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Abstract

The helium droplet synthesis approach is already a well established method
for the production of tailored nanoparticles. With their unique properties the
helium droplets serve as a pristine nanolab, in which a wide range of different
nanoparticle types can be synthesized. In a reproducible and reliable process e.g.
core@shell particles are formed by subsequent doping with two different metals.
The approach has the advantage of dispensing no chemicals or other additional
additives besides the high purity metals and the superfluid helium matrix. Due
to features arising from the superfluidity, also elongated nanorods and nanowires
can be formed. All those shapes and a variation of sizes are readily accessible by
adjusting a small set of parameters at the apparatus.

The present thesis focuses on the advance of the synthesis approach from
pure fundamental research aspects towards possible applications. Several in-
vestigative methods were employed on the produced nanoparticle samples for
the first time, in addition to the well established analysis by scanning transmis-
sion electron microscopy: electron energy loss spectroscopy, surface enhanced
Raman spectroscopy, photoemission electron microscopy, ultraviolet photoelec-
tron spectroscopy, two-photon photoelectron spectroscopy, and XUV absorption
spectroscopy. It is shown that the helium droplet approach is suitable for the
formation of plasmonic active structures like Ag@Au core@shell nanoparticles
with a shifting localized surface plasmon resonance in dependence of the material
ratio. Also the combination of a plasmonically active Ag core with a stable and
uniformly shaped ZnO shell is examined in detail. Furthermore, the search
for new substrates is covered with the first reported application of ultra-thin
hexagonal boron nitride in nanoscale plasmon spectrosocpy.

Overall, the reported new material combinations and the experimental up-
grades towards the production of high density nanoparticle surfaces on various
substrates are likely to draw the attention of a wider audience towards the in-
triguing possibilities the helium droplet synthesis approach offers. The findings
in this thesis will build a foundation for future application-oriented research.
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Kurzfassung

Die Heliumtropfchenmethode ist ein bereits sehr gut etabliertes Verfahren zur
Herstellung von mafigeschneiderten Nanopartikeln. Die Heliumtropfchen mit
ihren einzigartigen Eigenschaften agieren dabei als ultra-reine Nano-Labore in
denen eine grofie Vielfalt an verschiedenen Nanopartikeln hergestellt werden
kann. So kdénnen zum Beispiel Core@Shell Partikel in einem sehr zuverldssigen
Prozess durch das aufeinanderfolgende Dotieren mit zwei verschiedenen Me-
tallen synthetisiert werden. Ein grofier Vorteil dabei ist, dass keine Chemikalien
oder andere Zusitze verwendet werden miissen. Fiir die Synthese werden nur
hochreine Metalle und die suprafluiden Tropfchen benétigt. Aufgrund von
speziellen Eigenschaften, die sich aus der Suprafluiditit ergeben, konnen auch
langliche und fadenférmige Partikel geformt werden. Um bei der Herstellung
zwischen den verschiedenen Formen und Grofsen zu wechseln, ist es ausreichend
einige wenige Parameter an der Apparatur zu verdndern.

Die vorliegende Doktorarbeit beschéftigt sich vor allem mit dem Voranbringen
dieser Methode in Richtung moglicher Anwendungen. Abseits der etablierten
Rastertransmissionselektronenmikroskopie wurde dazu eine Reihe von Mess-
methoden erstmals an den synthetisierten Nanopartikeln durchgefiihrt: Elek-
tronenenergieverlustspektroskopie, oberflichenverstarkte Ramanspektroskopie,
Photoemissionselektronenmikroskopie, UV-Photoelektronenspektroskopie, Zwei-
Photonen Photoemissions-Spektroskopie und XUV Absorptionsspektroskopie.
Auflerdem wird gezeigt, dass sich die Heliumtropfchenmethode ausgezeich-
net fiir die Herstellung von plasmonisch aktiven Strukturen wie etwa Ag@Au
Core@Shell Nanopartikeln eignet. Diese zeigen auch eine verdnderliche Reso-
nanz der lokalisierten Oberfladchenplasmonen in Abhédngigkeit vom Verhiltnis der
beiden Metalle. In einem weiteren Experiment wurde ein plasmonisch aktiver Ag
Kern mit einer sehr gleichmafliigen ZnO Schicht ummantelt und analysiert. Mit
der erstmaligen Anwendung von ultra-diinnen h-BN Schichten in der Plasmonen
Spektroskopie auf Nano-Ebene wird auch die Suche nach neuartigen Substraten
thematisiert.

Insgesamt ldsst sich mit den vorgestellten neuen Materialkombinationen, der
Weiterentwicklung der Heliumtropfchenmethode und den vielversprechenden
Moglichkeiten, die damit einhergehen, ein breites Publikum ansprechen. Die
préasentierten Ergebnisse bilden damit eine Grundlage fiir zukiinftige Experi-
mente, die noch stédrker in Richtung anwendungsorientierter Forschung gehen
werden.
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1 Introduction

1 Introduction

1.1 Motivation - Nanoparticle synthesis and analysis

There is one main motive for almost every kind of research and entrepreneurship:
curiosity. It gives us all the necessary motivation and probably is the most human
trait of all. Curiosity powered the rise of the human species right from the
beginning. There were always people, who were not satisfied with the current
state, who were sure that things could be changed and improved. This is as true
for modern societies as it was for the hunters and gatherers of old. Curiosity
prevailed as an incitement towards any exploration of the new and unknown.
Especially in fundamental research it is of utter importance that we want to shed
light on unknown things and that we are driven by our own curiosity.

Nano-science excited the curiosity of scientist constantly over the past decades,
since it is the realm where familiar concepts about materials and matter have
to be reconsidered. Today, it is not a scientific niche anymore, structures and
particles on the nanoscale are a main field in research and are present in ev-
eryday life. Therefore, it is more important than ever to learn about properties
of nanomaterials. The Institute of Experimental Physics at Graz University of
Technology acquired expertise in the production and analysis of metallic nanopar-
ticles with diameters below 10 nm since the helium droplet synthesis laboratory
was established in the year 2011. In a well controlled process, nanoparticles of
varying shapes and sizes can be synthesized within superfluid helium droplets.
This scheme features several advantages in comparison to e.g. wet chemical
fabrication routes. Throughout the whole process, only the high purity helium
and the metals are present and there are no further additives like solvents or
surfactants involved. Also, there is no need for the development of new synthesis
routes for every employed material. The helium droplet approach is, in principle,
working with almost every metal. Furthermore, the shape and size of the synthe-
sized nanoparticles can be readily adjusted over a wide range and the tailoring
of core@shell particles, composed of two different metals, is a straight forward
process. Those are good reasons why the helium droplet synthesis approach
should be of interest for a wide audience in modern-day nanoparticle research.

In the past, the main research goal was to gain basic knowledge about the
process, its parameters, and the quality of the formed nanoparticles. During that
time, mostly Ag and Au species were produced and analyzed by means of scan-
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1 Introduction

ning transmission electron microscopy (STEM). In recent years, however, the focus
shifted from pure fundamental research aspects towards possible applications.
To this end, the portfolio of employed analytical methods was greatly expanded
by the addition of surface enhanced Raman spectroscopy (SERS), electron energy
loss spectroscopy (EELS), XUV absorption spectroscopy, and photoemision elec-
tron microscopy (PEEM). At the same time, the selection of materials used for
nanoparticle formation was broadened by a stepwise exchange of the easy to
handle noble metals Ag and Au with e.g. Fe, Ni, Co, or Zn.

The present thesis focuses mostly on the tailoring of sub 10 nm plasmonic
nanoparticles and the implementation of the above mentioned measurement
methods. The concept of coupling light to nanostructures and nanoparticles via
their plasmonic properties received increased attention, since there is a wide
tield of possible applications opening up, especially in sensorics. Therefore, both
the fabrication and the reliable investigation of plasmonic nanoparticles were
explicit goals of the conducted experiments. For the investigation of Ag@Au
core@shell nanorods by means of EELS an ultra-thin hexagonal boron nitride
substrate was developed and used in plasmon spectroscopy to improve the ob-
tained signal quality [1]. In a further study on Ag@Au core@shell nanoparticles
the localized surface plasmon resonance was tuned by a variation of the material
ratio. By depositing those particles samples with a high surface coverage were
produced for the first time to utilize them as substrates for SERS, which is a
well established technique for sensor applications [2]. As a next step the Au
shell was replaced by ZnO with the formation of plasmonically active Ag@ZnO
nanoparticles [3]. Measurements were conducted in the newly established PEEM
laboratory and comprised ultraviolet photoelectron spectroscopy (UPS) and two-
photon photoemission (2PPE) spectroscopy. Besides the plasmonic nanoparticles,
CoO nanowires were investigated with a particularly interesting method: pulsed
XUV absorption spectroscopy [4]. The successful measurement was the first one
conducted on a comparable nanoparticle substrate.

In related articles further investigations were carried out on the influence the
electron beam in STEM has on small metallic nanoparticles [5], or on nanoscale
alloying processes in the Ag-Au system [6]. Furthermore, spectroscopy of atoms
and oligomers directly in the helium droplets is still an important branch of
research. Transitions in Au were investigated by resonant two-photon ionization
spectroscopy [7]. In another exemplary work, measurements on the core location
in Ni@Au core@shell nanoparticles were conducted and compared to molecular
dynamics simulations to closely investigate the relevant diffusion processes [8].

With all those interesting research possibilities at hand, there is a good chance
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1 Introduction

that curiosity will also be excited in a future generation of scientists and PhD
students engaged with the helium droplet synthesis approach.

1.2 Thesis Structure

This doctoral thesis is organized in a cumulative way and centered around the
already published work of the author. Those peer reviewed papers are reprinted
with permission of the respective journals and are presented in Chapters[3-[6l
At the beginning of the according chapters the contribution of all co-authors is
disclosed in detail. To provide context for the four publications, an elaborate
introduction into the fundamentals of the employed experimental setups is given
in Chapter[2l The conjunctive topic of all four papers is the fabrication of tailored
nanoparticles with the helium droplet synthesis approach and the subsequent
analysis of those nanoparticles with a varying set of spectroscopic methods. De-
tailed information on the relevance and the spectrum of possible applications
for the different nanoparticle types is given in the introductions of the respective
chapters.

Chapter[3] contains information about the synthesis of plasmonically active
Ag nanoparticles and Ag@Au core@shell nanorods in the sub 20 nm size regime,
which were deposited on a specially prepared ultra-thin hexagonal boron nitride
(h-BN) substrate [1]. In close cooperation with the Institute of Electron Microscopy
and Nanoanalysis at Graz University of Technology that substrate was chosen be-
cause of its excellent properties for electron energy loss spectroscopy (EELS). The
nanoparticles were investigated with scanning transmission electron microscopy
(STEM), EELS, and energy dispersive X-ray spectroscopy (EDS), confirming the
advantages of the h-BN substrate. Furthermore, maps of the localized surface
plasmon resonance (LSPR) of the nanoparticles were obtained.

In the second paper presented in Chapter[d, the Ag@Au core@shell system
was further investigated regarding its plasmonic properties [2]. By varying the
Ag:Au ratio of the nanoparticles the LSPR becomes tunable in between the res-
onances of pure Ag and Au. For this experiment, besides STEM, a new set of
analytical methods was used. After deposition of the nanoparticles on fused
silica slides, the plasmon resonance was first measured by means of UV /vis ab-
sorption spectroscopy. In a second step those nanostructures were functionalized
with 4-methylbenzenethiol (4-MBT) molecules and analyzed by surface-enhanced
Raman spectroscopy (SERS).
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In a next step, the range of materials for nanoparticle synthesis was further
expanded beyond noble metals. Preliminary experiments were conducted with
various metals and their oxides. For the publication presented in Chapter[5)
Ag@Zn0O core@shell nanoparticles were synthesized and investigated [3]]. Zinc
oxide is not only a very popular material in a wide range of scientific fields, but
also turned out to form very uniform shells in our synthesis process. This is
proven for spherically shaped particles and elongated wire-like structures by
STEM imaging. The newly established energy-filtered photoemission electron
microscope (EF-PEEM) facility was used to obtain further information about
the oxidation state of the ZnO shell by ultraviolet photoelectron spectroscopy
(UPS). Furthermore, the plasmonic properties of the Ag cores were investigated
by two-photon photoelectron spectroscopy (2PPE), also employing the EF-PEEM
facility and the second harmonic of a Ti:Sapphire laser system.

Finally, with nanowires made of cobalt another metal and its oxide were
investigated in the publication presented in Chapter[6|[4]. Nanowires were syn-
thesized employing the helium droplet approach and deposited on special Si3Ny
substrates. They were characterized by STEM and EDS, including an analysis
of their oxidation state. In cooperation with the Lawrence Berkeley National
Laboratory in California a high-order harmonic generation (HHG) based laser
source was used for conducting table-top ultrafast XUV spectroscopy. The experi-
ment confirmed the feasibility of this measurement scheme for nanoparticles with
sub-monolayer surface coverage by yielding spectra with assignable absorption
features.
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Within this chapter the experimental methods, which form the basis of this
work, are presented and explained. An elaborated overview on the synthesis
approach and all the employed analytical methods and setups is given. The author
gained experience concerning these methods, but in most cases measurements
were conducted together with experts in the respective fields to ensure that the
obtained results are of high quality and fulfill the scientific standard. Exceptions
are the nanoparticle synthesis and the field of photoemission electron microscopy,
where the author built his own expertise. However, discussions with co-workers
and colleagues at the institute happened at all stages of the experiments and were
always appreciated and helpful.

2.1 Helium droplet synthesis approach

The helium droplet synthesis apparatus is the central experiment for the work
present in this thesis. All of the publications revolve around the nanoparticles
produced with the setup in Cluster Laboratory III at the Institute of Experimental
Physics. In the following chapters the basic concepts of the helium droplets, the
synthesis approach, the apparatus, and the surrounding laboratory facility will
be explained. In 2011 the basic structure of the experiment was transferred from
Bochum to Graz and in the following construction phase, lasting for about two
years, it was adapted and rebuilt for its new purpose. This was done by the
group of Prof. Wolfgang E. Ernst, namely by the former PhD students Alexander
Volk [9] and Philipp Thaler [10] with support from the master student Johannes
Steurer [11]] and several bachelor students. More details and elaborated insights
into the build-up process can be found in their respective theses. Moreover,
they have authored a detailed manual on the handling of the apparatus and the
laboratory equipment. The manual is attached to their PhD theses [9)/10] and
served as a basic guideline for following generations of scientists. Also Martin
Schnedlitz, Maximilian Lasserus, and Roman Messner need to be mentioned
in connection with Cluster Laboratory III. All three worked, together with the
author, at the apparatus during their master theses and subsequent PhD theses.
Though everyone was engaged with slightly different topics, they formed a
team that further evolved the helium droplet synthesis approach and opened up
different fundamental research fields with the synthesized nanoparticles.
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2.1.1 Helium and helium droplets

The first evidence for the existence of helium was observed in 1868, when a bright
yellow spectral line at 587.49 nm was found in the solar spectrum by several
researchers. The credit for this discovery was given to Jules Jansen and Norman
Lockyer and the latter named the new element after the Greek word for sun.
Since 1895, when William Ramsay first isolated helium on earth, the noble gas
was thoroughly investigated and found to possess some surprising properties.
There are two stable isotopes of helium: *He and *He. Since the *He isotope is
very rare, the experiments covered in this work were conducted with “He. The
use of helium or He in this thesis is therefore always related to *He. Because of
its weak dispersion forces, He exhibits the lowest boiling point of all elements
with T = 4.2K and remains liquid down to 0K when kept at atmospheric
pressure [12]. Besides that, the phase diagram of He, depicted in Fig.[I} shows
another peculiarity: the A-point at 2.17K [13]. Upon being cooled below this
temperature He enters the so-called He II phase, where it drastically changes
its properties and becomes superfluid. In this state, discovered in 1938 [14,[15],
the viscosity of He is close to zero and its specific heat conductivity reaches

extraordinarily high values [13]].
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Figure 1: The logarithmic phase diagram for *He shows the so-called A
transition between the liquid He I and He II phase. Reprinted from Ref. [13],
with the permission of AIP Publishing.

Because of its intriguing properties, He played an important role in funda-
mental research. Becker et al. managed to produce the first condensed He beam
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in a free jet expansion in ultra-high vacuum (UHV) [16] and over the years the
understanding of He droplets (Hey) was increased as their properties were thor-
oughly investigated. An important further step was the finding that Hey are able
to pick up almost all atomic and molecular dopants upon contact. Hydrogen,
alkali metals, and several alkaline earth metals are exceptions, they reside on
the droplet surface instead of being immersed into the volume [17]. Pickup of
foreign species is essential for the application of helium droplets in spectroscopy
and nanoparticle synthesis, as will be discussed within the next chapter.

2.1.2 Helium droplet synthesis apparatus

In the following, Cluster Laboratory III and the Heyn apparatus are introduced
in more detail. Also the fundamental concepts concerning beam generation and
nanoparticle formation are explained within the context of the experimental
realization. Details on the laboratory infrastructure may be found in Refs. [9}[10].
The apparatus is mounted on a massive steel framework and accessible from
all sites. All vacuum pumps are controlled centrally and an electronic fail-safe
system is in place to prevent damages in case of power outages or problems with
the cooling water supply. The overview schematic in Fig.[2 gives an impression
of the three chamber setup and includes the relevant features of the apparatus [10].

In the source chamber of the apparatus the Hexn beam is created by supersonic
expansion of high purity (99.9999%) helium through a cooled nozzle into the
high vacuum of the chamber (=~ 10~° mbar). The gaseous helium is kept under a
stagnation pressure of py = 20 — 60bar and is directly supplied to the nozzle, a
platinum microscope aperture with a 5 ym diameter, situated on a copper block.
The end of the supply pipe and the copper block with the nozzle are cooled
down to Ty = 4 — 10K. Cooling is achieved with a closed cycle refrigeration
unit (Sumitomo RDK-408D2) and the temperature is measured with a silicon
diode temperature sensor (Lake Shore Cryotronics Inc., model DT-670B1-BO) that
directly feeds the measured value to an electronic control system (Eurotherm
3500). With this feedback loop a power resistor is regulated to heat against the
refrigeration unit, which would otherwise cool the nozzle to 3.8 K. The well
adjusted system actively stabilizes the temperature with an accuracy of +0.02K
during the experiments [9]. Temperature stability is important for controlling
the Hey size. As shown in Fig. the mean number of helium atoms in a single
droplet and thus its diameter depends directly upon Ty and py [18]. By controlling
the two parameters a wide range of droplet sizes is accessible.

For discussing the three depicted regimes of operation in Fig.[3 the expansion
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Figure 2: Schematic of the He droplet apparatus consisting of source chamber

~

(SC), pickup chamber (PC), and diagnostics chamber (DC), separable by gate
valves (3) and (8). The Hen beam is produced by expansion through a cooled
nozzle (1) and collimated by skimmers (2) and (7) and an aperture (9). Doping
is enabled by a gas pickup cell (5) and the resistively heated evaporation cells
(4) and (6). For in-situ diagnostics a time-of-flight mass spectrometer (10), a
quartz crystal microbalance (12), and a quadrupole mass spectrometer (13)
are available. Substrates for deposition can be inserted via the fixed holding
system (11) or the UHV transfer system (14). Modified from Ref. [10].

process of the helium into vacuum will be explained according to Refs. [17,/18].
During the expansion the gas flow reaches supersonic speed, if the relation of
gas pressure to vacuum pressure is high enough. In this quasi adiabatic process
the internal energy of the gas is shifted towards translational kinetic energy and
the beam becomes strongly directional with a very narrow velocity distribution.
Under "subcritical" conditions, corresponding to the condensation of gas regime,
the collisional cooling of the helium precedes the clustering. Once clusters were
formed, they are cooled down further to 0.37 K by evaporative cooling. Therefore,
for nozzle temperatures above ~ 10K in Fig.3| the Hen growth is dominated
by atomic collisions during the gas expansion. For nozzle temperatures below
~ 4K, in the "supercritical" regime of the Rayleigh break-up, a jet of liquid
helium expands through the nozzle and breaks up into larger droplets. As a
simplified analogon, a stream of water upon leaving the faucet shows similar
behavior. Nozzle temperatures in between lie in the fragmentation of liquid
regime, where the liquefied share is fragmented by the gaseous part of the
helium. In all three regimes the formed Hey are evaporatively cooled to the
above mentioned 0.37 K. The temperature was experimentally confirmed from
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Figure 3: The Hey size, represented by the mean number of *He atoms Nj
and the liquid-droplet diameter Dp, as a function of the the nozzle temper-
ature Tp and the stagnation pressure pg. The three regimes of operation,
namely condensation of gas, fragmentation of liquid, and Rayleigh break-up,
are temperature dependent and schematically depicted close to the according
measurement data. Reprinted from Ref. [18], with permission of John Wiley

& Sons, Inc.

spectra of immersed SFs molecules [19] and even the surface temperature agrees
with this value as measured from Zeeman spectra of alkali dimers [20]. The
droplets reach the superfluid He II state as long as the number of clustered He
atoms exceeds ~ 60 [21]. Typical beam velocities of Hey lie between 200 and
400m/s.

For most of the experiments discussed within this thesis a parameter set
of 20bar and 6-8K was used, working in the fragmentation of liquid regime
with Hey diameters around 100nm. Only for the synthesis of nanowires the
Rayleigh break-up regime was reached, with 20bar and 4-5.4K, yielding the
largest droplet sizes with about 1 ym in diameter. The Hey size naturally limits
the overall amount of dopant atoms that are picked up and the nanoparticle
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growth, as will be discussed in more detail later on.

A further feature that influences the particle growth process, especially in
larger droplets, is the occurrence of vortices within the Hey. The concept will be
outlined according to Ref. [22]. Angular momentum taken up by the droplets
upon expansion through the nozzle cannot be transferred into a rotation once
they are cooled below 2.17K because of the insignificant viscosity in the He
IT phase. Still, the conservation of angular momentum is essential and, thus,
vortices within the droplets are generated. In a superfluid medium the vortices
are quantized by quanta of circulation. A vortex usually carries one quantum
of circulation, but also the sharing of a quantum by two vortices is possible. A
transfer of large angular momenta to the superfluid leads to the formation of
multiple vortices, which preferably order in a hexagonal array. An important
property is the pressure gradient surrounding a vortex that is directed towards its
core [23]. Atoms or particles immersed in the superfluid are captured and move
towards the vortex core. The impact on nanoparticle growth will be discussed in
the following paragraphs.

After its generation in the source chamber, the Hen beam is directed through
a skimmer with a diameter of 0.4 mm into the pickup chamber. Here, only a small
portion in the center of the beam is allowed to pass. The rest of the helium stays
in the source chamber and is pumped out a by large oil diffusion pump with a
throughput of 120001/s. The dimension of the pump allows to keep the pressure
steady in the high vacuum range despite the constant flow of pressurized helium.
The propagation direction and angle of the Heny beam can be adjusted with a
tripod that holds the cooled nozzle setup.

In the pickup chamber, kept at a pressure of ~ 10~ mbar, the Hey are doped
by passing through three especially designed pickup cells. As shown in Fig.[2
there are two evaporation cells and a gas pickup cell in between. The evaporation
cells consist of resistively heated tungsten baskets coated with aluminum oxide
(Ted Pella Inc., Prod. No. 84-27), situated on water-cooled base-plates and covered
with water-cooled copper shields. Each cell is connected to a power supply
(EA-PS 9080-100) and individually controlled. The temperature is determined
indirectly by an in-situ measurement of the tungsten baskets resistivity, which
has a known temperature dependence. High purity metals are filled into the
baskets and heated until the partial vapor pressure in the cells is high enough
for pickup to happen, usually starting at ~ 5 x 107> mbar. As mentioned above,
metal atoms are picked up and immersed in the Hey upon contact.

The amount of doped material can be controlled by the temperature of the
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evaporation cell and the Hey; size. For small Heyn (Tp > 10K) and low doping
rates, small clusters, oligomers, dimers, or even single atoms are formed [7]. Once
within the droplet, the dopants are cooled down to the helium temperature, but
otherwise the interaction with helium is negligible. Therefore, the Hey serve as
an ideal matrix for spectroscopic investigations and are already well established
in this role [17,/18],24].

Due to the superfluidity of the Hey;, the dopant atoms can move unobstructed
through the droplets and accumulate to clusters upon statistical collisions [25|26].
The cluster growth starts with multiple centers before they further agglomerate
and grow until they form nanoparticles with several hundreds or thousands of
atoms. As droplet size and dopant vapor pressure are increased nanoparticle
growth is supported. In the apparatus the final nanoparticle size cannot be
measured directly, but by capitalizing on the fact that He is evaporated from the
droplets upon the cooling of dopant atoms. About 1600 He atoms are lost per
1€V of dissipated energy [18]. Therefore, the overall decline in He measured at
the quadrupole mass spectrometer (QMS) at the end of the beam path in the
diagnostics chamber can be linked to the immersed amount of dopant atoms
and the nanoparticle size [27]. For a skilled operator the attenuation of the
He signal is the most important parameter for a controlled and reproducible
nanoparticle synthesis. Note that a rather broad size distribution of the fabricated
nanoparticles is inherent to the approach because of the lognormal distribution
of the droplet sizes [28].

As indicated above, the nanoparticle growth in larger Hey produced in the
Rayleigh break-up regime is strongly guided by vortices within the droplets.
Upon pickup the atoms and clusters accumulate along the cores of the vortices. If
enough dopant metal is supplied, elongated nanowires are formed with lengths
up to several hundred nm and high aspect ratios [27,29-31].

For nanoparticle and nanowires of any size and shape it is readily possible
with the helium droplet approach to form core@shell structures with two different
metals. The first and the second evaporation cell are filled with the respective
core and shell materials. Upon passing through the pickup cells the Hey are
subsequently doped with the metals. Once the beam reaches the second cell the
cores have already formed and the shell atoms attach to the existing particles
[1-3}/6]. Compared to other synthesis techniques the approach is very versatile.
Moreover, switching between the different formation modes is facile and takes
only minutes once the beam is aligned and the evaporation cells are prepared.

The additionally available gas pickup cell consists of a steel cylinder with a
small hole on each end to let the Hey pass through. A gas can be supplied over
an attached line, which is connected to a separately pumped reservoir on the
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outside. In principle, materials with high vapor pressure, e.g. organic molecules,
can be doped into the Hey for spectroscopic measurements or to attach them to

metallic nanoparticles.

The diagnostics chamber, at a base pressure of ~ 5 x 1079 mbar is the last
section of the apparatus reached by the Hen beam. At this stage the nanoparticles
are already formed and still immersed within the superfluid droplets. The
diagnostics chamber contains a set of analytical tools for the conduction of in-situ
measurements on the Hen and the nanoparticles. The above mentioned QMS is
almost exclusively used for monitoring the He attenuation resulting from particle
growth.

The quartz crystal microbalance (QMB) can be moved into the beam path and
is utilized for determining the mass deposition rate. This is especially important
for the preparation of substrates with high surface coverages. Because of the low
mass flow in the range between 107> and 1073 ug/(cm?s) typically reached by
the helium droplet approach, the QMB needs to be very sensitive. It monitors
the resonance frequency fy of an oscillating quartz crystal, which undergoes a
change of Af upon an applied change in mass Am. In the Sauerbrey equation in
Eq.[I] the correlation is stated, containing the piezoelectrically active area A, the
density of the quartz p;, and the shear modulus of the quartz i, [32]:

A \/Pq g

To allow for high resolution measurements of the mass deposition the QMB is

Af =

kept at a constant temperature of 35°C with a directly attached small light bulb.
The temperature is measured with a thermocouple and stabilized by an electronic
teedback loop.

The final step in the production of nanoparticles is the deposition onto a
suitable substrate. Therefore, the substrate needs to be positioned in the Hey
beam path. A fixed holding system, that can be rotated and tilted for positioning,
is available right in front of the QMB. It is optimized for holding circular amor-
phous carbon substrates with a diameter of 3 mm, used primarily for transmission
electron microscopy. It has the disadvantage that a big flange on the side of the
chamber has to be unscrewed and opened for every sample transfer. Afterwards,
the chamber also needs to be baked to reach the desired base pressure again. As
a major improvement in sample handling the UHV transfer system, described in
the following Chapter[2.1.3| was established.
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Regarding the deposition process, the Hen provide another beneficial side
effect by cushioning the impact of the nanoparticles on the substrate surface
in a so-called soft landing process [33-35]. Upon termination of the beam
on the substrate the droplets hit the surface with velocities of up to 400m/s,
disaggregating the Hey and leaving the metallic nanoparticles undamaged. The
cushioning effect also contributes to keep ultra-thin substrates, like amorphous
carbon, hexagonal boron nitride, or SizNy with a thickness of only about 10nm,
intact [1,[3]. Besides the mentioned thin substrates employed for transmission
electron microscopy or XUV absorption spectroscopy, also other materials like
p-type Si, Au coated Si, fused silica, or glass slides with indium tin oxide (ITO)
coating were used to terminate the beam and receive the nanoparticles.

2.1.3 UHV sample transfer system

The UVH sample transfer system is an essential part of the experimental setup and
was upgraded several times to function with various kinds of substrates. It mainly
consists of a vacuum suitcase (Ferrovac GmbH, NexGeneration UHV Suitcase)
that allows for storage and transport of samples under full UHV conditions. The
suitcase volume is passively pumped by a non evaporable getter (NEG) pump
keeping the pressure in the low 10~!Y mbar region. For regeneration the system
needs to be baked regularly, while it is pumped with an external turbomolecular
pump. On one side a DN40CF flange is sealed with a gate valve, which can be
attached to any suitable vacuum chamber. A 700 mm wobble stick with a pincer,
controlled by magnetic coupling from the outside, can be used to introduce
substrates into the Hen beam path. It is not flanged directly to the diagnostics
chamber, but to a transfer chamber that can be vented and pumped separately
without breaking the vacuum in the apparatus. Bigger substrates like fused
silica slides can be prepared in the transfer chamber and then picked up with
the wobble stick for deposition. Sample holding systems were built to allow
for storage of several electron microscopy substrates at once and subsequent
deposition onto them.

The suitcase includes a storage shelf for up to three small sample plates used
in the NanoESCA photoemission electron microscope, cf. Chapter[2.6] This allows
for the UHV transfer of prepared nanoparticle samples directly to the NanoESCA,
where also a small and independently pumped transfer volume is used to connect
the suitcase. While transported, the NEG pump runs on a battery for up to 48 h.
This allows, in principle, for the transfer of samples to external laboratories and
partners under clean vacuum conditions.

With the implementation and stepwise upgrade of the UHV transfer system

Doctoral Thesis Page 13 of 158



2 Fundamental Concepts and Experimental Methods

sample handling was tremendously simplified and the experimental efficiency
was boosted. Several samples can be prepared at once and the small transfer
volume can be pumped and baked over night. Pumping and baking of the whole
diagnostics chamber, on the other hand, can take up to two days depending on
the degree of contamination.

2.2 Electron microscopy

For conducting high quality research on nanoparticles it is essential to have
measurement techniques at hand which can provide information down in the
nm range and below. Though, there is a lot of methods to gain information, it
is favorable to obtain images of the particles. This way it is possible to make
assumptions on their size, shape, and even their morphology. Microscopic
imaging methods are thus an important part of research on the nanoscale. The
author had the opportunity to closely work together with experts at the Institute of
Electron Microscopy and Nanoanalysis (FELMI) at Graz University of Technology.
This experimental cooperation and its results form the backbone of the work on
different nanoparticle systems.

Advances in microscopic imaging methods were always big steps for science
as a whole. It became possible to verify theoretical predictions and also find
completely new insights by looking closer and closer into matter itself. Thereby,
the Abbe diffraction limit, cf. Eq.[2} gives a minimum for the resolvable distance
d with the wavelength A, the refractive index of the medium 7, and the half-angle
6 [36].

A

d:2-n~sin(9)

(2)
A real leap in the technological evolution of microscopy was the development
of electron microscopes back in the 1920s and 1930s [37]. Up to that point the
resolution in light microscopy was limited in the range of 100nm. By using
accelerated electrons instead of photons the resolution was, in principle, suddenly
reduced down into the sub nm regime. This is due to the very short de Broglie
wavelength Asp of the electrons. Ajp can be derived via Eq.[3| with the Planck
constant /1, the mass of the electron m,, and the acceleration voltage U [38]].

h
V2 -me-U

There are instrument related limitations like the mechanical stability of the setup,

(3)

Agp =

the quality of the electron source, or aberrations of the employed electromagnetic
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lens systems, but in state of art transmission electron microscopes it is already
possible to investigate nanoparticles in quasi-atomic resolution.

A vital part of every electron microscope is the electron source. In a standard
setup the source is a hot cathode, made of a tungsten filament or a lanthanum
hexaboride crystal, which is heated and emits the electrons. In more sophisticated
setups a field emission gun (FEG) is employed for cold emission, where electrons
are ripped from a fine tungsten tip by means of applied high voltages. This
method yields a narrower but less intense electron beam. A combination of both
types is the heated FEG, known as Schottky emitter, which uses zirconium oxide
as source material and has the advantage of higher beam intensities. The electron
beam, at typical energies of several 10keV to several 100 keV, then passes through
a set of electromagnetic condenser lenses and is, thereby, focused to a spot size in
the nm range or below.

2.21 Scanning electron microscopy

In a scanning electron microscope (SEM) the focused primary electron beam is
moved over the sample surface by scanning coils or deflector plates, allowing
for a deflection of the beam in both the x and y direction. During the scan the
beam stops in between for short times. The information gathered at every stop
corresponds to one pixel in the final SEM image that is formed by scanning a
rectangular area line by line. Upon impact the primary electrons interact with the
sample material. They are repeatedly scattered within the pear-shaped interaction
volume up to several ym deep into the specimen. Thereby, they can be elastically
scattered and leave the sample again as so-called backscattered electrons (BSE)
or they exchange energy with the sample by undergoing inelastic scattering
processes, resulting in the emission of secondary electrons (SE) and photons.
There are different detection methods for obtaining information from scattered
electrons. BSE still posses high energies after elastic scattering with the specimen
atoms and escape the sample from depths up to several 100nm [39]. They are
most frequently scattered back under wide angles close to 180°, almost parallel to
the primary beam. Therefore, the semiconductor detectors, which are normally
used, are positioned in a toroidal arrangement around the primary electron
beam straight above the specimen. The images acquired by BSE detection are
used to gain information about the composition of the sample. Elements with
higher atomic numbers appear brighter because they backscatter more electrons
than light atoms [39]. For obtaining images with surface contrast, on the other
hand, SE are used. SE are ejected upon inelastic scattering with the primary
electrons, which are lower in energy and mostly originate from depths of only a
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few nanometers below the sample surface [39]. Because of the shallow escape
depth, kinks and edges on the sample surface appear brighter and give the
image a strong 3D character. For detection an Everhart-Thornley detector [40]
is used. A positively biased collector grid attracts the SE. Then they are further
accelerated onto a scintillator and the emitted photons finally produce a signal in
a photomultiplier. The Everhart-Thornley detector is usually positioned only on
one side of the sample. Besides the electron detection, there is also the possibility
to use the characteristic X-ray signature of elements to find out about the chemical
composition of the sample. The high energetic photons are a byproduct of the
interaction of the primary electrons with the sample and can be detected by an
X-ray detector (cf. Chapter[2.2.3).

Modern SEM systems reach resolutions down in the nm range. This is still
not good enough to image details from the nanoparticles produced by the helium
droplet synthesis approach, where the whole particle is just a few nm in diameter.
Nonetheless, it is sufficient to obtain overview images, which can be used to
roughly estimate the surface coverage or even the particle sizes and shapes,
especially for larger wire-like nanoparticles. A main constraint for the use of
an SEM is the need of a conductive substrate to avoid charging effects through
accumulated electrons on the surface. If the substrate is conductive and the
nanoparticle surface coverage is below a monolayer, the particles themselves can
be non conductive. This was the case for the experiment presented in Chapter[5)
where SEM was used to obtain images from Ag@ZnO core@shell nanoparticles
and nanowires on an indium tin oxide (ITO) surface [1]]. Part of the SEM image of
a nanowire sample taken during this measurement is shown in Fig.[d The inlens
SE detector of a Zeiss Sigma 300 VP SEM operated at an acceleration voltage of
15kV and a working distance of 2.3 mm was used to obtain this image.

As discussed above, the resolution is not good enough to make out details
in Fig.[d, but the overall shape and size of the wire-like nanoparticles can be
estimated and deduced from such SEM images. For a thorough evaluation it is
important to take the artificial broadening due to the electron interaction volume
into account. The secondary electrons, which are detected and form the image,
originate from an expanded volume around the impact area of the incoming
primary electron beam. SEM, as a complementary imaging technique, can be
especially useful, if the specimen is not suitable for scanning transmission electron
microscopy (cf. Chapter[2.2.2), as it is the case for the above mentioned sample
where the ITO film is situated on a glass slide.

To demonstrate the capabilities for smaller particles, Fig.[5| shows part of a
SEM image of sub-10nm Ag and Au nanoparticles on a silicon nitride support.
Again, the nanoparticles appear artificially enlarged, but the image allows for a
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Figure 4: SEM image of Ag@ZnO nanowires on an indium tin oxide (ITO)
surface. The elongated wire-like structures are clearly visible and a rough
characterization of shape and size is possible. The thickened agglomerations
of material form when nanowires are deposited on top of each other because

of the statistical nature of the deposition process.

good estimation of the overall number and distribution of the deposited particles.
The small bright spots can be well distinguished from the darker background.

Figure 5: Detail from an SEM image of Ag and Au nanoparticles with a low
coverage on a silicon nitride support. Individual particles give a bright signal
and can be clearly distinguished from the background.
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Overall, SEM is a good solution for doing overview characterization of
nanoparticle samples, especially, because images can be acquired comparably fast.
This method requires less effort for sample preparation compared to transmission
electron microscopy, which will be explained in the next chapter.

2.2.2 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) has several advantages com-
pared with the above mentioned SEM, when approaching the nm regime. STEM
has become a standard method for the analysis of nanoparticles and nanostruc-
tures and is part of all of the author’s publications within the scope of this
thesis [1-4]. The working principle is essentially the same as for SEM: an electron
beam is accelerated from a source with voltages up to 300 kV and focused with
electromagnetic lenses onto a sample. But instead of detecting the backscattered
and secondary electrons, information is obtained from changes in the primary
electron beam after it passes through the sample. The specimen has to be very
thin, usually thinner than 100nm depending on its composition. Despite this
constraint concerning the sample configuration, STEM could, even in its early
states, produce images with an unprecedented resolution. Already in the early
70s, single heavy atoms were imaged on thin carbon substrates [41]. From that
point the resolution was gradually improved by enhancing the major components
and using very efficient monochromators to narrow the energy spread of the
primary beam [42]. An important step towards today’s high resolution STEM
was the correction of spherical aberration (Cs), leading to resolutions in the
A range [42,43] and further down to an information limit of only 0.5 A, enabling
the assignment of single atoms [44] and leading to new possibilities in materials
science [45]].

As mentioned above, there are constraints regarding the sample thickness and
constitution when approaching atomic resolution. Therefore, sample preparation
is an important part of the experimental work. Bulk samples can be prepared
by e.g. cutting slices with a thickness of only a few 10nm with a focused ion
beam (FIB). Looking at nanoparticles simplifies the procedure, since the particles
themselves have diameters of only several nm. They need to be deposited on
a suitable ultra-thin substrate. Depending on the experiment, there are several
commercially available options. The most widely used is an amorphous carbon
layer on a holey carbon support with a backbone made of Cu or Au, but other
materials like silicon nitride or boron nitride can also be used (cf. Chapter[3) [1].

For the acquisition of a micrograph the primary electron beam is deflected
by deflector coils and scans over the specimen in x- and y-direction. It stops
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regularly for a predefined acquisition time and every halt corresponds to a pixel
in the obtained image. Upon passing through the sample, the electrons of the
primary beam interact with the specimen matter and can be scattered or absorbed.
Afterwards, the transmitted electrons reach the detectors, which are positioned in
the back focal plane of the objective lens. There are usually two different imaging
modes available: bright field (BF) and dark field (DF) imaging. The electron
detectors for the acquisition of BF images are situated centrally in the path of the
directly transmitted electrons. Therefore, bright pixels in the images correspond
to a high intensity of electrons passing through the specimen unhindered or
scattered under small angles. For acquisitions in DF mode, on the other hand,
the detectors are positioned further from the center, allowing for a collection of
electrons scattered under wider angles. For this work images were usually taken
in the so-called high-angle annular dark field (HAADF) mode, where inelastically
scattered electrons at high angles, usually over 5°, are detected [46]. HAADF is
very sensitive to the atomic numbers (Z) of the specimen atoms, since with higher
Z an increasing number of electrons is scattered to wider angles. Therefore,
HAADEF leads to a Z-contrast in the image, where atoms with higher atomic
numbers appear brighter, and allows for high resolution [47]. It has the further
advantage that because of the annular assembly of the detectors, the transmitted
primary beam can pass to the electron energy loss spectroscopy detector, allowing
for a simultaneous acquisition of an image and spectral information.

For the acquisition of high-resolution STEM images not only the detection
mode and the sample constitution are relevant, but also the environmental
conditions. Disturbances and perturbation due to mechanical vibrations, electro-
magnetic fields, acoustic waves, and unstable humidity or temperature need to be
subdued and minimized to achieve significant results [48]]. Especially temperature
dependent drift of the sample holder or the support grid can be a problem, even,
if the laboratory conditions are sufficiently good.

As an example for STEM imaging on the nanoscale, an HAADF image of
Ag@ZnO core@shell nanoparticles is shown in Fig.[el This micrograph was
acquired with a probe-corrected FEI Titan® 60-300 STEM with an X-FEG field
emission source operated at 300 kV. Details on the particle synthesis and their
morphology can be found in Chapter[f| This image also serves as a good example
for the HAADF Z-contrast. The core material, Ag with an atomic number of 47,
appears comparably bright and can be clearly separated from the surrounding
ZnO shell, which is distinctly darker. Zn and O with atomic numbers of 30 and 8,
respectively, are abundant in a ratio of 1:1 leading to an average atomic number
of 19 for the ZnO shell area. The background of amorphous carbon appears again
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gradually darker, since C has an atomic number of 6. Because of the elemental
contrast, the composition of the core@shell nanoparticles can be examined with
the STEM micrographs. In the case of Fig.[f] the spherically shaped Ag cores
are distinctly separated from the ZnO shell, which is very equally distributed
around the cores with an uniform thickness. The visibility of the core in the
images is probably the most important advantage of STEM regarding the analysis
of core@shell nanoparticles. Most analytical methods are surface sensitive and
can not penetrate deep into the sample. With STEM, on the other hand, the
information from all of the sample’s volume is collected and the final image
represents a 2D overlay, where for one pixel all of the atoms in the way of the
electrons contribute to the final signal. The abundance of information naturally
impedes the interpretation of the obtained images. Therefore, expertise and
experience are important for a thorough evaluation of STEM micrographs.

Figure 6: Detailed STEM HAADF image of spherically shaped Ag@ZnO
nanoparticles on an amorphous carbon support. The Z-contrast of the imag-
ing mode is obvious, as the heavier Ag atoms in the core appear brighter the
the lighter Zn and O atoms in the shell.

There are advanced possibilities for the acquisition of information with a
STEM, e.g. tomography to gain 3D information on the nanoparticle shape by
tilting of the sample holder or the use of a heatable support grid to learn
about the temperature dependence of the particle properties and their alloying
behavior [6}/8,30,/50]. Further important analytical methods are energy dispersive
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X-ray spectroscopy and electron energy loss spectroscopy, which will be explained
in the following Chapters and

Besides the mentioned benefits of STEM, there are, of course, also disadvan-
tages. Depending on the acquisition time and the electron dose, the incoming
high energy electrons can alter or even destroy the specimen. Electron beam
induced dynamics may cause displacement of surface atoms or sputtering ef-
fects [5]], leading to altered alloying behavior or melting points. Nanostructures
are more susceptible to such effects than bulk materials. To reduce the impact
of the beam, the electron dose can be adapted or the accelerating voltage can be
reduced [1]. Hydrocarbons pose another challenge, since they can be precipitated
on the sample surface by the beam hindering the acquisition of high resolution
images. Here, the helium droplet synthesis approach has advantages due to the
absence of solvents, surfactants, or organic spacer molecules during fabrication,

cf. Chapter

2.2.3 Energy dispersive X-ray spectroscopy

A standard analytical method for the characterization of a sample’s chemical
composition, available in most types of electron microscopes, is energy dispersive
X-ray spectroscopy (EDS). Upon stimulation by the incoming beam electrons,
the specimen atoms emit characteristic X-rays. Those photons have sharply
defined energies and can be unambiguously assigned to a specific atom species,
identifying or even quantifying the present chemical elements [39]. For the
emission of a photon the interacting beam electron must have enough energy
to excite a ground state electron from an inner shell of the specimen atom. The
resulting vacancy is filled by an outer-shell electron, which moves from a higher
energy level to a lower one and emits its excess energy as an X-ray photon.
For an efficient excitation process the beam energy should amount to at least
twice the critical excitation energy of the respective atomic shell [39]. Beside the
characteristic X-ray fingerprint of the specimen, the beam electrons additionally
generate bremsstrahlung, thereby, creating a continuous background spectrum.
This spectral background strongly influences the detection limit for abundant
chemical elements in the specimen.

For the detection of X-ray photons direct semiconductor detectors are inte-
grated in the microscopes. Within the doped silicon or high purity germanium
detectors the photons are converted to electron-hole pairs and create a charge
pulse proportional to the photon energy. Since the photon energy of characteristic
X-rays is in the range of keV, up to several thousand electron-hole pairs may be
generated. After the obtained signal is amplified and processed, it can be directly
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related to the photon energy [51]. To keep the noise level low semiconductor
detectors are often cooled with a liquid nitrogen reservoir. For the more modern
silicon drift detectors (SDD) cooling is no longer necessary [52]. The typical
energy resolution of the detector systems lies in the range of 120-140eV [51].

In a scanning microscope, like a SEM or STEM system, EDS analysis can be
conducted pixel by pixel, enabling the mapping of the occurrence of a certain
element with spatial resolution. Since EDS data collection and micrograph acqui-
sition can be done in parallel, it is even possible to project information about the
chemical composition directly onto e.g. an HAADF image. The spatial resolution
of the EDS data can be lower than for the corresponding micrograph because of
an extended interaction volume in width and depth. X-ray photons originating
from deeper within the sample are additionally reduced in intensity because they
are subjected to absorption processes during their propagation to the surface.
This is particularly problematic for lower photon energies [39].

In Fig.[7]an exemplary EDS spectrum of Ag@ZnO nanoparticles, deposited on
an amorphous carbon support, is shown. It was acquired with an FEI Super-X
four-quadrant detector in a probe-corrected FEI Titan® 60-300 STEM. An HAADF
micrograph of the analyzed area can be found in Fig.38|(a) in Chapter[5] The
spectrum was further processed and used for the generation of the spatially
resolved EDS maps in Fig.[38|(b)-(d), mapping the distribution of Ag, Zn, and
O with respect to the HAADF image to conclusively prove the formation of
Ag@ZnO core@shell particles. In Fig.[7]the characteristic peaks of several elements
are present in the collected energy range up to 10keV and marked by colored
vertical lines. Via lookup tables the peaks can be attributed to elements and level
transitions: C K, at 0.277 keV (black line), O K, at 0.523keV (green line), Zn L,
at 1.012keV (red line), Si K, at 1.740keV (grey line), Au M at 2.120keV (golden
line), Ag L, at 2.984keV (blue line), Zn K, at 8.637 keV (magenta line), and Au
Ly at 9.712keV (orange line). The peak around 0keV is attributed to noise from
the acquisition electronics. Because of the high count numbers for the C K, and
the O K, peaks with about 22 700 counts and about 600 counts, respectively, the
spectrum is cut on the y-axis to facilitate a presentation of the smaller peaks.
All the other elemental peaks are fully displayed. In the whole spectrum the
background from bremsstrahlung, as mentioned above, can be observed and it
increases towards 0keV. The still very common Siegbahn nomenclature was used
for naming the peaks. The capital letter gives the atomic shell, where the original
ionization occurs, and the following Greek letter in subscript denotes to the order
of relative intensity for the different transitions into this shell [39]. It should be
mentioned, that there is an alternative nomenclature from IUPAC, which will not
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be further discussed here.
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Figure 7: EDS spectrum of Ag@ZnO nanoparticles on an amorphous carbon
support, as acquired by STEM. The characteristic X-ray peaks are marked with
colored lines and attributed to the respective elements and level transitions.

From the peak assignments in Fig.[7] it is clear that the chemical elements
found in the sample by means of EDS are C, O, Zn, Si, Au, and Ag. Since the
sample under investigation consists of Ag@ZnO nanoparticles, the occurrence
of silver, zinc, and oxygen is expected. A high carbon peak was expected as
well, because the substrate, on which the particles reside, is made of amorphous
carbon. The appearance of gold can be explained with the backbone grid of the
sample support, which was in this case made of Au. If one uses a copper support,
residues of Cu would be found instead. Silicon on the other hand should not be
present on the sample, but is almost always found on this kind of substrates. The
ultra-thin amorphous carbon layer is grown on a Si surface and there are residues
left from this process. It further stands out that the Si peak and especially the C
peak are very high compared to the other elements. This is explainable by the
low surface coverage with nanoparticles. The bigger part of the scanned area
comprises only of the amorphous carbon substrate. Finally, all the occurring
elements are accounted for, but a certain experience in the evaluation of the EDS
data is necessary to avoid misinterpretations.

2.2.4 Electron energy loss spectroscopy

The second important spectroscopic technique employed in STEM is electron
energy loss spectroscopy (EELS). The technique has already been known since
its development back in the 1940s [53], but had its breakthrough only in the
late 20th century, when the technology in electron microscopes was rapidly
advancing and modern day instruments became widely available. As mentioned
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above, the electrons of the incoming beam can undergo inelastic scattering events
upon their transition through the sample. The exact amount of energy lost
because of inelastic scattering can give valuable insight into the origin of this
loss. There are various possibilities for inelastic interactions like e.g. inner shell
ionizations, band transitions in conductors, and phonon or plasmon excitations.
Characteristic energy losses in the transmitted electrons can thus be linked to
the chemical composition or the electronic structure of the sample [54]. The
energy resolution of EELS spectra in a modern system can go down below 0.1 eV,
whereas the method strongly profited from the development of highly efficient
monochromators [42]. The high lateral resolution of acquired EELS data in
aberration corrected STEM systems even allows for the investigation of single
atoms [55]].

For the discrimination of electrons according to their energy a magnetic prism
is used. Within a uniformly applied magnetic field the electrons are forced on
circular trajectories by the Lorentz force. The radius R of the trajectory is then,
according to Eq. 4, determined by the kinetic energy of the electron Ej;;, with the
mass of the electron m,, the elementary charge ¢, and the applied magnetic field
B being constant [36].

R — V2 me - Egiy

B (4)

The overall deflection by carefully shaped electromagnetic polepieces is typically
90° and the electrons are discriminated according to R and, therefore, to their
energy Ey;,. An important second function of the magnetic prism is the focusing
of the electrons. They may enter the spectrometer not perfectly perpendicular,
but under a small angle. That changes their path length within the magnetic
field and gives rise to an increase or decrease in the deflection angle. This way
the electrons with equal energy but varying incoming angles are focused to a
single point. The formed spectrum is finally projected on an electron detector and
subsequently collected by a charged-coupled device (CCD) sensor. The entrance
aperture for the spectrometer is positioned centrally below the sample. This
allows for a simultaneous usage of the HAADF detectors (cf. Chapter[2.2.2),
giving the advantage that EELS data can be mapped directly to a correlating
HAADF micrograph. More detailed information about the EELS spectrometer,
including schematics, can be found in Ref. [54].

The described EELS detection method allows for an assessment of the kinetic
energy of the collected electrons. To provide absolute values of the energy loss,
the measured energy needs to be subtracted from the incident energy Ep. As
point of reference for this procedure the zero-loss peak (ZLP) in the acquired
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spectrum can be utilized. The ZLP is a dominant feature in the spectrum and
corresponds to the electrons which passed through the sample without losing
any energy. In the final spectrum the ZLP needs to be centered at 0 eV of energy
loss to ensure a valid assignment of other features. The energy loss is typically
plotted on the positive x-axis with the count of detected electrons, corresponding
to a certain energy loss, on the y-axis. Peaks and features in such a graph can be
related to the events on which the electrons released that energy. Examples for
EEL spectra and the information they contain, e.g about the chemical composition
or the specimen thickness, can be found in Figs.[25 26][27, and 28] in Chapter[3|

As mentioned, the ZLP is quite dominant in the spectrum and potentially
hides interesting features close to it in the low loss region of EEL spectra, where
especially plasmonic peaks can be found. In contrast to the high energies neces-
sary for the ionizations of inner shells, the excitation of plasmons in the sample
just needs small amounts of energy, which is provided by the passing electrons.
For bulk materials the peaks are well detectable because of the vast amount of
specimen matter. For nanoparticles or nanostructures, on the other hand, things
look different. The little volume and low thickness of investigated materials in
such samples complicate the acquisition and evaluation of EELS data. To provide
easier access to weak plasmonic peaks, ultra-thin hexagonal boron nitride was
employed as a new kind of substrate for nanoscale plasmon spectroscopy and
tested with Ag and Ag@Au nanoparticles synthesized with the helium droplet
approach [1]. The thinner the underlying substrate, the better the signal to noise
ratio for the EELS information acquired from the particles. Furthermore, boron
nitride has the advantage of a wide bandgap, which keeps the background signal
from the substrate in the low-loss region of the EEL spectra low. Details about
this experiment may be found in Chapter[3]

2.3 Localized surface plasmon resonance

A plasmon, in short, is the quantum of a collective excitation of the conduction
electrons and, thereby, a quasiparticle for an oscillation of the electron density
with respect to the positive ions in metals [56]. The displacement of the electron
cloud from the equilibrium position can be seen in analogy to a real plasma. In
more detail, plasmons are classified as bosonic quasiparticles because of their
well defined frequencies [57]. The bulk plasma frequency of the free electron gas
wp can be derived using Eq.[f with the number of electrons per volume unit 7,
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the electron charge e, its effective mass m,, and the vacuum permittivity €.

n-e2

(5)

“r= Me - €0

Using w, within the context of Drude-Sommerfeld theory yields a frequency
dependence of the dielectric constant €(w), where its real part becomes negative
for frequencies smaller than the plasma frequency, which includes the infrared
and visible range. A consequence thereof is a high reflectivity of metals for visible
light, though the theory needs to be expanded by taking the response of bound
electrons into account. Those can undergo interband transitions and, thereby,
modify the dielectric function of real metals [58}/59].

Within the bulk of a metal only longitudinal charge oscillations are possible,
so called volume plasmons, which can be excited by particle impact but do not
couple to transverse electromagnetic waves [60]. This changes when the surface of
a real metal is taken into account, since specific plasmon modes at the surface can
be excited by the electric field of electromagnetic radiation [57]. Due to the strong
coupling between the surface plasmon and the incoming photon the resulting
electromagnetic waves traveling on the metal surface are called surface plasmon
polaritons (SPP). To compensate for a momentum mismatch upon the excitation
of a SPP, phase-matching techniques like prism couplers, grating couplers or
other geometric metallic structures and edges can be used [60].

In cooperation with the Nano-Optics Group at the Institute of Physics at
Karl Franzens University Graz a measurement series on the newly established
photoemission electron microscope (PEEM) was conducted to visualize SPPs on
metallic surfaces. Details on the PEEM setup can be found in Chapter[2.6| The
aluminum sample, produced by the Nano-Optics Group by means of electron
beam lithography, contained a series of arrays with triangles in varying sizes and
orientations. Those were illuminated by the second harmonic of a p-polarized
Indigo-S Ti:Sapphire laser system (Coherent) tuned to a wavelength of 385nm
with a pulse duration of 30ns and a repetition rate of 5kHz at a laser power of
5mW. In a two-photon photoemission (2PPE) process (cf. Chapter[2.6.2) electrons
are emitted and collected by the PEEM for visualization. In Fig.[§| triangles with a
side length of 3 ym are exemplarily shown with the laser light coming from the
right side. For the acquisition of this image the energy filter of the PEEM was set
to 4.2eV with a 1750 ym aperture and an acquisition time of 300s.

The edges of the triangles imaged in Fig.[§|serve as starting points for the SPPs,
which are indirectly visualized as a Moiré pattern. The standing waves form as a
superposition of the SPPs and the laser light field. The pattern changes for trian-
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Figure 8: PEEM image of SPPs on an Al surface excited by a 385nm p-
polarized laser beam (coming in from the right side of the image). The
brighter a pixel appears the more electrons are emitted from the according
sample area. From the edges of the triangles SPPs are launched and the
observed Moiré pattern corresponds to a superposition of the SPPs and the
light field of the laser pulse allowing for an indirect visualization of the
propagating SPPs. Modified from Ref. [61].

gles with other orientations and can be theoretically reproduced by considering
the involved wave vectors. Further results and a more detailed explanation can
be found in the Master’s thesis of Thomas Jauk [61]. A more widely used method
for the local excitation and investigation of SPPs is scanning near-field optical
microscopy (SNOM), where coupling is achieved by bringing a confined light
field close to a suitable interface [59].

When there is resonant interaction of the electrons with the incoming photons,
it is called surface plasmon resonance (SPR). In the context of surface plasmons,
the surface needs to be treated as an interface between the metal and the sur-
rounding medium, which is best described by its dielectric function. Any changes
at the interface strongly influence the SPPs and alter the spectral position of
the resonance. SPR sensors utilize those shifts in the resonance to detect the
presence of adsorbed molecules. The method is especially popular in the field
of biochemistry, where it brings the advantage of working without any color
or fluorescent markers [58]. A common way of experimentally realizing a SPR
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sensor setup is the Kretschmann configuration [62], a prism coupling scheme.
In the Kretschmann configuration a thin metal film is evaporated onto a glass
prism. Light is guided through the prism to the back side of the film at an angle
greater than the critical angle of total reflection. The evanescent electric field
excites SPPs on the front side of the metal film at the interface between metal
and adjacent medium, e.g. air or some liquid analyte. The SPP excitation is
visible as a minimum in the reflected beam intensity depending on the angle
of incidence [60]. The position of this minimum can be used as a reliable indi-
cation for environmental changes, allowing for the detection of the absorption
or removal of a target species on metal surfaces with sub-monolayer accuracy [59].

As in many aspects, there are also major differences for plasmons when metal-
lic nanoparticles are under investigation instead of macroscopic samples and
surfaces. Once the size of the examined system becomes much smaller than the
incoming wavelength, localized surface plasmons (LSPs) play a role. Contrary
to the above mentioned SPPs LSPs are non-propagating excitations and can be
excited directly, without the use of any coupling techniques. The oscillating
electromagnetic field effectively displaces electrons in the sub-wavelength sized
conductive nanoparticles, which then are subjected to restoring forces due to
the curvature of the particle surface. The emerging resonance, called localized
surface plasmon resonance (LSPR), leads to an electromagnetic field enhancement
inside the particle and close to its surface on the outside. The quasi-static approx-
imation of the interaction of a spherical sub-wavelength metallic nanoparticle
with a harmonically oscillating electromagnetic field results in the term for the
polarizability « of the particle shown in Eq.[6] [60]. « depends on the radius
of the particle 4, its dielectric function €(w), and the dielectric constant of the
surrounding medium €,, with 2 being the geometrical factor for a sphere.

a:4.n.a3.€(w)—_€m (6)
e(w)+2-€ep
From Eq.[6]it can be deduced that a resonant enhancement of the polarizability is
reached when the denominator goes to zero. For a small imaginary part of e(w)
this leads to Eq.@ the so called Frohlich condition [60].

Rele(w)] = —2-€m (7)
The Frohlich condition describes the dipole mode of the plasmon and predicts a

redshift of the resonance with increasing €,,. If dipole oscillations in spherical
nanoparticles with diameters under about 100 nm are considered, Mie theory
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provides a good approximation for scattering and absorption under irradiation
with visible or near-infrared light. It is often used for the simulation of according
extinction spectra. For experimentally synthesized particles the picture is more
complicated since the extinction bands are strongly influenced by the aspect ratio
of ellipsoidal shaped particles and the particle size. The extinction peak in the
spectrum is broadened and shifted, depending on the uniformity of the produced
nanoparticles as well as on the substrate and the surrounding medium [63]].

UV /vis absorption spectroscopy is a widely used method to determine the
plasmonic properties of nanoparticle samples (cf. Chapter[2.5). Primarily, Au and
Ag nanoparticles are investigated with visible light since for them the Frohlich
condition is met in the visible spectral region. Because of this fact, the use of
colloidal Au in numerous applications, e.g. stained glass or ornamental valuables,
is verified all the way back to the 4™ century. In 1825 Michael Faraday first
related the optical properties to the size of the Au particles [57]. As a further
application, LSPs in nanoparticles play an important role in surface enhanced
spectroscopic methods like metal enhanced fluorescence or surface enhanced
Raman spectroscopy (cf. Chapter2.4). The strongly amplified electromagnetic
field in close proximity of a particle leads to a much stronger Raman signal, since
the Raman scattering signal scales approximately with the fourth power of field
enhancement [63].

Another spectroscopic method, besides UV /vis spectroscopy, allowing for
the excitation and visualization of plasmons is EELS (cf. Chapter[2.2.4). The
fast moving electrons of the primary beam in a STEM system are well suited
for the excitation of plasmons, both in the bulk and on the surface of a metallic
specimen. When the electrons, with energies up to 300 keV, pass through the
sample, nearby electrons are displaced by Coulomb repulsion. Thereby, a region
of net positive potential, a so called correlation hole, is formed trailing behind
the beam electrons and the displaced electrons create plasmons by showing an
oscillatory response. The beam electrons themselves lose energy because of the
backward attractive force of the correlation hole [54]. The inelastic scattering
event upon the creation of a plasmon gives rise to peaks in the according energy
loss spectrum at loss energies corresponding to the plasmon energy E,, shown in
Eq.[8} and its multiples. E, is depending on the plasma frequency w (cf. Eq.[f),
with the reduced Planck constant 7.

E,=h-w, 8)

Already before entering the bulk, the charge of the beam electrons polarizes the
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surface of a metallic specimen, creating longitudinal charge density waves. The
oscillation frequency of those surface plasmons needs to satisfy the boundary con-
dition that the dielectric functions of the specimen and its surrounding medium
add up to zero. For a metal insulator interface with a positive dielectric constant
of the surrounding insulating medium e, this results in a surface plasmon energy
E; described by Eq.[9] [54].

“p

RN ©
For the simple case of a metallic specimen surrounded by vacuum (e, = 1) the
surface plasmon peaks in the EELS spectrum appear at loss energies reduced by
a factor 1//2 compared to E,. It should be noted that not only the constitution
of the sample and the surrounding contribute to the final spectrum, but also
other factors like the incident angle of the electron beam relative to the surface
normal of the sample. By tilting the specimen away from perpendicular incidence,
for example, peaks originating from surface plasmon scattering become more
dominant [54].

Also for the excitation of LSPs in nanoparticles the electron beam can be
used instead of a light source. In the context of this work EELS was employed
to obtain information about the plasmonic properties of single Ag and Ag@Au
core@shell nanoparticles (cf. Chapter [1]. The small size of these particles in the
range of only 10 nm makes it difficult to obtain a reasonable signal to noise ratio.
Besides the development of a specially designed algorithm for data extraction
and background subtraction, the use of an ultra-thin hexagonal boron nitride
(h-BN) substrate was essential for the generation of reliable data. As a result the
resonances of several LSP modes of the nanoparticles could be identified in the
EELS data and finally mapped directly onto STEM images, proving the feasibility
of such measurements also for very small specimen volumes.

2.4 Surface enhanced Raman spectroscopy

The Raman effect was discovered by the Indian scientist C.V. Raman in 1928 [64],
a few years after the theoretical prediction of inelastic scattering of light by
A. Smekal [65]. The effect was named after him and for his discovery Raman
was also awarded the Nobel prize in Physics in 1930, only two years after his
publication. Raman scattering is a form of inelastic scattering by which the
produced secondary photon differs in energy from the primary incident photon.
When the incoming light scatters at matter, the difference in energy is transferred
and corresponds to the vibrational energy of the irradiated molecule or crystal.
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For molecules also the transformation into rotational energy is feasible. Figure[J|
visualizes the process behind Raman scattering on the vibrational levels in a
Lennard-Jones potential curve [51]. In panel (a) monochromatic light with the
frequency vy triggers an excitation from the vibrational ground state into a virtual
unstable energy state, represented by the dashed line. The relaxation from this
virtual state does not bring the system back into the ground state, but into another
vibrational state at higher energies. Because of the smaller energy difference, the
emitted photon posses a decreased frequency vg compared to vp. The so-called
Stokes Raman scattering produces a red shifted spectrum. In panel (b), on the
other hand, anti-Stokes Raman scattering is schematically explained. Here, the
incoming photon is scattered from an excited vibrational state into a virtual state.
Upon relaxation the system goes directly into the vibrational ground state and
the emitted photon has an increased frequency. Therefore, anti-Stokes scattering
produces a blue shifted spectrum.
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Figure 9: Vibrational modes in a Lennard-Jones potential schematically
visualizing (a) Stokes Raman scattering and (b) anti-Stokes Raman scattering.
Reprinted from Ref. [51], with permission of John Wiley & Sons, Inc.

Vibrational Raman spectroscopy is widely used as an alternative to infrared
(IR) spectroscopy. The obtained spectrum for a molecule usually contains a
whole set of bands that serve as a "fingerprint" of the molecule. The measured
intensity is plotted above the Raman shift, which is the energetic difference
between the detected light and the primary photons. Traditionally, the Raman
shift is given in wavenumbers cm !, which equals 1 over the wavelength A. The
interpretation of a Raman spectrum can be difficult, depending on the complexity
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of the molecule, and requires experience and knowledge about the bond structure.
On the example of cellulose in an embedding compound, it is shown in Fig.[10]
how the chemical composition of a sample can be deduced from the Raman
spectrum [66]. By assigning the various stretching and bending vibrations, the
bands disclose information on the H and C bonds and the functional groups
present in the molecule. Because of the unambiguousness of Raman spectra a
comparison to literature or to database entries can be used for the identification
of the specimen. It should be mentioned that not all vibrational modes can be
detected by Raman spectroscopy. Only vibrations, which change the polarizability
of the molecule, are Raman active and give a signal [67].
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Figure 10: Exemplary Raman spectrum of embedded cellulose with all visible
bands assigned. The letter C marks bands originating from the cellulose
molecule while E stands for the embedding compound. Reprinted from
Ref. [66].

Regarding the experimental setup, usually a laser source is used to generate
the monochromatic primary light. Since only the detected shift is plotted in a
Raman spectrum, varying laser wavelengths can be employed. Note that the
choice affects the overall intensity of scattered light, for there is a dependence on
the fourth power of the frequency. Therefore, the collected intensity for red light
will be lower than for a blue laser, e.g. the signal strength ratio for excitation
with 785 nm compared to 514.5nm is 0.18 [51]. In an optical setup the laser is
focused, often through a microscope objective, onto the sample and the resulting
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Raman shifted light is guided through an edge or notch filter into a spectrograph.
The edge filter is important and needs to reflect or absorb the primary laser
light, while it lets the e.g. red shifted Stokes Raman scattered light pass. The
efficiency of such a setup strongly depends on the quality of the filter and the
collection efficiency of the scattered light, which is statistically emitted to all
spatial directions. Overall, the very low yield of linear Raman scattering (about 1
in 10° to 10% photons) is the major obstacle to overcome with this spectroscopic
method. The vast majority of the photons undergo elastic Rayleigh scattering
processes. Further problems in the spectral analysis mostly originate in the high
fluorescence background from the sample or the setup itself, which masks the
Raman spectrum. Red or near infrared lasers are often used because there are
tewer molecules with strong absorptions and fluorescence in these spectral ranges.
A drawback is that, as mentioned above, the intensity of scattered light is thereby
reduced.

Several new techniques and refinements were developed over the years, trying
to improve the efficiency and signal to noise ratio of Raman spectroscopy, some of
which will now be mentioned shortly. Resonance Raman spectroscopy enhances
the intensity of Raman scattering by choosing the primary photon energy in a way
that the virtual level lies nearby an eigenstate of the molecular system. During
electronic excitation certain vibrational modes undergo changes manifesting in
large increases in polarizability and therefore Raman intensity (up to a factor of
10%) [51]. Stimulated Raman spectroscopy is about the resonant enhancement of
certain transitions by introducing a second laser, providing so-called Stokes pho-
tons, besides a high power primary pump laser. When the frequency difference
of the primary photon and the Stokes photon is similar to a possible vibrational
or rotational transition, this transition is enhanced. By scanning the frequency of
the Stokes laser, a Raman spectrum is obtained [67].

A very efficient improvement of the Raman signal up to over six orders of
magnitude can be reached by employing surface enhanced Raman spectroscopy
(SERS), where the investigated molecules are adsorbed on a metal surface. The
exact source of the strong signal amplification with SERS is still a matter of
debate, but there are two main mechanisms that are referred to for a thorough
explanation. The first one attributes the enhancement to the formation of a charge
transfer complex between the adsorbed molecule and the metal. It is bolstered
by the fact that molecules with 7 electron clouds or lone pair electrons show a
comparably strong SERS effect [51]. The, more often mentioned and better known,
second explanation takes the enhanced electromagnetic field on the metal surface
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into account. The incident primary light not only scatters at the molecules, but
also excites surface plasmons at the metal surface or localized surface plasmons
(LSP) in metallic nanoparticles (cf. Chapter[2.3). Thereby, the electromagnetic
tield strength enhancement felt by the adsorbed molecules is maximized, when
the incoming light is in resonance with the plasmon frequency. Not only the
Raman signal is magnified by field enhancement, but also the primary light
before it interacts with the molecule. Therefore, the effect contributes twice
to the overall signal increase [68]. Several further parameters have a strong
influence on the amplification, like the distance from surface to molecule, the
orientation of the molecule, and the surface properties. The electronic structure
of the employed metal is thus important, as is the morphology of its surface,
especially the roughness. As discussed in Chapter[2.3} a structure can be used
to efficiently couple incoming light into the metal surface and excite plasmons.
Metallic nanoparticles residing on the surface can provide such a structure. Once
the nanoparticles become smaller than the wavelength of the irradiating light,
LSPs are excited and contribute to the enhancement. Mostly Au and Ag are
used as SERS substrates, since their plasmon resonances lie in the visible and
near-infrared spectral region.

SERS substrates don’t necessarily need to feature large-scale metal surfaces.
Nanoparticles are well suited as active substrates on their own even when de-
posited on non metallic surfaces. Especially conglomerations of nanoparticles
give significantly larger Raman signal enhancements, if the individual particles
are separated by distances smaller than the wavelength of the primary light. In
this configuration so-called hot-spots form, where the transient dipoles of the
nanoparticles couple and the enhanced electromagnetic fields interfere coher-

ently. For molecules placed at hot-spots enhancement factors of up to 10'2

were
reported, possibly facilitating single molecule detection [63]. SERS opens up a
new variety of applications for sensor systems on the nanoscale, since it allows

for a fast and efficient detection and identification of organic molecules.

In the course of this work, it was tried for the first time to employ Ag@Au
core@shell nanoparticles, produced with the helium droplet synthesis approach,
as substrates for SERS measurements (cf. Chapter [2]. Several samples with
different Ag/Au ratios were prepared on fused silica slides, whereby the lo-
calized surface plasmon resonance (LSPR) of the nanoparticles was spectrally
red-shifted with increasing Au content. For conducting the SERS measurements
the samples were functionalized with 4-methylbenzenethiol (4-MBT). A drawing
of the chemical structure of 4-MBT is shown in Fig.[11} It is a small and simply
built molecule comprising of a benzene ring with a methyl group and a thiol
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group in para positions. The Raman fingerprint of 4-MBT is well known, which
renders this molecule ideal for proof of principle measurements.

CH,

SH

Figure 11: Structural drawing of the Raman active 4-methylbenzenethiol
molecule. 4-MBT is used to for the functionalization of nanoparticle substrates
for conducting the SERS measurements presented in Chapter

For the acquisition of Raman spectra, together with our partners at FELMI,
a LabRam HR 800 spectrometer with a x10 Olympus MplanN objective was
used. It allows for automated scanning of the sample and fast switching between
three different laser sources, supplying monochromatic light with wavelengths of
473 nm, 532 nm, and 633 nm. The unscaled results for 4-MBT molecules attached
to Ag nanoparticles with diameters around 5nm are presented as an exemplary
result in Fig.[12] The other obtained spectra for the SERS measurements on the
synthesized nanoparticle substrates can be found in Chapterfdl In Fig.[12] the
important bands of 4-MBT were assigned by comparison to available literature.
Note that the band at 1080 cm ™! corresponds to a combination of three vibrational
modes, namely a phenyl breathing mode, the C-H in-plane bending, and the C-S
stretching.

In the above mentioned experiment, Raman spectroscopy was combined with
optical microscopy, where the substrate can also be viewed through the objective,
which is used to focus the laser beam onto the surface. A further improvement,
especially for research on small structures and particles, is the combination with
an electron microscope. At FELMI a newly available Zeiss Sigma 300 VP SEM
system is directly connected with a Witec RISE Raman microscope. The sample
holder can be moved from one system to the other, while the exact same position
on the substrate surfaces is kept. This allows for a very accurate selection of
special sites on the substrates, e.g. hot-spots. Possible future experiments on such
a system could give more insight into the quality of nanosized SERS substrates.
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Figure 12: Raman spectrum from a Ag nanoparticle SERS substrate func-
tionalized with 4-MBT. The relevant bands are assigned. Modified from
Ref. [2]

2.5 UV/vis absorption spectroscopy

UV /vis absorption spectroscopy is a well established method for the measure-
ment of a sample’s absorption in the spectral range from the ultraviolet at around
190 nm up to the end of the visible range at about 780 nm, sometimes into the
near infrared above 1000 nm. The absorption is caused by electronic transitions
in the sample material. Strong transitions in molecules from non bonding levels
n to antibonding ¢* levels n — ¢* can usually be found in the range from 150
to 250nm. However, more relevant over a wide spectral range are n — 71* or
T — 7t transitions into the antibonding 77* levels [51]]. In solids, band transitions
between valence and conduction bands or from bands to localized levels con-
tribute to UV /vis absorption, e.g. band gaps of semiconductors are observable
in UV /vis spectra as steep edges in absorption [51]]. For metallic nanoparticle
samples LSPs can be excited and thus show in the absorption spectra as broad
features around their resonance frequency, cf. Chapter2.3l The excitation of
plasmons with visible light is only possible for certain metals including Ag, Au,
and Cu.

The general functionality and overall setup of a UV /vis spectrometer is ex-
emplarily shown with the Shimadzu UV-1800 spectrophotometer. It was used for
all UV /vis measurements in the course of this work, with kind permission from
the Institute of Solid State Physics at Graz University of Technology. This system
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is built in a double beam configuration with two separate photodiode detectors,
allowing for an in situ background correction via a simultaneous measurement
of the absorption of the sample and a reference. The two light sources are a
deuterium lamp for the UV spectral region starting at 190nm and a tungsten
halogen lamp for up to 1100 nm. The switching between both lamps is realized by
a rotating mirror and the switching wavelength can be varied in the range from
295 to 364 nm. A blazed holographic grating is used as a monochromator with
the ability to scan through the whole wavelength region by varying its angle. In
Fig.[I3]a schematic of the full optical system and the beam path is presented [69].

LM

|
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|

|

|

|
. /2 o
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Figure 13: Schematic representation of the optical system in a Shimadzu
UV-1800 spectrophotometer with the following abbreviations: photodiode
(P.D.), lens (L), sample cell (Sam), reference cell (Ref), window plate (W),
beam splitter (B.S), mirror (M1-M5), filter (F), grating (GR), entrance slit (S1),
exit slit (52), deuterium lamp (D), tungsten halogen lamp (WI), and rotating
light source mirror (LM). Reprinted from Ref. [69].

Regarding sample preparation, the analyte is often diluted with a suitable
solvent and filled into a phial, which is placed inside the spectrometer. The same
solvent in an identical container, but without the analyte, is placed in the reference
position of the spectrometer. This allows for an efficient and accurate background
subtraction. Dissolved samples have the advantage that they usually provide
a high optical density, resulting in pronounced spectra. Also nanoparticles are
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usually prepared in the form of a colloidal dispersion, especially when they are
produced by wet chemical routes. Upon fabrication with the helium droplet
synthesis approach, the nanoparticles can only be deposited on a solid substrate.
Since the substrate should be transparent in the whole investigated spectral range,
Corning 7980 fused silica with a thickness of 1 mm is employed. For obtaining
reliable results, it is necessary to keep the surface coverage in the sub-monolayer
regime to prevent conglomeration.

Figure[I4] shows an exemplary set of UV/vis absorption spectra obtained
with the above mentioned Shimadzu UV-1800 spectrophotometer. Ag and Au
nanoparticles of about 5nm in diameter were synthesized with the helium droplet
approach and deposited on a fused silica slide to serve as SERS substrates [2].
Thereby, the obtained surface coverage for a deposition time of four hours was
around 20%. The according experiment is described in detail in Chapter[d A
fused silica slide from the same batch was used as reference and the presented
spectral data is background corrected.
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Figure 14: UV/vis absorption spectra of Ag and Au nanoparticles with
diameters around 5nm deposited on fused silica slides. The broad peak in
each spectrum corresponds to the according LSPR. The maxima of the peaks
are situated at 447 nm for Ag and 544 nm for Au. Modified from Ref. [2].

The blue and orange lines represent the spectra of the Ag and Au nanoparticles.
The peak maxima at 447 nm for Ag and 544 nm for Au are attributed to the LSPRs
of the particles. The relatively broad peak structure indicates a certain size
distribution of the nanoparticles, since the spectral position of the LSPR is size
and shape depended. The particle size distribution is inherent to the helium
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droplet approach (cf. Chapter2.I) and because the deposition is of statistical
nature, also agglomerations on the substrate are likely to happen, even for a low
surface coverage. At close examination, the Au peak appears less symmetric with
a more pronounced tail towards longer wavelengths. This difference probably
originates from the empirically determined effect that for the used synthesis
parameters Ag tends to form very regular spheres. Au, on the other hand,
has a tendency to favor deviations from the perfect spherical shape towards
an elongated axis. Furthermore, though the particle density is the same, the
LSPR peak is more intense for Ag. Silver particles are thus used more often in
sensing applications, although, Au is less susceptible to environmental influences,
especially on the nanoscale.

2.6 Photoemission electron microscopy

The NanoESCA energy-filtered photoemession electron microscope (EF-PEEM)
from Scienta Omicron and Focus GmbH is a new and recently acquired analytical
apparatus at the Institute of Experimental Physics. Together with colleagues the
author was intensively involved in the setup of the new laboratory facility and the
implementation of the NanoESCA system. Within this chapter the measurement
concept, the employed technology, and the most relevant measurement modes
and strategies will be summarized. A more detailed description and a series of
measurement results can be found in the Master’s Thesis of Thomas Jauk [61].

As the name already suggests, a PEEM serves as a microscope system, which
forms images by means of collecting electrons that were emitted from a sample
surface upon irradiation with a light source. A spatial contrast is obtained by
local differences in the electron quantity produced by the photoelectric effect.
Such differences arise due to variations in e.g. material, phase, crystal orientation,
or other properties that affect the electronic structure of the sample surface. The
choice of light source depends on the sample and the analytical technique, as
discussed later on. The photoemission process can be more intuitively explained
by breaking it down to three steps. The first step is the photo-excitation, where
an electron is transferred from an occupied initial energy state of the electronic
system to a final state above the vacuum level via an optical transition. The
probability of a photon to excite an electron is described by the photo-ionization
cross section of the initial state. After photo-excitation the electron can move freely
in the solid and is, in a second step, with a certain probability transported towards
the surface. On the way it can undergo both elastic and inelastic scattering
processes, e.g. on other electrons or defects in the crystal, and change its trajectory.
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Thereby, it makes a difference regarding the obtained photoelectron spectra (cf.
Chapter[2.6.1), if the electron looses energy upon undergoing inelastic scattering
events and contributes to the background signal, or if it is not or elastically
scattered and contributes to a sharp emission line. The intensity Iy of the latter
type of excited electrons is exponentially damped as a function of the depth of
excitation within the solid d, the inelastic mean free path A(Ey;,) in dependence
on the kinetic energy, and the emission angle a with respect to the surface normal.
Eq.[I0]shows the relation to the obtained intensity I [70].

t
[=hrep (_/\(Ekin) : COS(“)) 10

The energy dependence of A is, in a good estimation, described by a universal
curve for all materials [71]. In the relevant energy range around 10 to 20 eV the
inelastic mean free path of an electron is roughly in between 0.1 and 2nm. In
a third and final step, the electron needs to leave the solid by overcoming the
surface potential barrier, which depends not only on the material, but also on
surface adsorbates and external electrical fields. Electrons with insufficient energy
cannot leave the solid resulting in a sharp work function edge in the obtained
spectrum [61,70]. Since the whole NanoESCA system is kept at UHV conditions
(=~ 3 x 10~ mbar), unwanted contributions by adsorbates are minimized.

The concept of the NanoESCA system was introduced by Focus GmbH together
with university partners in 2005 [72]. The already known PEEM technology was
extended by the addition of the imaging double energy analyzer (IDEA). A
schematic of the NanoESCA with the electrostatic lens system and the IDEA
is shown in Fig.[15 in a simplified representation [73]. The basic measuring
concept is explained by means of the three different operating modes available
with this instrument. The explanations in the following paragraphs are based on
Refs. [61,70,73,74]

In PEEM mode, marked with the number 1 in Fig.[15] the system works like
any state-of-the-art photoemission electron microscope. The sample is part of the
objective and pinned to a fixed potential. To allow for that, the sample holder as
well as the sample itself need to be conducting. The emitted electrons from the
sample surface are guided towards the microscope column by an applied voltage
(usually 12kV) between the sample and the subsequently positioned extractor.
To avoid tip effects that could damage the imaging unit because of high electron
intensities (leak current), the sample should also be reasonably flat and clean.
The objective, which includes several more electrostatic lenses, is used together
with the projection lenses (P12) to set the magnification. In the back focal plane of
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Figure 15: Schematic of the NanoESCA EF-PEEM, showing the electrostatic
lens system and the double hemispherical energy analyzer. The three marked
operating modes are: (1) PEEM mode (without energy filtering), (2) spec-
troscopy mode (with energy filtering), and (3) EF-PEEM mode (with energy
filtering). Reprinted from Ref. [73].

the objective lens there is a contrast aperture, which allows for a limitation of the
angular spread of the collected photoelectrons. By closing the contrast aperture,
the spatial resolution can be improved at cost of the overall signal intensity due
to the reduced transmission. Because of its position in the back focal plane of
the objective lens, the contrast aperture can also be used to select the field of
view in momentum space, as discussed later on. The iris aperture, on the other
hand, is used to select the effective field of view in real space, e.g. if only a
restricted area of the sample should be analyzed. Between the two apertures, an
electrostatic octopole stigmator is placed to compensate for lens aberrations like
axial astigmatism. An integrated deflection unit allows for the alignment of the
optical axis. In PEEM mode P12 projects the final image directly onto the imaging
unit, consisting of a multichannel plate (MCP), an array of close packed electron
multipliers, and a fluorescent screen, which converts the incoming electrons into
a light signal. The produced light is finally detected by the charged coupled
device (CCD) sensor of an attached camera and directly sent to the operating
software.
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For using the spectroscopy mode, number 2 in Fig.[15, the photoelectrons
need to be filtered by their kinetic energies. Therefore, they have to enter the first
of the two analyzers of the IDEA system. In the energy filtered mode, the P12
lenses are used to retard the electrons towards the analyzer’s pass energy (usually
around 50€V) and a deflector (Def A) is used to guide the electrons towards the
entrance slit. The entrance lens (FL1), part of the IDEA coupling lens system,
forms a reciprocal image at the entrance slit of the first hemisphere, where the
electrons are forced on a circular path and separated according to their kinetic
energy. Scanning through the kinetic energies is enabled by changing the sample
voltage, which directly influences the electron energies. The reachable energy
resolution AE, shown in Eq.[11} is fixed during the scan since the pass energy of
the analyzer Ejss is kept constant [72]. It depends on the adjustable width of the
entrance slit 4, the maximum entrance angle of the electrons with respect to the
optical axis #, and the mean radius of the analyzer R.

AE = Epgss - (% + oc2> (11)
The transfer lens, after the first part of the IDEA, focuses the energy filtered
photoelectrons into the channeltron (CT) detector, where they are counted. This
allows for the acquisition of spectra presenting the electron intensity as a function
of their kinetic energy.

For the EF-PEEM mode, number 3 in Fig. the energy filtering works identi-
cal to the spectroscopy mode. Only, the transfer lens now images the electrons
on the entrance slit of the second part of the IDEA. This second hemispherical
analyzer compensates for dispersive imaging errors of the first analyzer to avoid
chromatic aberrations in the final image. Its presence allows for high resolution
imaging. After the photoelectrons exit the IDEA, the image is transferred back
into real space by the exit lens (FL2), restoring their spatial information. Another
deflector (Def B) is used to align the beam and the projection lenses (P34) project
it onto the second imaging unit, which is identically built as the first one. As a
tinal result, spatially resolved microscopy images for the adjusted electron energy
are obtained.

Because of the two hemispherical analyzers in the IDEA system, the Na-
noESCA reaches an improved spatial resolutions of down to 30nm. Though,
the operation close to this limit is challenging, it is possible to image nanosized
structures and particles. The strongly decreased electron yield at high magnifi-
cations is the main problem, since the adjustment of the optical systems is only
possible with increased integration times. Even with a well adjusted setup, it is
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not possible to directly image the sub 10 nm sized particles synthesized with the
helium droplet approach. Still, the NanoESCA can provide valuable information
with its integrative spectroscopy techniques, where larger areas on a surface dec-
orated with nanoparticles are measured. In the following, some results obtained
from measurements at the NanoESCA are explained in more detail. They are
categorized with respect to the employed light sources and operation modes.

2.6.1 Ultraviolet photoelectron spectroscopy

In order to perform ultraviolet photoelectron spectroscopy (UPS) a suitable light
source needs to provide photon energies of above 10V in the so-called vacuum
ultraviolet (VUV). Because for VUV the absorption in air is too strong, the light
source is directly connected to the UHV chamber. In the case of the NanoESCA,
a helium discharge lamp is used, which provides monochromatic light at two
different energies depending on the gas pressure and the applied discharge cur-
rent: He I at 21.22.eV and He II at 40.81 eV [75]. For the following experiments a
photon energy of 21.22 €V is sufficient and the He I mode was used. For UPS, the
NanoESCA is operated in the spectroscopy mode, where the photoelectrons are
discriminated only by their kinetic energy, but not by their spatial information.
The overall electron intensity is detected and evaluated.

In Fig.[16/an exemplary UPS spectrum of a Cu(110) surface is shown, from
which the most important features can be deduced. The electron intensity is
plotted over the binding energy E;,; to ease interpretability. By default, the
spectra are recorded with E — Er on the abscissa, an energy scale relative to the
Fermi energy Er. The spectrum holds a wide range of valuable information on the
electronic properties of the sample. The dominating background structure, which
includes the broad peak at around -15¢€V, is attributed to secondary electrons.
As mentioned above, those electrons lost energy by undergoing at least one
inelastic scattering event on their way to the sample surface. It is obvious that
the secondary electron peak has a steep onset, the so-called low energy cut-off,
at about -17 eV. From the photoemission onset the work function of the sample
can be estimated by drawing a tangent through the point of maximum incline
and intersecting it with the abscissa. Since E;,  is plotted, the photon energy of
21.22 eV needs to be added to derive a work function of ® = (4.4 £0.2) eV, in
good agreement with literature [61},76]. At the other side of the spectrum around
Eping = 0€V a sudden drop in energy associated with the Fermi cut-off is visible.
It represents the electrons which are emitted from the Fermi level of the sample
and is a sign for its metallic character. Superimposed on the background signal
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characteristic features, originating from the valence band of the sample, appear
and serve as a fingerprint for the material. The most prominent feature, between
binding energies of -2 and -5eV, is attributed to the 3d band of Cu(110). The less
pronounced artifacts between -6 and -11 eV are likely associated with adsorbed
species on the surface, like CO or water.
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Figure 16: UPS spectrum of a Cu(110) surface obtained with a photon en-
ergy of 21.22eV. The metallic character of the sample is indicated by the
pronounced Fermi cut-off. The 3d band at binding energies between -2 and
-5eV can be identified.

Such UPS measurements can also be conducted on nanoparticle samples as
shown in Chapter[5|, where the Zn 3d levels of Ag@ZnO core@shell particles were
investigated and the work function was estimated from the UPS data [3]. There is
the obvious drawback that only averaged data over a wider area can be obtained.
Especially the work function is expected to vary from particle to particle and
even on a single particle’s surface, depending on the curvature and size. Still,
UPS can give valuable insight and is a promising complementary measurement
technique for nanoparticle substrates.

2.6.2 Two-photon photoelectron spectroscopy

Two-photon photoelectron (2PPE) spectroscopy becomes increasingly important
in surface science since tunable and pulsed laser system are widely available.
It differs from UPS by the choice of light source. Photons with less energy can
be utilized and there is no need for UV sources, since the electron must not
overcome the vacuum level upon initial excitation. The schematic in Fig.[T7] gives
an overview of the different pathways leading to the final photoelectron state
|p) [77]. The overall absorbed energy of the electron is divided into a contribution
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from the pump photon /w; and the probe photon 7iw;. In the direct two-photon
ionization process in Fig.[I7](b) the electron absorbs a pump and a probe photon
coherently and is directly promoted to the final state |p). A further possible
path for the creation of a photoelectron via an intermediate state |j) is shown in
Fig.[17(a). A pump photon can excite an electron directly from the initial state |i)
into |j) or, in an indirect way, a photo-excited electron from the bulk continuum
can be promoted to the intermediate state [77]. In the latter case, momentum
transfer is required e.g. by scattering with a phonon. During the temporal
population of |j) a probe photon can be absorbed by the electron and excite it into
the final |p) state above the vacuum level. Here, the photoelectron can be collected
by the PEEM optics and contributes to the obtained spectrum. Intriguingly, the
temporal population of an intermediate state can be investigated by utilizing
ultra-fast pump and probe laser pulses in the femtosecond regime. By varying
the time delay between pump and probe pulse with an interferometric setup, the
temporal evolution of the population in such a state can be deduced. This leads
to the experimental field of time resolved 2PPE (TR-2PPE) spectroscopy [77,78].

In the course of this work, 2PPE spectroscopy was used for measurements
demonstrating the plasmonic activity of the Ag cores in Ag@ZnO core@shell
nanoparticles [3]. The according spectra are presented in Fig.[#1]in Chapter[5|
In this experiment the second harmonic of the Indigo-S Ti:Sapphire laser from
Coherent at 410 nm with a pulse duration of 30 ns and a repetition rate of 5 kHz was
used as a source for both pump and probe photons. Thereby, a maximum energy
of 6.04 eV was provided to the electrons in a two-photon ionization process.

In the future, time-resolved 2PPE and time-resolved PEEM will probably be
possible in the upgraded NanoESCA laboratory, where a laser system with pulse
durations of only several femtoseconds will be available. This would enable
studies on charge carrier dynamics in the samples [79]. Investigations could be
conducted e.g. on the dynamics of localized surface plasmons or exciton creation
in bulk metals and metallic nanoparticles.

2.6.3 Real and momentum space microscopy

Besides the spectroscopic mode the NanoESCA provides a powerful energy-
filtered imaging mode, which allows for a fast switching between real space
and momentum space, also called k-space. In k-space mode the lateral angular
distribution of the photoelectrons, which is imaged in the back focal plane of
the objective lens, is projected onto the screen. To achieve that, the objective lens
is focused to infinity and an additional transfer lens is activated in between the
objective lens and the projective lenses [74]. The field of view in k-space is regu-
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Figure 17: Schematic of different pathways for 2PPE excitation. (a) In a
stepwise process an electron can be indirectly excited into an intermediate
state |j) from the bulk continuum, which requires a momentum transfer, or
directly from an initial state |i) by a pump photon and then further into the
final photoelectron state |p) above the vacuum level by a probe photon. (b)
An electron is promoted to |p) by direct two-photon ionization without the
use of an intermediate state. Reprinted from Ref. [77], with permission from
Elsevier.

lated by the size of the contrast aperture, situated in the back focal plane of the
objective lens. By closing it, the passing of electrons, which were emitted under
higher angles from the surface, is prohibited and the imaged area in k-space is
reduced. The iris aperture on the other hand acts as a contrast aperture in k-space
enabling higher resolution, while reducing overall transmission.

The presented experimental data in this section provides examples for the
potential of the NanoESCA imaging modes and are more thoroughly evaluated
in Ref. [61]. Since the visualization of sub 10nm particles is not possible, there
is no direct connection to the scientific articles presented in this thesis. Still,
EF-PEEM is an interesting imaging method and once the particles become bigger,
it delivers convincing results. This is shown in an acquired image of Ag particles
on a polished p-type Si wafer in Fig.[I8f The HIS, with a photon energy of
21.22 eV, served as a light source and the energy filter was set to E — Er = 4.1 €V,
close to the work function of Ag. Silver was deposited in vast amounts with the

Page 46 of 158 Doctoral Thesis



2 Fundamental Concepts and Experimental Methods

helium droplet approach at source conditions of 20bar and 4K for 44 min, which
results in big wire-like structures with lengths up to several 100 nm. Intriguingly,
after the sample was stored under UHV conditions at room temperature for
five days the observed Ag particles were shaped spherically and very evenly
distributed on the substrate. This change in shape was attributed to the high
mobility of noble metals on the very uniform and flat Si wafer surface and the
known tendency of Ag nanowires to break up and change shape already at room
temperature [30,80]. As a result, a mean diameter for the conglomerated bigger
nanoparticles of about 110 nm was measured with a wide distribution from 50 nm
up to 200nm [61]]. Because of the high contrast to the substrate in the background,
the Ag nanoparticles are clearly identifiable in Fig.[I8| proving the ability of the
NanoESCA to image nanosized structures.

Figure 18: Spherical Ag nanoparticles with diameters between 50 and 200 nm,
formed upon breakup of Ag nanowires, on a p-type Si-wafer. The HIS
(21.22 eV) was used as photon source with the energy filter at E — Er = 4.1¢V,
close to the work function, allowing for a high contrast to the p-Si background.

To show the potential of k-space mode, a Cu(110) crystal was measured to
visualize its electronic band structure. This is usually done by angular resolved
photoemission spectroscopy (ARPES), where the sample is rotated and a spectrum
is acquired for every emission angle. In an EF-PEEM electrons emitted under all
accessible emission angles are detected simultaneously. This is a great advantage,
since the whole momentum landscape is accessible at once. To obtain spectral
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information of the Cu(110) 3d band the energy filter was used to scan E — Er
from 16.00eV to 19.50eV in 0.05eV steps with an acquisition time of 50s per
image. For each energy a whole k-space image was acquired. Afterwards, they
were stacked together to form the picture presented in Fig.[I9 with a quarter of it
removed on the front side to show the 3d band of Cu(110). Further details on the
generation of the 3D plot can be found in Ref. [61].
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Figure 19: Stacked k-space images showing the Cu(110) 3d band at E — Ef
from 16.00 eV to 19.50€V in 0.05€V steps. 21.22 eV photons were provided by
the HIS and images were acquired for 50 s each with the 1750 ym contrast
aperture inserted. Reprinted from Ref. [61].

It should be noted that measurements on nanoparticle samples would not give
interpretable results. Because of their arbitrary orientation, an electronic band
structure would not be observable in an integrative measurement. Observing
single nanoparticles, on the other hand, is not feasible because of the limited
resolution and the low intensity. Therefore, also in future experiments k-space
imaging will be mostly conducted on metallic surfaces and adsorbed organic
molecules. To allow for such experiments, the NanoESCA laboratory is now being
equipped with a UHV sample preparation chamber including several evaporation
cells for the production of thin metal films and the deposition of molecules onto
surfaces. Several analytical methods are also implemented in the new chamber,
including low-energy electron diffraction (LEED), quadrupole mass spectrometry
(QMS), and X-ray photoelectron spectroscopy. This is a joint project with the
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Surface Science Group at the Institute of Physics at Karl Franzens University in
Graz. The availability of those additional methods will open up a wide range of
new possibilities for experiments at the NanoESCA.

2.7 XUV absorption spectroscopy

The basic principle of absorption spectroscopy was already explained for visible
and UV light in Chapter[2.5, When the photon energies are further increased the
spectral range of extreme ultraviolet (XUV) is reached. The region of XUV spans
from 10 to 124 eV, corresponding to wavelengths of 124 to 10nm, and is directly
followed by the soft X-ray regime from 124 eV to about 10 keV. X-ray and XUV
photons posses enough energy to access electronic transitions from core levels of
atoms and allow for the study and characterization of the electronic structure of
atoms, molecules, or solids.

With the rise of the number of femtosecond laser systems over the past
decade, XUV sources are now widely available on the laboratory scale. XUV
and soft X-ray pulses can be generated by utilizing the concept of high-harmonic
generation (HHG) [81}82] with the additional advantage that their properties,
like pulse duration or polarization state, can be directly controlled via the driving
laser. Furthermore, the XUV pulses can be generated with pulse durations
down to the attosecond regime, leading to new experimental techniques like
transient absorption spectroscopy [83]]. Therefore, HHG sources have attracted
considerable interest in the scientific community in recent years. The concept
of HHG, a nonlinear optical process, will be explained in more detail in this
paragraph, based on Refs. [81,82]. A strong-field laser pulse, typically produced
with a near infrared Ti:Sapphire femtosecond laser system, is focused in a gas
phase target, e.g. neon. The HHG process is typically described by the three-step
model [84], as illustrated in Fig. in a set of schematics [82].

As the laser pulse arrives at a gas atom (schematic 1) the high peak field
strength bends its ionization potential and, thereby, enables tunnel ionization.
The electron is freed from the atom and accelerated away from it by the laser field
during the first half cycle. As the photon propagates further, the acceleration
is reversed once the electron feels the second half cycle of the laser pulse and
the potential is tilted the other way (schematic 2). If the timing between the
laser field and the electron ejection is favorable, a fraction of the accelerated
electrons finally collide and recombine with their parent atoms in a so-called
rescattering event. Upon recombination the electron releases its excess energy,
which equals the ionization energy of the target gas plus an additional amount
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1. Tunnel lonization 2. Acceleration in the 3. Recombination and
laser field photoemission

Figure 20: Schematic representation of the three essential steps for high-
harmonic generation in a gas phase target. On top, the incident laser field
(red) and the generated high energy light (blue) is depicted. In the lower row
the processes occuring at the three marked positions are explained in detail.
The green circle represents the electron, while the distorted nuclear potential
is drawn in blue. Reprinted from Ref. [82].

of kinetic energy obtained from the laser pulse during acceleration (schematic 3).

For this additional amount of kinetic energy Ej;, a maximum value, shown in
Eq.[12} was found [81].

Epin < 3.17 - Up (12)

The factor 3.17 was empirically determined and Up is the ponderomotive energy,

which is the cycle averaged quiver energy of a free electron in an applied elec-

tromagnetic field. In Eq.[I3] Up is deduced from the elemental charge e, the field

amplitude Ey, the electron mass m,, and the field frequency wy [82].
62 . EZ

Up = —— 13

p 4. ", - w(z) ( )

Because of the high ionization energy and the additional kinetic energy, the re-
combining electrons emit bursts of XUV radiation with very short pulse duration,
reaching down into the attosecond regime. Since the whole HHG process is
temporally and spatially linked to the phase of the fundamental laser, it results
in a coherent laser-like beam. The major drawback of HHG sources is the very
low conversion efficiency of about 10°.
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XUV generation by means of HHG has the obvious advantage of providing a
convenient table top radiation source, which enables laboratory scale experiments.
The schematic of a setup for transient XUV absorption spectroscopy at the
Lawrence Berkeley National Laboratory in California is shown in Fig.21] and
explained according to Ref. [85]. The 775nm NIR laser pulses, produced by a
commercial Ti:Sapphire femtosecond laser system, are split by a 50/50 beam
splitter. One of the resulting beams is serving as the pump laser and guided
through a delay stage and over a recombination mirror to the sample, a cell filled
with gaseous Xe. The second part of the beam reaches the HHG cell filled with
Ne gas, where the XUV spectrum of overlapping harmonics with energies from
48 to 72 €V is generated. Residual light from the driving laser is suppressed by
the Al filter. The XUV probe pulse is overlapped with the NIR pump pulse in
the target Xe cell to enable pump-probe measurements. For transient absorption
spectroscopy a time delay can be introduced between the pulses by adjusting the
delay stage accordingly. For the acquisition of a spectrum the energy selection
is achieved through dispersion by a grating and the signal is recorded by the
detection unit. The obtained transmitted intensity is a function of the XUV
photon energy, as well as of the time delay. Transient absorption experiments on
the described setup, were, e.g., conducted on Xe [85], bromoform (CHBr3) [86],
1,2-dibromoethane [87], selenophene (C4H4Se) [88], or ferrocene [89].

An ongoing cooperation with the Chemical Dynamics Group at the Lawrence
Berkeley National Laboratory in California made it possible to conduct absorp-
tion spectroscopy experiments with ultrashort XUV pulses on oxidized cobalt
nanowires produced with the helium droplet approach in Graz [4]. The measure-
ments were performed at the described experiment with several changes to the
setup. Since no time dependence was investigated, a pump probe setup was not
necessary and only the XUV pulses were guided through the sample. The target
is usually available in its gas phase, but the CoO nanoparticles were deposited
on 10nm thick SizNy substrates. Therefore, the system was accordingly adapted,
but further improvements can certainly be thought of for future measurements.
The results obtained from the CoO particles showed, for the first time, conclu-
sively that the experimental technique is feasible for sub-monolayer nanoparticle
samples on thin solid substrates. More detailed information on the experiment
can be found in Chapter[6, where the recorded spectra are depicted in Fig.[49]

2.8 SQUID magnetometry

The above mentioned analytical methods mostly concentrate on finding out about
the shape, morphology, or chemical composition of the nanoparticles. Yet another
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Delay Stage

Ti:Sapphire
Femtosecond
Laser [25 fs]

Hwp F:100cm Grating ccp

| 5

Xe mcpa
Phosphor
Detector

f:83 cm Al filter

Figure 21: Schematic representation of an XUV transient absorption experi-
ment on Xenon (Xe). The red beam represents the incident NIR femtosecond
pulse laser at 775nm, the blue one the generated XUV light. The setup
contains a beam splitter (BS), a delay stage, a half wave plate (HWP), a
high-harmonic generation cell (HHG), an Al filter, a toroidal mirror (TM), a
recombination mirror (RM), several lenses, and a grating. The detection unit
comprises a microchannel plate (MCP), a phosphor detector, and a charge-
coupled device (CCD) camera. Reprinted from Ref. [85], with the permission
of AIP Publishing.

interesting aspect are magnetic properties of those species. In some preliminary
experiments the application of a superconducting quantum interference device
(SQUID) magnetometer was tested to cover this aspect. Measurement data from
SQUID magnetometry experiments are not part of the publications that form the
main body of this work, but are of interest beyond the scope of this thesis and
were part of the author’s work on nanoparticle analysis. Therefore, a summary
on the method and first results of measurements on nanoparticles are presented

in the following.

A SQUID magnetometer is a highly sensitive measurement device for mag-
netic fields invented in the 1960s [90]. The measurement method depends on
the predicted Josephson effect [91] and its experimental realization in a so-called
Josephson junction [92], both published only a couple of years prior. The Joseph-
son junction is a particularly interesting example of the tunneling effect. If two
superconductors are separated by a thin isolating barrier only a tunnel current
can flow. This current is based on Cooper pairs [93], which originate in a quantum
effect, pairing electrons because of an elastic distortion of the ion lattice in a metal
by a passing electron, as is schematically shown in Fig.22] In a simple picture,
the resulting accumulation of positive charge forms a dip in the potential and,

Page 52 of 158 Doctoral Thesis



2 Fundamental Concepts and Experimental Methods

thereby, attracts a second electron. The two electrons pair up in a weak and long
range interaction with an extent in the range of hundreds of nm, allowing for the
previously addressed tunneling through a thin barrier [56]]. Since the interaction
energy is in the meV regime, a significant number of Cooper pairs may only exist
at low temperatures.
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Figure 22: The schematic shows in three steps how a Cooper pair forms. (a)
The ion lattice is distorted by the passing electron 1 and the positive ions are
moving towards the center. (b) After the electron already moved through, the
positive space charge in the center persists, since the ions react on a longer
time scale. (c) Due to this potential dip a second passing electron is attracted
and paired in a weak and long range interaction with electron 1. Reprinted
from Ref. [56].

The following information on the composition and working principle of a
radio-frequency rf-SQUID magnetometer is based on Refs. [56,94]. A SQUID ba-
sically consists of a superconducting ring with a Josephson junction, which needs
to be cooled below the critical temperature of the superconductor, e.g. with liquid
helium. Quantum effects allow only for a quantized magnetic flux within the
ring. If the external magnetic fields change, the superconducting current through
the ring varies to compensate for these changes. Thereby, the high frequency
impedance of the system changes as well. This is read out via inductive coupling
to a resonant tank circuit at frequencies of several 10 MHz. A feedback system
compensates the external flux variations by producing a magnetic field itself. The
measured quantity is the current through the compensation coil. Note that only
changes of the magnetic field through the superconducting ring can be recorded.
Therefore, the magnetic sample needs to be moved through the ring, which is
done with a constant velocity.

In a cooperation with the Institute of Materials Physics (IMP) at Graz Uni-
versity of Technology a MPMS-XL-7 magnetometer (Quantum Design Inc.) was
accessible for conducting SQUID magnetometry measurements on NiO nanopar-
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ticles. For a proof-of-concept measurement, synthesis conditions with the helium
droplet approach were optimized for high mass output at a temperature of 10K
and a helium pressure of 60bar. Since the goal for this experiment was a high
surface coverage and not that the particles are distinguishable, a deposition time
of 6 hours was chosen. A cleaned strip of a silicon wafer with a length of 90 mm
and a width of 6 mm was used as substrate. It is of importance that the substrate
is not cut or worked with metallic tools, since already very small residues of metal
can mask the magnetic signal from the sample. Also the length of the substrate
is important because it should not leave the measurement region of the SQUID,
when it is moved through the apparatus. To cope with a 90 mm sample the trans-
fer system had to be adapted accordingly. Before the nanoparticle deposition, the
empty substrate was measured to allow for a subsequent background correction.
After the deposition the sample was transported to the SQUID laboratory and,
thereby, exposed to ambient air, allowing for an oxidation of the Ni. Though
the IMP has experience with measurements on nanoparticles or monolayers of
metals [95,96], usually there are bigger particles or more material at hand. An
estimation of the deposited mass of Ni for this experiment yields approximately
0.5 ug in total. The measurement data was evaluated by Markus Gofiler from the
IMP, who provided the plot of the magnetic moment over temperature shown in
Fig.223

It should be mentioned that results from SQUID magnetometry measurements
are mostly given in Gaussian units. The conversions are as follows: 1Oe equals
79.58 A/m for the magnetic field H and 1emu equals 103 Am? for the magnetic
moment m. The main conclusion from Fig.23] is that measurements of the
magnetic properties of nanoparticles with a SQUID magnetometer are feasible.
Still, the obtained magnetic moments between 5 and 8 x 10~® emu are close to the
resolution limit of the SQUID magnetometer. Thus, the measurement data behind
this representation is rather noisy and further evaluation, e.g. the generation of
hysteresis plots, is hardly possible. To discuss the plotted data in more detail, the
black points show the magnetic moment as function of temperature for zero field
cooling (ZFC). In this measurement mode no magnetic field is applied during
the cooling of the sample from room temperature down to 4K, then the magnetic
tield of 500 Oe is switched on and the sample is measured while it is heated.
Afterwards, the sample is measured while being cooled down again with the
magnetic field still applied, resulting in the red data points of the field cooling
(FC) mode. The trend of the FC points at low temperatures, before a maximum
is reached around 30K, suggests a small antiferromagnetic contribution from
the sample. This is probable, since at least the outer shell of the nanoparticles
consists of NiO, which is antiferromagnetic. Further information, that was not
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Figure 23: Background corrected temperature dependent magnetic moment

measurements of a sub-monolayer of NiO nanoparticles on a silicon wafer at

a magnetic field of 500 Oe. The black data points correspond to the zero field

cooling (ZFC) and the red ones to the field cooling (FC) measurement scheme.

The overall magnetic moment lies in between 5 and 8 x 10~® emu, close to
the resolution limit of the SQUID magnetometer. Provided by Markus Gofsler
from the IMP.

extracted for this measurement, but is principally accessible, concerns the size

distribution of the nanoparticles. An estimation on their diameters can be made

from the position of the maximum in the ZFC data.

The magnetic measurements will be continued in future experiments, but a

focus needs to be put on an improvement of the signal to noise ratio. To achieve

that, there are two possible routes: An increase in deposited mass would certainly

help, but the closer the nanoparticles are situated on the substrate surface, the

more likely it becomes for them to agglomerate or merge. In a next step, the

second route will be tried by choosing a material with a higher magnetic moment

than Ni. A promising candidate is Co, which was already used in the helium

droplet apparatus in past experiments [4,97].
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3 Ultra-thin h-BN Substrates for Nanoscale Plasmon
Spectroscopy

The content of this chapter corresponds to the following peer reviewed and
published scientific paper:

"Ultra-thin h-BN substrates for nanoscale plasmon spectroscopy” by
Alexander Schiffmann]l| Daniel Knez?| Florian Lacknerfl, Maximilian
Lasserudl, Roman Messnerf} Martin SchnedlitA4l, Gerald Kothleitner?,
Ferdinand Hoferﬁ and Wolfgang E. ErnstE in Journal of Applied Physics
125, 023104 (2019).

https://doi.org/10.1063/1.5064529
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3.1 Abstract

Probing plasmonic properties of surface deposited nanoparticles with high spatial
resolution requires the use of a low absorption support. In this work, ultra-thin
hexagonal boron nitride (h-BN) flakes are employed as substrates for scanning
transmission electron microscopy (STEM). The thickness of only a few atomic
layers, the flat surface, and the large bandgap provide a unique set of properties,
which makes h-BN ideally suited for high resolution plasmon spectroscopy by
means of electron energy loss spectroscopy (EELS), especially for small nanopar-
ticles. A facile fabrication process allows the production of h-BN substrates with
a thickness of only a few atomic layers. The advantages of h-BN, especially for
the low-loss energy region of EEL spectra, are shown in a direct comparison
with a silicon nitride (SiNx) substrate. Furthermore, results of the investigation
of localized surface plasmon resonances (LSPR) of Ag and Ag@Au core@shell
nanoparticles in the sub-20 nm size regime are presented, confirming the advan-
tages of the fabricated substrate for LSPR mapping. The plasmonic nanoparticles
were assembled utilizing the helium nanodroplet synthesis approach, which
allows for a very soft deposition and the preservation of the integrity of the
ultra-thin substrate. Moreover, it provides a completely solvent and surfactant
free environment for the assembly of tailored nanoparticles.

3.2 Introduction

The advent of 2D materials is opening up exciting new prospects in a broad
diversity of fields. Besides graphene, hexagonal boron nitride (h-BN) represents
a particularly interesting material, which has already been used for applications
in optics [98,99], catalysis [100,101], and microelectronics [102-104]. Here we
demonstrate that ultra-thin h-BN can be utilized for localized surface plasmon
(LSP) spectroscopy on the nanoscale by exploiting its electronic properties and
the flat, two-dimensional structure [105]. We present results from the fabrication
of h-BN substrates and their application for high resolution LSP spectroscopy,
performed inside a scanning transmission electron microscope (STEM) by means
of monochromated electron energy loss spectroscopy (EELS).

In recent years the field of plasmonics was greatly influenced by the appear-
ance of new imaging methods based on EELS, providing access to spatially
resolved localized surface plasmon resonance (LSPR) maps, which led to in-
sights into the dependency of LSPRs on e.g. particle size, particle shape and
inter-particle distance [106-112].

A LSP emerges in metal particles with sizes smaller than the wavelength
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of the incident light, where the surface plasmon (SP), a coherent oscillation of
the conduction band electrons in the metal, is confined to the small volume of
the nanoparticles [113]. At the right excitation frequency the oscillation of the
electrons is in resonance with the incoming light leading to strongly enhanced
tields in the vicinity of the particle surface [114]. The possibility to image and
directly assign LSPRs to certain sites on nanoparticles, in combination with
the improved resolution of state-of-the-art STEMs, is an essential contribution
towards a better understanding of plasmonic properties on the nanoscale. The
increasing interest into imaging methods for LSPRs of nanostructures goes hand
in hand with a rising attention for the field of plasmonics. A well established
application exploiting the localized field enhancement is surface-enhanced Raman
spectroscopy (SERS), where the Raman signal is strongly increased, if the molecule
under investigation is situated on a plasmonic particle and the Raman laser is
tuned to the LSPR of the functionalized particle [115]. There is a wide range
of further promising applications for nanoparticles and nanostructures with
plasmonic properties [116], e.g. in sensor technology, especially in medicine and
molecular biology [117], and in catalysis and photocatalysis [118].

In the present work we show that by using a h-BN substrate for EELS mea-
surements the background signal for the acquisition of LSPR maps in the low-loss
energy region close to the zero-loss peak (ZLP) is lowered significantly compared
to commercially available silicon nitride (SiNx) substrates. The advantage of h-BN
arises from its intrinsic property of being an indirect bandgap semiconductor
with a bandgap of 5.955eV for the bulk [119] and 6.07 eV for a single atomic
layer [105], providing high transparency in this energy range. Furthermore, the
fabricated h-BN flakes exhibit thicknesses down to only a few atomic layers (~
0.32nm per atomic layer [105]), which is responsible for the low background
signal in the acquired EEL spectra. To demonstrate the applicability of the h-BN
substrates, EEL spectra were recorded for Ag and Ag@Au core@shell particles
and further processed to extract spatially resolved LSPR maps.

For the fabrication of plasmonic nanoparticles we employed the helium nan-
odroplet synthesis method, which is based on the formation of particles in the
solvent and surfactant free environment of liquid helium droplets. Additionally,
it has been shown that the cold environment (0.37 K) [17,/18] allows for the pro-
duction of tailored core@shell particles [50]. For the present study we produced
Ag and Ag@Au nanoparticles, however, due to the characteristics of the synthesis
approach an unprecedented variety of elements in various combinations can, in
principle, be utilized for the nanoparticle preparation. A further unique feature of
the helium droplet approach, providing interesting opportunities for future exper-
iments, is the possibility to synthesize nanowires by simply adjusting the helium
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temperature and thereby forming larger droplets containing vortices [80,[120,121].

3.3 Experimental
3.3.1 Preparation of the h-BN substrates

The h-BN STEM substrates were fabricated using a commercially available single-
layer h-BN film grown on both sides of a 20 ym thick copper foil (Graphene
Supermarket) by means of chemical vapor deposition (CVD) [105,122]. As
support for the h-BN film commercially available holey carbon STEM support
grids (Quantifoil R2/1, 200 mesh) with a gold mesh were chosen. For the transfer
of the h-BN film onto the grids a facile and reproducible approach was employed.

A part of the Cu foil containing the h-BN film matching the size of the support
grid was cut off with a razor blade. The grid was carefully positioned on top
of the Cu foil with the holey carbon facing the h-BN. A pair of self-locking
tweezers were used to fixate the assembly, which was subsequently immersed
into a solution of 4 g ammonium peroxydisulphate (APS) (Carl Roth GmbH,
purity > 98%) in 50ml of deionized water. The solution was heated to 50°C
and constantly stirred. After thirty minutes in the solution, the Cu foil was
completely dissolved and the h-BN film was adhesively conjoined to the support
grid. The tweezers were carefully extracted from the solution, the grid with the
h-BN substrate was rinsed with deionized water and dried over a hot plate at
50°C.

Concerning this preparation approach several critical points are influencing
the quality of the obtained h-BN substrates. During the extraction of the grids
from the APS solution and the rinsing, the fragile holey carbon layer of the
support can be damaged easily. The process allows for good reproducibility and
yields thin h-BN flakes, which partially cover the STEM support grid. Note that
there are differences in flatness and thickness of the h-BN flakes. The areas with
highest quality should be used for STEM and EELS experiments and are best
selected in situ.

3.3.2 Nanoparticle synthesis

The employed Ag and Ag@Au nanoparticles were fabricated employing super-
fluid helium nanodroplets (Hey) as an inert synthesis environment [25|28,123].
Details of the helium droplet apparatus may be found elsewhere [124]]. In short,
gaseous helium with a purity of 99.9999% at a stagnation pressure of 20 bar is
cooled down to temperatures of only a few Kelvin using a closed-cycle refrigera-
tion unit (Sumitomo, RDK-408D2) and expanded into high vacuum (base pressure

Doctoral Thesis Page 61 of 158



3 Ultra-thin h-BN Substrates for Nanoscale Plasmon Spectroscopy

~ 107° mbar) through a 5 ym diameter nozzle. The adiabatic expansion results
in a beam of superfluid Heyn with an internal temperature of 0.37 K and droplet
sizes that can be controlled by the temperature of the gaseous helium [17}18].
For the experiments discussed here, the helium was cooled to 6.7 K, leading to
Hep diameters of around 130 nm with a mean number N of about 5 x 107 He
atoms [125]. The collimated beam is passing through a second chamber (base
pressure ~ 10~7 mbar) where high purity metals are evaporated in two resistively
heated pickup cells composed of aluminium oxide coated tungsten baskets. Upon
contact, the Hey are doped with the evaporated atoms, which agglomerate inside
the droplets and form clusters. The released binding energy is dissipated by the
evaporation of He atoms, thereby decreasing the droplet size and attenuating
the Hen beam [27]. The setup with two consecutive pickup cells enables the
fabrication of core@shell clusters by sequential doping with two materials [6].
For this work plain Ag and Ag@Au nanoparticles were produced. At the above
mentioned conditions the particles are composed of several thousand atoms and
are forming Ag ellipsoids with diameters of 10 to 15nm and Ag@Au rods with a
width of 7nm and a length up to 20 nm.

The Heyn beam is finally terminated on the h-BN STEM substrate inside a third
chamber at UHV conditions (base pressure ~ 5 x 1071 mbar). Upon impact the
clusters are cushioned by the surrounding helium and keep their shape due to
the soft landing conditions [33-35]. During the transfer to the STEM the samples
are exposed to ambient air for a short period of time.

3.3.3 EELS and EDS acquisition

The analysis of the h-BN substrate and the nanoparticles was conducted with
a probe-corrected FEI Titan® 60-300 STEM with an X-FEG field emission source
operated at a beam energy of 60 keV. The microscope is equipped with a Gatan
Quantum imaging filter (GIF) for the acquisition of EEL spectra and a FEI Super-X
four-quadrant detector for energy dispersive X-ray spectroscopy (EDS). The en-
ergy spread of the ZLP was optimized to a full width at half maximum (FWHM)
of 180 meV, the collection semi-angle was adjusted to 16.1 mrad and the conver-
gence semi-angle to 15.6 mrad. The operating voltage of 60 kV was chosen to
prevent both the very thin substrate and the nanoparticles from damage by the
electron beam. Higher beam energies have the disadvantage of inducing move-
ment and even structural changes [5]. While the operation at 60kV effectively
increases the scattering cross-section and therefore enhances the EEL signal, it
has the drawback of decreased resolution. The dwell time per pixel was set to
2.4 us for high-angle annular dark field (HAADF) images and to 2ms for all EEL
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spectra, whereas the size of the spectrum images was adapted for each individual
acquisition.

3.3.4 EELS data processing

The spatially resolved raw data collected by EELS measurements in the STEM
is processed with an algorithm programed in Python 3.6.1 and containing the
HyperSpy 1.3 multi dimensional data analysis toolkit [126]. The background
modeling of the ZLP aligned spectra is realized in an empiric way by integrating a
greater number of spectra from the recorded background and further smoothing
by applying a Savitzky-Golay moving average filter [127]. The acquired back-
ground data is subsequently subtracted from the measured data. This course of
action is chosen in order to improve the quality of the evaluation of the low-loss
energy region in close proximity to the ZLP. Note that in the case of nanoparticles
the yield of electrons interacting with the sample is typically very low. The
processed data is smoothed employing a Savitzky-Golay filter [127] and depicted
in maps showing the LSPRs of the nanoparticles spatially resolved. The energy
resolution for those maps is determined by the FWHM of the corresponding
ZLPs.

3.4 Results and Discussion
3.4.1 Properties of the h-BN substrate

Figure 24| (a) shows a HAADF image of a h-BN flake on top of the holey carbon
support grid with the synthesized nanoparticles on the surface. The h-BN flake
appears to be uniform over the whole imaged area with only some variations in
the thickness visible as bright bands in the image. These areas originate from
the preparation process when layers of h-BN fold over each other, however, since
they are locally contained they do not pose a problem for the applied analytical
methods. In Figure 24| (b) a detail of the substrate is depicted where the different
species of nanoparticles are visible. The Hey synthesis conditions were chosen
such that the deposited Ag@Au core@shell particles have an elongated, rod-like
shape. The Ag particles, on the other hand, tend to constrict and form spheres and
ellipsoids after they are deposited on the substrate [80]. This peculiarity allows
for a clear distinction between the produced species even without analytical
methods.

Figure 25| (a) shows an EEL spectrum demonstrating that the substrate consists
of boron nitride. The spectrum was obtained by summing up the individual EEL
spectra from the region marked by the green frame in Figure The vertical
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Figure 24: (a) HAADF image of the h-BN substrate situated on the holey
carbon support covered with Ag and Ag@Au nanoclusters produced with
the He nanodroplet synthesis approach and (b) a closer view on the substrate
with nanoparticles showing ellipsoidal (Ag) and rod-like (Ag@Au) shapes.
The green frame marks the area from which the spectra in Figure [25/ and
Figure 26| were obtained.
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axis shows the number of electrons arriving at the detector after having lost the
amount of energy displayed on the horizontal axis by interacting with the sample.
From the shape of the spectrum conclusions on the composition of the sample
can be drawn. The high-loss region of the integrated, ZLP position corrected
spectrum displays the characteristic edge structure of h-BN with the boron K-
edge at 188 eV and the nitrogen K-edge at 401 eV [128]. Strikingly, the spectrum
shows no evidence for the occurrence of carbon (K-edge at 284 eV) on the sample,
which is beneficial for the acquisition of EEL spectra from nanosized samples.
The lack of carbon and therefore of hydrocarbons and other organic residues
indicates that the h-BN transfer process, though being quite facile, produces very
clean substrates. Furthermore, it demonstrates the quality of the Hey synthesis
approach, which provides a solvent and surfactant free way for the deposition of
tailored nanoparticles.

However, the main reason for using h-BN as substrate for plasmon spec-
troscopy on the nanoscale is its characteristics in the low-loss energy region. In
Figure [25| (a) the low-loss region up to 7 eV of electron energy loss is depicted. It
shows only a low background signal originating from the substrate between the
outskirts of the ZLP and the bandgap energy of h-BN, which is marked with a
vertical orange line at 6.07 eV [105]. The electronic structure of h-BN with its wide
bandgap allows for an increased permeability for electrons in a spectral region
where LSPRs of metallic nanoparticles are typically occurring. An important
aspect that further contributes to the low background is that the h-BN substrate is
very thin, consisting of only a few atomic layers. For thin substrates there is only
little interaction with the electron beam and the signal originating from phonon
scattering is reduced, leading to a narrowing of the ZLP. Even though the ZLP
width is positively influenced by the h-BN substrate, it is still one of the major
challenges in the analysis to properly account for its impact on the EELS low-loss
signal. The spectrum indicates that the tail of the ZLP still affects the background
in the depicted low-loss region. Nevertheless the lowering of the background
signal by using ultra-thin h-BN substrates provides a great improvement for the
detectability of plasmon signals from nanosized particles.

In Figure 25((b) the h-BN spectrum is directly compared to an EEL spectrum of
a commercially available 5nm thick SiNx substrate (Plano GmbH, silicon nitride
membrane 5 nm + C, prod.no. NTUS100A05L) shown in magenta. The spectra
were obtained under the same acquisition conditions and the SiNx spectrum was
scaled to the ZLP height of the h-BN spectrum to enable a comparison. It can
be seen that almost over the whole depicted range from 1.5eV to 30eV the SiNx
signal rises above the h-BN signal. In a narrow section below 2.5 €V, close to the
ZLP, the SiNx gives a lower background signal, however, in the bandgap region
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of h-BN below 6 €V the h-BN signal clearly shows fewer electron counts. This
energy window is most important for plasmon spectroscopy, since nanoparticles
made of e.g. Ag, Au, Pt, Pd, Cu, W, Tj, Cr, Rh, In, Mg or Ga feature plasmon
peaks in between 2 eV and 6 eV [129]. Therefore, the fabricated h-BN substrates
are excellently suited for an application in plasmon spectroscopy. The subsequent
broad peak in the h-BN spectrum at around 7.2eV can be assigned to the 7
plasmon of h-BN [130] and dominates the region between 6eV and 9 eV. For
the rest of the spectrum between 9eV and 30eV the SiNx signal is defined by
the very broad feature around 22.5 eV representing the bulk plasmon of SiNy,
which peaks between 20 eV and 25eV depending on the nitrogen content of the
material [131,132]. In this whole region h-BN provides a lower background
signal, especially between 9 eV and 15 eV before the h-BN ¢ 4 7t plasmon with a
double peak at around 18 eV and 23 eV [130] leads to another increase in the h-BN
signal. Nevertheless, the background signal generated by h-BN at these higher
energies is still superior compared to the SiNx signal and the far reach of the
advantageous low background opens up other possible applications besides the
employment as substrate for plasmonic nanoparticles: Several chemical elements,
which are usually identified by their edge structure in the high-loss region, also
have less pronounced major edges at lower loss energies such as the M; 3-edges
of K at 18eV and Ca at 25¢€V, the Ny 3-edges of Y at 26eV and Zr at 29€V or
the O, 3-edges of Ba at 15eV and Nd at 21 eV. h-BN substrates would provide
an exceptional advantage for the highly sensitive detection of these species.
Moreover, a wide range of other materials feature interband transitions in the
considered energy range, which can also be accessed by EELS [133,(134]. The
detection and classification of both, low-loss edges and interband transitions,
could be facilitated by the use of low background substrates.

To exploit all the advantages of h-BN substrates for EEL spectroscopy it is
necessary to produce very thin substrates containing, in the best case, even single
layered areas. It is inherent to the presented transfer process of the commercially
available h-BN film onto the STEM support that the atomic structure is not fully
conserved. Parts of the film overlay during the treatment, stick together and
form multi-layer structures. Though not intended, it improves the stability of the
substrate and prevents it from tearing and breaking once placed on the holey
carbon support. For taking high resolution spectral images it is good practice to
tirst find the thinnest areas on the grid, which are present in a sufficient quantity.

Figure [26| (a) shows the extracted signal of the boron K-edge and the nitrogen
K-edge from an EEL spectrum image (SI) of the green framed area in Figure
(b). It can be seen that the area is subdivided into five parts with varying
brightness, which directly relates to the thickness of the substrate. The brighter
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Figure 25: (a) EEL spectrum of the fabricated substrate acquired by integra-
tion over the green framed area in Figure 24 demonstrating that it consists of
h-BN without any organic contamination. In the low-loss region the bandgap
energy of monolayer h-BN at 6.07 eV is marked with a vertical orange
line. In the high-loss region of the same spectrum the boron K-edge at 188 eV
and the nitrogen K-edge at 401 eV are marked by red and blue vertical lines,
respectively. (b) A wider range in the low-loss region of the h-BN spectrum
(cyan) in comparison to the EEL spectrum of a 5nm thick SiNx substrate

(magenta) obtained under the same acquisition conditions.
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a pixel appears, the higher the amount of electrons which interacted with the
sample on their way through it and therefore the thicker the sample is. This
means that there is a decrease in thickness from the cyan frame on the right side
of the image to the green frame on the left side. From each of the five fractions
with different brightness an equally sized area was chosen and the corresponding
EEL spectra around the boron K-edge are plotted in Figure 26| (b). The spectra
are associated with the framed areas in the SI by their color. The boron K-edge as
well as the nitrogen K-edge (not displayed in the spectrum) show a very regular
increase in intensity from one probed area to the next, which can be attributed
to a thickness increase of a single atomic layer of h-BN. Due to the fact that this
constant increment equals half the intensity of the thinnest examined area (green
spectrum), it is concluded that in this region the substrate consists of bilayer h-BN.
The thickness of the substrate in the depicted region in Figure 26| (a) therefore
varies from two up to six atomic layers corresponding to about 0.7 nm to 2.1 nm.
Furthermore, a comparison of the low-loss signature of the h-BN spectrum in
Figure (b) with measurements and simulations conducted by Nicholls et
al. [135] and Pan et al. [136] confirms the conclusions stated above. We decided to
use STEM EELS for the thickness determination instead of conventional STEM
imaging because the results from EELS are particularly element specific and the
signal at the boron and nitrogen edges can be analyzed directly. Furthermore,
through the comparison of the low-loss signal with literature [135,136] we can
make an estimation on the thickness of the sample.

On one hand it is highly desirable to make the h-BN as thin as possible for
LSP spectroscopy, however on the other hand this complicates the deposition
of nanoparticles by conventional methods as an ultra-thin substrate is also very
fragile and prone to damage upon exposure to mechanical stress. In this regard,
the helium droplet approach provides a superior route for the decoration of
fragile structures with nanoparticles under soft landing conditions [33].

3.4.2 LSPR mapping

The fabricated h-BN STEM grids were employed for high resolution EELS mea-
surements on nanoparticles assembled and deposited utilizing the helium nan-
odroplet synthesis approach. Figure 27] (a) shows the HAADF image of a Ag
particle, which is elliptically shaped. The major axis is 14 nm and the minor axis is
10nm long. The entire area of the image was used for EELS data acquisition and
the integrated and processed spectrum is plotted in Figure 27 (b). The spectrum
shows a distinct feature between 2.5eV and 4.0eV with a maximum intensity
around 3.2 eV, which represents the LSPR of the Ag particle. Two sections of the
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Figure 26: (a) The spatial representation of the boron K-edge and the nitrogen
K-edge signal extracted from an EEL spectrum image (SI) of the green framed
area in Figure [24| clearly shows regions with differing brightness indicating a
thickness variation of the h-BN substrate. (b) A comparison of the EEL spectra
of the framed regions in the SI shows the decrease in electron counts around
the boron K-edge at 188 eV, corresponding to a decrease in thickness from
the cyan towards the green spectrum. The colors of the spectra correspond to
the frame colors in the SL
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spectrum around 2.8 eV and 3.2 eV are displayed in spatially resolved EELS maps
in Figure [27) (c) and (d), respectively. The corresponding energy loss intervals are
marked by frames centered at those energies with a width of 0.18 eV, correspond-
ing to the full width at half maximum (FWHM) of the ZLP, which determines
the spectral resolution. The LSPR map in Figure 27| (c) at (2.80 £ 0.09) eV of
energy loss, marked by the red frame in the spectrum, shows two areas with
high intensity, representing a high probability of electron energy loss, around the
poles of the particle on the major axis. The maxima in energy loss correspond to
the excitation of a longitudinal mode of the LSP of the Ag particle arising from
the deviation of its shape from a perfect sphere. The second LSPR map in Figure
(d) shows the energy window at (3.20 & 0.09) eV marked with a green frame
in the spectrum. Here, at a slightly higher loss energy, a ring like shape of high
intensity encircles the Ag particle. Presumably in this case the longitudinal mode
is overlaid with the transverse mode of the LSP. The overall spectral position of
the LSPR is comparable to results from Scholl et al. [137] or Raza et al. [138] even
though their investigated particles were more spherical. Besides the impact of
differences in particle shape, deviations from results available in literature are
further attributed to the employed synthesis methods. Note that compared to
chemically synthesized particles, nanoparticles produces by the Hey approach
have the advantage of being solvent and surfactant free.

The second examined particle is a Ag@Au core@shell nanorod produced by
utilizing a sequential pick-up scheme (cf. Methods). The HAADF image in Figure
(a) shows an elongated nanorod with a length of 20nm and a diameter of
7nm (aspect ratio of ~ 2.9). To demonstrate the composition of the particle an
elemental map is depicted in Figure 28| (b) showing in gold and silver colors
the corresponding elements. To create the energy dispersive X-ray spectroscopy
(EDS) map the event counts around the M, peak of Au at 2.120keV and the Ly,
peak of Ag at 2.984 keV were extracted from the EDS data and plotted spatially
resolved. The Ag core has an elongated shape and is completely enclosed by
the Au shell, which is thickest at the caps of the nanorod. The integrated EEL
spectrum for the whole area in Figure 28| (c) contains a distinct LSPR peak around
a loss energy of 1.95eV. From the red framed interval covering an energy range
of (1.95+0.09) eV, a LSPR map was extracted, shown in Figure 28| (d). It can be
seen that two maxima in electron energy loss are situated around the poles of
the Ag@Au nanorod, representing an excitation of a longitudinal LSPR mode.
The LSPR peak position for a nanorod is difficult to compare to literature not
only due to differences in the synthesis approach but also because of the shift
with a varying aspect ratio of the particle [139,140]. Koh et al. [141] and N'Gom
et al. [142] obtained comparable results by examining elongated Au particles with
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Figure 27: (a) HAADF image of an elliptically shaped Ag nanoparticle with
(b) a plot of the processed EELS data integrated over the entire image. The
framed sections in the spectrum are displayed as spatially resolved EELS
maps.(c) A LSPR map at (2.80 +0.09) eV (red frame) and (d) a LSPR map at

(3.20 £ 0.09) eV (green frame).
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Figure 28: (a) HAADF image of a Ag@Au core@shell nanorod with (b) an
elemental map extracted from the EDS data showing the Ag core and Au
shell structure. (c) A plot of the processed EELS data integrated over the
whole image area where the red framed section is used for (d) a plasmon

resonance map at (1.95+0.09) eV.
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similar aspect ratios. Major effects on the LSPR peak by the Ag core are not
observable, presumably because the shell is already thick enough such that the
plasmonic properties of Au dominate the spectrum.

3.5 Conclusion

In conclusion, we successfully showed a way to use a very thin h-BN film for
the fabrication of STEM substrates, which are ideal for high resolution studies
of nanosized metal particles by means of EELS. We presented the crafting of
the h-BN substrates, resulting in uniform flakes of h-BN on top of the holey
carbon support grids with thicknesses of down to only a few atomic layers. The
obtained substrates exhibit excellent characteristics, which can highly improve
the quality of the information gained from the low-loss region of EEL spectra.
The increased transmittance for electrons in the energy range below 6€V is
an inherent property of h-BN due to its wide bandgap, and the thinness and
cleanliness of the substrates further contribute to a diminished background signal.
A direct comparison between the h-BN substrate and a commercially available
SiNx substrate shows that h-BN provides a lower background signal over a
wide energy range up to 30 eV. The primary application for the h-BN substrates
can be found in the field of plasmonics, where the experimental analysis of
LSPRs on the nanoscale and also the depiction in spatially resolved maps is
attracting great interest. We demonstrate the applicability of the substrates for
such measurements on two exemplary nanoparticles, namely a Ag and a Ag@Au
core@shell particle, for which the acquisition of spectral features originating from
LSPRs was feasible and the collected data is in good agreement with literature.
The Ag and Ag@Au particles were fabricated employing the helium nanodroplet
synthesis approach, which allows, in principle, due to its unique pickup and
cluster formation method, the direct combination of a large variety of materials.
Thus, we anticipate that the soft, helium cushioned deposition of particles on the
substrate together with the potential for the creation of new plasmonic materials
may open up exciting possibilities for the field of plasmonics.
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4 Tunable Localized Surface Plasmon Resonance of

Ag@Au Nanoparticles
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"Helium nanodroplet assisted synthesis of bimetallic Ag@Au nanopar-
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Messner} Martin SchnedlitA4}, Harald Fitzekf Peter Pslf Daniel
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4.1 Abstract

Nanoparticles with tunable localized surface plasmon resonance have been pre-
pared by synthesis in helium nanodroplets. Subsequent surface deposition allows
for the formation of substrates which can be employed for surface-enhanced
Raman spectroscopy (SERS). The assembly of Ag@Au core@shell clusters of about
5nm diameter in helium droplets with different Ag:Au ratio allows to tune the
surface plasmon resonance between the plain Ag resonance at 447 nm and the
Au resonance at 555nm. For the fabricated substrates only a single plasmon
resonance is observed in the UV /vis absorption spectra. The prepared nanos-
tructures have been functionalized with 4-methylbenzenethiol (4-MBT) molecules
and SERS spectra have been recorded. The results demonstrate the potential of
the helium droplet synthesis approach, opening up a new route to the formation
of tailored plasmonic nanoparticles and functional nanostructures.

1000 1200 1400 1600
Raman Shift (cm™)

Figure 29: Graphical TOC - Surface enhanced Raman and UV /vis measure-
ments conducted on Ag@Au core@shell nanoparticles with tunable localized
surface plasmon resonance synthesized with the helium nanodroplet synthe-

sis approach.

4.2 Introduction

Nano-sized particles have paved the way for exciting new research and applica-
tions in science and technology. Today, nanoparticles are ubiquitous and found
application in catalysis [143] and photovoltaics [144] as well as in chemistry [145],
biology [115] and medicine [146]. Hybrid nanoparticles, in particular, play an
important role for emerging applications as they allow to tailor particle charac-
teristics by deliberately combining materials with desired magnetic, optical or
chemical properties [147]. The great potential of such nanoparticles and nanos-
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tructures assembled thereof is calling for novel synthesis methods capable to
rapidly explore a large variety of different material combinations. Here, we
introduce the helium nanodroplet synthesis method as a novel approach for the
production of functional hybrid nanoparticles with tailored plasmonic properties.

The advantages that come with the helium droplet approach are the (i) intrinsic
inertness of the synthesis environment (liquid helium) that does not involve any
solvents, surfactants or other chemicals, (ii) the large variety of dopants that
can be combined and (iii) the cold environment (0.37 K) [17,[18] that enables the
production of nanoparticles with a core@shell configuration independent of the
thermodynamically favored structure [50]. In the present study, we chose the
Ag@Au system in order to demonstrate the controlled formation of plasmonic
nanoparticles and nanostructures by helium droplet synthesis. However, in
general the approach allows to select nanoparticle constituents from a large
variety of materials.

Many of the outstanding optical properties of plasmonic materials are related
to surface plasmon resonances or, in the case of coinage metal nanoparticles
smaller than the wavelengths of visible light, localized surface plasmon reso-
nances (LSPR). These plasmons can be understood as collective oscillations of
electrons within the nanoparticle. The spectral position of a LSPR thereby de-
pends strongly on the structure, shape and size of the particle [147]. The resonant
interaction between an electromagnetic field and the surface plasmon causes
a concentration of electromagnetic radiation close by the nanoparticle surface,
an effect which forms the foundation of surface-enhanced Raman scattering
(SERS): When a Raman active molecule is attached to the surface of a metal
nanoparticle and exposed to electromagnetic radiation resonant with the LSPR
it experiences a strongly enhanced field, which can boost the Raman signal by
orders of magnitude [115].

Typically, Au or Ag nanostructures are used as SERS substrates, however,
hybrid nanoparticles pose very promising building blocks for the preparation
of novel SERS substrates for emerging and future applications [147,148]. A
well characterized material combination in this context is represented by Ag-
Au hybrid nanoparticles [149], which we chose to demonstrate the capabilities
of our synthesis approach. Previous studies on core@shell nanoparticles, with
diameters larger than 10 nm, have shown that for a Ag@Au as well as a Au@Ag
configuration typically two separate plasmon resonances are observed, one close
to the original Ag LSPR and the other close to the Au LSPR peak, their respective
intensities depending on the Ag:Au ratio [150-155]. In the alloyed form, however,
nanoparticles exhibit only a single plasmon resonance and its position depends
on the Ag:Au ratio [151,153}[155|/156]. It has been shown that both structures are
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suitable for the preparation of SERS substrates [149}152}[157].

With the helium droplet synthesis approach nanoparticles are formed when
the droplets pass a pickup region, typically a cell in which a resistively heated
oven establishes an increased vapor pressure of the desired dopant material. The
subsequent arrangement of two of such pickup cells allows for the doping with
two different materials. Under such conditions core@shell nanoparticles can be
formed, where the material introduced first forms the core and the second the
shell [6,49]. Subsequently, the particles can be deposited on any desired substrate,
thereby the surrounding helium acts as a cushion that is stripped off upon impact,
dissipating the released energy and resulting in a very soft deposition [33,[158].

In the recent years helium droplets have evolved from a pure spectroscopic
matrix [17,[18] to a synthesis method for nanoparticles [35|(121),123}[159, 160].
However, the vast majority of works dealing with nanoparticle synthesis is
focused on the investigation of particle size, structure and morphology. Here, we
expand the helium droplet synthesis approach into the field of plasmonics by
presenting a new tool for the production of bimetallic plasmonic nanoparticles

and nanostructures.

4.3 Experimental
4.3.1 Nanoparticle synthesis

The employed helium droplet apparatus has been described in Ref. (124, Bimetallic
nanoparticles are formed by guiding a helium droplet beam through two inde-
pendent pickup zones at which enclosed, heated crucibles establish an increased
vapor pressure of the desired dopant material. The employed helium droplets
have a mean diameter of about 40 nm, obtained by using a nozzle temperature
of 8K, a stagnation pressure of 20bar and a 5 ym diameter nozzle [125]. Upon
passing the first pickup zone, loaded with Ag, the dopant atoms agglomerate
inside the helium droplets. When passing the second pickup zone, loaded with
Au, the agglomerated Ag clusters are covered by a Au shell [120]. Pure Ag
and Au clusters are formed by heating only one crucible. After formation the
nanoparticles are deposited on the desired substrates under UHV conditions in a
subsequent chamber. Several substrates can be interchanged inside the apparatus
without breaking the vacuum.

When metal atoms agglomerate, binding energy is released into the droplet,
which is dissipated by the evaporation of He atoms. This process goes along
with a decrease of the *He yield in the quadrupole mass spectrometer at the
end of the machine [125]], which, thus, provides a convenient way to monitor
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the doping level. However, when applying this method to multiple dopants
added subsequently to the droplets, differences in the binding energies have
to be accounted for, which can be estimated by the bulk cohesive energies. In
the case of Ag and Au clusters these energies correspond to 2.95eV and 3.81 eV,
respectively [161]. Thus, the depletion caused by Ag clusters formed in helium
droplets is about 23% lower than for Au clusters. Consequently, the three selected
compositions obtained by setting the attenuation of the droplet beam flux to 30%
Ag / 20% Au, 20% Ag / 30% Au and 15% Ag / 35% Au correspond to a corrected
Ag:Au composition ratio in terms of number of atoms of approximately 1.94, 0.86,
and 0.55, respectively. However, for the sake of convenience we refer to these
compositions as 2:1, 1:1 and 1:2 in the following. The estimated average total
number of atoms (sum of Ag and Au atoms) introduced into the helium droplet
remains fairly constant for different Ag:Au ratios and corresponds to about 2800
atoms per nanoparticle.

4.3.2 UVl/vis absorption spectroscopy

UV /vis absorption spectra were recorded employing a Shimadzu UV-1800 spec-
trophotometer. The nanoparticles were deposited by introducing a fused silica
microscope slide (Corning 7980, fused silica, 1 mm thickness) into the beam. The
slide is subsequently taken out of the vacuum and placed into the spectropho-
tometer to acquire the spectra shown in Figure 33, using a second fused silica
slide as reference.

4.3.3 Transmission electron microscopy (TEM)

For TEM experiments the clusters are deposited on TEM grids (Ted Pella, Inc.,
Prod. No. 01824), covered with an amorphous carbon film with a thickness of
3nm. The TEM images shown in Figure 30| are recorded with a 120kV LaBg FEI
Tecnai 12 transmission electron microscope, equipped with a Bio Scan Camera
(Gatan, Model 792). High-resolution scanning transmission electron microscopy
(HR-STEM) is performed using a probe-corrected FEI Titan® G2 60-300 instrument.
The STEM images shown in Figure 32| have been acquired using a high-angular
annular dark-field (HAADF) imaging detector. Note that during transport from
the helium droplet apparatus to the TEM instrument the samples are exposed to
air for a short period of time, which should have no effect on the deposited Ag
and Au materials.
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4.3.4 Raman spectroscopy

After recording the absorption spectra of nanoparticles deposited on the fused
silica glass slides, the substrates were functionalized with 4-methylbenzenethiol
(4-MBT) molecules. The functionalization is done by immersing the substrate in a
0.1 mM solution of 4-MBT in DI water for 1h. Excess 4-MBT is removed by subse-
quent immersion in ethanol. Raman spectra were acquired employing a LabRam
HR 800 spectrometer. The used laser wavelengths (and powers) are 473 nm
(12.5mW), 532nm (12.5mW) and 633 nm (15mW). A x10 Olympus MplanN (N.A.
0.25) objective was used to focus the laser onto the sample. For every substrate
64 spectra were measured across an area of 500 x 500 ym with an acquisition time
of 8 seconds (and 2 accumulations) per spectra. The shown Raman spectra in
Figure |34 and 35| correspond to the average of these 64 spectra. Enhancement
factors EF were determined according to the definition and procedure provided
by Le Ru et al. [162]:

_ Isgrs - Nref  ISERs - Cref - Heff

EF =
Iref - NsErs IRef - A s

(14)

All band intensities (Isgrs, Irer) were determined using the peak fit routine of
the LabSpec 6 software. Reference measurements were done for two different
solutions (ethanol and isopropanol; molar concentration cg.r=0.5M) in order to
obtain reference intensities for all bands without interference from the solvent.
The effective height of the scattering volume H,rr =174 ym was determined as
described in the supplementary information of Le Ru et al. [162]. The surface
density ug of 4-MBT is taken from Camargo et al. [163] (1s=5.3 nm~2). From
the TEM images, which show a projection of the deposited nanoparticles, the
ratio of the surface area of the metallic nanoparticles to the total substrate area is
estimated as A =0.58 by assuming spherical particles.

4.4 Results and Discussion

Figure 30| shows a survey of bright-field (BF) images of the prepared bimetallic
Ag@Au core@shell particles with Ag:Au ratios adjusted to 2:1 (red frame, a.),
1:1 (green frame, b.) and 1:2 (blue frame, c.), recorded by transmission electron
microscopy (TEM). Note that the ratio refers to the estimated ratio of the number
of atoms, which can be easily controlled by adjusting the temperatures of the
pickup-ovens [120].

The nanoparticles were deposited on standard amorphous carbon TEM grids
immediately after deposition on fused silica substrates at the same helium droplet
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Figure 30: Bright-field (BF) transmission electron microscopy (TEM) images

of the produced nanoparticles with Ag:Au ratios of 2:1 (red frame, a.), 1:1
(green frame b.) and 1:2 (blue frame, c.). Particles have been deposited for
30 min (2:1), 4 hours (1:1) and 30 min (1:2). The images show an overview
of the deposited particles (scale bar 20nm). Coagulation of a fraction of the
particles is observed for long deposition times (middle image).

Table 1: Summary of the determined surface coverage (sc) per hour and
the mean particle diameter d estimated by assuming spherical particles for
nanoparticles with Ag:Au ratios of 2:1, 1:1 and 1:2, obtained from the recorded
TEM images. In addition, the full width at half maximum (FWHM) of the
particle size distribution for each Ag:Au ratio, shown in Figure 31} is listed.

Ag:Auratio sc per hour d(nm) FWHM

2:1 @47 £ 0.6)% 47 2.0
1:1 (3.6 £ 02)% 65 49
12 @47 + 04)% 44 2.2

source conditions in order to reveal insight into the surface coverage, particle
size and structure. The intensity in the shown BF images depends on the atomic
number (Z), i.e. bright areas correspond to Ag rich zones whereas dark regions
indicate Au rich zones. Note that only image b.) has been obtained upon
deposition for four hours, similar to the samples used in the optical experiments.
Nanoparticles in images a.) and c.) have been deposited for 30min on the
TEM grids. The comparison of particles prepared with different deposition
times reveals insight into coagulation processes that can proceed upon deposition:
While for low surface coverage nearly all particles remain separated, upon 4 hours
of continuous deposition the surface coverage is high enough that a fraction of
the particles coagulates and form larger structures.

The obtained surface coverages (sc) and mean particle diameters d (estimated
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Figure 31: Size distributions for particles with an Ag:Au ratio of 2:1 (a.), 1:1
(b.) and 1:2 (c.). Note that, while panel a.) and c.) shows a distribution of
particles deposited for 30 min, panel b.) shows the distribution of particles
deposited for 4 hours, similar to the TEM images in Figure

by assuming spherical particles) are listed in Table I} Note that in order to ease a
comparison, the surface coverages have been scaled to one hour of deposition,
neglecting the statistic nature of the process, i.e. particles may be deposited on
top of each other. It can be seen that coagulation, which becomes relevant in case
of the longer deposition time for the 1:1 ratio particles, manifests in an increase
of the estimated mean particle diameter and, to some extent, also in a decrease of
the surface coverage.

The particle size distributions are shown in Figure 31} the corresponding full
width at half maximum (FWHM) of each distribution is listed in Table [1} Here,
the effect of particle coagulation becomes obvious by comparing the distributions
in panel a.) and c.), where particles have been deposited for 30 min, to the
distribution in panel b.) for which the particles have been deposited for 4 hours.
Coagulation leads to a significant broadening of the distribution towards larger
particle sizes. We note that the coagulation process may differ between the
amorphous carbon TEM grid substrate and the fused silica glass slides. However,
it has to be considered in the interpretation of the UV /vis absorption spectra that
a fraction of larger particles, which may not retain a core@shell structure, can
contribute to the signal.

While the images in Figure 30| allow a characterization of the particle sizes
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Figure 32: High-angle annular dark-field (HAADF) images of representative

core@shell nanoparticles from a separate series of experiments, recorded by a
high-resolution scanning transmission electron microscope (HR-STEM). The
Ag:Au ratios correspond to 2:1 (red frame, a.), 1:1 (green frame, b.) and 1:2
(blue frame, c.). The Au shell layer is marked by red arrows.

and surface coverages, the resolution is too low in order to reveal insight into
structural details, in particular, the core@shell structure of the particles. In order
to provide further insight into the structure of nanoparticles in the 5nm size
regime formed by helium droplet synthesis we present selected high-resolution
images in Figure 32} The shown particles have been produced in a previous series
of experiments under similar helium droplet source conditions, however, the size
of the shown particles and, in particular, the Ag:Au composition is the same as in
the present study. Further details about the structure of nanoparticles comprising
a Ag:Au ratio of 1:1 can be found in Ref. 49 (and the Supplementary Information
of Ref. 49). The shown images in Figure 32| correspond to high-angle annular
dark-field (HAADF) images recorded by a high-resolution scanning transmission
electron microscope (HR-STEM). The Ag:Au ratios of the prepared nanoparticles
corresponds to 2:1 (red frame, a.), 1:1 (green frame, b.) and 1:2 (blue frame, c.).
The HAADF image intensity is proportional to the square of the atomic number
(Z?) [164]. Consequently, the image contrast within an individual nanoparticle
represents zones that are rich of Ag (dark) or Au (bright).

It can be seen from the images in Figure 32| that even for the lowest Au doping
level (Ag:Au of 2:1) a faint bright Au layer is visible at the surface (marked by
red arrows). Consequently, it is concluded that even in the sub 5 nm size regime
the helium droplet synthesis allows for the deposition of nanoparticles with a
core@shell structure with extremely thin shell layers.

The optical properties of the prepared nanoparticles, deposited for 4 hours
each onto fused silica substrates, have been characterized employing UV /vis
absorption spectros-copy. The recorded spectra are shown in Figure Plain
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Figure 33: UV /vis absorption spectra of the prepared Ag, Au and Ag@Au
core@shell nanoparticles deposited for 4 hours on fused silica substrates.
The Ag:Au ratios have been adjusted to 1:2 (orange), 1:1 (black) and 2:1
(green). Spectra of bare Ag and Au particles are shown in blue and red,
respectively. The LSPR peak maximum shifts from 447 nm (Ag) to 555nm
(Au) with increasing Au content, accompanied by an intensity decrease.

Ag (blue) and Au (red) nanoparticles serve as a reference, both exhibiting the
characteristic LSPR of small, spherical nanoparticles on fused silica [149,(165]
peaking at 447 nm for Ag and 555 nm for Au. The figure also features spectra of
deposited core@shell nanoparticles with Ag:Au ratios adjusted to 1:2 (orange),
1:1 (black) and 2:1 (green). Only a single LSPR peak is observed, which becomes
increasingly red-shifted with increasing Au content, accompanied by decreasing
intensity. For high Ag concentration (Ag:Au of 2:1) the LSPR feature resembles
the Ag resonance, red-shifted to 484 nm. For medium (1:1) and high Au content
(1:2) the red-shift is stronger and the LSPR peak maxima are found at 499 nm and
518 nm, respectively.

Previous studies on bimetallic Ag-Au nanoparticles relied on different prepa-
ration processes such as coating of the core metal using radiation chemistry [151],
laser ablation [154], or solution phase synthesis [153,(155,(156]. Measured ab-
sorption spectra indicated that core@shell nanoparticles exhibit two plasmon
resonances, one close to the resonance of the pure Au particle and one close to
the resonance of the pure Ag particle. It required the transformation into an alloy
state to obtain continuous shifts of the then single resonance between the pure Au
and Ag absorption wavelength, the shift depending on the Au/Ag molar ratios.
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The size of the nanoparticles in these previous studies was of 15nm diameter
or larger [150}151}153}154]. As the different absorption behavior for bimetallic
core@shell versus alloy nanoparticles was even used as diagnostic tool to dis-
tinguish the two states, Kuzma et al. [166] discuss optical properties of binary
compound plasmonic nanoparticles (see also Ref. 167). They found that optical
absorption spectra alone are not sufficient to predict structural arrangements.

In the case of helium droplet synthesis it is known that the nanoparticles
that are formed in the droplet and subsequently deposited are of core@shell
structure [49,50,120], which becomes also evident from Figure However,
as suggested by the particle size distribution in Figure 31} the optical spectrum
does not only originate from the initially deposited core@shell particles but may
also contain a contribution from larger, coagulated particles. The sum of both
contributions leads to the relatively broad single plasmon resonance feature that
is observed in the absorption spectrum. Furthermore, at a surface coverage of
about 15% the coupling of LSPR modes between individual particles becomes
important [168], the corresponding features may contribute to the spectrum in
the red part of the spectra in Figure 33|at longer wavelength [169].

Here, single particle plasmon spectroscopy based on electron energy loss spec-
troscopy (EELS) [1}[137] could reveal more insight into the plasmonic properties
of individual particles as UV /vis absorption spectroscopy can only probe the
average spectrum of a large number of particles. In particular, helium droplet
synthesis would allow for the study of particles with very thin shell layers, such
as shown in Figure 32]a.).

The prepared particles have a size of only ~5nm, corresponding to about
2800 atoms on average, and, thus, the increased surface to volume ratio becomes
important. Considering a Mackay icosahedron structure [170], a cluster with
10 closed shells consisting of 2869 has 812 surface atoms, which corresponds
to a surface to volume ratio of about 1:2.5. Thus, in this idealized scenario a
Ag@Au core@shell particle consisting of 2869 atoms in total with a Ag:Au ratio
of 2.5:1 could be surrounded only by one atomic monolayer of Au. From this
estimation it becomes evident that at lowest Au doping levels the shell layer is
extremely thin, in agreement with the nanoparticle shown in Figure B2a.). This
represents an interesting situation, where common theoretical models for the
calculation of plasmon resonances that predict two disjunct peaks in the spectrum
for core@shell nanoparticles [166,171] may cease to be valid as properties such as
surface roughness, surface diffusion and atomic interdiffusion processes become
important [172]. Furthermore, at around 5 nm various different cluster structures
and morphologies become possible [159], which deviate from the idealized
models.
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Figure 34: Raman spectra recorded for the different nanoparticles functional-
ized with 4-methylbenzenethiol (4-MBT) molecules obtained by employing
three different Raman laser wavelengths of 473 nm (blue), 532 nm (green)
and 633 nm (red). The Raman spectrum obtained from 4-MBT attached to
core@shell nanoparticle substrates with Ag:Au ratios of 2:1, 1:1 and 1:2 are
shown together with spectra obtained from substrates consisting of plain Au
and Ag particles.
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Table 2: Enhancement factors determined for the Raman mode at 1080 cm !

for nanoparticle substrates comprising Ag:Au ratios of 2:1, 1:1 and 1:2 as well
as for the plain Ag and Au nanoparticle substrates.

Ag:Au 473nm 532nm 633 nm
1:0 1800 24000 30000
2:1 ~ 200 2100 6300
1:1 ~70 1700 12000
1:2 bld* ~ 800 5800
0:1 bld* ~ 300 5500

*bld: below limit of detection

Having characterized the nanoparticles and their optical properties, we can
now proceed to analyze their capabilities as substrates for surface-enhanced
Raman spectroscopy (SERS). Therefore, the nanoparticles deposited on fused
silica substrates were functionalized with 4-methyl-benzenethiol (4-MBT). The
Raman spectra obtained for plain Ag and Au nanoparticle substrates as well as
for bimetallic particles are shown in Figure (34| for three different Raman laser
wavelengths. Note that the Ag spectra for 532 nm and 633 nm in Figure 34| have
been scaled by x0.2 and the 532nm Au an Ag@Au 1:2 as well as the 473 nm
Ag@Au 2:1 spectra have been scaled by x2.5.

From near-edge X-ray absorption fine structure (NEXAFS) spectroscopy it is
known that the sulfur atom, situated at one end of the molecule, binds to the
surface (in the ideal case of a planar Au(111) surface the benzene ring is tilted by
33° with respect to the surface) [173,174]. Furthermore, 4-MBT is known to form
self-assembled monolayers on both Ag and Au surfaces [175].

The Raman spectrum in Figure 34| can be readily assigned based on compar-
ison to literature [163,[176]. The most intense peak at 1080 cm~! corresponds
to a combination of a phenyl breathing mode, a CH in-plane bending and CS
stretching (7a vibrational mode). The intense peak at 1595cm ™! corresponds to a
phenyl ring stretching mode (8a vibrational mode). The three peaks in between
these two intense features at 1182cm 1, 1378 cm ™!, and 1486 cm ™! as well as the
peak at 1698 cm™! are assigned to in-plane phenyl ring vibrations. The broad
structures observed in the left panel (473 nm) of Figure 34 for the three top most
spectra and for the top spectrum in the middle (532nm) panel correspond to
residuals from the fused silica substrate, only the sharp lines are associated with
signals from molecules.

Enhancement factors have been determined for the strongest Raman mode at
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Figure 35: Zoom into the (normalized) Raman spectrum obtained with the
532nm laser in the region of the 1595cm~! and 1698 cm~! modes, which are
sensitive to the substrate. It can be seen that the spectra gradually change
their character from the case of molecules bound to plain Ag towards plain
Au nanoparticles with increasing Au shell thickness.

1080cm ! and are listed in Table 2l Note that the Raman enhancement factors
have been determined by averaging over a 500 ymx500 ym area. Consider-
ing that the particles are close enough to coagulate, hot-spots between nearby
nanoparticles are, presumably, present on the substrate, boosting the observed
enhancement factors. It can be seen that the Ag nanoparticle substrate, which
also exhibits the most intense LSPR, shows the highest enhancement. In general,
the enhancement factors are lowest for the blue laser (473 nm) and highest for
the red laser (633nm). The enhancement factors for the bimetallic substrates
are situated in between the pure Ag and Au nanoparticle substrates, where
the Ag@Au nanoparticles comprising a 1:1 Ag:Au ratio show the next highest
enhancement after the pure Ag nanoparticles. Note that the position of the LSPR
maximum (which may be affected by the functionalization with 4-MBT [177])
does not necessarily have to coincide with the wavelength for maximum Raman
enhancement [178]], in particular, for substrates where individual nanoparticles
are not completely isolated from each other.

An interesting aspect of the Raman spectra is the dependence of the Raman
bands at 1595cm ™! and 1698 cm~! on the nanoparticle substrate, which differ
greatly between the case where the molecules are attached to a Au or a Ag surface.

Doctoral Thesis Page 87 of 158



4 Tunable Localized Surface Plasmon Resonance of Ag@Au Nanoparticles

For 4-MBT on Ag it is known that the peak at 1595cm ! shows a characteristic
asymmetry [163]. The origin of this effect is still under debate but it may either
be caused by a broadening of the 8a mode or a selective enhancement of the
8b mode, located about 15cm~—! below. However, on Au substrates this effect is
absent [176]. Furthermore, the 1698 cm~! mode is only significantly enhanced for
the Ag substrate [176]. Figure [35/shows a zoom into the corresponding region. It
can be seen that the spectra gradually change their character from plain Ag to
plain Au character with increasing Au shell thickness. Only when multiple Au
shell layers are present (Ag:Au of 1:2, orange spectrum) the spectrum resembles
the one obtained for molecules attached to plain Au nanoparticles. This indicates
that even if coagulated, larger particles are formed on the glass substrate and
contribute to the signal, in the case of nanoparticles with an Ag:Au ratio of 1:2
they are still covered by a fully closed Au shell.

4.5 Conclusion

The present work demonstrates the capabilities of the helium droplet synthesis
approach for the production of small plasmonic nanostructures. It is shown that
for deposited Ag@Au core@shell nanoparticles, with diameters of about 5nm,
the spectral position of the localized surface plasmon resonance can be controlled
by the Ag:Au ratio, which has been adjusted to 2:1, 1:1 and 1:2. Furthermore,
upon functionalization with 4-MBT molecules, the nanostructures prepared from
these nanoparticles are shown to be suitable substrates for surface-enhanced
Raman spectroscopy (SERS). Raman enhancement factors determined for the
1080 cm~! mode are on the order of 103-10*. The Raman spectroscopy results
further reveal that only particles with highest Au concentration (Ag:Au of 1:2)
exhibit the signature of a plain Au shell.

In the present work we demonstrate the helium droplet synthesis approach for
the production of plasmonic nanoparticles and nanosubstrates with the standard
plasmonic materials, Au and Ag as well as bimetallic Ag@Au particles. However,
in general the pickup technique allows choosing from a large variety of possible
dopant materials. Moreover, the production method allows to produce small
core@shell clusters without any chemistry involved, while the 5 nm size does not
even represent a lower limit. The approach can be easily employed to explore
novel material combinations for applications in plasmonics [179]. A particularly
interesting field for which the approach seems well suited is the production of
SERS active substrates composed of nanoparticles with plasmon resonances in
the UV, such as aluminum [180], due to the inert synthesis environment and the
possibility to protect core materials from oxidation by suitable shell materials [50].
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As the helium synthesis approach has recently been employed for the production
of nanoparticles interesting for catalysis [50,/181], the approach may also enable
the production of systems that combine plasmonic with catalytic properties [182].
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5.1 Abstract

Plasmonic Ag@ZnO core@shell nanoparticles are formed by synthesis inside he-
lium droplets with subsequent deposition and controlled oxidation. The particle
size and shape can be controlled from spherical sub-10 nm particles to larger
elongated structures. An advantage of the method is the complete absence of
solvents, precursors, and other chemical agents. The obtained particle morphol-
ogy and elemental composition have been analyzed by scanning transmission
electron microscopy (STEM) and energy dispersive X-ray spectroscopy (EDS). The
results reveal that the produced particles form a closed and homogeneous ZnO
layer around a 2-3nm Ag core with a uniform thickness of (1.33 £ 0.15) nm and
(1.63 + 0.31) nm for spherical and wire-like particles, respectively. The results
are supported by ultraviolet photoelectron spectroscopy (UPS), which indicates a
fully oxidized shell layer for the particles studied by STEM. The plasmonic prop-
erties of the produced spherical Ag@ZnO core@shell particles are investigated by
two-photon photoelectron (2PPE) spectroscopy. Upon excitation of the localized
surface plasmon resonance in Ag at around 3 eV, plasmonic enhancement leads to
the liberation of electrons with high kinetic energy. This is observed for both Ag
and Ag@ZnO particles, showing that even if a Ag cluster is covered by the ZnO
layer, a plasmonic enhancement can be observed by photoelectron spectroscopy.

uonepixo

C R

Ag@Zn

Figure 36: Graphical TOC - Plasmonic Ag@Zn core@shell nanoparticles are
formed in a unique way inside a pristine environment employing the he-
lium droplet synthesis approach. After subsequent oxidation the Ag@ZnO
nanoparticles are investigated by several analysis techniques including scan-
ning transmission electron microscopy, ultraviolet photoelectron spectroscopy,
and two-photon photoelectron spectroscopy.
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5.2 Introduction

Zinc oxide has become one of the most popular materials for applications in the
tields of photocatalysis and optoelectronics due to its intriguing properties. ZnO
is a non toxic n-type semiconductor with a wide direct band gap of 3.37 eV, very
similar to TiO, but with a higher absorption efficiency under solar irradiation and
a large exciton binding energy of about 60 meV [183]]. As a photocatalyst it shows
high potential in degradation processes of organic pollutants via the generation
of reactive oxygen species and also exhibits antibacterial properties, especially
when scaled down to the nano regime [184]. Due to its photoconductivity and
photoluminescence characteristics, applications of ZnO in optoelectronics are
possible, for example, in ultraviolet (UV) detectors, solar cells, lasers, and various
sensing devices [185,186].

In recent years, miniaturization and engineering of material properties on
the nanometer scale have strongly influenced the research on ZnO. Starting with
needles and other structures in the micrometer size regime [187], by now the
synthesis of ZnO nanoparticles is an important branch of research. An increasing
amount of one-, two-, and three-dimensional structures have been synthesized in
shapes ranging from nanoparticles, -rods, and -ribbons over nanoplates to exotic
flower or snowflake structures [188]. The formation of ZnO based composite
materials opens up further possibilities for the tuning of properties, which permit
the addition of new functionalities and, consequently, the doping of ZnO receives
increasing attention. Different material groups can be used as dopants, for
example, to produce p-type ZnO, enable applications in spintronics, or to improve
optical and electrical properties [189]. A modification with Ag can significantly
enhance the photocatalytic activity of ZnO [190] because the electron-hole pair
concentration is increased by the strong local fields induced by the excitation of
the localized surface plasmon in Ag [191]].

Most of the synthesis routes for pure or doped nanosized ZnO have in
common that they are based on multi-step chemical processes involving solvents
or precursors. Though those techniques are well controlled and documented, it is
possible that residues from chemical agents or surfactants remain at the particle
surface or even at the core-shell interface.

In this study, the helium nanodroplet synthesis approach is employed as a
pristine and facile technique for the synthesis of Ag@ZnO core@shell nanopar-
ticles. This process bears the advantage of dispensing no chemicals, additives,
or other additional agents besides the high purity metals, which are doped into
the superfluid helium droplets where they agglomerate to nanoparticles. Since
the whole procedure is conducted under ultra-high vacuum (UHV) conditions, a
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contamination of the sample and other influences from environmental sources are
excluded. Due to the dependence of the particle size and shape solely on a few
well defined and accurately adjustable experimental parameters the approach
allows for a high reproducibility. The range of accessible shapes spans from
smaller spherical to longer wire-like nanoparticles, as shown in the course of this
study. The obtained particle size and shape depends on the helium droplet source
conditions, with which the helium droplet size can be controlled [125]. Small
helium droplets lead to the formation of spherical nanoparticles, typically with
a diameter below 5nm. As a consequence of their superfluidity, large droplets
host quantum vortices [192], along which dopants preferentially agglomerate
enabling the formation of wire-like nanoparticles. Even though the scalability of
the production is limited because only a few 100 ng per hour can be produced,
the method allows for an investigation of fundamental particle properties. Fur-
thermore, for future experiments the synthesis of core@shell species with a wide
range of material combinations is accessible with one experimental setup simply
by exchanging the dopant metal sources. Electron microscopy has been used
to probe the size distribution, morphology, and composition of the deposited
nanoparticles, revealing that the Ag cores are covered by a uniformly shaped
wurtzite ZnO shell. Further investigations on the oxidation state of the ZnO shell
have been conducted by ultraviolet photoelectron spectroscopy and two-photon
photoelectron spectroscopy was employed to demonstrate the plasmonic activity
of the ZnO covered Ag core.

5.3 Experimental
5.3.1 Nanoparticle synthesis

The ZnO and Ag@ZnO core@shell nanoparticles investigated in this work were
produced utilizing the helium nanodroplet approach. This technique employs
superfluid helium droplets (Hey) as an inert environment for the synthesis
of nanosized metallic particles [28,/123}[159]. Details about the experimental
design of the Hey apparatus can be found in Ref. [124]. In summary, a closed
cycle refrigeration unit (Sumitomo RDK-408D2) is used to cool gaseous helium
(99.9999% purity) at a stagnation pressure of 20-60 bar down to only a few Kelvin.
The helium is then adiabatically expanded into high vacuum (=~ 10~° mbar)
through a 5 um diameter nozzle resulting in a beam of superfluid Hey. The
internal temperature of the Hey, thereby, drops to 0.37K [17,18]. The droplet
sizes can be controlled by the temperature and the stagnation pressure of the
helium gas. For this work a setup with a pressure of 20bar at 8K was used
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for the synthesis of spherical nanoparticles resulting in a He droplet diameter
of about 70nm with a mean number of about 5 x 10° He atoms. [125] For
the larger wire-like particles the parameters were changed to 20bar and 5K
leading to Hey diameters of around 1°m, consisting of about 2 x 10'° He
atoms [125]. Subsequently, the collimated Hen beam passes through another
chamber (=~ 1077 mbar) where resistively heated tungsten baskets coated with
aluminium oxide are used as pickup cells for the evaporation of high purity
metals. While passing through the metal vapor, the Hey are doped with the
evaporated atoms.

The superfluidity of the Heyny matrix enables an unobstructed and frictionless
roaming of dopant atoms. Upon statistical collisions within the Hey;, the dopants
accumulate and start to form clusters [25,26]]. Initially, these clusters are grown as
multicenters inside a droplet before they further agglomerate to larger structures.
The final size of the nanoparticles depends on the doping rate and on the initial
Hey size, since both affect the average time between collisions and, thereby;,
the growth rate [27]. The synthesis of wire-like nanoparticles is enabled by the
presence of vortices in larger He droplets with diameters of several hundred
nanometers. These vortices form due to the angular momentum acquired by the
superfluid droplets during the expansion of the helium through the nozzle into
vacuum [31,[192,193]. The dopant metal atoms and grown clusters inside the
droplets can agglomerate along such vortices due to a pressure gradient directed
towards the vortex core [23]. By adjusting the size of the droplets accordingly
and by doping enough material into them, elongated wire-like structures can
be formed along the vortices [27,29)30]. As stated above for the two employed
parameter settings in this experiment, a change in the helium source conditions
directly influences the size of the Heyn and allows for a facile switching between
the different nanoparticle types. It should be noted that by decreasing the source
temperature not only the droplet size is increased, also the total Hey flux and
the deposition rate are enhanced. During agglomeration of atoms and clusters,
the released binding energy is dissipated by the evaporation of He atoms from
the droplet. The attenuation of the Hey beam due to the decrease in droplet
size caused by this process is measured in order to monitor the particle growth
process [27]]. The synthesis of core@shell particles is enabled by the subsequent
doping of two different metals in consecutive pickup cells [1,/6]. Before entering
the second pickup cell holding the shell material, the particle cores have already
formed with the metal provided in the first cell. The metal doped to the droplets
in the second pickup cell forms a shell layer around the core [120]. The dopant
vapor pressure in each cell and, thereby, the metal atom doping rate and the
nanoparticle growth are directly controlled by the temperature of the resistively
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heated pickup cells. Since the pickup cells are separately controlled, the amount
of doped core and shell material can be adjusted independently. This allows
for a tailoring of the core diameter and the shell thickness of the synthesized
nanoparticles within a certain range, as has been shown for Ag@Au [2] and
Fe@Au [194]. For this work, the pickup cells were loaded with Ag and Zn,
enabling the formation of pure Ag, Zn and Ag@Zn core@shell particles inside
the helium droplets.

After leaving the pickup region, the Hey beam reaches a third chamber at
UHYV conditions (=~ 5 x 10~!Y mbar), where the deposition rate is monitored by
termination of the beam on a quartz crystal microbalance. For deposition of the
nanoparticles the substrates are inserted into the beam path with a wobblestick
transfer system coupled to a vacuum suitcase (Ferrovac GmbH, NexGeneration
UHYV Suitcase). The suitcase allows for the storage and transport of the samples
at UHV conditions (=~ 1 x 107! mbar). Due to the different employed analysis
methods, support grids for scanning transmission electron microscopy (STEM)
(Ted Pella Inc., Ultra-thin Carbon Film on Lacey Carbon Support Film, 300 mesh,
Au) as well as glass coverslips coated with indium tin oxide (ITO) (spi Supplies,
30 — 6002, 18 x 18mm?, No. 1) were used as substrates. As the Heyn beam
is terminated at the substrate, the particles are cushioned by the surrounding
helium and, therefore, keep their shape upon deposition under soft landing
conditions [33,(195] as observed by atomic resolution electron tomography [49].
To start the oxidation of the Zn within the nanoparticles, the vacuum chamber
with all the decorated substrates inside, was flushed with pure oxygen up to a
pressure of 1 x 10~®mbar for 1h. A single carbon substrate has been decorated
with both fabricated species, i.e. the spherical and wire-like nanoparticles, for
the STEM experiments. During transport to the STEM, this sample was exposed
to ambient air for about 1 hour. The spherical particles deposited on the ITO
substrates for the UPS and 2PPE experiments have initially not been exposed to
ambient air due to the use of the vacuum suitcase for the transport. Only later, in
the course of the experiment, these samples have been deliberately exposed to air
in order to achieve complete oxidation.

5.4 Scanning transmission electron microscopy

A detailed analysis of the nanoparticle structure and composition was conducted
with a probe-corrected FEI Titan® 60-300 STEM with an X-FEG field emission
source operated at a beam energy of 300 keV. The STEM system is equipped with
an FEI Super-X four-quadrant detector for energy dispersive X-ray spectroscopy
(EDS). For the acquisition of data, the number of channels was set to 1024 with a
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dispersion of 10eV per channel and an exposure time of 100 ms was used. For
high-angle annular dark-field (HAADF) images the dwell time per pixel was
set to 2.4 us, while the size of the spectrum images (SI) was adjusted for each
individual acquisition.

5.5 Photoemission electron spectroscopy

Photoelectron spectroscopy was conducted with a NanoESCA (FOCUS GmbH &
Scienta Omicron) energy filtered photoemission electron microscope (EF-PEEM)
at UHV conditions (=~ 3 x 10~ mbar). A helium discharge lamp (HIS) oper-
ated at 21.2 eV and the second harmonic of an Indigo-S Ti:Sapphire laser system
(Coherent) tuned to 3.02eV (410nm) were used as photon sources for the acqui-
sition of ultraviolet photoelectron spectra (UPS) and two-photon photoelectron
(2PPE) spectra, respectively. The pulse duration of the laser was 30ns with a
repetition rate of 5kHz. The spot size of the HIS on the sample surface was about
330 um, while the laser was focused to a spot size of about 50 ym (full width at
half maximum) at a laser power of 0.5 mW. With the pass energy for the energy
filter set to 50 €V and an entrance slit of 1 mm, an energy resolution of 200 meV
was reached. An extractor field of 12kV was applied with a sample distance of
1.63mm. The energy filtered photoelectrons were collected and counted with
a channeltron (CT), the measurement area was restricted to a spot size with
(7 £ 1) ym diameter using an iris aperture.

5.6 Results and Discussion
5.6.1 Nanoparticle structure and morphology

For STEM analysis, an amorphous carbon TEM grid was decorated with two
different types of nanoparticles in order to give an example of the capabilities
of the helium nanodroplet synthesis approach in terms of possible particle
shapes. These two selected types encompass small, spherically shaped Ag@ZnO
core@shell nanoparticles (source conditions: 20 bar and 8 K) deposited for 40 min,
as well as wire-like Ag@ZnO core@shell nanoparticles (source conditions: 20 bar
and 5K) deposited for 3 min. Note that both types of nanoparticles were deposited
on a single TEM grid, hence both species can be seen in the images presented
in the following. During transport and transfer into the STEM, the sample was
exposed to ambient conditions for about 1 h in total, which is enough time for
the Zn shell to completely oxidize. This finding is in agreement with previous
studies, which found that an oxide layer with a thickness up to 3nm is formed
directly upon exposure to air [196].
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Figure[37] (a) shows a selected HAADF image in which the two particle
types can be identified. The bright Ag cores within the particles can be clearly
distinguished from the surrounding ZnO since the HAADF image intensity is
proportional to the square of the atomic number (Z?) [164]. It can be seen that
the synthesis route based on the formation of Ag@Zn particles and subsequent
oxidation of the Zn to ZnO results in a very uniform shell around the core,
covering the Ag in a ZnO layer of constant thickness. This is true for the
smaller spherical particles as well as for the larger wire-like structures as the
presented STEM image shows. The measurement and subsequent statistical
analysis of a random selection of 110 spherically shaped Ag@ZnO particles
yielded a mean shell thickness of (1.33 £ 0.15) nm. The larger, wire-like Ag@ZnO
structures were less frequently imaged and 35 were analyzed, resulting in a mean
ZnO shell thickness of (1.63 + 0.31) nm. Further HAADF images with lower
magnification are presented in Fig.[42]in the Electronic Supplementary Material
(ESM), providing an overview of the particle distribution on the substrate. In
Fig.[43) in the ESM another set of detailed high-resolution HAADF images is
presented to give a more thorough picture of the particle quality and the regularity
of the ZnO shells covering the Ag cores.

A structural analysis of the uniformly grown ZnO within a selected particle
is presented in Fig.[37] (b), which shows a detailed STEM HAADF image of the
surface of a nanoparticle oriented in [001] direction. The contrast is enhanced and
the observable hexagonal structure is highlighted by a red hexagon to guide the
eye. The inset plot in Fig.[37] (c) shows the corresponding fast Fourier transform
(FFT), which allows conclusions on the crystal structure of the ZnO shell layer.
The FFT image yields lattice distances of (0.30 = 0.02) nm and (0.18 £ 0.01) nm,
marked by dashed orange circles. The observed pattern clearly exhibits sixfold
symmetry. All visible features are assigned with the corresponding Bravais-Miller
indices. The six diffraction spots on the inner circle and the six spots on the
outer circle show permutation symmetry among themselves and originate from
the {100} and {210} planes of wurtzite ZnO, respectively. The obtained distances
are in agreement with literature bulk values for the lattice spacing of 0.2814
and 0.1625nm, taken from the Crystallography Open Database (COD) [197].
Deviations from the tabulated values most likely originate from the fact that the
shell is only several atomic layers thick, which can lead to a lattice expansion
as reported for several oxides on the nanoscale [198]]. In the inset plot Fig.[37]
(d) the two periodically occurring lengths found in the FFT image are assigned
to the two-dimensional projection of the hexagonal structure of ZnO in [001]
direction. Figure[d4] in the ESM shows additional evaluated FFT images of
Ag@ZnO nanoparticles in varying orientations, confirming the findings from
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Fig.[B7l Overall, with the obvious sixfold symmetry and the lattice parameters in
good agreement with literature, it is concluded that the ZnO shell layer prefers a
wurtzite unit cell structure in case of the synthesized nanoparticles.

The chemical composition of the nanoparticles was determined by means
of EDS. Figure3§| (a) shows a HAADF image of several spherically shaped
core@shell nanoparticles. An EDS map acquired from this area was used to
create the spatially resolved elemental maps for Ag, Zn and O, which are shown
in Figs.[38| (b)-(d). In particular, the event counts around the L,; peak of Ag at
2.984 keV, the L, peak of Zn at 1.012keV, and the K, peak of O at 0.523 keV were
extracted from the EDS data and plotted according to their respective position
in the image. It is evident that the positions of the bright core structures in
the HAADF image are matching those with high abundance of Ag. The same
applies for the whole particles including the shell and the respective EDS data
for Zn. The slight offsets between particle positions in the HAADF image and
the EDS maps may originate from a drift of the sample or a mobilization of the
nanoparticles due to the exposure to the electron beam for longer times during
the acquisition. These effects can hardly be avoided since the HAADF image and
EDS data are acquired in independent scans. Note that the position of oxygen is
not as precise as for the metals because it is also present in the background in
form of hydrocarbons on the STEM substrate. Nonetheless, there is an increased
abundance of O in the background corrected color map at the positions where
Zn is also found. In combination with the findings of the structural investigation
shown in Fig.[37 it is concluded that the Ag cores are covered by a uniform ZnO
shell.

5.6.2 Size distribution and surface coverage

In order to gain information about the size distribution of the deposited par-
ticles, the overall diameters and Ag core diameters of 208 spherically shaped
nanoparticles (synthesized at 20 bar and 8 K) were individually determined from
high-resolution STEM images. Examples for the STEM images can be found in
Fig.[43]in the ESM. The results are shown in the histograms in Fig.[39} containing
the measured overall diameters of the particles in panel (a) and the core diam-
eters in panel (b). For both datasets the diameters are, in good approximation,
normally distributed. A fit yields a mean overall particle diameter of 5.84 nm with
a standard deviation of 0.93nm and a mean core diameter of (3.03 £+ 0.64) nm.
The width of both size distributions is inherent to the Hey synthesis process and
originates from the broad droplet size distribution [159]. Over 100 of the wire-like
nanoparticles were measured and 70% of the particles have a length between 20
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Figure 37: (a) STEM HAADF image of the synthesized Ag@ZnO nanosized
particles. Spherically shaped as well as wire-like structures can be identified.
The core@shell structure is clearly observable as silver cores appear brighter
than zinc oxide shells. The smaller spherical particles and the elongated
larger particles were created at different helium droplet beam conditions and
were deposited on the same substrate subsequently (cf. chapter 5.3.1). (b)
Detailed HAADF image showing ZnO along the [001] axis with the hexagonal
structure highlighted in red for a selected unit cell. Inset plot (c) shows the
fast Fourier transform (FFT) of the STEM image, yielding periodicities of
(0.30 £ 0.02) nm and (0.18 £ 0.01) nm marked by the dashed orange circles.
The sixfold symmetry of the FFT pattern is clearly observable and all visible
features are assigned. The schematic in inset plot (d) explains the origin of
the two observed lengths within the 2D projection of the hexagonal unit cell
of wurtzite ZnO in [001] direction.
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Figure 38: (a) Detailed STEM HAADF image of a selected region with
spherically shaped Ag@ZnO core@shell nanoparticles. The spatially resolved
EDS maps reveal the spatial distribution of (b) the Ag core material as well
as (c) the Zn and (d) the O in the shell of the particles.

and 50 nm. Their diameter ranges from 6 to 8 nm, however, can extend to over
10nm for agglomerated structures. Note that the diameter can vary over the
length of a single particle and that most of them are kinked or branched, which
makes an exact characterization of their size difficult.

For the determination of the surface coverage for the deposited nanoparticles
the overview STEM images shown in Fig.[42] in the ESM were used. With the
Image] 1.52p software package it was possible to separately evaluate the
spherical (deposition time: 40 min) and wire-like (deposition time: 3 min) particles
due to a discrimination in size. This is shown in Fig.[45in the ESM for one of
the STEM images. The evaluation yields an estimation for the obtained surface
coverage per hour of about (9.3 £ 0.5) ;/1—" for the spherically shaped particles and
about (110 + 30) O/H" for the elongated structures. The difference can be explained
by the different helium droplet source conditions. For colder temperatures and
larger droplets the deposition rate is enhanced, but a precise control of the particle
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shape is no longer possible and a variety of different shapes is formed.

The determined surface coverage rate for the spherically shaped Ag@ZnO
nanoparticles is used to estimate the coverage of the glass coverslips coated with
ITO prepared for analysis in the NanoESCA system. All three samples (pure Zn,
pure Ag, and Ag@ZnO) were produced under the same experimental conditions
(20bar at 8 K) with a deposition duration of 5h each, resulting in an estimated
surface coverage of about (45.0 &+ 2.5) %. Since the decorated ITO substrate
cannot be analyzed by STEM, a SEM overview image has been recorded, shown
in Fig.[46]in the ESM. It confirms that the particles are distributed uniformly on
the surface of the prepared samples, though the nanoparticles appear broadened
at the given magnification due to the lower resolution of SEM.
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Figure 39: From high-resolution STEM images, the particle and core di-
ameters of 208 spherically shaped Ag@ZnO nanoparticles were measured.
(a) Histogram of the measured particle diameters with a fitted normal
distribution yielding a mean particle diameter and standard deviation of

d, = (5.84 & 0.93) nm. (b) Histogram of the measured Ag core diameters
with the normal distribution resulting in a mean of d. = (3.03 + 0.64) nm.

5.6.3 Ultraviolet photoelectron spectroscopy

For the UPS and the 2PPE spectroscopy experiments with the NanoESCA system
three different nanoparticle samples were prepared under the same conditions
(20bar at 8K for 5h) to guarantee comparability: pure Ag particles, ZnO particles
and Ag@ZnO particles. All three samples are decorated with spherically shaped
particles only, since it is of importance for the interpretation of the acquired
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spectra that the shape is uniform and the size distribution narrow. The elongated
wire-like structures, as shown in Fig.[37] (a), are kinked and exhibit a wider
range of lengths and shape. Therefore, they are not further evaluated by the
employed spectroscopic methods that yield results integrated over an extended
surface area. Furthermore, the spherical Ag particles typically exhibit a localized
surface plasmon resonance (LSPR) around 400 nm, which is accessible by the
Ti:Sapphire laser system [200]. Glass coverslides coated with ITO, which were also
characterized before particle deposition, were used as substrates. The samples
were transported to the NanoESCA EF-PEEM under UHV conditions.

Selected regions of the UPS spectra obtained for Ag@ZnO particles on ITO
are shown in Fig.[f0] as a function of the binding energy Ep;,;. The spectra are
normalized to the maxima of the secondary electron peak and the right part of
the plot represents a zoom into the region around the Fermi cutoff. The solid
lines represent the mean of five measurements at different sample spots, the
20 confidence intervals are represented by the shaded areas. The blue line in
Fig.[40| represents the acquired UPS spectrum of the plain ITO substrate before
deposition and the orange line shows the signal of the Ag@ZnO particles after
the transfer to the PEEM. The depicted region of interest in the left part of the
diagram displays the energy range around the 3d core level peak of Zn. The
orange line has a distinct and broad feature situated in this region with a double-
peaked shape. A set of two Gaussians was used to evaluate the maxima of the
convoluted peak structure. Thereby, the peak position at lower binding energy
was found to be at (—9.7 £ 0.1) eV, marked by the vertical red line. The peak is
attributed to the 3d level of pristine Zn. The second maximum, marked with a
vertical black line, is located at (—10.3 + 0.1) eV and represents the 3d level of the
Zn atom in ZnO. A comparison with literature confirms the drawn conclusions
about the origin of the peaks, though there is a certain spread in the published
data [201-203]. The peak shift due to the chemical composition allows for a
qualitative assessment of the oxidation state of the Zn atoms in the sample [204].
To ensure that the Zn is fully oxidized and the particles are comparable with the
ones produced for the acquisition of the STEM data, the sample was exposed to
ambient air for 1h and then transferred back into the UHV chamber of the PEEM.
The green line in Fig. [0 shows the UPS spectrum of the Ag@ZnO particles after
the exposure to ambient conditions. The double peak structure is not present
anymore, instead there is a single peak centered at (—10.8 + 0.2) eV, which is
again attributed to the 3d level of Zn in the oxidized state shifted to higher
binding energies by 0.3-0.5eV. This energy shift is an undesired side effect of the
exposure to ambient air and the subsequent photo-hydroxylation of the sample
surface driven by the extreme ultraviolet radiation during the acquisition of UPS
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data. The observed artifact was investigated in more detail by Gutman et al in
Ref. [205] for nano-crystalline zinc oxide thin films. Within the uncertainty of the
measurement the energy shift found for the ZnO covered nanoparticles in this
study is in good agreement with their results. However, the important conclusion
is that there is no sign of any metallic Zn left in the shell. The inelastic mean
free path of electrons in inorganic compounds, considering the 21.2 eV photon
energy provided by the HIS, is at least ~ 1.5nm [71]. As this value exceeds the
shell thickness of the spherically shaped particles with (1.33 £ 0.15) nm, it is
concluded that the shell is fully oxidized after the sample has been exposed to
ambient air.
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Figure 40: UPS spectra of the plain ITO substrate (blue), the partially oxi-
dized Ag@ZnO nanoparticles after deposition (orange) and the fully oxidized
Ag@7ZnO particles after exposure to ambient air for 1h (green). The peak
positions for the double peak in the orange spectrum are marked by vertical
lines in red at -9.7 eV and black at -10.3 eV and attributed to the 3d level of
metallic Zn and of oxidized Zn, respectively. The acquired spectra are aver-
aged over five different spots on the sample and the shaded areas represent
the 20 confidence levels.

The metallic nature of the partially oxidized Ag@ZnO is also reflected by
the shape of the spectrum in the region that contains information about the
population at the Fermi edge close to Ep;,; = 0eV. A pronounced Fermi cutoff,
the spectral signature of a metal, is clearly visible for the corresponding orange
spectrum. For the conductive plain ITO substrate the cutoff is barely visible and
it seems to be even more suppressed for the Ag@ZnO sample, which has been
exposed to air. Considering that at a surface coverage of 45% the recorded spectra
correspond to a superposition of both substrate and nanoparticles, the absence of
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the Fermi cutoff indicates the fully oxidized, and thus semiconducting, ZnO as
the dominant species.

Though this study aimed at the full oxidation of the Zn shell, there are intrigu-
ing possibilities for future experiments concerning the synthesis and formation
of triple layer Ag@Zn@ZnO core@shell nanoparticles. The addition of a third
layer, as already shown in literature, can potentially add new characteristics or
improve existent properties of a layered nano-scaled system [206-208|]. Further-
more, oxidation and reduction cycles could be applied to switch back and forth
between Zn and ZnO as was already done e.g. for the Ni/NiO system [209].
Photoelectron spectroscopy offers a reliable method to discriminate between the
metallic and semiconducting state and may be employed in future experiments
to explore such systems and processes.

5.6.4 Two-photon photoelectron spectroscopy

2PPE spectroscopy is employed in order to investigate the plasmonic activity of
the Ag cores within the Ag@ZnO nanoparticles. The 2PPE experiments are also
carried out on ITO substrates covered only with spherically shaped nanoparticles
and the conclusions in the following are drawn by comparing 2PPE spectra
recorded for pure Ag and ZnO to Ag@ZnO samples. Note that the species
containing Zn were already exposed to ambient air such that the shell is fully
oxidized. The synthesis of Ag and Ag@ZnO nanoparticles took place at similar
conditions ensuring that the plain Ag particles have about the same size as the
Ag cores, with diameters in the range of 3-4nm. For bare Ag nanoparticles in
this size regime, it is known that the employed laser with a photon energy of
3.02eV (410nm) can excite localized surface plasmons [210,211]]. Note that the
exact position of the LSPR also depends on the substrate and is, thus, not exactly
known for the prepared particles on ITO. For particles produced by He droplet
synthesis on fused silica, however, a relatively broad LSPR was found with a
maximum around 450 nm [2].

In photoelectron spectroscopy, the electrons originating from the Ag core have
to pass the ZnO shell in order to reach the detector. However, in contrast to the
UPS measurements, the inelastic mean free path of the electrons after excitation
with the laser beam is up to several tens of nm, which ensures that the acquired
data contains information about the core material [71].

In order to compare the kinetic energy of the collected electrons, the work
function (P) difference between the samples has to be accounted for. ® was
determined by intersecting the abscissa with a tangent through the turning point
of the rising edge of the secondary electron peak in the collected spectra. In
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addition, the Schottky effect, which emerges due to the presence of the 12kV
extractor field at a sample distance of 1.6 mm, has been considered [212] and
introduces a reduction of ® by AE = 104meV. The obtained work functions
correspond to (3.7 + 0.2) eV for ZnO, (4.2 £ 0.2) eV for Ag, and (4.0 £ 0.2) eV
for Ag@ZnO. Since these values exceed the photon energy of the laser, it can
be assumed that the spectra plotted as a function of E;,, in Fig.[#1| correspond
to electrons excited in a two-photon process with a maximum overall available
energy of 6.04eV (at the Fermi cutoff). For a comparable graphic presentation the
signal intensities are normalized to the maxima of the secondary electron peaks
of the spectra.
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Figure 41: Two-photon photoelectron (2PPE) spectra of ZnO (blue), Ag
(orange), and Ag@ZnO (green) nanoparticles on ITO irradiated with 3.02 eV
(410nm) p-polarized laser light. The significant increase of the electron yield
at higher kinetic energies is attributed to an enhancement by the excitation of

Ag surface plasmons.

In Fig.[41]it can be seen that the 2PPE spectrum of ZnO, depicted in blue, shows
a prominent secondary electron peak that decays fast with increasing electron
kinetic energy with only a very weak signal intensity towards the Fermi cutoff.
However, in the case of the Ag spectrum (orange) a significant enhancement of
electron yield at higher kinetic energies is observed. Such an increase in high
energy photons has been attributed to an enhancement of the surface electric
field by the excitation of plasmons in Ag nanoparticles [200,213]. Intriguingly,
the Ag@ZnO spectrum closely resembles the form of the plain Ag spectrum.
Consequently, it is concluded that also in this case a localized surface plasmon is
excited. The precise origin of the electrons, however, remains elusive. Plasmon
excitation in the Ag core leads to an enhancement of the electric field close by
the nanoparticle such that the photoelectrons may either be created in the Ag
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or the ZnO shell. Furthermore, in contrast to the plain Ag particles that were
kept under UHV conditions, the Ag@ZnO particles were exposed to ambient air.
The ZnO shells provide a protective layer preventing a contamination of the Ag
cores with water or other hydrocarbons, while still preserving their plasmonic
properties.

5.7 Conclusions

In the course of this study, we showed a novel way to produce high quality
Ag@7ZnO core@shell nanoparticles by employing the helium nanodroplet syn-
thesis approach. Compared to other synthesis routes, this technique has the
advantage of utilizing superfluid helium as pristine "nanolabs" in which the
particles are grown without the addition of any solvents or other chemical agents.
Thorough STEM investigations reveal the uniform and evenly distributed shape of
the wurtzite ZnO shells surrounding the Ag cores, not only for spherically shaped
particles but also for larger, wire-like core@shell structures. Thereby, the ZnO
provides a very stable and reliable protective cover for the plasmonic Ag cores.
This is indicated by 2PPE spectroscopy, where a significant plasmon enhancement
of the photoelectron yield is observed for plain Ag as well as Ag@ZnO core@shell
nanoparticles. Furthermore, the oxidation state of the Zn/ZnO shell system
was investigated by accessing the Zn 3d core level with UPS, opening up possi-
ble routes for the synthesis and in situ monitoring of triple layer Ag@Zn@ZnO
core@shell systems on the nanoscale. The stability of the Ag@ZnO nanoparticles
and the preservation of important functional features upon exposure to ambi-
ent conditions sets the ground for possible future applications outside of the

laboratory environment.

5.8 Supplementary Material
5.8.1 Additional STEM images of Ag@ZnO nanoparticles

Additional sets of high-angle annular dark-field (HAADF) scanning transmission
electron microscopy (STEM) images in different magnifications are provided
to complement the information about sizes, shapes, and distribution of the
synthesized nanoparticles on the amorphous carbon support. The four images in
Fig.[d2) give an overview at lower magnification. Note that in panel (b) the scale
differs from the other images. It can be observed, that elongated and kinked
wire-like nanoparticles exhibit a broad distribution of sizes and lengths. Some
of these larger particles are folded and form broad and massive structures upon
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Figure 42: (a)-(d) HAADF STEM overview images of the Ag@ZnO nanopar-
ticles deposited on an amorphous carbon support. Both synthesized particle
types are present: smaller spherically shaped and elongated, kinked wire-like
nanoparticles. An example for the analysis of the surface coverage using
these STEM images is presented in Fig.[45 Contrast and brightness of the
images were adjusted for better visibility.

deposition. The smaller spherical nanoparticles, on the other hand, appear very
regularly distributed, as discussed in the main manuscript.

In Fig.[43| the nanoparticles are shown in more detail at higher magnifications.
Panels (a)-(c) focus on spherically shaped particles, while in panel (d) examples
for wire-like structures can be seen. As noted also in the main manuscript, a ZnO
shell with uniform thickness is formed around the Ag cores for both particle

types.

5.8.2 ZnO structure determination

To support the conclusion that in the synthesized particles the ZnO shell prefer-
ably forms in a wurtzite structure, another set of HAADF STEM images, in which
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Figure 43: High magnification HAADF STEM images of Ag@ZnO nanoparti-
cles deposited on an amorphous carbon support. (a)-(c) Areas on the sample
where mostly spherical nanoparticles are present, which were synthesized
at 20bar and 8K with a deposition time of 40 min. The particle shape and
size are uniformly distributed. As the deposition process is random, some
particles are deposited on top of each other or in such proximity that they
are connected. (d) Wire-like particles, synthesized at 20bar and 5K with a
deposition time of 3 min, showing an example of possible sizes and shapes.
Note that for both types of nanoparticles the ZnO shell layer is very uniform
and completely covers the Ag core. Contrast and brightness of the images

were adjusted for better visibility.
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Figure 44: (a)-(d) HAADF STEM images at high magnification showing parts

of spherically shaped and wire-like Ag@ZnO nanoparticles. Areas of the
ZnO shell, where a lattice structure is clearly visible, are marked as ROIs
with colored frames. Contrast and brightness of the images were adjusted
for better visibility. (e)-(h) FFT images obtained from the ROIs showing
the diffraction patterns. The found lattice distances from left to right are
(0.30 &+ 0.03) nm, (0.28 + 0.03) nm, (0.28 £ 0.02) nm, and (0.28 + 0.03) nm,
respectively. They can all be assigned to the {100} planes of wurtzite ZnO as
indicated by the annotation of the orange circles.

lattice plans are visible, is presented in Fig.[44] in the top panels (a)-(d). The
region of interest (ROI) in every image, where the ZnO lattice is clearly visible, is
marked by a colored frame. The respective fast Fourier transform (FFT) images
obtained from the ROIs are shown in Fig.[44]in the bottom panels (e)-(h). Only
selected areas of the ZnO shells in the STEM images are used for the generation
of FFT data to avoid any influence of the Ag cores, which would impact the
obtained data and obscure the lattice spacing of ZnO. Note that the FFT images
are not at the same scale due to the varying sizes of the ROIs.

The diffraction spots visible in the FFT images correspond to the crystal planes
in the ROIs. The obtained lattice spacing is (0.30 &= 0.03) nm for panel (a), (0.28 £
0.03) nm for panel (b), (0.28 + 0.02) nm for panel (c), and (0.28 + 0.03) nm for
panel (d). All measured lattice distances can be assigned to the {100} planes of
wurtzite ZnO with a reported lattice spacing of 0.2814 nm, obtained from the
Crystallography Open Database (COD) [197].
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5.8.3 Surface coverage evaluation

The employed procedure for the evaluation of the surface coverage with nanopar-
ticles obtained by synthesis with the helium nanodroplet approach is exemplary
shown in Fig.[45] The HAADF STEM image shown in panel (a), serving as starting
point, is modified with help of the Image] 1.52p software package [199]. From
this image a mask plot, as displayed in panel (b), is generated. Discriminating
by particle sizes allows for the creation of mask plots containing only smaller
spherically shaped nanoparticles, shown in panel (c), or wire-like structures, as
presented in panel (d). This procedure was applied to all four overview images
shown in Fig.@2] and yielded an estimated average rate for the surface coverage
of (9.3 & 0.5) % for the spherically shaped particles and about (110 + 30) 7 for
the wire-like structures, as stated in the main manuscript. For lower source tem-
peratures and larger helium droplets the deposition rate, which can be achieved
by the approach, is strongly enhanced.

5.8.4 SEM imaging of nanoparticle sample

Scanning electron microscopy (SEM) provides an additional imaging method
with a resolution in the nm regime. It can be used for substrates that cannot be
investigated by STEM because of constraints concerning the sample thickness
or size, as, for example, the glass coverslips coated with indium tin oxide (ITO)
in this work. Consequently, in order to obtain information on the substrates
decorated with spherically shaped nanoparticles (source conditions: 20 bar and
5K, deposition time: 5h) for analysis in the NanoESCA system, SEM was used as
additional analysis method. Figure[46|shows an overview image of the spherical
Ag@Zn0O nanoparticles on the ITO surface. The SEM image was taken with
a Zeiss Sigma 300 VP scanning electron microscope. The inlens detector for
secondary electrons (Inlens SE) and an acceleration voltage of 15 kV at a working
distance of 2.3 mm were used for the measurement. It can be seen in Fig.[46]
that the nanoparticles are uniformly distributed on the ITO surface. Note that
at the given magnification the bright spots associated with the particles appear
enlarged.
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Figure 45: (a) HAADF STEM overview image with both nanoparticle types
deposited on amorphous carbon. (b) A mask plot, marking all of the de-
posited particles, was obtained by introducing a brightness threshold to the
STEM image and is further discriminated by particle size. This leads to a
mask plot in panel (c), containing only smaller spherically shaped nanopar-
ticles, and yields an estimated rate for the surface coverage of 9 Z}: (d) A

mask plot for the longer wire-like structures yields an estimate for the surface
coverage rate of 136 7.
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Figure 46: Overview SEM image of Ag@ZnO nanoparticles deposited on an
ITO substrate for analysis in the NanoESCA system with a deposition time
of 5h. The sub-monolayer of nanoparticles is uniformly distributed on the
surface.
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The content of this chapter corresponds to the following peer reviewed and
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LackneIH in Journal of Applied Physics 127, 184303 (2020).
https://doi.org/10.1063/5.0004582
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electron microscopy
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6.1 Abstract

High-order harmonic generation (HHG) based transient XUV absorption spec-
troscopy is an emerging technique to trace photoinduced charge carrier dynamics
in condensed phase materials with femtosecond and even attosecond temporal
resolution and elemental specificity. However, its application to nanoparticulate
samples that are relevant, for example, for novel photocatalytic light harvesting
concepts, has been limited. This is in part due to the challenge to produce residual-
free samples on ultrathin, XUV-transparent substrates as well as a widespread
understanding that sparsely distributed nanoparticles do not provide sufficient
contrast for XUV absorption measurements. Here, we present static XUV ab-
sorption spectra of partially oxidized Co nanowire-structures with diameters of
approximately 4.5nm and lengths between 10 and 40 nm, recorded with an ultra-
short pulse HHG light source. Nanoparticles are synthesized by agglomeration
of Co atoms inside superfluid helium droplets, followed by surface deposition
and oxidation in ambient air. The method is uniquely suited for residual-free
synthesis of transition metal nanowires and their deposition on ultrathin sub-
strates. Analysis by high-resolution transmission electron microscopy reveals
the formation of CoO nanowires with regions of unoxidized Co in their inte-
rior. The nanoparticle samples are investigated in an HHG-driven ultrafast XUV
absorption setup. Despite the low surface coverage of only 23%, the recorded
spectrum exhibits a distinct absorption feature at the Co M;3(2p) edge near
60 eV with a peak height of about 40 mOD. The results support the feasibility of
table-top ultrafast transient XUV absorption studies of photoinduced dynamics
in transition-metal oxide nanoparticles with sub-monolayer surface coverage.

6.2 Introduction

Small nanoparticles possess interesting properties that are very different from
their macroscopic bulk counterparts owing to the increased surface-to-volume
ratio and quantum confinement effects, which emerge when approaching the
10 nm size regime [214]. In particular, metal and transition-metal nanoparticles
consisting of earth-abundant materials bear great potential for photocatalytic and
photovoltaic devices, providing a route toward a greener and more sustainable
energy infrastructure [215/216]. The underlying physical and chemical processes
are driven by charge carrier dynamics proceeding on extremely fast time-scales,
making it challenging to disentangle them by conventional, time-averaged meth-
ods. Here, we demonstrate that ultrafast XUV absorption spectroscopy may
be used for element-specific probing of partially oxidized Co nanowires. The
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nanoparticles are produced by quantum-vortex enabled synthesis in superfluid
helium nanodroplets and deposited on ultrathin substrates with sub-monolayer
coverage. The results indicate that in future experiments, transient XUV absorp-
tion spectroscopy can be used to study ultrafast charge carrier dynamics [217-219]
in metal /metal oxide nanoparticles, potentially, with a temporal resolution in the
attosecond regime.

The synthesis of CoO nanoparticle catalysts [220] typically involves solvents
and surfactants [221,222]. Spherical particles may also be produced using sputter-
ing techniques [223] or laser ablation [220]. Helium droplet assisted nanoparticle
synthesis [123]159] provides a means for the residual-free production of nanowire
samples, which are particularly well suited for investigation by ultrahigh vacuum
techniques such as XUV absorption spectroscopy. In this method, superfluid
helium droplets pick up gas-phase Co atoms [17,[18]], which preferentially agglom-
erate along the cores of quantum vortices [31}192,193]]. The subsequent deposition
on the substrate is cushioned by the evaporating helium [33], resulting in very
pure particles as no solvents or surfactants are involved in either the synthesis
or the deposition. The accessible size regime of the formed nanoparticles ranges
from small, spherical clusters with diameters below 5nm to elongated wires
up to a few 100nm in length [35}120,/121,[123], depending on the doping rate
and droplet size [27]. The stability of such nanowire-structures is governed by
surface diffusion processes [30,80]. Once exposed to air, deposited transition
metal particles can undergo oxidation [50,194]. For Co nanoparticles it has been
shown that an initial CoO shell layer (< 1nm) is formed rapidly around a metallic
Co core, the shell thickness increases as the oxidation process proceeds on a time
scale of several hours [224,225].

We synthesize nanowires formed by helium nanodroplet deposition of metallic
Co particles on 10nm thick Si3Ny4 substrates and their subsequent exposure
to ambient air. The method is ideal for the decoration of fragile, ultrathin
substrates due to the soft landing process [1], and generates new possibilities
for ultrafast XUV- and X-ray studies of nanostructured materials. The samples
are characterized by high-resolution transmission electron microscopy (HR-TEM)
and energy-dispersive X-ray spectroscopy (EDXS). Diffractograms obtained from
HR-TEM images allow for an analysis of the sample composition and oxidization
state.

High-order harmonic generation (HHG) based techniques are well established
for studying ultrafast dynamics in atoms and molecules in the gas-phase, liquids
and solids using transient reflection, absorption or photoelectron spectroscopy
[83,226]. Small nanoparticles, however, have only very recently been probed with
HHG based methods employing photoelectron spectroscopy [227] but have so far
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not been studied in absorption. We present a first investigation of nanoparticles
with sub-monolayer surface coverage using HHG based static XUV absorption
spectroscopy. The results support the feasibility of future experiments to study
photoinduced dynamics in metal oxide nanoparticles with femto- or attosecond
temporal resolution [217-219].

6.3 Experimental Methods
6.3.1 Nanoparticle synthesis

Cobalt nanoparticles are formed by synthesis in helium nanodroplets, details of
the employed apparatus can be found in Ref. [124. In brief, high purity helium
gas (99.9999%) is expanded under high pressure (20 bar) through a 5 ym nozzle
into vacuum. At a nozzle temperature of 5.4 K, this leads to the generation of
helium droplets consisting, on average, of ~ 1.7 x 101 He atoms, corresponding
to a radius of approximately 570 nm [125]. Subsequently, the He droplets enter a
pickup chamber where they pass an oven assembly containing a resistively heated
Al O3 basket (estimated temperature: ~ 1300°C) filled with metallic Co. After
pickup of Co atoms by the droplets, metal nanoparticles are formed through
collisions of Co-atoms inside the doped, cold (= 0.4K) helium environment
[228]. Rotation of the nanodroplets leads to the emergence of quantum vortices
[192], which attract dopant atoms through hydrodynamic forces and enhance
agglomeration along the vortex cores [27,[31}[193]. The resulting elongated metal
particles [35,120,(121] are deposited on substrates by placing either a 0.5 X
0.5mm?, 10 nm thick SizNy substrate (Norcada NT050Z) or an amorphous carbon
grid into the doped droplet beam.

The SizNy substrates are used for the XUV absorption experiments whereas
carbon grids are employed to characterize the particles by transmission electron
microscopy (TEM). Note that even though the carbon grids are thinner (=~ 3nm)
than the SizNy substrates, they cannot be used for XUV absorption spectroscopy
as the ultrathin regions are confined to small areas supported by a thick mesh
grid structure. However, carbon grids allow for better contrast in the TEM images,
considering the small diameters of the particles and the relatively light elements
involved.

The Co vapor pressure is adjusted for maximum pickup- and deposition
rate, which is measured with a quartz crystal microbalance inserted into the He
droplet beam before and after deposition. The total deposition time per sample
was 120 min. Both samples are prepared under the same synthesis and deposition
conditions. After deposition, for both substrates the nanoparticles are exposed to
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ambient air for about 1hour, leading to partial oxidation (see below). In principle,
the degree of oxidation can be controlled by the exposure time. The SizN4 sample
was stored in Ar during transport to the XUV setup.

6.3.2 Transmission electron microscopy

A Tecnai F20 (FEI Company) high-resolution transmission electron microscope
(HR-TEM) is used to study the structure and chemical composition of the de-
posited nanoparticles. Measurements are performed at an acceleration voltage of
200 kV. The microscope is equipped with a high resolution Gatan imaging filter
including an UltraScan CCD camera (2048 x 2048 pixels?), which is used for the
acquisition of the micrographs. For energy-dispersive X-ray spectroscopy (EDXS)
an EDAX Sapphire Si(Li) detector is used.

6.3.3 XUV absorption spectroscopy setup

The ultrafast XUV setup has been described elsewhere [85,86]. HHG is performed
by focusing 50% of the output of a 785nm, 3.3 mJ, 3kHz, 40 fs full-width-at-half-
maximum (FWHM) Ti:Sapphire laser system into a semi-infinite gas cell filled
with about 150 Torr of neon. A quasi-continuous XUV spectrum consisting of
overlapping harmonics is generated, spanning the range from 48 to 72 eV photon
energy. Harmonics beyond 72 eV and the remaining light from the IR driving
laser are suppressed by Al filters. The XUV beam is focused to a 1/e diameter
of about (23 £ 5) ym (determined by a knife-edge scan) at the sample using a
toroidal mirror. After passing through the sample, the XUV beam is spectrally
dispersed by a concave spherical variable-line-spacing grating. The XUV spectrum
is detected by an X-ray CCD camera.

To record XUV absorption spectra of the nanoparticles, the sample is re-
peatedly driven in and out of the XUV beam, recording reference spectra (I,.f)
without the sample and spectra with the sample inserted (I;,) for 30s each. The
recorded spectra are given in units of optical density: OD = log(I.f/ Isig). Data
presented here correspond to an average over six individually recorded spectra,
i.e., a total data acquisition time of 6 minutes.

6.4 Results and Discussion

Representative TEM images of the fabricated cobalt nanoparticles are shown in
Figure panel a.) and b.), at two different scales. At the chosen synthesis
conditions, the obtained nanostructures are comprised of short nanowires, some
of which agglomerated to larger structures or lie on top of each other while some
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particles remain separated. After deposition, the nanoparticles can oxidize during
exposure to air for about 1 hour.

Images recorded at different positions on the TEM grid are analyzed with
the FIJI software package [199], revealing an average surface coverage of about
(23 + 6)% (uncertainties refer to 95% confidence intervals). The mean diameter
of the nanowire-like particles is estimated from the images to (4.5 &= 1.5) nm, and
the length between 10 and 40nm. A more detailed analysis of particle diameters
and lengths can be found in the Supplementary Material.

Energy-dispersive X-ray spectroscopy (EDXS) of areas containing complexes
of fused deposited nanoparticles reveals the presence of both cobalt as well as
oxygen. A representative EDXS spectrum is shown in the inset in Figure 47 a.).
Consequently, the nanowires in the TEM images are interpreted as oxidized cobalt
nanoparticles. The dark spots in the particles may be caused by an increased
sample thickness in regions where nanoparticles are deposited on top of each
other or where agglomeration leads to an increased diameter. However, it is also
possible that unoxidized metallic Co inside the particles contributes to the darker
areas.

Oxidation initially proceeds at the surface of the nanoparticles. It is known
that metallic Co inside the particles initially resists the oxidation process, leading
to the formation of Co@CoO core@shell nanoparticles [224,225,229]. While the
initial oxidation leads to the formation of a < 1nm thick shell layer within several
minutes, additional oxidation proceeds on a much slower time-scale, on the order
of several hours [225]]. This suggests that the formed nanoparticles mainly consist
of cobalt oxide, with regions of unoxidized metallic Co in their interior.

The two common oxidation states of cobalt are CoO [cobalt(Il) oxide] and
Co304 [cobalt(ILIII) oxide]. Previous studies employing different synthesis meth-
ods showed that upon exposure to oxygen at room temperature, Co-nanoparticles
prefer the cobalt(Il) oxide form [224],229,230]. In order to reveal the stoichiometry
of the He droplet synthesized cobalt oxide nanoparticles, an analysis of diffrac-
tograms for selected nanoparticles is performed. The diffractograms are obtained
by fast Fourier transformation (FFT) of TEM images that exhibit periodic struc-
tures corresponding to the crystal lattice. CoO has a rock salt crystal structure
(cubic, Fm3m), consisting of two interpenetrating fcc sublattices of Co** and O*~.
The lattice constant of CoO is 0.426 nm whereas the lattice constant for spinel
Co30y (cubic, Fd3m) is 0.808 nm [231]. An example of this approach can be seen
in Figure 48, which shows a HR-TEM image at high magnification. The inset
shows a diffractogram obtained from the top most nanoparticle to the left of the
inset. Diffraction spots are clearly visible and can be assigned. Note that the
presented diffractogram has been corrected by employing a bandpass filter in
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Figure 47: Panels a.) and b.) show HR-TEM images of the produced nanopar-
ticles at two different scales. The nanoparticles exhibit wire-like structures,
some of which are fused together. The inset in panel a.) features a section
of the recorded EDXS spectrum, which exhibits a carbon peak originating
from the substrate, as well as cobalt and oxygen features associated with the

nanoparticles.
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order to improve the visibility of the diffraction spots.

In total, 9 images with a comparable resolution as in Figure 48} each containing
a few nanoparticles, have been analyzed. Additional images can be found in
the Supplementary Material. Among the identified diffraction spots, the most
abundant lattice distances are found around 0.24 nm and 0.21 nm, which match
the lattice distances of the CoO (111) and (200) planes with 0.246 nm and 0.213 nm,
respectively (see Supplementary Material) [224]. Note that these planes give rise
to the two main features in X-ray powder diffraction experiments on CoO [232],
followed by less intense diffraction peaks below 0.15nm. The uncertainty of the
measurement is estimated with about 0.01 nm. Furthermore, we also find lattice
distances between 0.18 nm and 0.21 nm, indicating the presence of pristine Co,
which exhibits diffraction features in this range [233]. At room temperature and
exposure to ambient air, it has been shown that hcp a-Co (hexagonal, P63/mmc) is
preferentially formed [234]. However, the fcc phase B-Co (cubic, Fm3m) exhibits
prominent features in this range as well (see Table {3 in the Supplementary
Material). We do not find any lattice distances larger than 0.25nm, which would
be clear evidence for the formation of Co304. If present, one would expect
diffraction spots associated with lattice distances of 0.286 nm and 0.467 nm [229],
corresponding to the (220) and (111) planes, respectively [224]235].

The lattice distances for selected particle areas are indicated in Figure
associated with the (111) and (200) planes of CoO and the (200) plane of Co.
Based on this analysis, we conclude that the nanowires consist predominantly
of CoO. However, the presence of metallic Co lattices in the particles clearly
shows that some particles contain regions with unoxidized Co in their interior, in
agreement with previous results [224,225].

With the structure and composition of the deposited nanoparticles determined
from the TEM images and EDXS data, we proceed in the following to demonstrate
the feasibility of ultrafast XUV absorption spectroscopy as a means to investigate
these particles. Note that the TEM analysis employs amorphous carbon grids
while the XUV absorption experiments are carried out using ultrathin SizNy
substrates. However, previous experiments on metal particles synthesized using
the He droplet approach showed no differences between silicon nitride [8] and
carbon [50] substrates. The helium droplet source conditions (20 bar, 5.4 K), which
determine the particle size and structure, as well as the deposition time (120 min)
are identical for both employed substrates.

Figure shows an XUV absorption spectrum (black) of the deposited
nanoparticles on a 10nm thick Si3sNy substrate. Absorption spectra are ob-
tained by recording reference spectra without sample (I,.f) and spectra with
sample inserted (I;¢) in the XUV beam and are given in units of optical density:
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Figure 48: Close up of a selected HR-TEM image region. Co and CoO lattices
are indicated with arrows for selected particle areas. The inset shows a fast
2D Fourier transform of the area where the top most nanoparticle is located
(to the left of the inset), revealing diffraction spots associated with the (200)
and (111) planes of CoO .
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Figure 49: XUV absorption spectrum of a sub-monolayer of nanoparticles

deposited on a 10nm thick Si3sNy4 substrate. The black spectrum is plotted

together with a grey-shaded 1o uncertainty range. The spectrum is well

described by a simulation (red), consisting of a superposition of XUV absorp-

tion spectra of Co (orange), CoO (blue) and the SizNy4 substrate (green) [236].

Note that the plotted Co and CoO components include the substrate effect as

offset. The spectrum has been recorded within 6 minutes of total exposure

time using a laboratory-based HHG source.
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OD = log(lyf/Iig). The presented spectrum is derived by averaging over 6
static absorption spectra, followed by application of an FFT-based smoothing
algorithm. The grey shaded area in Figure [49] corresponds to the 1o uncertainty
range of the unsmoothed signal. The Co M, (3P, ;) and M3 (3P3,,) absorption
edges are located at 58.9 eV and 59.9 eV, respectively (indicated by vertical dashed
lines) [237]. The corresponding increase in absorption can clearly be identified in
the recorded spectrum, peaking around 62 eV. The peak height is approximately
40 mOD with respect to a background, which has been estimated by extrapolating
the signal from 50 to 55eV with an exponentially decreasing function.

The recorded XUV absorption spectrum is described by a superposition of
individual Co (orange) and CoO (blue) spectra, as well as a contribution from
the SizNy substrate (green). CozOy is not considered based on the results of the
TEM analysis. Component spectra are taken from the online database of the
Center for X-ray Optics (CXRO) [236]. A least-squares fit procedure is performed
based on the function OD(E) = ODg;(E) + aODc,o(E) + bODc,(E), which
includes the contributions of the three materials to the overall absorption and two
free fit parameters, a and b, in order to describe the total optical density (OD)
of the sample as a function of the photon energy E. OD¢c,o(E) and OD¢,(E)
are reference spectra for thin-films with 4.5nm thickness, corresponding to the
estimated diameter of the nanowires. The fit result is shown as red curve in
Figure @ Note that, for better visualization, the blue CoO and orange Co curve
in Figure 49| include the green substrate contribution as well.

The spectrum can only be described if a considerable amount of CoO is taken
into account because of the broad background originating from oxygen 2s and
2p valence absorption. This gives rise to increased absorption below the M
edge, a contribution that is required to describe the peak form accurately and
that is absent in the metallic Co absorption spectrum. The best fit is obtained
for a composition of (20 + 7)% Co and (80 £ 9)% CoO (fit parameters a =
0.07 + 0.02,b = 0.28 + 0.02). The fit excludes data below 55 eV, which leads to a
slightly better reproduction of the main peak structure. A detailed analysis of the
tit suggests that as long as the Co/CoQ ratio remains below ~ 0.8 (45%/55%), the
fit result describes the spectrum reasonably well (the variation of the root mean
square (rms) error is below 3%). While marked by substantial uncertainties, the
tit result confirms that CoO is the dominant species, presumably complemented
by a small contribution of metallic Co, in good agreement with conclusions from
the TEM and EDXS measurements.

It is also possible to estimate the total surface coverage from the XUV spectra.
Fitting the absorption spectrum by a superposition of the absorption spectra of
4.5nm thick Co and CoO films with the above 1:4 abundance ratio, a surface
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coverage of (35 + 4)% is obtained from the sum of the coefficients a and b. This
value remains fairly constant for different Co/CoO ratios. To approximate the
nanoparticle shapes by cylindrical rods, the value has to be multiplied by %,
resulting in an estimated surface coverage between 35 and 45%, slightly larger
than the (23 £ 6)% obtained from the TEM images. Note that the estimate from
the XUV absorption spectra is subject to considerable uncertainties. For instance,
the SizNy substrate may not exhibit a uniform 10nm thickness as assumed, the
exact three-dimensional shape of the particles is not known, and the fit model
relies on data for the XUV absorption of thin filters, while nanoparticles may
behave differently. Considering the uncertainties accompanying this analysis, the
agreement between the surface coverage from the XUV measurements and the
TEM analysis is acceptable.

The relatively low signal-to-noise ratio in the XUV absorption spectrum in
Figure 9]is a consequence of the employed apparatus, which was designed for
gas phase experiments. As a result, the time between the recording of signal and
reference images was on the order of several tens of seconds. Thus, fluctuations
in the stability of the HHG source, which are much faster, cannot be accounted
for, causing the large noise. In future experiments, we expect that the signal can
be greatly improved using more stable laser sources and a shorter period between
the recording of signal and reference spectra. In particular, the noise caused
by instabilities of the HHG source is less critical in a pump-probe setup where
fast switching between reference and signal (periods with the pump laser off
and on, respectively) is straightforward. The height of the main absorption peak
around 62 eV of about 40 mOD will increase with surface coverage. This, however,
entails the risk of particle coagulation on the substrate. Considering that recent
XUV absorption experiments have shown that a change in the optical density
down to 1 mOD can be detected [238], our results suggest that the investigation
of photoinduced dynamics in separated nanoparticles is likely possible with
HHG based XUV transient absorption spectroscopy. Based on these estimates,
photoinduced spectral changes in the investigated nanoparticles would have
to be larger than about 3% in order to be detectable in a transient absorption
spectroscopy experiment.

6.5 Conclusions

In summary, nanowire-shaped particles are synthesized by agglomeration of Co
atoms along the cores of quantum vortices inside superfluid He nanodroplets,
followed by deposition and oxidation on ultrathin substrates. A table-top XUV
absorption spectrum recorded within minutes demonstrates that an investigation
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of deposited nanoparticles with a surface coverage far below a monolayer is
possible with an HHG based light source, paving the way for time-resolved pump-
probe experiments on these systems. The employed synthesis of nanoparticles in
helium nanodroplets provides a solvent- and surfactant-free method to produce
clean nanoparticles with the advantage of a very soft deposition process. The
latter is crucial for a decoration of ultrathin, XUV transparent substrates that are
required for XUV absorption spectroscopy. An analysis of the deposited particles
by transmission electron microscopy reveals that the synthesis method based
on the deposition of metallic Co particles, which are subsequently exposed to
ambient air, results in the formation of cobalt(II) oxide (CoO) nanoparticles. Both
methods, transmission electron microscopy and XUV absorption spectroscopy
indicate that some particles retain an unoxidized Co core region.

Even though the XUV absorption of the deposited particles is relatively low,
our results suggest that standard state-of-the-art XUV transient absorption spec-
troscopy setups may be used to study photoinduced dynamics in nanoparticles.
Therefore, XUV absorption based spectroscopies could provide a formidable
approach with unique elemental site-specificity and unprecedented temporal
resolution for the study of charge-carrier dynamics [83] that underlie photocat-
alytic processes in transition metal oxide nanoparticles. This may be particu-
larly interesting for an investigation of plasmon-induced charge carrier dynam-
ics [216}239,240], considering that the helium droplet synthesis approach easily
allows for the fabrication of nanoparticles that combine plasmonic materials and
transition metal oxides [8,194]. Other applications may address the dynamics in
small magnetic systems, such as Co nanoparticles, similar to recent attosecond
spectroscopy experiments on Ni containing thin films [241].

6.6 Supplementary Material
6.6.1 Nanoparticle diameter and length

Particle diameters have been determined from the recorded TEM images for
particles that are not agglomerated. The obtained histogram is shown in Figure
left panel. The length has only been determined for particles that did not
show a branched structure. The corresponding histogram is presented in Figure
right panel.

Both histograms are created from a set of 100 measured values. The data have
been fitted using a normal distribution, the obtained values for the mean p and
the standard deviation ¢ are given in the Figure. It can be seen that the particle
diameter follows a relatively narrow distribution (¢ = 4.5nm, ¢ = 0.7 nm) while
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Figure 50: Histograms showing the measured nanoparticle diameters (left
panel) and lengths (right panel). The data are fitted with a normal distribution,
the obtained mean u and standard deviation ¢ are given

the particle lengths are scattered over a large range (4 = 23nm, ¢ = 9nm). For
the latter case it has to be considered that a bias towards lower values may be
introduced because only particles that are not coagulated and branched have
been selected. However, 93% of the nanoparticles have a length between 10 and
40nm, which is the range given in the main manuscript.

6.6.2 Nanoparticle analysis

Table [3|lists major lattice spacings for Co, CoO and Co30y4 [242], including the
strongest reflections as observed in X-ray diffraction measurements (XRD). The
corresponding relative intensities, taken from Ref. for Co and from Ref.
for CoO and Co30y, can be found in Figure (b), (c), and (d). Note that
for bare Co the parameters for the a-phase (hcp) and B-phase (fcc) are both
listed, however, the a-phase is the most stable structure at room-temperature and
ambient conditions [234].

In addition to Figure 8 of the main manuscript, Figure 51| and [52| present
diffractograms (top images). The corresponding TEM images are shown below.
Regions from the recorded TEM images are selected in order to improve the
signal to noise ratio. Note that the presented images have not been corrected by
using a band-pass filter in order to not obscure diffraction spots that correlate to
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Table 3: Major lattice spacings given in nm with corresponding Miller indices
for Co, CoO and Co30, (from Ref. modified)

Co Co CoO Co304
(hexagonal P63 /mmc) (cubic, Fm3m) (cubic, Fm3m) (cubic, Fd3m)
0.216 (100) 0205 (111) 0246 (111)  0.467 (111)
0.202 (002) 0177 (200) 0213 (200)  0.286 (220)
0.191 (101) 0.125(220)  0.151(220)  0.243 (311)
0.149 (102) 0106 311) 0128 311)  0.233 (222)
0.125 (220) 0102 (222) 0123 (222)  0.202 (400)

lattice spacings beyond 0.25 nm, which would provide evidence for the presence
of Co30; (see Table [3). The orange circles are drawn to guide the eye for selected
lattice spacings and can be compared to the lattice spacings listed in Table
Note that the scale in the diffractograms is not exactly the same in each plot as it
depends on the magnification used to acquire the TEM images.

Figure 51: Diffractograms, top images, obtained by 2D Fourier transformation

of the corresponding TEM images, shown below. Selected lattice spacings
are drawn as orange circles to guide the eye.

The diffraction spots that can be identified in the diffractograms presented in
Figure 51| and [52 have been further analyzed in more detail. The position of each
reflection is determined using the FIJI software package with an estimated
uncertainty of 0.01nm. The diffraction spots are counted in order to prepare
the histogram in Figure 53| (a). Note that this does not reflect the intensities of
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Figure 52: Diffractograms, top images, obtained by 2D Fourier transformation

of the corresponding TEM images, shown below. Selected lattice spacings
are drawn as orange circles to guide the eye.

the diffraction spots as would be obtained in an XRD measurement. However,
the strongest diffraction peaks should also be prominent in the diffractograms.
Thus, a comparison of peak positions and intensities from XRD experiments
[233,245,246]] to the histogram, represented by the red line, in Figure 53| (a) is
discussed in the following.

In particular, it can be seen that many diffraction spots are observed between
0.23 and 0.24 nm. They can, in principle, be either associated with the CoO (111)
or Coz0y4 (311) reflection at 0.246nm or 0.243nm, respectively. Regardless of
which oxide, this observation indicates an offset between our values and literature
values. Consequently, a 0.01 nm offset is accounted for in panels (b), (c) and (d)
by shifting the red line accordingly.

The separation between the most frequent lattice spacings is best reproduced
by the (200) and (111) peaks in CoO, as can be seen in panel (c). Furthermore,
the Co304 (220) peak, which served as a fingerprint of Co304 in previous TEM
studies [229], is not observed and neither is the Co3O,4 (111) lattice (see Table
for the latter) [224]. Note that, in contrast to smaller lattice spacings below
0.17 nm, where the resolution of the microscope becomes insufficient and the
intensity drops, these peaks could be easily observed in the diffractograms as
well as in the real space images. Furthermore, the observation of diffraction
spots corresponding to lattice spacings below 0.2nm can only be explained by
the presence of unoxidized Co such as the a-Co (101) reflection.

Based on this discussion, our conclusion, as outlined in the main manuscript, is
that the nanoparticles that have been employed for XUV absorption spectroscopy
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Figure 53: Panel (a) shows a histogram created for the measured diffraction
spot positions. The peak intensities for different lattice planes as obtained

from XRD measurements [233}245|246], are plotted in panels (b) (a-Co), (c)
(CoO) and (d) (Coz0O4). These peaks are compared to the red line in panel (a),
offset by + 0.01nm.

consist predominantly of CoO, some of which retain regions of unoxidized Co in

their interior.
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7 Summary

The present thesis describes how nanoparticles, synthesized with the helium
droplet approach, are investigated and characterized by a broad range of analyti-
cal methods. The emphasis lies on plasmonically active nanoparticles and the
role they can potentially play in a more application-oriented strand of research.

In the first presented experiment, Ag@Au core@shell nanorods were produced
and their plasmonic properties were investigated by means of electron energy loss
spectroscopy (EELS). Though the technique is widely used and well developed, it
reaches its detection limits once the tiny volumes of nanoparticles are examined.
An ultra-thin hexagonal boron nitride (h-BN) substrate was produced and, for
the first time, employed in nanoscale plasmon spectroscopy to overcome those
limitations. In a successful study the direct comparison to commercially available
substrates shows the advantages for data extraction, especially in the low-loss
energy range. With the conducted measurements not only the substrate was
tested, but also the plasmonic properties of the nanoparticles were conclusively
demonstrated.

Building on this experience, more Ag@Au core@shell species with varying ma-
terial ratios were tailored by utilizing the versatile adjustability of the subsequent
pickup scheme in the helium droplet apparatus. Thereby, a shift of the local-
ized surface plasmon resonance (LSPR) was introduced and measured by means
of UV/vis spectroscopy. In a set of experiments, high surface coverage with
nanoparticles was achieved on fused silica slides, allowing for the production of
substrates for surface enhanced Raman spectroscopy (SERS). A functionalization
with 4-MBT molecules and subsequent SERS measurements yielded enhancement
factors on the order of 10° — 10*. The results show, in principle, the possibility
for the production of high-density substrates for sensor-related applications with
the helium droplet method.

The capability of the approach, regarding the variety of employed metals, was
shown with the synthesis of Ag@ZnO core@shell nanoparticles in spherical and
wire-like shapes. ZnO is known as a difficult material for a reliable production
on the nanoscale. With the formation of core@shell species in varying sizes and
shapes and subsequent oxidation, the helium droplet method is well suited to
embark the production of new and more complicated material combinations.
Electron microscopy images reveal how uniform the thin high-quality ZnO shell
covers the Ag cores, independent of their shapes. In the according experiments,
the plasmonic activity of the Ag was shown by means of two-photon photoemis-
sion (2PPE) spectroscopy. Furthermore, the properties and oxidation state of the
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shell were investigated by UV photoelectron spectroscopy (UPS) measurements.
The results suggest that the plasmonic active Ag cores are well protected by the
evenly distributed ZnO shells and that complex material combinations can be
reliably synthesized.

The final presented experiment revolves around a new measurement possibil-
ity by employing XUV absorption spectroscopy for the analysis of CoO nanowires.
The proof-of-concept study demonstrates that the evaluation of a sub-monolayer
of nanoparticles can be reliably conducted. This is the first step towards time
resolved pump-probe measurements on comparable samples. With an according
setup, time resolution down in the femtosecond regime is possible, paving the
way towards the observation of e.g. plasmon induced charge carrier dynamics.
Core@shell combinations of plasmonic materials with transition metal oxides, like
the successfully synthesized Ag@ZnO nanoparticles, are promising candidates
for future experiments.

Overall, the unique properties and advantages of the helium droplet synthesis
approach were utilized to tailor a variety of different nanoparticles under con-
trolled circumstances within a pristine environment. The wide range of possible
material combinations together with the variability of producible shapes and
sizes are unique features of the helium droplet method. Furthermore, a wide
range of analytical techniques were employed, some of them for the first time,
for the conduction of measurements on nanoparticle samples. In this context,
information was not only gained on the properties of the samples, but also on the
usability of analysis methods, on their resolution limits and precision. Thereby,
important perspectives open up for future research, especially in the field of
plasmonics, since the importance of nanoparticles and measurements on the

nanoscale will certainly increase in years to come.
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