA.
The front was cleaned by successive FIB milling steps with currents ranging from 2.7 nA down to 93
pA. FIB/SEM tomography was performed using the program “slice-and-view” (Thermo Fisher
Scientific), automated slicing was done at 30 kV and 93 pA, image acquisition was done at 5 kV and
56 pA using immersion mode and the TLD detector. Each acquired data set covers a volume of
6.4x5.5x5 µm with an achieved voxel size of 3x3x20 nm. Contrast and brightness of the recorded SE
images was adjusted using the software package Fiji [97], automatic alignment of images in the stack
was done with the program IMOD. Further manual alignment as well as segmentation and
quantification of the segmented capsids was done using the software Avizo 6.3 (Thermo Fisher
Scientific). Nuclear membrane and capsids were segmented manually.
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4.4. Chapter 3.1.4.
A sample of a CuNi3SiMg copper alloy plate covered with an approximately 4 µm thick Ag layer was
provided by the manufacturer. The plate was glued on a specimen stub with conducting silver paint
(Plano) and investigated without any further sample preparation. Tomography measurements were
done with a Helios Nanolab 600 (Thermo Fisher Scientific) perpendicular to the rolling direction of
the sample plate. First an approximately 300 nm thick protective platinum layer was deposited upon
the sampling area by FIB induced platinum deposition, the FIB was operated at 30 kV and 48 pA.
Then a wedge in front of the sampling area was excavated with a dimension of 18x14x10 µm by FIB
milling at 30 kV and 6.5 nA. The front facet was cleaned afterwards by successive FIB milling with
currents ranging from 0.9 nA down to 260 pA. FIB/SEM tomography was done using the “slice-andview” software package (Thermo Fisher Scientific), automated serial sectioning was done at 30 kV
and 260 pA. SE image acquisition was done with 5 kV and 56 pA using immersion mode and TDL
detector. A total volume of 10.24x8.84x6.4 µm was investigated with an achieved resolution of
10x10x64 nm per voxel. Image drift during image acquisition was found to be negligible; therefore no
image alignment was performed. Segmentation and 3D visualisation was done with the software
package Avizo 9.1 Lite (Thermo Fisher Scientific) manually.

4.5. Chapter 3.2.1.
Fabrication of SILs and Weierstrass lenses
All SIL and Weierstrass type lens fabrication was done with a Helios Nanolab 600 (Thermo Fisher
Scientific). For the fabrication of SIL type lenses, a set of 18 circular sequent patterns was prepared.
Each pattern is defined by an outer and an inner diameter, as well as a value for the depth, all three
parameters together define the volume of material that has to be removed by FIB milling. FIB milling
is conducted on the ring-shaped area between the outer and the inner diameter. All patterns were
placed at the same coordinates and milled consecutively to shape the SIL structure. Parameter as
inner diameter of the pattern and the anticipated depth, Z, change for every pattern of the series,
the value for the outer diameter was not changed. The parameters were calculated as x and y
coordinates of a half circle (Fig. 62) as follows:
𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 2𝑟𝑆𝐼𝐿 cos 𝛼𝑛
𝑎𝑛𝑡𝑖𝑐𝑖𝑝𝑎𝑡𝑒𝑑 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑑𝑒𝑝𝑡ℎ 𝑍𝑅𝑛 = 𝑟𝑆𝐼𝐿 sin 𝛼𝑛 − 𝑟𝑆𝐼𝐿 sin 𝛼𝑛−1
with rSIL the radius of the SIL lens structure and similar to the depth of the QD within the material, αn
is the angle used for calculations (Fig. 62), and n is the number of the pattern.
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Fig. 62: Sketch of two exemplary circular patterns and their relation to the geometry of the SIL, R 1= pattern 1, R2= pattern 2,
respectively. ZR1 is the amount of material that has to be removed in depth during milling of pattern 1, Z R2 the anticipated
milling depth for the pattern 2. The sum of all Z values gives the radius. For each pattern the values for the inner diameter
and the depth changes, the outer diameter remains the same. The angle α was used for the calculation of depth and inner
diameter.

The calculated values for the depth have to be altered to achieve the desired dimensions of the lens
after milling. In a first step, the value was halved as the achieved depth of the structure by FIB milling
is two times deeper than the anticipated depth given in the pattern. In other words, a pattern value
of 1 µm gives a milled depth of 2 µm. Even after this modification the achieved structure depth was
too deep. A reason for that might be the fact that the structures are relatively small and the change
in pattern dimensions from one pattern to the next in line on the one hand, and the total FIB spot
size on the other hand are in the same range. As the FIB spot moves along the pattern border, half of
the spot is situated “outside” of the border of the actual pattern and sputters material in an area that
is related to the next pattern. Therefore, more material is removed than anticipated. This effect
depends strongly on the overall dimensions of the fabricated structure and should be less
pronounced, if the structure dimension becomes larger. The Z values of the patterns were further
decreased, except the first and last pattern, which are not affected by this beam overlap. Table 4
shows exemplarily the calculation of a set of patterns used to fabricate the SIL structures shown in
Fig. 44, milled at 30 kV and 28 pA. As a matter of fact, calculation of the depth parameters for each of
the patterns is a starting point, the parameters must be adapted for each SIL geometry by try and
error to achieve a smooth circular surface. As numerous test runs were done and will be necessary if
anticipated SIL geometry, FIB current, material etc. are about to be changed, only one exemplarily
parameter set is presented in Table 4.
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Table 4: Example for evaluation of a set of 18 patterns; parameter calculated for fabrication of a SIL structure with a radius
rSIL of 1.5 µm. The calculated depth ZRn was modified two times, first the depth was halved, second the value for the depth in
the pattern was reduced by 30%. The last two columns in the table show the actual milling parameter used for fabrication of
the SILs shown in Fig. 44.

Pattern
number
(Rn)

α (used for
calculation,
see Fig. 62)

rn (radius of
the pattern)
[µm]

ZRn (anticipated
depth for the
pattern Rn)
[µm]

n

in 5° steps

= cos α 𝑟𝑆𝐼𝐿

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

3
8
13
18
23
28
33
38
43
48
53
58
63
68
73
78
83
88

1.498
1.485
1.462
1.427
1.381
1.324
1.258
1.182
1.097
1.004
0.903
0.795
0.681
0.562
0.439
0.312
0.183
0.052

= 𝑟𝑆𝐼𝐿 sin 𝛼𝑅𝑛
− 𝑟𝑆𝐼𝐿 sin 𝛼𝑅𝑛−1
0.079
0.130
0.129
0.126
0.123
0.118
0.113
0.107
0.100
0.092
0.083
0.074
0.064
0.054
0.044
0.033
0.022
0.010

ZRnGaAs
reflects
milled
depth
[µm]
𝑍𝑅𝑛
=
2
0.039
0.065
0.064
0.063
0.061
0.059
0.056
0.053
0.050
0.046
0.042
0.037
0.032
0.027
0.022
0.016
0.011
0.005

ZRnpattern
parameter
used for
milling [µm]
= 𝑍𝑅𝑛𝐺𝑎𝐴𝑠
− 30%
0.039
0.046
0.045
0.044
0.043
0.041
0.039
0.037
0.035
0.032
0.029
0.026
0.023
0.019
0.015
0.011
0.008
0.005

Inner
diameter
of the
pattern
[µm]
= 2𝑟𝑛
2.996
2.971
2.923
2.853
2.762
2.649
2.516
2.364
2.194
2.007
1.805
1.590
1.362
1.124
0.877
0.624
0.366
0.105

Fabrication of SIL structures was done at 30 kV and 28 pA most of the time, a test run for very small
SIL structures (Fig. 41) was done at 1.5 pA. It turns out that milling at 1.5 pA for SIL structures with a
diameter equal or larger as 2 µm is too time consuming. Fabrication at 28 pA is a good compromise
between required milling time and achieved resolution (FIB spot size).
Post-treatment of the SIL lens structures shown in Fig. 42 was done with concentrated H2SO4 (Sigma
Aldrich) in a glass beaker for 5 min. Afterwards the sample was rinsed with water. Remnant droplets
were removed by exposure of the lens structure to the FIB operated at 30 kV and 28 pA for 10 s.
The test run for XeF2-assisted FIB milling was done at 30 kV and 1.5 pA using the insulator enhanced
etch (IEE).
FIB milling at cryogenic temperatures was done using a Quorum PP2000 cryo system (Fig. 20)
attached to the microscope for cooling of the sample during SIL preparation. The cooling stage inside
the sample chamber holding the specimen was kept at -140°C, the cooling finger above the stage at 170°C. It is important to keep the cooling finger at a deeper temperature than the sample.
Otherwise, molecules and gas atoms remaining in the sample chamber even at high vacuum
conditions will start to condensate at the sample surface instead of at the cooling finger. As the
sample is a solid material, the specimen was not cooled down in a liquid nitrogen bath outside the
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chamber, but cooled down to -140°C on the cooling stage within the preparation chamber under high
vacuum conditions, to avoid the condensation of ice crystals during transfer into the FIB/SEM.
Weierstrass geometry was achieved by 12 individual FIB cuts around a SIL lens structure just below
the hemispherical part of the lens at 0° stage tilt. After each cut the stage was rotated by 30°. A
cleaning cross section type pattern was used with the dimensions of 1x0.08x0x0.3 µm milled with 30
kV and 9 pA. The achieved structure was investigated by FIB/SEM tomography to evaluate the 3D
geometry of the lens. For that an approximately 250 nm thick platinum protection layer was
deposited on top of the Weierstrass type lens, using FIB-induced platinum deposition with 30 kV and
48 pA. Next, a wedge was excavated in front of the lens structure with a dimension of 2.5x2.5x1 µm.
The front of the lens was cleaned by FIB milling at 30 kV and 28 pA. FIB/SEM tomography was done
using the software package “slice-and-view” (Thermo Fisher Scientific), serial sectioning was
conducted at 30 kV and 28 pA, SE image acquisition was done at 5 kV and 86 pA using immersion
mode and TLD detector. The achieved resolution of the image stack was 3.12x3.12x10 nm and a
volume of 2.5x1.5x2 µm containing the complete Weierstrass lens. The dataset was processed with
the software package Fiji [97] and the images of the dataset were aligned using the plugin “Linear
Stack Alignment with SIFT” [98] with an expected transformation of translation only. The dataset was
visualised using the program Avizo 9.1 Lite (Thermo Fisher Scientific).
The grid for localisation of single QDs shown in Fig. 46 was designed with the program LayoutEditor.
Automated fabrication of the grid structure was done with a Helios Nanolab 600 (Thermo Fisher
Scientific) operated at 30 kV and 48 pA using the software package Nanobuilder 1.2.0.668 (Thermo
Fisher Scientific). The anticipated depth of the structures of the grid was 300 nm. The grid extends
over an area of 90x90 µm. The pattern was split in sub-groups of features, in this case two crosses
and a number. These grouped features were assigned to different layers, which were fabricated
successively. After each layer, the position of the stage was adjusted automatically by the “Auto
Script alignment” function of the program Nanobuilder.
Fabrication of arrays for optical experiments in gold plates
Gold crystalline plates were fabricated after the synthesis protocol of Radha B. et al. [191]. Samples
with single crystal gold plates extending up to several 100 µm and up to 3µm thick (Fig. 47 c) were
provided by Manuel Goncalves. The gold plates were placed on a silicon chip and fixed on a specimen
holder stub via copper tape. Conductivity of the samples was enhanced by small stripes of
conducting silver paint (Plano).
All structures presented were fabricated with a Helios Nanolab 600 (Thermo Fisher Scientific) using
the program Nanobuilder (Thermo Fisher Scientific) for automated FIB milling of the structures. The
patterns for the H-shaped structures were designed using the program LayoutEditor, the designs for
the trifolium, ring and wave structures were provided as gds2 files by Manuel Goncalves, Amos
Kiyumbi and Vaishnavi Jayathirtha Rao, respectively. The H-shaped structures with dimensions of
about 300x300x100 nm per individual H-shape were milled in a two-step process. First a rectangle
was milled through the whole gold plate, in our case about 200 nm, leaving out the H-shapes. In a
second step the middle part of each H was separated from the outer parts by small rectangular
patterns. The FIB was operated at 30 kV and 9 pA. At these milling conditions, the process is time
consuming, as most of the gold in the array area has to be removed. Especially in the case of larger
patterns containing 10x10 H-shapes, the process may take about an hour and more. Drifting of the
90

FIB during milling is a serious issue during fabrication of such delicate structures, as even small
deviations may ruin the whole array. Therefore, only smaller 3x3 arrays were realised successfully
(Fig. 48 a). The middle part of the H was separated by patterns placed manually. Trifolium, ring and
wave structures were fabricated at 30 kV and 28 pA. Achieved depths ranges from 300 nm up to 500
nm, the arrays extend over an area up to 30x30 µm. The width of the structures to be milled is about
100 nm for all arrays, which lead to a high aspect ratio. All milled structures exhibit a strong V-shape
in profile due to redeposition. The depth of the structures was evaluated carefully by cross sections,
to ensure the desired depth was reached during fabrication.
Improvement of MZI and ring resonators in GaAs
The MZI and ring resonators were micro-structured by photolithography and RIE from waveguide
layers consisting of a 6µm thick GaAs layer above a 6µm thick Al0.2Ga0.8As layer, both deposited on a
GaAs waver. The samples were provided by Markus Sieger. Improvement of the structures by FIB
milling was done on a Quanta 3D FEG (Thermo Fisher Scientific). Sharpening of the MZI junctions was
done at 30 kV and 0.3 nA, for that a triangular shaped polygon pattern was used. The tip of the
junction was further improved with a second milling step done at 30 kV and 50 pA. The ring
resonator structures were separated from the waveguides using FIB milling done at 30 kV and 0.3 nA.
Achieved depth after milling procedure was checked by cross sections, to ensure that the light
guiding GaAs layer was cut completely.

4.6. Chapter 3.2.2.
Nano-hole arrays in SiN Foils
Nano-hole arrays were prepared using SiN membranes (DuraSiN) with a thickness of 50 nm, 100 nm
and 200 nm, respectively. FIB milling was conducted with a Helios Nanolab 600 (Thermo Fisher
Scientific) operated at 30 kV and 9 pA (FIB). The patterns contain 10x10 pores with a pattern
diameter of each hole of 15 nm leading to milled pores with a diameter ranging from 50 up to 70 nm.
A part of the fabricated arrays was done using circular patterns individually set within the xT
software of the microscope, the other part, especially the arrays with high pore-to-pore separation
were designed using the program LayoutEditor and milled using the program Nanobuilder (Thermo
Fisher Scientific). Anticipated depth of the patterns was set to a 5-10 times greater depth value, to
ensure a complete milling through of the membrane. Achieved patterns were inspected by SE
imaging, using an electron beam operated at 3 kV and 86 pA. Arrays with high pore-to-pore
separation were imaged at low magnification (horizontal field width of 128 µm) and 4096x3775 pixel
resolution, which is four times high than the usually used pixel resolution.
Fabrication of diamond microelectrode arrays
Microelectrode arrays were fabricated on glass slides; diamond films were grown by microwave
plasma chemical vapour deposition and structured by electron beam lithography and RIE. The whole
structure was covered afterwards by a 1 µm thick SiO2 passivation layer and finally by a 10 nm thick
Ge layer to avoid charging effects during FIB processing. The samples were provided by Alberto
Pasquarelli. The fabrication of the openings of the electrodes was done with a Helios Nanolab 600
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(Thermo Fisher Scientific) operated at 30 kV and 0.9 nA. An array of 12 circular patterns, each with a
diameter of 1.95 µm, was used.

4.7. Chapter 3.2.3.
Sample preparation
Zeolite crystals containing Co3O4 nanoparticles as well as the wildfire chips were provided by Angela
Strass. A small portion of the sample was glued on a specimen holder stub by conducting silver paint
(Plano). TEM foil preparation was done with a Helios Nanolab 600 (Thermo Fisher Scientific). First a
8x5x0.75 µm platinum protection layer was deposited above a couple of Zeolite crystals by FIBinduced platinum deposition using a FIB operated at 30 kV and 93 pA and a stage tilt angle of 52°. In
a next step, material in front, behind, and on the left side of the sampling site was excavated. The
size of the patterns used was 15x8x3 µm for the wedges in front and behind the sampling site and
10x11x3 µm for the wedge at the left side. A FIB operated at 30 kV and 2.8 nA was used. The front
and back-side of the sample block was cleaned with a current of 0.46 nA.
TEM foil preparation
Next, the stage was tilted back to 0°. The FIB now points in a 38° angle towards the sample surface.
Under this angle the TEM sample foil was prepared using 30 kV and 0.28 nA. First the upper side of
the sample block was milled using a cleaning cross section type pattern, milling was conducted until
zeolite particles became clearly visible. After that the lower side was prepared. Milling was applied
from both sides with successive reduced currents down to 28 pA, until the sample foil reaches a
thickness of about 130 nm.
Transfer of the foil to the wildfire chip
First the stage was tilted to 38° to orient the foil horizontally. A manipulator needle (Omniprobe) was
brought next to the foil, hardly touching its surface. Foil and needle were attached to each other by
FIB-induced platinum deposition using a FIB operated at 30 kV and 28 pA and afterwards the foil was
detached from the rest of the sample by FIB milling again at 30 kV and 28 pA. Then, the needle was
retracted and the stage was tilted to 0°. A suitable viewing window of the wildfire chip was chosen
for attachment of the foil, the manipulator needle was converged towards the window until the foil
touches the chip. The foil was attached to the wildfire chip by electron beam-induced platinum
deposition with an electron beam operated at 5 kV and 86 pA. Finally, the manipulator needle was
detached bay FIB milling at 30 kV and 28 pA.
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4.8. Chapter 3.2.4.
GAMCT and GSMCT samples grown by MBE were provided by Wen Lei. Preparation of the facet was
done with a Helios Nanolab 600 (Thermo Fisher Scientific). The sample chips were cleaved with a
diamond cutter and were glued on a specimen holder stub by conducting silver paint (Plano). Facets
for EBSD measurements were prepared at the edge of the chip, first a 100x15x0.35 µm platinum
protection layer was deposited by FIB-induced platinum deposition at 30 kV and 0.9 nA. Afterwards
the front was prepared by FIB milling using 30 kV and 20 nA followed by cleaning steps with
successively reduced currents down to 0.26 nA. Finally, a last cleaning step was applied with a FIB
operated at 5kV and the facet tilted in a 5° angle towards the beam.
EBSD measurements were done with a Quanta 3D FEG (Thermo Fisher Scientific) using a DigiView 4
EBSD detector (EDAX AMETEK) and the TSL OIM 7.3 software package (EDAX AMETEK) for data
acquisition and processing. The measurements were done with an electron beam operated at 20kV
and 16nA. Due to the good pattern quality, no background subtraction or further pattern processing
was necessary. As both phases, GaAs and CdTe, gave equal solutions for pattern indexing and could
not be clearly distinguished by the software indexing algorithms, only GaAs was used as phase for
indexing. The data sets were filtered with a confidence index value of >0.1 to remove unreliably
indexed pixel and displayed colour-coded as Kernel average misorientation maps (3rd neighbor).
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