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Abstract 

Nowadays, nanostructured materials and complex three-dimensional nano-architectures 

belong to basically all areas of socio-economic relevance such as health and life-sciences, 

information technology, transport, environment and energy efficiency, conversion and 

storage. Even commercial applications in these areas are more and more relying on na-

noscale building blocks; thus, nanostructured materials have massively gained in im-

portance. Of course, scientific research and development is focused even more on 

nanostructured materials and many interesting future applications are predicted. 

The major difference between nanostructures and their bulk counterparts is the size effect, 

which can alter their physical and chemical behavior and enables new valuable properties 

that are not achievable with bulk materials. To optimize nanostructured materials, the 

required measurements and visualization at the nanoscale have to be developed in parallel 

to the synthesis procedures. The visualization of topography and morphology is the foun-

dation of every nanoscale measurement and, in that respect, scanning or transmission 

electron microscopy (SEM & TEM) have emerged as the most ideal techniques. 

Next to pure visualization, electron-matter interaction creates a multitude of different sec-

ondary particles or radiation, which can be exploited to gain information about chemical 

or structural composition and electrical or crystallographic properties. To collect all these 

information, several detectors are needed that can be attached to the microscope.  

Another powerful addition to an SEM is a focused ion beam (FIB), i.e. a source of gal-

lium, xenon, neon or helium ions, which can be used for material removal at the micro- 

or nanoscale, deposition or imaging. It not only enables precise nanostructuring, but also 

three-dimensional tomographic, electronic, crystallographic or chemical analyses.  

This cumulative thesis presents several applications of a unique prototype FIB-SEM sys-

tem equipped with various analytical add-ons in the fields of nanoscience and nanotech-

nology. The FIB-SEM prototype (Lyra 3 from TESCAN) is equipped with: (i) a field-

emitter electron gun to achieve high imaging resolution, (ii) a gallium liquid metal ion 

source (LMIS) FIB, (iii) an energy-dispersive X-ray spectrometer (EDX) for chemical 

analyses, (iv) an electron backscatter diffraction (EBSD) detector for crystallographic 

studies, (v) an electron beam induced current (EBIC) detector for the analysis of solar 

cells, (vi) secondary and backscatter electron (SE/BSE) detectors for imaging, (vii) a 
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combined cathodoluminescence (CL) and Raman spectroscopy detector for investigations 

or optical and compositional properties. The system is a result of two EU projects in the 

7th framework program in the NMP priority (FIBLYS and UnivSEM). As leading scientist 

in the UnivSEM project, the thesis author designed operation procedures and application 

notes for the unique correlative microscopy and spectroscopy system. 

The nanostructuring and analytical capabilities of the dual beam FIB/SEM system were 

demonstrated on many different materials and application areas. This thesis focuses on 

nanophotonic applications and presents five scientific publications, in which the author 

used the unique properties of the Lyra 3 system to solve complex problems from the two 

main topics ‘Nanostructuring’ and ‘Analysis’. 

Publication I describes the development of a complex FIB nanopatterning procedure to 

prepare gold nanocones with controlled dimensions and thus tunable plasmon resonances. 

Publication II investigates ultrasmall optical cavities for which smooth spherical micro-

mirrors were prepared by a custom FIB patterning routine. Publication III presents a de-

tailed study about the structural and optical properties of colloidal gold platelets. Publi-

cation IV presents silicon nanowire arrays in multicrystalline layers on glass for potential 

application in solar cells. Finally, publication V investigates the metal-organic vapor 

phase epitaxy growth of InN nanowires and their structural and optical properties. 

. 



Zusammenfassung 

Heutzutage sind nanostrukturierte Materialien und dreidimensionale Nanoarchitekturen 

in allen wirtschaftlichen Bereichen, wie z.B. den Gesundheits- und Biowissenschaften, 

der Informationstechnologie, Verkehr, Umwelt und Energiewirtschaft, von Bedeutung. 

Viele kommerzielle Produkte beinhalten inzwischen nanoskalige Bauelemente, weshalb 

Nanomaterialien extrem an Bedeutung gewonnen haben. In der wissenschaftlichen For-

schung stehen nanostrukturierte Materialien sogar wesentlich stärker im Fokus und ver-

sprechen eine Fülle an interessanten Anwendungen. 

Der größte Unterschied zwischen Nanomaterialien und ihren makroskopischen Pendants 

liegt im sogenannten Größeneinfluss, der bei Nanostrukturen zu neuartigen physikali-

schen und chemischen Eigenschaften führen kann. Um nanostrukturierte Materialien op-

timieren zu können, müssen, parallel zur Synthese, Methoden zur Analyse und Visuali-

sierung auf der Nanoskala entwickelt werden. Als ideales Fundament vieler nanoskaliger 

Messmethoden hat sich die Abbildung von Topografie und Morphologie mit Raster- oder 

Transmissionselektronenmikroskopen (REM & TEM) erwiesen. 

Neben der reinen Visualisierung im REM, entstehen bei der Elektronen-Materie-Wech-

selwirkung eine Vielzahl an sekundären Partikeln oder elektromagnetischer Strahlungen, 

die Informationen über die chemische oder strukturelle Komposition sowie über elektri-

sche oder kristallografische Eigenschaften tragen. Um diese Informationen sammeln zu 

können, benötigt man verschiedene Detektoren am Elektronenmikroskop, welche die je-

weiligen Signale nachweisen können. 

Eine weitere leistungsfähige Ergänzung eines REM ist ein fokussierter Ionenstrahl (FIB), 

z.B. aus Gallium, Xenon, Neon oder Helium Ionen, der zur Abtragung von Material auf 

der Mikro- oder Nanoskala, zur Deposition und zur Abbildung genutzt werden kann. Ein 

solcher Ionenstrahl ermöglicht nicht nur die Herstellung feiner Nanostrukturen, sondern 

auch dreidimensionale tomografische, elektrische, kristallografische oder chemische 

Analysen. 

Diese kumulative Dissertation präsentiert verschiedene Anwendungen eines FIB-REM 

Prototyp-Systems, das mit den verschiedensten analytischen Erweiterungen ausgestattet 

ist, auf den Gebieten der Nanowissenschaften und Nanotechnologie. Der verwendete 

FIB-REM Prototyp (Lyra 3 von TESCAN) ist ausgestattet mit: (i) einer Feldemitter-
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Elektronenquelle für hochaufgelöste Abbildung, (ii) einer Gallium Flüssigmetall-Ionen-

quelle, (iii) einem Energie-dispersiven Röntgenspektrometer, (iv) einem Elektronen-

rückstreubeugungs-Detektor, (v) einem Modul für die Messung von elektronenstrahl-in-

duziertem Strom, (vi) Sekundär- und Rückstreuelektronendetektoren zur Abbildung und 

(vii) einer kombinierten Kathodolumineszenz- / Ramanspektroskopie-Erweiterung für 

die Untersuchung von optisch aktiven und nichtmetallischen Materialien. Das System ist 

im Rahmen der zwei EU-Projekte FIBLYS und UnivSEM des 7th framework program 

(NMP priority) entstanden. Als leitender Wissenschaftler im UnivSEM Projekt hat der 

Autor dieser Dissertation Betriebsverfahren und Applikationen für ein solch einzigartiges 

korreliertes System entwickelt, das Mikroskopie- und Spektroskopiemethoden vereint. 

Die einzigartigen Nanostrukturierungs- und Analysefähigkeiten des Zweistrahl FIB/REM 

Systems wurden an vielen unterschiedlichen Materialien aus verschiedenen Forschungs-

gebieten demonstriert. Diese Dissertation fokussiert sich auf nanophotonische Anwen-

dungen und fasst fünf wissenschaftliche Publikationen zusammen, für die der Autor das 

Lyra 3 System verwendet hat, um komplexe Fragestellungen der Schwerpunkte ‚Nano-

strukturierung‘ und ‚Analyse‘ zu beantworten. 

Publikation I beschreibt die Entwicklung eines FIB-Nanostrukturierungsprozesses zur 

Herstellung von Gold-Nanokegeln mit kontrollierbaren Dimensionen, wodurch eine ein-

stellbare Plasmonenresonanz erreicht wird. Publikation II untersucht kleine optische 

Mikrokavitäten, für die ein FIB-Prozess zur Herstellung sphärischer Mikrospiegel entwi-

ckelt wurde. Publikation III präsentiert eine detaillierte Analyse von kolloidalen Gold-

plättchen. Publikation IV präsentiert Silizium-Nanodraht-Anordnungen in multikristalli-

nen Schichten auf Glas für die Anwendung in Solarzellen. Publikation V beschreibt eine 

detaillierte Wachstumsstudie von Indiumnitrid Nanodrähten und deren optische und 

strukturelle Eigenschaften. 
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1 Introduction 

The urge to discover things that the human eye cannot see lies in the nature of mankind. 

Ever since Galileo Galilei invented the telescope in 1608, people were fascinated by the 

vastness of space [1]. At the same time, the first light microscopes were designed that 

enabled the vision of the microcosm. Since then, the curiosity of researchers about the 

invisible initiated a race in both directions. It took nearly 300 years until Ernst Abbe es-

tablished the physical principles behind light microscopy in 1873 [2]. The precise under-

standing of optics in combination with the expertise of Carl Zeiss and Otto Schott culmi-

nated in the production of a microscope that reached a resolution not limited by the ma-

terial quality anymore, but instead by fundamental laws of light diffraction. Since then, 

the so called Abbe diffraction limit defines the resolution of optical microscopes. It took 

another 120 years until Stefan Hell, Eric Betzig and William E. Moerner found ways to 

circumvent the Abbe limit, which they were awarded with the Nobel prize for [3–5].  

The Abbe diffraction limit, more precisely the resolvable feature size �, depends on the 

wavelength of the probing light: � = � (2� sin 
)⁄ , with � as refractive index of the sur-

rounding material and 
 as half-angle of the objective lens. In 1924, de Broglie proposed 

the matter wave theory, which states that not only photons can be described with a wave-

particle duality, but also massive particles [6]. The so-called de Broglie wavelength de-

pends on the impulse of the particle: �� = ℎ �⁄ , with Planck constant h. Thus, every 

particle can also be described as a wave, which was proven in an electron diffraction 

experiment on nickel crystals by Davisson and Germer in 1927 [7]. At the same time, a 

team around Hans Busch and Ernst Ruska investigated cathode beams and methods for 

their focusing. In 1931, Ruska and Max Knoll built the first electron microscope proto-

type, heralding the start of a new age of microscopy [8], for which Ruska was awarded 

with the Nobel Prize in 1986. In the case of possible resolution of accelerated electrons 

as imaging probes, the corresponding de Broglie wavelength becomes extremely small 

(in the range of angstrom) and thus the resolution can be improved by several orders of 

magnitude compared to optical microscopes. In analogism to light microscopy, the reso-

lution of electron microscopy also depends on the quality of the lenses and is affected by 

spherical and chromatic aberration. Even today, the physical limits of resolution are not 

reached and there is an ongoing development of new techniques to improve scanning and 

transmission electron microscopy [9–12].  
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Now, 85 year later, scanning & transmission electron microscopes (SEM & TEM) are 

common analytical instruments in many different research areas as well as in industry. 

Especially the field of materials science has dramatically advanced since the underlying 

processes at the atomic scale could be resolved. In the same manner, biology and medi-

cine have benefited from electron microscopy. Pure imaging can be accompanied by var-

ious analysis techniques that utilize the complex electron-matter interaction and its sec-

ondary signals to derive information about structural or chemical properties. The wave 

nature of electrons leads to diffraction on crystalline materials, which can be used to gain 

information about the orientation of crystalline materials. Generated photons in a wide 

range of energies can be detected as cathodoluminescence, fluorescence or X-ray radia-

tion and thereby offer information about the chemical composition or electronic proper-

ties. 

The combination of data from several analysis techniques at the same position is called 

‘correlative microscopy’ and the most prominent example is CLEM (correlative light and 

electron microscopy) [13–16]. Especially in the last few years, CLEM has become an 

important method in biology and medicine due to ambitious projects that aim for the re-

construction of complete neuronal networks [17]. Materials science also benefits a lot 

from correlative approaches and especially Raman spectroscopy has proven to be a pow-

erful addition to the typical set of electron microscopy-related analysis techniques [18–

20].   

In the past decades, nanostructured materials have found their way into all types of in-

dustrial processes and products. Since Richard Feynman’s famous presentation `there is 

plenty of room at the bottom' in 1959 [21], the field of nanotechnology has become indis-

pensable in research and industry. Nanostructures are omnipresent: functional nanostruc-

tured coatings on optics, nanoparticles in sun blocker, integrated circuits in every PC or 

mobile phone, quantum dots in modern TVs, etc., guarantee our high quality of living 

standards. Without the ongoing miniaturization, our world would not have reached the 

`Internet Age'. All nanostructured products need a reliable characterization during their 

development, which would not have been possible without electron microscopy. 

Another important charged particle application, the focused ion beam (FIB), was also 

proposed by Richard Feynman in 1959: 
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“The next question is: How do we write it? We have no standard technique 
to do this now. But let me argue that it is not as difficult as it first appears to 
be. We can reverse the lenses of the electron microscope in order to demag-
nify as well as magnify. A source of ions, sent through the microscope lenses 
in reverse, could be focused to a very small spot. We could write with that 

spot like we write in a TV cathode ray oscilloscope, by going across in lines, 
and having an adjustment which determines the amount of material which is 

going to be deposited as we scan in lines.” 
Richard Feynman, 1959 [21] 

 
Feynman was ahead of his time and it took nearly 20 years until the first commercial 

systems were developed, driven by the semiconductor industry. The breakthrough came 

with the development of liquid metal ion sources (LMIS) by Seliger et al in 1979 [22]. 

Nowadays, most FIBs use a Gallium LMIS because it provides for an optimal set of prop-

erties: low melting temperature, low volatility and low vapor pressure [23]. Furthermore, 

Ga LMIS have a high stability as well as a high brightness and offer a very good resolu-

tion. Of course, other elements or alloys such as AuSi, Cs, Xe, Ne or He can also be used 

as ion source material in either LMIS-type or plasma-type FIBs [24–26].  

Today, FIBs have become multifunctional instruments, not only in semiconductor re-

search & industry, but also in all research areas related to nanoscience. The ability to 

either remove or deposit material at the nanoscale has enabled a new quality of nanofab-

rication and analysis. Common applications of FIB are the preparation of ultrathin lamel-

las for subsequent TEM investigation [27], preparation of cross sections for defect anal-

ysis or to analyze layered systems [28], three-dimensional reconstruction of nanostruc-

tured materials by repeated slicing and imaging [29,30], and the tailored fabrication of 

complex nanostructures, for example for plasmonics or nano-optics [31]. Typically, a FIB 

is attached to an SEM, creating a dual beam system, which allows for direct SEM visual-

ization of the FIB nanostructured sample [32]. Such dual beam systems were not equipped 

with many analytical add-ons until recently. 

The framework of this thesis is set by two projects funded by the European Union Frame-

work Programme 7 and a DFG Research Training Group. The first EU project FIBLYS 

(FP7-NMP, reference number 214042) aimed for the development of a multifunctional, 

analytical FIB/SEM system for nanotechnology [33,34]. The resulting prototype, a 

TESCAN Lyra 3, was set up at the Max Planck Institute for the Science of Light in 2011 

and the thesis author was appointed as supervisor of the tool. Step by step, the initial 
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system was further equipped with additional standard and prototype analytics, which re-

sulted in one of the best-equipped FIB-SEM systems in the world. All work presented in 

this thesis was performed with this microscope.  

The second EU project UnivSEM (FP7-NMP, reference number 280566) was devoted to 

develop the successor of the prototype of the first project and to integrate even more 

analytical add-ons [35,36]. The author participated in this project as one of the leading 

scientists and helped to test the capabilities of the tool and to show possible applications 

of such multifunctional systems in the fields of nanophotonics and materials science [37]. 

Furthermore, the author is an associated member of the DFG Research Training Group 

“In-situ Microscopy with Electrons, X-rays and Scanning Probes” [38]. This project had 

a large influence on this thesis by providing advanced education focused on microscopy 

techniques and by offering appropriate collaborations for several scientific publications. 

The topic of this cumulative thesis is to test and to demonstrate the capabilities and the 

flexibility of the highly-integrated multifunctional Lyra 3 FIB/SEM system. Therefore, 

two subtopics are defined, which are ‘precise nanofabrication for nanophotonic applica-

tions’ and ‘nanoanalysis of energy-related complex nanostructures’. Both topics are 

highly important in today’s nanoscience: The use of nanostructures in electro-optical de-

vices such as solar cells or light-emitting diodes is on the rise and needs suitable charac-

terization tools. Nanophotonics, with its broad range of applications from the study of 

basic light-matter interaction to single molecule sensors and optical computing, needs 

highly precise patterning routines, for which straightforward FIB-based prototyping is the 

method of choice with the fastest feedback and reaction time. 

By covering a large range of different research areas and by combining a mostly technical 

background with applications in cutting-edge research, this thesis is located at the inter-

section of physics, materials science and engineering.



2 Theory, Instrumentation and Applications 

This chapter will discuss the theoretical and technical background of the scientific publi-

cations that follow in chapter 5. Therefore, a short overview of electron-solid and ion-

solid interactions will be given, the project background will be explained, the experi-

mental setup will be described in detail and the final applications will be introduced. 

2.1 Electron – Matter Interaction 

Electrons that impact in a solid material undergo a complex interaction cascade. Primary 

electrons of an SEM, typically with energies between 1 – 30 keV, interact with electrons 

and atom nuclei inside the material until they completely lose their initial energy. The 

energy loss mechanisms and resulting events are described in the following: 

• Secondary electrons (SE): When primary electrons collide with the loosely bound 

outer shell electrons, these electrons can become unbound. Typical SE energies are 

around 10 - 50 eV. Due to their low energy, the SEs have a very low range and can 

only escape from the surface if they are generated in the first 10 nm. The SE signal 

carries information about topography as it shows a distinct amplification at edges. Sec-

ondary electrons can also be produced by backscattered electrons at the electron col-

umn or the chamber walls and are then called SE2. Such SE2 (or even SE3) contribute 

to an ubiquitous background noise and are hard to prevent. 

• Backscattered electrons (BSE): Primary electrons that come very near to a nucleus 

are deflected by the positive charge and, if the deflection is strong enough, are able to 

leave the sample again. Most detected BSEs undergo several deflections. Due to the 

elastic scatter process, BSEs carry a high energy very close to the primary energy. The 

probability of backscattering scales with the mass of the atom cores and thus BSE 

imaging shows an elemental contrast (also called Z-contrast). 

• Characteristic X-rays: When the primary e-beam knocks out an inner-shell electron 

from an atom, an electron from an outer shell can jump into the inner shell. The excess 
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energy is emitted as an X-ray photon, carrying the energy difference between the cor-

responding shells, which is an element-specific value. All elements show characteristic 

transition energies between 50 eV – 20 keV.  

• Continuous X-rays: Acceleration of a charged particle creates Bremsstrahlung. Es-

pecially the BSEs create a continuous background of X-ray radiation. 

• Auger electrons: Instead of being emitted, characteristic X-rays can also trigger a 

radiationless transition in which the excess energy is transferred to another outer-shell 

electron, which leaves the atom. Auger electrons have energies of up to 2.5 keV. The 

Auger effect can also be triggered by a high-energy x-ray.  

• Cathodoluminescence: When the sample is a semiconductor, the primary electron 

beam can excite electrons from the valence band into the conduction band. Once the 

electron falls back into the ground state, a characteristic photon with the energy of the 

bandgap is emitted. CL can be used to analyze the quality of semiconducting structures 

and to gain information about the band gap and defect states.  

• Probe current: Depending on the ratio of incoming electrons and those that leave the 

sample as backscattered or secondary electrons, the sample is charged positively or 

negatively. Since the sample stage is biased, this charge can be measured as probe 

current. 

Figure 1: Illustration of the interaction of incoming high-energy electrons and the atoms of the sample 
material. The graphic shows the generation of characteristic and continuous x-rays as well as secondary 
and backscattered electrons. 
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• Large scale excitations: Impacting electrons can also lose energy to lattice vibrations 

(phonons) and oscillations of the electron gas in form of surface plasmon polaritons 

(SPPs). Especially the phonons can become problematic due to induced heat transfor-

mations of sensitive materials. SPPs can generate photons, comparable to the CL 

mechanism. 

The generation of SEs, BSEs, characteristic and continuous X-rays on the atomic level is 

illustrated in Figure 1. 

2.1.1 Simulation of interaction volumes 

To effectively understand the properties of SEM imaging and analysis it is important to 

understand the effects that influence the interaction volume. The Monte-Carlo software 

CASINO (monte CArlo SImulation of electroNs in sOlids) enables a quick estimation of 

these effects [39,40]. Figure 2 shows the electron trajectories in silicon for acceleration 

voltages between 5 and 30 kV and illustrates the large difference in interaction volumes.  

Figure 3 shows the influence of different materials on the interaction volume at a fixed 

acceleration voltage of 20 kV. Especially during the analysis of layered systems it is im-

portant to understand from which depth a signal can arise. By first using such simulations 

one can choose the optimal acceleration voltage. 

Figure 4 shows the interaction volume of an electron beam with a solid material and the 

corresponding volumes from which signals can leave the surface. While Auger electrons 

and SEs can only be detected from the first few nanometers, backscattered electrons can 

leave the sample from a much larger depth. The larger lateral distribution leads to a worse 

Figure 2: Influence of electron energy on interaction volume for the case of silicon as sample material. 
At an energy of 30 keV, electrons can travel as deep as 8 µm into the material, while the interaction depth 
at 5 keV is limited to 400 nm. 
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spatial resolution in the case of BSEs. Characteristic X-rays can come from a depth of 

several µm and thus the spatial resolution is restricted to a range of several 100 nm to 1 

µm. By preparing thin lamellas, the expansion of the interaction volume can be partially 

prevented and the spatial resolution of BSE and EDX signals can be increased. 

Figure 4: Schematic view of the different interaction volumes and the resulting signal 
depths that are able to leave the sample. Auger electrons can only escape from a depth of 
a few nm. SEs are escaping from up to 10 nm. BSEs are coming from several 100 nm depth 
and show a distinct spatial distribution, lowering the possible imaging resolution. Depend-
ing on the material, characteristic X-rays can come from several µm depth. CL shows the 
largest excitation volume. 

Figure 3: Interaction volume of different materials at a fixed electron energy of 20 keV. The interaction 
volume heavily depends on both density as well as the atomic number of the irradiated material. 
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2.2 Ion – Matter Interaction 

In contrast to electrons, which can travel deep into materials with little interaction, im-

pacting ions instantly interact with the surface atoms. Due to the Coulomb repulsion of 

the electron orbitals, ions initiate large collision cascades while they travel through the 

material. Impacting ions lose their energy in thousands of recoils that generate phonons, 

displacements, vacancies and lead to sputtering, amorphisation and ionization. Atoms 

near the surface can receive a sufficient amount of energy to overcome the surface energy 

and thus are sputtered away. Furthermore, the interaction also produces secondary elec-

trons, which can be used for imaging by using the conventional SE detector. Figure 5 

shows a simplified illustration of ion-solid interaction and the resulting processes. 

The SE detection probability is heavily influenced by the orientation of crystalline solids. 

The so-called channeling effect results in a distinct orientation contrast in FIB imaging of 

multicrystalline materials.  

Figure 5: Ion beam impact in a crystalline solid material: Collision cascades and en-
ergy transfer lead to sputtering of atoms near the surface (green). The gallium ions 
come to rest deep in the material. The red region marks the damaged and amorphized 
volume. 
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2.2.1 Simulation of Ion – Solid Interaction 

One of the most popular tools to determine the size of the interaction volume of impacting 

ions in solid materials is the software package SRIM (Stopping and Range of Ions in 

Matter) [41,42]. With the exception of channeling effects, this software gives valid infor-

mation about the range of ions and the distribution of damage events. SRIM calculates all 

information about the ion track and its interactions with the solid and gathers these in 

easy-to-understand graphs. Figure 6 exemplarily shows three different SRIM calculations 

for 30 kV Ga-ions in silicon, aluminum and gold. The interaction volume scales with the 

density and atomic number of the material, while the sputter rate depends on the amount 

of surface-near collision events and the surface energy. In the case of gold, the sputter 

rate is five times higher than in silicon due to the high amount of surface-near collision 

events (16.5 atoms / Ga ion vs. 2.3 atoms / Ga ion). Since the range of ions is always 

larger than the sputter depth, gallium atoms are typically implanted into the FIB-milled 

material. This can be controlled by reducing the ion energy, but that also leads to a loss 

Figure 6: SRIM calculations of 30 kV gallium ions impacting in silicon, aluminum and gold. The upper 
row shows trajectories of 2000 ions each. The graph shows the depth-resolved vacancy generation of 
the impacting ions and their resulting recoils. In the case of gold, a high amount of energy is deposited 
near the surface, which explains the very high sputter yield. 
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in resolution. By lowering the ion energy, the depth of damage and amorphisation can 

also be lowered. This is typically used for the final polishing of TEM lamellas. 

2.3 Project background of this thesis 

The work presented in this thesis was performed using a FIB/SEM prototype system that 

resulted from the EU-FP7 project FIBLYS (Multi-functional analytical focused ion beam 

tool for nanotechnology). Furthermore, the author participated in the follow-up project 

UnivSEM (Universal scanning electron microscope as a multi-nano-analytical tool) as 

leading scientist and as an associated member in the DFG Research Training Group 

GRK1896 “In-situ Microscopy with Electrons, X-rays and Scanning Probes”. Without 

these projects this thesis would not have been possible and thus a short description about 

their goals and results will be given. 

2.3.1 EU Project FIBLYS 

The FIBLYS project (2008 – 2011) was coordinated by Silke Christiansen at the Institute 

of Photonic Technology in Jena. At that time, state-of-the-art in microscopy equipment 

was to have several single systems such as a dedicated FIB, an SEM with analytical tech-

niques and systems with nanomanipulation capabilities. The goal of FIBLYS was to cre-

ate a multifunctional FIB/SEM dual beam system with a variety of analytical and nano-

manipulation techniques. To reach this goal, academic and industrial partners teamed up 

and designed a large chamber that could accommodate many of the parallel developed 

add-ons at the same time. The basic configuration is a dual beam system with field-emitter 

SEM and Ga-ion FIB. Depending on the customers’ needs, the chamber can be equipped 

with an energy-dispersive x-ray spectrometer (EDX), electron backscatter diffraction 

(EBSD), scanning probe microscope (SPM) capable of nanomanipulation, time-of-flight 

secondary ion mass spectrometer (TOF-SIMS) and an electron beam induced current de-

tector (EBIC). The system was designed in a way that all add-ons fit at the same time, 

thus allowing for every possible subset of detectors. [43,44]  

After the successful evaluation of the project, the final prototype and demonstrator went 

to the Max Planck Institute for the Science of Light in Erlangen, Germany, to expand its 
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analytical and nanostructuring capabilities. The resulting system, called Lyra 3, became 

a commercial product of the FIB/SEM manufacturer TESCAN. 

2.3.2 EU Project UnivSEM 

The UnivSEM project was a follow-up project to FIBLYS with even more ambitious 

goals than before and ran from 2012 - 2015. In a similarly assembled consortium, the 

main goal was the integration of an optical column into a FIB/SEM system to realize 

Raman spectroscopy inside an SEM [45]. In addition, a better TOF-SIMS and SPM were 

developed and an optional Xe plasma FIB was designed that is capable of 50 times faster 

etching compared to gallium. The software was optimized to enable true correlation of 

different signals. A short descriptive publication of the UnivSEM results can be found in 

the appendix [37]. As senior scientist, the thesis author was responsible for the develop-

ment of application scenarios and correlative analysis methods to demonstrate the flexi-

bility of the new system. 

2.3.3 DFG Research Training Group GRK1896 

The thesis author is an associated member of the Research Training Group GRK1896 

“In-situ Microscopy with Electrons, X-rays and Scanning Probes”, funded by the 

Deutsche Forschungsgemeinschaft DFG [38]. The Training Group is located at the Fac-

ulty of Engineering at the FAU Erlangen-Nürnberg and gathers an interdisciplinary team 

of nearly 20 graduate students from the fields of engineering, physics and chemistry. It 

focuses on the multi-modal and in-situ analysis of nanostructured materials as well as 

dynamic phenomena at the nanoscale. The research for three publications of this thesis 

was conducted in the framework of the GRK1896 in cooperation with its partners. The 

participation in the Research Training Group is one reason for the high amount of tech-

nical background of this thesis. 
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2.4 The Tescan Lyra 3 FIB/SEM system 

The Tescan Lyra 3 prototype FIB/SEM system is equipped with several add-ons, some 

stationary, others modular. 

• Schottky field emitter column with an electron beam current of 2 pA – 100 nA 

and a resolution of 1.2 nm at 30 kV 

• gallium liquid metal ion source FIB with beam currents of 0.1 pA – 40 nA and a 

resolution of 5 nm at 30 kV 

• secondary electron (SE) and backscatter electron detectors (BSE) 

• energy-dispersive X-ray (EDX) spectrometer (Bruker X-Flash) 

• electron backscatter diffraction (EBSD) detector (Bruker e- FlashHR) 

• modular electron beam induced current detector (Kammrath & Weiss) 

• combined cathodoluminescence (CL) and Raman add-on (Horiba CLUE) 

• modular electrical 4-point nanoprober (Kammrath & Weiss) 

• modular heating stage (Kammrath & Weiss) 

• Plasma cleaner (ibss GV10x) 

Figure 7 shows the Lyra 3 prototype from outside with all its detectors and a view of the 

open chamber with all columns and detectors. The FIB -SEM coincidence point, at which 

Figure 7: Photographs of the Lyra 3 prototype: (a) front side with the large door and the CL/Raman add-on 

attached to the right side, (b) view from back with EBSD, EDX, SE, BSE and FIB, (c) inner view of the 
chamber with the FIB and SEM columns and several detectors. 
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the two beams intersect, is at a working distance of 9 mm below the pole piece. The EDX 

and EBSD detectors also point at the coincidence point, enabling correlative analyses 

without the need to move the sample. The limited space underneath the pole piece com-

prises a high risk of collisions.Thus, every operator needs a detailed training on how to 

use the different add-ons without risking damage to the highly sensitive parts.  

The following sections will present the parts of the Lyra that were used during this thesis. 

For each technique, a set of application examples will be given. 

2.4.1 Scanning Electron Microscopy Analysis 

The Lyra 3 is equipped with a high-resolution, 

high brightness Schottky-type field emitter 

electron gun. After the beam extraction, the 

condenser lens controls how many electrons 

can pass the aperture diaphragm. In contrast to 

SEMs with several physical apertures, the 

beam current can be adjusted continuously 

from as low as 2 pA to as high as 100 nA. The 

gun alignment and centering is done with 

small electromagnetic deflection coils. The in-

termediate lens is used to focus the beam in 

several modes and can replace the final objec-

tive lens. The stigmator octupole coils correct 

astigmatism and the scanning coils are used to 

scan the beam across the surface. Figure 8 il-

lustrates the arrangement of the column and its 

lenses. 

The high flexibility in electron beam current enables a precise adjustment to the particular 

application. The accelerating voltage can be steplessly adjusted between less than 1 kV 

and 30 kV, again offering the possibility to exactly match the correct interaction volume 

and electron energy to the application. For example, EBSD investigations of large-

grained metals or semiconductors require a high current and a medium to high accelerat-

ing voltage. Therefore, the optimal settings are typically 20 kV and 10 nA beam current. 

In contrast, imaging of biological samples requires very gentle beam conditions such as 

Figure 8: Schematic design of the electron col-

umn and its different set of magnetic lenses. 
Adapted from the Lyra 3 manual. 
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3 kV and 50 pA. Both sets of parameters affect the resolution and deposited energy. The 

operator always needs to find the correct balance between electron current and electron 

energy to get the optimal imaging conditions without damaging the sample. An emitter 

lasts around 18 - 24 months and needs to be exchanged by the manufacturer service after 

this time.  

The SEM can operate in five modes by using a different subset of lenses: The ‘resolution’ 

mode offers a magnification of 120x – 1.000.000x with a small depth of focus. The inter-

mediate lens (IML) is not active in resolution mode. The depth mode keeps the beam 

tighter by using the IML and thus offers a very large depth of focus, which is helpful for 

samples with large topography and 3-dimensional features. The field mode uses the IML 

for beam focusing and the objective lens is switched off. In this way, a large field of view 

combined with a high depth of focus can be reached. The wide field mode also uses the 

IML for focusing, but the objective lens is also active and multiplies the deflection of the 

beam. It offers an extremely wide field of view of several cm, which is very helpful for 

navigation on and investigation of large samples and is a unique feature of TESCAN 

microscopes. Finally, the channeling mode keeps the beam at one position while tilting 

its incidence angle on the surface. This mode can be used for crystallographic analyses. 

The capability to control the beam impact angle also enables stereoscopic imaging of 

Figure 9: SEM image examples. (a) wide field view of a glass fiber holder with a viewfield of 5 cm, (b) 
low-kV image of pollen, (c) low-kV image of osteoporotic human bone, (d) simultaneous SE-BSE detector 
channel mixing image with pronounced material contrast between polystyrole spheres and silicon nan-
owires, (e) high-resolution imaging of silicon nanowires, (f) SE-BSE channel mixing of gold platelets for 
increased topography impression. 
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samples with high topography and thus the creation of three-dimensional stereoscopic 

images for viewing with typical red-cyan 3D-googles. Figure 9 shows examples of SEM 

imaging at different conditions. 

The imaging is realized by two electron detectors: an Everhart-Thornley secondary elec-

tron (SE) detector is located on the wall of the chamber and a scintillator-type backscatter 

electron (BSE) detector can be manually moved below the pole piece when needed. The 

surface-sensitive SEs mostly show topography contrast and small surface features, while 

the BSE contrast originates from the Z-value of the illuminated material and thus shows 

a material contrast without surface sensitivity. SE and BSE detectors can be used at the 

same time, which is illustrated in Figure 10. The simultaneously collected signals can 

either be used to create two images of SE and BSE information or to combine both signals 

into one single image by a greyscale overlay or a false color image. Since CL, EBSD and 

BSE detectors occupy the space below the pole piece, only one of them can be used at a 

time.  

By inserting a small aperture into the pole piece, a low vacuum mode can be enabled, in 

which the chamber is filled with nitrogen at a pressure of up to 100 Pa to enable BSE 

imaging of non-conductive samples. 

Figure 10: Illustration of simultaneous SE and BSE detection. The low-energy 
SEs (yellow) can be attracted by the positively charged grid in front of the SE 
detector, while the high-energy BSEs are not affected by the potential and di-
rectly hit the BSE detector above the sample. 
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The whole SEM can be controlled by an interface called SharkSEM. It uses Python to 

control all beam parameters and image acquisition. One particular application of the 

scripting is to automate imaging and sample movement for high-resolution batch imaging 

of large sample areas.  

2.4.2 Focused Ion Beam Nanopatterning 

The Lyra 3 is equipped with a Canion FIB column 

from Orsay Physics. It uses a liquid gallium ion 

source, which is operated at a constant emission of 

2 µA. The ions are extracted from liquid gallium, 

which forms a Taylor-cone, by the extractor elec-

trode. The electrostatic condenser lens focuses the 

beam into the aperture, which defines the final 

beam current. There are seven apertures in total, 

ranging from 400 µm to 10 µm diameter. The 

beam blanker can deflect the ion beam into a fara-

day cup and is very fast to deliver the needed ac-

curacy for high-resolution nanopatterning and li-

thography. The electrostatic scanning and stigma-

tion octupole corrects astigmatism, can rotate the 

beam scanning and can move the field of view to 

enable drift correction during long processes. Fi-

nally, the objective lens focuses the beam onto the 

sample. Figure 11 shows a schematic drawing of 

the ion column. 

By choosing between the seven different physical apertures, the final beam current can 

be varied between 1 pA and 40 nA, depending on the desired milling speed and resolution. 

The accelerating voltage is typically kept at 30 kV to reach the most precise beam param-

eters, but it can also be reduced to as less as 5 kV, which allows to minimize the ion – 

sample interaction depth.  

The FIB is operated by a software called DrawBeam, which controls the beam position, 

dwell time (how long the beam stays at one particular position), pitch between single 

pixels, the etching depth and the drift correction. It offers many different geometrical 

Figure 11: Schematic drawing of the FIB 
column. The beam is focused by a set of 
electrostatic lenses. Adapted from the Lyra 
3 manual. 
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objects and common polishing objects as well as an input for greyscale bitmap files, 

which were used extensively for this thesis. Figure 12 shows several examples of FIB 

applications such as nanophotonic structures or cross sections. 

Figure 12: FIB application examples: (a) complex antenna structure etched into a monocrystalline gold 

flake, (b) cross section of a silver nanowire network, which is coated by aluminum-doped zinc oxide 
(AZO) (reprinted with permission from [77], (c) shallow wedge cut into an amorphous thin-film silicon 
solar cell to enable depth-resolved Raman spectroscopy, (d) microstructuring of a tapered glass fiber, (e) 
Cross section of AZO-coated silicon nanowires, (f) Gold nanocone on top of a tapered glass fiber. 

Figure 13: Greyscale etching input files (top row) and resulting structures in single-crystalline materials 

(bottom row). By using etching gradients, inclined bowtie antennas, spherical surfaces or radial zig-zag 
topographies can be realized. Scale bars represent 2 µm. 
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 Figure 13 shows three different greyscale images and the resulting structures. The grey-

scale value can be used to generate seamlessly increased etching depths and thus tilted 

surfaces or even spherical shapes can be produced. Furthermore, the software offers a 

layer system for stacking objects with different exposure settings.  

Since the ion-solid interaction also creates secondary electrons, the ion beam can also be 

used for imaging. This is particularly interesting in multi-crystalline materials because 

the channeling contrast of the FIB is much more pronounced as compared to the SEM. 

2.4.3 Electron backscatter diffraction 

The attached EBSD detector from Bruker consists of a phosphorous screen on which the 

diffracted electrons impact and generate fluorescence (see also Figure 23 on page 34 for 

an illustration). A high-resolution camera with 1600 x 1200 pixels images that screen at 

up to 100 frames/s. The channeling effect of electrons that travel through a crystalline 

material creates a characteristic pattern on the phosphorous screen, called Kikuchi-pat-

tern. It is analyzed by a high-power PC that indexes the Kikuchi bands and tries to match 

it to predefined crystalline elements and to derive its orientation in each electron beam 

spot. In contrast to high-speed EBSD in metallurgy, this detector is made for precise low-

Figure 14: EBSD examples: (a) typical high-resolution Kikuchi pattern of Nb2AlC, (b) SEM image of a 

FIB-polished AuAg alloy with EBSD overlay in (c) (in collaboration with Thomas Przybilla), (d) EBSD 
map of Nb2AlC with FIB markers for subsequent position recover (in collaboration with Nadine Schrenker),
(e) SEM and EBSD on a single silver nanowire with 5-fold structure, (f) EBSD-overlay on an SEM image 
of silicon nanowires (reprinted from [54]). 



20 2 Theory, Instrumentation and Applications 

kV and low beam current measurements on sensitive samples or very small grained ma-

terials. This enables a resolution of 30 nm, which is most likely near to the physically 

possible minimum. Figure 14 shows one camera image with a Kikuchi pattern and several 

EBSD-SEM overlay images of different multicrystalline materials. 

The EBSD is mounted at a specific angle of 14.8° to the y-axis of the chamber, which 

leads to an ion beam incidence parallel to the sample surface, that is tilted 70°, at the 

coincidence point. Therefore, the sample surface can be sequentially polished by the ion 

beam and the electron beam can perform EBSD analyses without any sample movement. 

Consequently, a 3-dimensional crystallographic dataset can be acquired. 

To quickly acquire qualitative information about grain structure, the EBSD detector head 

is equipped with three diodes that detect differences in backscattered electron intensities. 

The signals are displayed in a pseudo-colored image. 

Typically, EBSD is only performed on precisely polished surfaces. However, nanoparti-

cles or nanostructured materials were often analyzed as difficult and non-standard cases 

of EBSD measurements in the course of this thesis. 

2.4.4 Energy-dispersive X-ray spectroscopy 

The EDX detector ‘x-flash’ from Bruker further extends the analytical capabilities of the 

Lyra 3 prototype. It analyzes the X-ray radiation, which is generated by the electron-

matter interaction. Since the characteristic X-ray radiation wavelengths are element-spe-

cific, the chemical composition of the sample can be derived. The coincidence point for 

highest detector efficiency is again at 9 mm working distance. Thus, SEM, FIB, EBSD 

and EDX can all work together without the need of moving the sample. Just as the EBSD, 

the EDX is connected to the SEM scan generator and thus spectra acquisition and beam 

Figure 15: EDX example of a copper-coated silicon wafer. A carbon contamination leads to increased 

copper deposition near the contamination and less on the silicon. 



2 Theory, Instrumentation and Applications 21 
 

position movement are synchronized to perform automatic 2-dimensional mappings or 

1D line-scans. Figure 15 shows an exemplary EDX map of a carbon-contaminated silicon 

wafer, which was coated with copper in an experimental atomic layer deposition (ALD) 

process. By acquiring a hyperspectral map, every pixel contains complete spectra and 

thus elemental information. 

2.4.5 Cathodoluminescence and Raman Add-on 

The Horiba CLUE (Cathodoluminescence Universal Extension) is a complex analytical 

prototype, which is mounted onto the Lyra 3, too. It consists of two main parts: An optical 

coupling consisting of a retractable parabolic mirror with a small hole for the electron 

beam, which is either used to collect the CL emission of semiconducting samples or to 

couple a laser into the chamber and onto the sample and to collect the scattered Raman 

light; The second part is the CLUE itself, which consists of a miniature optical table that 

Figure 16: CL measurement example conducted in the Lyra 3: (a) & (c) SEM images of InN nanowires and 
corresponding panchromatic CL images in (b) & (d), (e) CL spectra of three InN nanowires with different 
diameters, (f) plot of CL peak position depending on the InN nanowire diameter. (g) CL spectra of tapered 
silicon nanowires in different heights of the wire, as shown in (h) and illustrated in (i). (a) – (f) reproduced 
with permission from [55]. 
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organizes the in- and out-coupling of the lasers and signals and guides them to the correct 

detector.  

The CL analysis is performed in a fiber-coupled Horiba iHR320 imaging spectrometer 

with a monochromator, three different gratings, a liquid-nitrogen cooled 512 pixel 

InGaAs CCD line detector for spectra acquisition and a photomultiplier tube for either 

monochromatic or panchromatic CL imaging. The system is optimized for wavelengths 

from 900 – 1600 nm. Figure 16 shows two applications of the CL part of the CLUE. Small 

InN nanowires were investigated for diameter-dependent CL emission and tapered silicon 

nanowires were analyzed for resonant modes, which can exist in such structures [46]. 

To use the Raman capabilities, two nearby Raman lasers can be coupled in and the anal-

ysis of the Raman signal is performed ex-situ in a Raman spectrometer. By precisely 

aligning the SEM imaging and the spot in which the mirror collects the signal, correlative 

analyses with SEM, EDX, CL and Raman spectroscopy can be performed without moving 

the sample. 

The CLUE holds great promises for the analysis of complex nanostructured materials, but 

the prototype system is still very difficult to operate. 

2.4.6 Electron beam induced current 

The EBIC add-on consists of a small module that can be attached to the microscope sam-

ple stage and a current amplifier. The module has three contacts from which two are used 

to connect to the two contacts of a diode such as a solar cell as most popular application. 

The electron beam scans across the sample and generates thousands of electron-hole pairs 

per impacting electron inside the material. If this happens close enough to the pn-junction 

(in the range of the charge carrier diffusion length) and the charge carriers are separated, 

a current flows between the two contacts and can be detected. By scanning the beam 

across the sample and use the current signal as parameter for a greyscale image, the junc-

tion and recombination defects can be visualized. When used in wide field mode, com-

plete solar cells can be mapped, as it can be seen in Figure 17 (a). 

Finally, by combining FIB cross sectioning and slicing with subsequent EBIC imaging, 

cross-sectional EBIC or a 3-dimensional electrical landscape can be reconstructed. Figure 

17 (c) & (d) show several of such slices and a 3D reconstruction of the EBIC signal of a 

silicon nanowire-based solar cell [47]. 
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2.4.7 Plasma Cleaner 

The Lyra chamber is equipped with a plasma cleaner (ibss GV10x). It uses either air or 

oxygen to ignite an oxygen plasma in a small reaction chamber outside the microscope. 

From there, uncharged oxygen radicals and atoms drift into the SEM chamber and are 

capable to oxidize carbonaceous contaminates on the chamber walls, the sample stage 

and even on the samples. The formed gaseous carbon oxides are then pumped away. The 

plasma cleaner is a very important add-on since carbon contaminations constitute the 

most common problem of SEMs and can even disturb sensitive measurements or pattern-

ing procedures. The regular cleaning prevents such contaminations up to a large extent.  

Figure 17: Examples for EBIC measurements performed with the Lyra 3: (a) wide-field SE/EBIC image 
of a silicon nanowire-based solar cell, showing large-scale inhomogeneities, (b) high-resolution 
SE/EBIC cross section image of a single silicon nanowire, which is capable of charge carrier separation, 
(c) SE (top) and EBIC (bottom) slices from a sequential 3D tomography dataset, (d) 3-dimensional 
reconstruction of the EBIC signal from the dataset from (c). Images (a), (b) and (c) reproduced under 
CC BY 3.0 license from [47], copyright 2012 Intech. 
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2.4.8 Further Applications of the Lyra 3 FIB/SEM 

The Lyra 3 system has two application categories: The first one is nanostructuring by 

using the FIB and the second one is analysis of complex materials at the micro- to na-

noscale. In the course of this thesis the Lyra 3 was used for many different applications 

from both categories. The author analyzed ignition plugs, thin-film silicon solar cells, 

hybrid contact materials, AgAu alloys, Ag-, Si-, GaN- and InN-nanowires, Nb2AlC MAX 

phases, osteoporotic human bone, and many more samples. Nanopatterning efforts were 

carried out to realize plasmonic nanocone antennas, spherical micromirrors, microscopic 

electrostatic traps, graphene nanostructuring, evaluation of gold flakes for plasmonics, 

and more. To narrow down the topics of this thesis, only applications from nano-optics 

and photonics are featured in the following cumulative part. Chapter 3 will shortly present 

the five thesis publications and their backgrounds. 

2.5 Correlative Microscopy 

Many of the here presented analysis tech-

niques can work together complementary, 

resulting in an additional gain of infor-

mation. Figure 18 shows the interconnection 

of all methods that are part of the Lyra 3. For 

example, FIB can be combined with EBSD 

or EBIC to create three-dimensional recon-

structions of the crystalline or electrical 

properties [47,48]. To gather the full picture 

about opto-electrical properties, a combina-

tion of CL and EBIC is suitable, which fur-

ther enables electroluminescence measurements [49]. EBSD and EDX is one of the most 

common combinations and the shared control software easily enables the simultaneous 

collection of EBSD patterns and EDX spectra. The correlation of Raman spectroscopy 

and EDX combines chemical and compositional properties. Thus, very detailed infor-

mation about a material can be derived [18]. A combination of CL and Raman spectros-

copy can help to understand structural influences on the opto-electronic properties [50]. 

Figure 18: A simplified illustration of correlative 
analysis methods that can be performed with the 
Lyra 3. 
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In theory, all methods can be combined on one single material, but normally a combina-

tion of a few techniques is sufficient to gain a comprehensive understanding. The here 

shown combination of methods in a single system is very rare, if not unique. 

Another important advantage of having many analysis techniques in one single system is 

the possibility to investigate sensitive samples without breaking the vacuum and risking 

contamination or oxidation. 





3 Scientific Publications 

The five thesis publications have contributed to the advancement of several research top-

ics from the fields of nanophotonics and energy-related nanomaterials (cf. Figure 19). 

The thesis author holds first authorship to the first and third publication, while being co-

author of the remaining publications. The authors’ contribution to the publications can be 

divided into two groups: ‘Nanostructuring’ and ‘Analysis’. The ‘Nanostructuring’ topic 

covers two publications about nanostructure prototyping for nanophotonics and plasmon-

ics: The first publication presents the development of a fabrication routine for nanoscopic 

gold nanocones as plasmonic antennas for single emitter experiments [51]. The second 

publication shows the realization of ultrasmall optical cavities for which spherical micro-

mirrors were needed [52]. The ‘Analysis’ topic covers three articles about the precise 

investigation of nano-optical materials, partly for energy applications: The third thesis 

publication presents a multi-method characterization of structural and optical properties 

of gold flakes constituting an ideal platform for high-quality plasmonics [53]. The fourth 

article investigates silicon nanowires made from a multicrystalline silicon layer on glass 

for solar cell applications [54]. Finally, publication five presents a systematic growth 

study and in-depth analysis of InN nanowires [55]. As visible from Figure 19, one article 

is attached to both topics since FIB nanostructuring was used to fabricate and to charac-

terize nanostructures.  

Figure 19: Scheme showing the five peer-reviewed thesis publications, divided into the two contribution 

topics ‘Nanostructuring’ and ‘Analysis’. The publications framed in red are written in first authorship, the 
others in co-authorship. 
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The following sections will shortly describe the motivation and results of, and contribu-

tion to the articles and chapter 4 will discuss the scientific impact of the thesis publica-

tions. The full articles, including supplementary information for the first authorship pub-

lications, can be found in chapter 5. 

3.1 Publication I: Nanocone Antennas 

Fabrication and characterization of plasmonic nanocone antennas for 

strong spontaneous emission enhancement 

Björn Hoffmann, Simon Vassant, Xue-Wen Chen, Stephan Götzinger, Vahid 

Sandoghdar, Silke Christiansen 

Nanotechnology, 26 (40) 404001, 2015, Special Issue 'Focus on Nanophotonics' 

DOI: 10.1088/0957-4484/26/40/404001 

Plasmonic antennas are a promising nanomaterial when it comes to single molecule de-

tection, which would enable many interesting applications. A particularly encouraging 

antenna shape is the nanocone: It offers a high field intensity enhancement while non-

radiative decay channels are kept at a minimum [56,57]. In cooperation with the Nano-

Optics Division at the MPL [58], a process was developed to reproducibly fabricate single 

or arrays of nanocones on arbitrary substrates. The defined goal was to gain such a precise 

control over the cone dimensions that the plasmon resonance could be adjusted as desired 

and to reach a spontaneous emission rate enhancement factor of several hundred times. 

Since the cones are only 60 – 100 nm large and need to have a tip curvature of 10 nm or 

below, the size control needs to exceed typical FIB resolutions of 20-30 nm to reach both 

goals at the same time. This markedly difficult task was successfully accomplished by 

designing a 5-step FIB process. Each step has an own set of ion beam parameters to ac-

count for the particularly needed properties. Several tricks such as indirect etching by 

using the tail of the ion beam intensity distribution and the exploitation of higher sputter 

rates on inclined surfaces were used to come below the typical size limitations of FIB 

etching. To characterize arrays of fabricated cones, plasmon spectroscopy was performed 
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showing both the ability to tune the resonance position as well as the reproducibility. The 

measured spectra were successfully compared to finite-difference time-domain (FDTD) 

simulations of theoretical cones with equal dimensions. 

Attached to the publication in chapter 5, you can find the supplementary material with 

extended information about the nanopatterning procedure 

Contributions 

The thesis author developed the FIB fabrication process and prepared hundreds of cones 

for the study. Simon Vassant conducted the plasmon spectroscopy measurements, Xue-

Wen Chen prepared the FDTD simulations. All authors planned and discussed the exper-

iments. The thesis author and Simon Vassant wrote the manuscript. 

Figure 20: Illustration of white light excitation in total internal reflection geometry and plasmon 
resonance emission of a single gold nanocone on glass. 
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3.2 Publication II: Micromirror Cavities 

Sensing Nanoparticles with a Cantilever-Based Scannable Optical  

Cavity of Low Finesse and Sub-λ³ Volume 

Hrishikesh Kelkar, Daqing Wang, Diego Martín-Cano, Björn Hoffmann, Silke 

Christiansen, Stephan Götzinger, Vahid Sandoghdar 

Physical Review Applied, 4, 054010, 2015 

DOI: 10.1103/PhysRevApplied.4.054010 

Another cooperation with the Nano-Optics division also crucially depended on a custom 

FIB patterning development and resulted in thesis publication II. To form ultrasmall op-

tical cavities, parabolic and spherical micromirrors with very smooth surfaces and small 

sizes in the range of 2.5 – 10 µm were needed. Larger versions of such cavities can be 

fabricated by laser sputtering or wet-chemical etching [59,60]. However, at the desired 

ultrasmall mode volume, these techniques are not applicable. Therefore, the thesis author 

developed a special FIB patterning routine that is capable of creating 3-dimensional 

curved surfaces with a very low roughness.  

Figure 21: Illustration of a single nanoparticle between a planar and spherical mirror 

forming a cavity. 
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The first experiments used several concentric circles with different sizes and etching 

depths, but this method resulted in step-like sidewalls. The improved routine makes use 

of the greyscale etching mode of the Drawbeam software: A greyscale image, which rep-

resents a spherical shape, is used as input for an ion beam exposure map per pixel (see 

Figure 13). A subsequent polishing step removes redeposited material and smooths the 

remaining roughness down to a root mean square (RMS) of < 2nm.  

By using single-crystalline silicon substrates or cantilevers, a homogeneous etching is 

reached and the spherical mirrors satisfy the needed precision. After the FIB etching, the 

mirrors are coated with gold to become highly reflective. 

The cantilever-based microcavity can be used as a scanning microscope, which allows 

mapping of single particles. With a maximum Purcell factor of 27, the fabricated cavities 

show a spontaneous emission rate enhancement above one order of magnitude. By using 

a single gold nanoparticle as probe, the cavity was characterized by mapping the cavity 

finesse and the resonance across the particle. 

Own contribution 

In the course of the experiments, the thesis author prepared spherical micromirrors with 

diameters between 2 – 10 µm and depths between 150 – 800 nm on cover glass, silicon 

wafers, tapered glass fiber tips, silicon microposts and flat AFM cantilever tips. The fab-

rication process was refined to match the requirements in terms of spherical shape and 

surface smoothness of the micromirrors. The final experiments are now performed with 

up to four micromirrors next to each other on flat-tip cantilevers. The experiments on the 

cavity itself were performed by Hrishikesh Kelkar, Daqing Wang and Diego Martin-

Cano.  
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3.3 Publication III: Gold Flakes 

New Insights into Colloidal Gold Flakes: Structural Investigation, 

Micro-Ellipsometry and Patterning Procedure Towards Ultrathin 

Monocrystalline Layers 

Björn Hoffmann, Muhammad Bashouti, Thorsten Feichtner, Mirza Mačković, Christel 

Dieker, Ahmed Salaheldin, Peter Richter, Ovidiu Gordan, Dietrich R.T. Zahn, Erdmann 

Spiecker, Silke Christiansen 

Nanoscale, 8, 4529, 2016 

DOI: 10.1039/C5NR04439A 

The third thesis publication investigates single crystalline ultraflat gold flakes, which are 

an ideal specimen for FIB nanofabrication of plasmonic nanostructures with ultrahigh 

precision. They show superior properties compared to vapor-deposited gold layers in 

terms of patterning behavior and optical quality [61]. Therefore, such flakes are fre-

quently used by several groups from the fields of plasmonics and nano-optics, but details 

about their structural and optical properties are still not well understood.  

Figure 22: Illustration of FIB nanopatterning of a gold flake. 
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In our study, the existence of twin boundaries inside the flakes parallel to the [111] sur-

faces was proven, which were only suggested before [62]. To do so, a detailed TEM study 

was performed, including selected area electron diffraction (SAED) and dark-field TEM. 

Such twins are supposed to have no negative influence on the optical properties of com-

mon plasmonic applications, but they can interfere with certain nanopatterning proce-

dures. Thus, the knowledge about their existence is very important. For the first time, the 

optical properties of single flakes were determined by using micro-ellipsometry. The re-

sults show that the flakes possess optical properties comparable to bulk single-crystalline 

gold. Finally, we demonstrated a FIB-based thinning process in combination with EBSD 

measurements to show the fabrication of ultrathin monocrystalline layers with thicknesses 

down to 10 nm.  

Attached to the publication in chapter 5, you can find the supplementary material, which 

gives a deeper insight into the technical and scientific background of the article. 

Contributions 

The thesis author developed the idea of a multi-method analysis and partly coordinated 

the measurements at the different partners. He performed the EBSD measurements, the 

FIB fabrication of ultrathin layers and wrote the manuscript. Muhammad Bashouti and 

Ahmed Salaheldin synthesized the flakes. The other co-authors conducted the TEM, 

AFM and micro-ellipsometry measurements. All authors discussed the experiments and 

edited the manuscript. 
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3.4 Publication IV: Silicon Nanowire Arrays 

Nanowire Arrays in Multicrystalline Silicon Thin Films on Glass: A 

Promising Material for Research and Applications in Nanotechnology 

Sebastian Schmitt, Florian Schechtel, Daniel Amkreutz, Muhammad Bashouti, Sanjay 

Srivastava, Björn Hoffmann, Christel Dieker, Erdmann Spiecker, Bernd Rech,  

Silke Christiansen 

Nano Letters, 12, 4050, 2012 

DOI: 10.1021/nl301419q 

On the way from classic wafer-based solar cells to cheaper thin-film based solar cells, the 

realization of (multi-) crystalline silicon on substrates such as glass or metal foils is an 

important step. By combining electron-beam induced crystallization of an amorphous sil-

icon seed layer on glass with subsequent epitaxial growth, thick (~6 µm) multicrystalline 

silicon (mc-Si) layers can be prepared on glass [63]. Since light absorption of such a thin 

layer is not very good, nanopatterning was used to create anti-reflecting structures that 

capture the light inside the thin layer. Our approach is based on nanosphere lithography 

Figure 23: Illustration of an EBSD measurement on the top facets of SiNWs. The diffracted elec-
trons create the characteristic Kikuchi pattern on the EBSD phosphorous screen. 
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and subsequent reactive ion etching (RIE) to prepare perpendicular silicon nanowires 

(SiNWs) on top of the mc-Si layer. The nanostructuring dramatically increased the ab-

sorption of the thin film, which is of utmost importance for high-efficiency solar cells. 

One particular question that was not answered before our study was the influence of RIE 

on the orientation of the nanowire axes in grains with different orientations and the influ-

ence of grain boundaries. By performing high-resolution EBSD mapping on the top facets 

of the SiNWs, we were able to show that grain boundaries and different grain orientations 

have no influence on the shape of the wires and that the RIE process creates homogeneous 

wires everywhere.  

Own contribution 

The thesis author performed the high-resolution EBSD measurements, which showed that 

grain boundaries, that exist directly inside a single wire, influence neither the RIE etching 

nor the shape of the wires. Since the top facets of parallel SiNWs are a very uncommon 

and difficult target for EBSD analysis, a set of suitable electron beam parameters was 

developed. 
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3.5 Publication V: Indium Nitride Nanowires 

Self-Catalyzed Growth of Vertically Aligned InN Nanorods by Metal-

Organic Vapor Phase Epitaxy 

Christian Tessarek, Stefanie Fladischer, Christel Dieker, George Sarau, Björn 

Hoffmann, Muhammad Bashouti, Manuela Göbelt, Martin Heilmann, Michael Latzel, 

Eduard Butzen, Stephan Figge, Arne Gust, Katja Höflich, Thorsten Feichtner, Matthias 

Büchele, Klaus Schwarzburg, Erdmann Spiecker, Silke Christiansen 

Nano Letters, 16, 3415, 2016 

DOI: 10.1021/acs.nanolett.5b03889 

Indium Nitride holds great promises for applications in hot carrier solar cells [64]. How-

ever, the growth of high-quality InN layers is still a challenge. Our group has conducted 

a systematic study of metal-organic vapor phase epitaxy (MOVPE) growth parameters of 

InN nanorods to find the optimal growth regime for this technologically important mate-

rial. Additionally to the growth study, the nanorods were investigated by TEM, EDX, 

Figure 24: Illustration of electron beam excitation and generation of cathodoluminescence of a single 

InN nanowire. 
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X-ray diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy and cathodo-

luminescence.  

Own contribution 

The thesis author conducted the cathodoluminescence study on InN nanorods with differ-

ent diameters. He took the panchromatic CL images and spectra of many single wires. 

Therefore, the CL-add-on CLUE was used, which offers the needed sensitivity in the 

infrared wavelength range.  

3.6 Invited, non-peer-reviewed publications  

The thesis author has two additional publications that are tightly connected to this thesis, 

which are not peer-reviewed. The first one is a short article about the gold flakes featured 

in thesis publication III and is published as cover story in Materials Today. It was the 

result of winning the Materials Today Cover Competition and focuses on the contest-

winning SEM image and the corresponding technique behind it. 

Gold platelets for high-quality plasmonics 

Björn Hoffmann, Thorsten Feichtner, Silke Christiansen  

Materials Today, 19 (4) 240 2016 

DOI: 10.1016/j.mattod.2016.03.017 

The second additional publication is an invited report about the UnivSEM project, pub-

lished in the magazine Imaging & Microscopy. Both articles can be found in the appendix. 

A Universal Scanning Electron Microscope: Results of the highly  

successful EU-FP7 project "UnivSEM" 

Björn Hoffmann 

Imaging & Microscopy, Issue 3 2015 

Both publications can be found in the appendix.





4 Summary and Outlook 

As the responsible scientist for the Lyra 3 system, the thesis author investigated many 

materials from completely different research fields. In the five years since its setup, the 

Lyra 3 FIB/SEM has effectively played out its role as a multifunctional tool for microa-

nalysis and nanopatterning and it was used for nearly 20 scientific publications. Addi-

tionally to the materials presented in this thesis, the author analyzed osteoporotic human 

bone, ignition plugs from automotive industry, transparent conducting silver nanowire 

networks, InGaN LED wafers, Nb2AlC MAX phases, AuAg alloys, thin-film Si solar 

cells and many more. This shows the immense flexibility of the Lyra 3 FIB/SEM system. 

By combining this variety of analytical add-ons with a dual beam FIB/SEM, a powerful 

tool is created, which serves a wealth of tasks. However, such a combination needs a 

skilled operator who is able to manage all the different techniques and who understands 

the system in its entirety. The supervision requires a broad knowledge of interaction 

mechanisms, solid state physics, materials science and scientific background of all the 

used techniques and investigated materials.  

From the different research areas to which the author contributed, this cumulative thesis 

focuses on nanophotonic materials to maintain a common thread. The five peer-reviewed 

thesis publications, and in particular the two articles written as first author, have evolved 

their respective research fields.  

4.1 Summary and Impact 

In the framework of this thesis, several scientific problems have been solved and new 

promising materials have been developed and characterized. Here, a final summary about 

the main results and impacts will be given. 

• The author has developed a versatile method for the fabrication of tailored gold nano-

cones on arbitrary substrates. The simple FIB processing offers a faster and more 

flexible production of cones in comparison to typically used processes, which involve 

reactive ion etching or complex lithographic approaches. By precisely controlling the 

cone shape, a direct manipulation of the plasmon resonance is reached. Such cones 

are now used in single emitter experiments and very promising results were acquired 



40 4 Summary and Outlook 

and are soon published. Recently, the whole process was successfully transferred to 

a helium ion microscope to reach an even better patterning fidelity. At the moment, 

the nanocone community is fairly small, but once our follow-up publication will 

show the superior enhancement abilities, its impact in nano-optics will most likely 

be comparable to earlier excellent work of the Sandoghdar division. 

• The author found evidence of the existence of multiple twin boundaries in gold plate-

lets. Such twins were only suggested before, but their existence was never proven 

until now. Furthermore, the study presented the optical properties of single gold 

platelets for the first time. As an application example, ultrathin, smooth, and single-

crystalline gold layers were prepared. This study will be of advantage for those mem-

bers of the nano-optics community who already work with gold flakes or those who 

need high-precision nanopatterning and have not used flakes so far. By helping all 

groups that work with gold flakes to better understand this interesting material, this 

thesis publication will hopefully have a strong impact in its field. 

• A smaller, but essential contribution has been given to the microcavity publication. 

It took the thesis author several years to develop the FIB process for the final spher-

ical mirrors. Even though this fabrication is not a big part of the article, the invested 

amount of time is large and without the excellent quality of the mirrors, the results 

could not have been reached. Finally, the smallest reported spherical mirrors were 

fabricated and successfully used in microcavity experiments. Furthermore, the pro-

cess is very flexible and mirrors were formed on top of tapered glass fibers, in glass 

slides, silicon and on tips of AFM cantilevers. Such small micromirrors, especially 

in scanning geometry on SPM cantilevers, pledge many interesting applications and 

will have an impact on ultrasensitive sensing. 

• The contribution to the silicon nanowire publication has shown that EBSD does not 

need perfectly polished smooth surfaces. The existence of grain boundaries inside 

single wires and the fact that they don’t interfere with the ion etching has shown that 

periodic, high-quality SiNWs can be fabricated in cheap multicrystalline silicon thin 

films. The publication itself gathers large interest and is already cited more than 40 

times. 

• The just published InN nanowire growth study focuses on one of today’s most inter-

esting topics in photovoltaics: hot carrier solar cells. They belong to the so-called 
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‘third generation’ of solar cells and have the potential to overcome the Shockley-

Queisser limit, promising conversion efficiencies of > 40 %. The CL study, con-

ducted by the thesis author, shows high optical activity of the nanowires and a high 

charge carrier concentration, which are important properties for hot carrier solar cells.  

• The technical impact can be summarized as follows: The thesis author equipped, su-

pervised and operated one of the most complex analytical FIB/SEM systems that 

exist. The variety of publications shows that such a system is not only multifunc-

tional, but also deserves its nickname ‘Swiss Army Knife of Nanoscience’. At the 

same time, the single parts of the system remain easy enough to operate, so that stu-

dents can work with them after a short introduction. Only the exploitation of several 

techniques at once and their correlation requires a high amount of expertise. Surpris-

ingly, the Lyra 3 system requires only little maintenance compared to other micro-

scopes with such an amount of equipment. With contributions to nearly 20 publica-

tions in five years, the system has proven its impact on successful and powerful lab 

instrumentation. 

4.2 Outlook 

Correlative microscopy has become an intensively discussed topic on the microscope 

market. It is boosted by the fields of medicine and biology that finally start to understand 

the advantages of combining electron with light microscopy. Materials science also ben-

efits from complex microscopes with several add-ons. All large FIB-SEM producers now 

offer systems like the Lyra 3 prototype that can be equipped with all kinds of analytics. 

The advantages are obvious: Instead of several microscopes that need resources, room 

and service, one well-equipped microscope offers economic savings while additionally 

increasing the scientific possibilities.  

The UnivSEM project, which was shortly presented in this thesis and in the appendix, 

already shows the potential of the Lyra 3 follow-up: Optical integration into an SEM is 

not in a prototype state anymore and has become a powerful commercial product. The 

Tescan GAIA 3, the successor of the Lyra 3, offers the possibility to add all relevant 

analysis techniques at the same time or to combine any desired subset of detectors [45,65]. 

The UnivSEM partner Witec offers the Raman add-on for microscopes from Tescan and 
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Zeiss [66]. The company Delmic offers optical integrations for in-situ fluorescence mi-

croscopy and angular-resolved cathodoluminescence that can be retrofitted onto existing 

microscopes [67]. Moreover, the advancement of TOF-SIMS instruments promises im-

provements in the resolution of elemental distributions and enables fast 3-dimensional 

tomography [68]. Another trend is automatization: Many regular tasks such as TEM la-

mella fabrication have recently become fully-automatic procedures. Scripting interfaces 

enable the user to create his own automatic routines.  

On the microscope side, the most promising developments are the helium ion microscope 

[25,69], mirror-corrected SEMs [70] and multi-beam SEMs [71,72]. Especially the he-

lium ion microscope offers important advantages compared to standard SEMs. In theory, 

the resolution can reach values as small as 0.3 nm, which is particularly interesting for 

biological samples [73,74]. The possibility of charge compensation by using an electron 

flood gun enables the simple imaging of non-conductive samples. The small interaction 

volume near the sample provides for ultra-precise nanostructuring with feature sizes < 5 

nm [75]. The Zeiss Multi-SEM uses 91 parallel electron beams for simultaneous high-

resolution imaging of large areas such as biological microtomes or integrated circuits 

[71,76]. 

Such instruments will help researchers to investigate materials on an unprecedented level 

of detail and will advance our understanding of the micro- and nanoworld. 

4.3 Conclusions 

The work presented in this cumulative thesis has demonstrated the flexible application of 

a prototype FIB-SEM microscope equipped with several standard and prototype analyti-

cal add-ons in the field of nanophotonics. The author has fabricated delicate nanostruc-

tures with high finesse for plasmonic and nanophotonic applications. Moreover, he inves-

tigated nanostructured, energy-related nanomaterials with correlated methods and has ad-

vanced their understanding. Thereby, it was shown that a multifunctional FIB/SEM ide-

ally fits into a scientific infrastructure as it is the case at the nanophotonics-focused Max 

Planck Institute for the Science of Light and that it supports the research in all fields 

related to nanoscience and nanotechnology. 
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5.1.1 Supplementary Information 

Fabrication and characterization of plasmonic nanocone antennas for 

strong spontaneous emission enhancement 

Details about the etching procedure and their influence on cone dimensions 

The several etching steps for the cone fabrication are shown in figure 1 in the main doc-

ument. Here, we go more into technical details to enable a reproduction of our experi-

ments. The Tescan Lyra FIB software typically works with etching depths by using a 

materials library with etching rates, instead of ion doses, which are not very intuitive. The 

etching rate for gold is defined as 1.469 µm³/nA/s. Steps 1 and 2 are the same for every 

kind of cone array and use a dwell time of 100 ns and an etching depth of 150 nm and 20 

nm, respectively. In both steps the ion beam is circularly scanned with decreasing radius 

in a single pass from the outside to the inside. The optional step 3 uses a circular pattern 

with a diameter of 400 nm, a dwell time of 20 ns and an etching depth between 1 – 30 

nm. This step is crucial for the final cone height, but also slightly affects the final diameter 

and thus the aspect ratio. Step 4 reduces the diameter of the basic cones from 200 nm to 

the desired diameter by using an etching comparable to step 1, but with smaller dimen-

sions (outer radius 150 nm, inner radius 40 – 80 nm) with a dwell time of 100 ns, etching 

depth of 100 nm and single-pass scan from the outside to the inside. This step creates 

cones with variable diameter, but when the inner radius becomes small, the height of the 

cones is also reduced due to parasitic etching in the tail of the Gaussian shape of the beam. 

Step 5 uses a greyscale etching, which is described in detail in the next section. The steps 

1, 2 and 3 use 30 pA ion beam current, while steps 4 and 5 use 1 pA and a smaller aperture 

to achieve the highest resolution. 

The cone array presented in figure 4a in this study was prepared by the following settings:  

• Step 1: rough etching with 150 nm etching depth 

• Step 2: 2x cleaning of redeposited material with 20 nm deep etching 

• Step 3: thinning from 0 to 27 nm in 3 nm steps 

• Step 4: fine etching with 200 nm outer and 40 nm inner radii 

• Step 5: greyscale etching with 40 nm depth at white values 
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Only step 3 was varied to achieve cones with different sizes and plasmon spectra with 

different resonances. The effect of this variation of 0 to 27 nm in height reduction can be 

seen in figure S3 in this supporting material. The cones in the array shown in figure 4c 

are reproduced following the recipe for cone 8 of the first array, thus with a thinning step 

of 21 nm etching. 

Greyscale focused ion beam etching 

In figure 1a of the main document the etching procedure is described. In step 5 a final 

etching is mentioned that sharpens the nanocones by using a greyscale bitmap etching. 

Figure S1 shows the used pattern. It consists of a rotational-symmetric pattern with white 

value on the outside and black value in the inside. The greyscale etching routine assigns 

the full exposure to white pixels and no ion beam exposure to black values. Every grey-

scale value between black and white is getting a linearly dependent ion beam dose be-

tween zero and the dose assigned to the white value. This pattern exploits the Gaussian 

shape of the ion beam to indirectly polish and sharpen the tip of the nanocone. The SEM 

images in figure S1 show similar nanocones before and after the greyscale etching step. 

Typically, the curvature radius is divided in half by using this step. 

 

Figure S 1: Left: Greyscale bitmap image that is used in the last etching step to sharpen the tip. Black means 
no etching while white means full exposure. Every grey value between black and white gets a linear de-
pendent etching dose between black and white. Right: SEM images of identical nanocones before and after 
the greyscale final etching step. The cones lose a small amount of size, but most important their tip becomes 
much sharper. 
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High resolution SEM characterization 

The characterization of the dimensions of the nanocones was performed inside a field 

emitter Tescan Lyra 3 FIB/SEM in which also the FIB preparation was performed. SEM 

imaging was done at 10 kV acceleration voltage and 55° sample tilt with activated tilt 

correction to measure the real dimensions. 

 

Figure S 2: High resolution FE-SEM images of several cones and measurements of cone height, base di-
ameter and tip curvature radius. These cones were fabricated from an Au layer with an initial thickness of 
160 nm. 

Figure S3 shows the fitted values for height, base diameter and tip radius as well as the 

aspect ratio of cones. These values differ only slightly from the initially measured values. 

 

Figure S 3: Plot of fitted height, base diameter and tip diameter of the cones determined by simulation of 
the measured resonance spectra. The aspect ratio (height/base) is varied between 1.4 and 0.8, which was 
not possible with other techniques before. For small cones, the tip curvature radius is below 20 nm. 
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Gallium ion distribution in gold 

To evaluate a possible contamination of the gold nanocones with the gallium from the 

FIB we performed calculation with the software SRIM (stopping and range of ions in 

matter). The simulations shown in figure S4 suggest that the cones will have an outer 

shell with gallium contamination and increased defect density. These findings could con-

tribute to the non-ideal shape of the measured plasmon spectra compared to the simulated 

spectra. 

 

Figure S 4: Gallium ion distribution in gold. The mean ion range is below 10 nm. Thus, the cones will have 
an outer shell that will be contaminated with gallium and that will show increased defects due to replace-
ment collisions or the generation of vacancies. 
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5.3.1 Supplementary Information 

New insights into colloidal gold flakes: structural investigation, micro-

ellipsometry and thinning procedure towards ultrathin monocrystalline 

layers 

Micro-Ellipsometry 

Figure SII 1 shows a detailed sketch of the micro-ellipsometry measurement setup. 

 

Figure SII 1: Schematic of the working principle of the Accurion imaging ellipsometer "nanofilm ep4" used 
for the spectroscopic measurements of the ellipsometric parameters Ψ and Δ in the middle of the investi-
gated Au flake. 

Simulations of ion beam damage and electron probing depth 

To investigate the depth distribution of damage generated by the focused ion beam during 

the thinning process, the open source software SRIM-2013 (Stopping and Range of Ions 

in Matter) was used. In the simulation 100.000 Ga+ ions with energy of 30 keV were shot 

into gold. The blue curve in figure SII 2 shows the damage distribution (vacancies gener-

ated by ions and recoils). To answer the question if the EBSD measurements probe the 

damaged region or if it is capable of probing the underlying undamaged volume, the free 

software Casino_v2.4.8.1 was used. The green curve in figure SII 2 shows the depth dis-

tribution from which primary backscattered electrons reach the surface and can theoreti-

cally hit the phosphorous screen of the EBSD detector. Since Monte Carlo simulations 
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do not take the crystal lattice into account (which generates the Kikuchi patterns), this 

simulation is only a rough estimation, but in general it can be stated that the electrons 

probe only a very shallow depth of 10-20 nm, which is also the depth with the most ion 

beam generated damage. Therefore, we can conclude that the single-crystallinity, which 

we measured in the thinned antennas, is a real feature and not an artifact from a deeper 

probing than damaging. 

 

Figure SII 2 Normalized ion beam damage (vacancies) and backscattered electron depth distribution in 
gold, derived from SRIM and Casino software. 

Generation of ultrasmall and 3-dimensional features 

Since the etching rate in monocrystalline gold is very homogeneous, even very small 

differences in etching depth can be realized. To demonstrate the possibility of ultrasmall 

thickness differences, we etched a 2 x 3 µm² small Mona Lisa into a gold plate. Therefore 

we used a special feature of the Tescan Lyra FIB software, where a greyscale image is 

translated into etching parameters. The maximal etching depth for this structure was 

20nm (equals white in the greyscale bitmap file) and was reduced to 0nm (black in 

greyscale file) in 256 steps (8bit). Figure SII 3 shows the result of this experiment and 

can be called the „smallest Mona Lisa in the world“. In a sputtered layer of gold such a 

precise generation of a nanostructure with fine details would not be possible as shown in 

the main manuscript.  
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Figure SII 3: Left: Colored SEM micrograph of the fabrication of a Mona Lisa image in a monocrystalline 
gold plate. The extreme homogeneous etching enables the generation of structures with very fine details 
and thickness variations. Right: Fabrication of 3-dimensional bowtie antennas in a thick flake. FIB-etched 
Inclined and smooth edges are only possible in monocrystalline material. 

Thinning Process 

For the thinning experiment we chose a very large triangular flake with an edge length of 

70 µm. Figure SII 4 shows the chosen flake with the performed experiments. In the be-

ginning the necessary dose to etch through the flake was determined by rectangles with 

increasing ion dose (upper left), then the first thinning and structuring process was done 

in the lower right, but due to an attached gold particle and parasitic growth coming from 

that particle, this area was thicker than the rest of the flake. The final pattern, which was 

also analyzed by EBSD and shown in the main article, was written on the right side of the 

flake. 

 

Figure SII 4 Colored SEM micrograph of a large gold flake on which the thinning and structuring experi-

ments shown in this article were performed. 
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Effects of purification 

In the main text we shortly mention a purification after the synthesis. Here, we show the 

impact of centrifugation and careful dropcasting of the flakes. Figure SII 5 shows a good 

and a bad example for deposition of flakes and for contamination with other particles than 

flakes. 

   

Figure SII 5: The left image is a good example for a high flake-to-particle ratio and flat lying flakes. The 
right image demonstrates a bad purification, which leads to agglomeration and a bad flake-to-particle ratio. 

Additional TEM investigations 

We have performed additional high-resolution TEM (HRTEM) investigations to further 

prove the existence of twins already before the FIB cutting for a detailed defect analysis. 

The HRTEM results (see Figure SII 6) confirm that the flake is twinned. As expected, the 

Fast-Fourier Transformation (FFT) of the HRTEM image gives comparable results ob-

tained from electron diffraction analysis shown in Figure 1d in the main manuscript. 

Furthermore, we have carried out a high-resolution scanning TEM (HRSTEM) analysis 

of the Au flake cross-sections that were initially prepared by the shadow FIB technique 

for a conventional TEM analysis shown in Figure 2 in the main manuscript. Figure SII 7 

shows two HRSTEM images of an Au flake, which contains a twin and a flake without 

twins. 
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Figure SII 6: left: HRTEM image in [111] viewing direction of a gold flake suspended on a copper / carbon 

TEM grid. Right: FFT of the HRTEM image on the left. In agreement with the electron diffraction pattern 
shown in Figure 1d in the main manuscript, the FFT exhibits the same formally-forbidden reflections next 
to the regular reflections. 

 

 

Figure SII 7: Left: HRSTEM image of a Au flake in cross section, which contains one twin. Right: 

HRSTEM image of a Au flake that contains no twins. 
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