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“After sleeping through a hundred million centuries

we have finally opened our eyes on a sumptuous planet,
sparkling with colour,

bountiful with life.

Within decades we must close our eyes again.

Isn'tit a noble, an enlightened way of spending

our brief time in the sun, to work at understanding
the universe and how we have come to wake up in it?”

— Richard Dawkins, in “Unweaving the rainbow”






Contents

1 Introduction . ... ... ... ... 1
2 Fundamentals . .. ..... ... .. 7
2.1 Scanning tunnelling microscopy . ............. ... 7
2.1.1 Theory . ..ot 7
2.1.2 Experimental implementation........................... 10

2.2 Scanning tunnelling microscope induced luminescence . .. .......... 13
2.2.1 Lightemissionfromgapplasmons........................ 13
2.2.2 Lightemission frommolecules .......................... 21
2.2.3 Experimental implementation........................... 24

2.3 Directlaser writing . . ... .. ...ttt 27
2.4 Surfacestatesonmetalsurfaces...................... ... .. ..., 28
3 Experimental setup. ... ...... ... ... . . ... 31
3.1 Lightcollectionanddetection ............. ... ..., 32
3. 1.1 MIITOTHID .+ v ot et e e e e 32
3.1.2 Opticalfibre ... ... ... ... 39
3.1.3 Spectrometer and detector ............... ... 40

3.2 Scanning tunnelling microscope . .......... ... ... ... 43
321 Materials .. ..... ... e 43
3.2.2 STM body and coarse motiondesign ...................... 45
3.23 Mirrortipholder. . ... ... ... ... . ... 49
3.24 Tipalignmentandexchange ............................ 51
3.2.5 Mechanicaldecoupling . .......... ... . ... . .. . ... 53
3.2.6 Instrumentation ............... ... 55

3.3 Cryostat . . ..ot e 56
3.3.1 BasiCSIIuCture . .......... ...ttt 56
3.3.2 Radiation shields and parking mechanism .................. 58
333 WIrng . ... 61
334 Performance. ........ ... e 61

34 UHVchamber....... ... .. i 62
3.4.1 Vacuum COmMpONEents . ...........c.eueninnunenenenen.n. 63
3.4.2 Handling and sample preparation ........................ 65



Contents

4 Performance testson Au(111)...... .. ... ... ... .. ... 69
4.1 STMperformance . ......... ..., 69
4.1.1 Image qualityandresolution . ........................... 69

4.1.2 Short-termstability . . . ....... ... .. 71

4.1.3 Long-termstability . ........ ... . ... . ... . . 72

4.2 Lightcollection . ... ...... .. e 74
4.2.1 Single luminescence spectra . ...............couiiiiiii.. 74

422 Voltagemaps ...........nii i 76

4.2.3 Spatialresolution . ........... .. . ... 80

4.2.4 Collectionefficiency ............. ... ... ... . .. 83

5 Plasmonic light emission from Co nano-islands on Cu(111) ........... 85
5.1 Growth . ... e 86
5.1.1 Summaryoftheliterature .............................. 86

5.1.2 Surfacetopography......... ... ... . . i 88

5.2 PhOtONMAD . ..ottt ettt e e e e 92
5.2.1 Friedeloscillations .......... ... ... ... i 94

5.2.2 Stepedgeeffects ........ .. ... ... 103

5.2.3 Material dependentintensity. . ........... .. ... ... .. 108

6 Discussion and conclusion . .............. .. ... . . .. o i 115
Bibliography . . ... . . 119
Acknowledgments . . ... ... .. . .. 139

ii



List of abbreviations

CAD
ccb
DLW
FT
HOMO
JT
LDOS
LUMO
NA
PEEK
PTFE
SEM
SPP
STM
STML
STS
TMP
UHV

Computer-aided design
Charge-coupled device

Direct laser writing

Fourier transform

Highest occupied molecular orbital
Joule-Thomson

Local density of states

Lowest unoccupied molecular orbital
Numerical aperture

Polyether ether ketone
Polytetrafluoroethylene

Scanning electron microscope
Surface plasmon polariton

Scanning tunnelling microscopy
Scanning tunnelling microscope induced luminescence
Scanning tunnelling spectroscopy
Turbomolecular pump

Ultra-high vacuum

iii






1 Introduction

Shortly after its invention in 1982 by Binnig and Rohrer [1, 2], scanning tunnelling
microscopy (STM) was used to solve along-standing puzzle in surface science, namely
the atomic structure of the reconstructed Si(111) surface [3]. Since then, STM has
evolved into one of the most versatile and powerful techniques in the toolbox of sur-
face scientists due to its capability to not just image the surface topography at atomic
resolution but to also perform elastic [4] and inelastic [5, 6] spectroscopy with spatial
resolution, or to contact nanostructures at specific sites [7]. Apart from clean metal and
semiconductor surfaces studies, STM has also provided unprecedented insights into
related systems like adatoms and clusters [8], superconductors [9], heteroepitaxial thin
films [10], and adsorbed molecules [11]. By using magnetic tips it became furthermore
possible to investigate magnetic properties of surfaces at the atomic scale [12]. The
traditional applications of STM have soon been complemented by more creative and
exotic uses such as surface modification [13], ultra-fast scanning [14], radio-frequency
bias modulation [15], optical pump-probe measurements [16], STM-induced chemical
reactions [17, 18], and STM-induced luminescence (STML), of which the latter is at the
focus of this work.

Light emission from localised plasmonic excitations in tunnelling junctions had been
discovered even before the advent of STM [19]. But when the research group at IBM
Zurich finally combined STM with a light collection and detection setup in the late
1980s [20-22] and presented pioneering works just shortly after [23-30], the additional
experimental access to the surface at the sub-nanoscale spawned an entire new sub-
discipline. The experimental difficulties that arise when trying to collect light from the
tunnelling junction, however, caused STML to remain rather exotic despite its inter-
esting opportunities. To this day, only a small number of groups are active in this field
with a total publication output of less than 200 studies within the past 30 years, includ-
ing the recently published, comprehensive reviews by Zhang et al. [31] and Kuhnke ez
al. [32].

In the tunnelling regime, i.e., at moderate tip-sample separation around 1 nm and bias
voltages of a few volts, two effects have been found to cause light emission on clean sur-
faces. One of them is charge recombination in semiconducting samples when minor-
ity carriers are injected by the tip. This was used to characterise the diffusion length
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1 Introduction

of minority carriers [33] and to probe the spatial variation of the recombination effi-
ciency due to variations of the dopant concentration [23]. Even atomic resolution in
the induced light emission was observed because the hole injection efficiency on a
GaAs surface varies within a lattice unit cell [34]. Further studies addressed the tuning
of exciton confinement in quantum wires [35] and the emission properties of single
carbon nano-tubes [36-38]. Also molecular films acting as an organic semiconductor
[39-44] have gained interest lately, as they facilitate the observation of strongly bound
excitons due to reduced screening effects.

The other STM-induced luminescence mechanism, which is the main issue of this
thesis, is the radiative decay of gap plasmons, i.e., collective charge carrier oscilla-
tions of conduction electrons in the tip and the sample, which are excited by one-
electron inelastic tunnelling [26, 28]. Due to the electric-field enhancement caused
by the sharp tip, the plasmon mode is highly localised around the tunnelling junction
and the electron-to-photon conversion efficiency is drastically increased compared to
tunnelling across flat electrodes. For sharp tips on flat noble metal surfaces it is esti-
mated that one in 10° to 10* tunnelling electrons produces a photon, depending on the
tip material and geometry [20, 26, 45-47].

The application of plasmons for sensing devices beyond the diffraction limit and the
prospect of a new, disruptive signal-processing technology with optical interfaces
based on surface plasmons has entailed a great deal of basic research in this field, par-
ticularly regarding the manipulation of localised and propagating plasmon modes [48].
Particularly localised plasmonic resonances provide a unique blend of opportunities
for both miniaturisation, as the optically active volume is confined to a fraction of the
wavelength, and operation at high band-width. In contrast to other techniques such
as scanning near-field optical microscopy [49], electron energy-loss spectroscopy [50]
or photoemission electron microscopy [51], STML cannot map the electric field distri-
bution of plasmon eigenmodes of sample features because, first, all the light from the
junction is collected regardless of its exact origin. Second, the STM tip is often intrusive
to intrinsic plasmonic resonances of the sample by forming a coupled gap cavity. In
STML, one can rather investigate how the location where electrons are injected into the
system affects the light emission, and how features on the surface or the exact position
of the tip interact with the gap cavity. In return for this short-coming, STML provides
unmatched spatial resolution in the sense that the STM tip can be positioned very
precisely, and the optically active area can be highly confined to the tip apex, either
because of the electric field confinement of the tip in the case of plasmons, or because
of the short diffusion length of minority carriers in the case of semiconductors.

As a result, STML may not be the technique of choice for developing or characterising
photonic circuits, but it has provided unique physical insights into the electromagnetic
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1 Introduction

coupling of electrodes at the ultimate atomic scale. The coupling strength across the
tunnelling gap and the frequency of the gap resonance have been demonstrated to be
sensitive to changes of the tip-sample distance as little as 10 pm, and modifications of
the gap cavity by vertical atomic steps [52-56] have been observed as well as by the even
finer influence of the lateral atomic structure on the tip-sample distance at constant
current [57]. Particularly the influence of atomic steps will be discussed in detail in
Secs. 4.2.3 and 5.2.2 alongside measurements that have been performed in the scope of
this thesis. In the literature, tip induced gap plasmons have been tuned by embedding
silver particles in a dielectric matrix [58], by different protrusions of a granular surface
[59], by the thickness of the metallic film [60], and by specifically designed resonators
[61]. It was further shown that the light emission allows to distinguish between sepa-
rated Ag and Cu clusters deposited on a glass substrate due to their distinctly different
dielectric constant [62]. Also the size and shape of individual nano-clusters [63] were
observed to alter the gap cavity, and by engineering the plasmon resonance with the
shape of specific gold nano-clusters, even directional light emission was achieved [64].
The coupling between the tip and a nano-cluster can furthermore not only be con-
trolled by the vertical but also by the lateral tip position, so that either vertical or lateral
plasmon modes could be induced in an isolated silver cluster, depending on whether
the tip was placed above or next to it [65, 66]. By using non-plasmonic tips made of
tungsten and operating at large tip-sample separations, STML can also be performed
in aless intrusive fashion, so that intrinsic Mie-resonances in individual nano-clusters
were observed, which mainly involve the conduction electrons of the clusters [67, 68].
Apart from acting as a local light source, the STM tip can also be used to locally inject
surface plasmon polaritons into a waveguide [69]. Regardless of the investigated sys-
tem, any STML experiment additionally benefits from all other advantages that STM
has to offer, i.e., the possibility to characterise the topography and electronic structure
of the sample while simultaneously probing its optical response.

One major feature of STML is that the obtained light signal not only conveys informa-
tion about the electromagnetic environment of the tip, but depends to a large extent
on the tunnelling current as well. Changes of the current linearly affect the excitation
rate, which can be exploited to monitor the tunnelling current on a picosecond scale
due to the minimal delay between a current variation and a corresponding change of
emission intensity, which is not possible with any other technique [70, 71]. A more
subtle influence of the tunnelling current on the light emission is exerted by variations
of the inelastic tunnelling probability, which can occur independently of the elastic
tunnelling probability because different end states are involved. This effect is diffi-
cult to assess in a traditional STM measurement in which the inelastic fraction of the
measured total current is small. STML, however, is solely a consequence of inelastic
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tunnelling and, therefore, highly sensitive to variations of the inelastic channel. Cen-
tral findings of Ch. 5 will later be ascribed to this effect.

While the unique information that can be obtained from the light emission from clean
metal surfaces is interesting in itself, STML also provides a unique opportunity for
single-molecule studies, which are at the focus of most recent publications in this field.
The problem how to chemically engineer molecules in order to achieve efficient fluo-
rescence is long solved, for as long as the molecules are in free space or in solution.
But applications like organic light-emitting diodes ultimately require to interface the
optically active molecules with metallic electrodes. On metallic surfaces, however, the
electronic states of the substrate and the molecular states hybridise so that electronic
molecular excitations are efficiently dissipated into the substrate. This nonradiative
damping causes the electronic levels of a molecule to broaden and fluorescence to
be dramatically quenched [72, 73]. A common solution to this problem in organic
light-emitting diodes is to separate the optically active area from the metallic leads by
organic exciton-blocking and carrier injection layers [74]. This is not an ideal solution
due to ohmic losses in the separating layers, and understanding the electron transport
through the random molecular configurations particularly at the interfaces, as well as
all excitation and de-excitation mechanisms in a system with that many degrees of
freedom is a daunting task. As a consequence, optimisation of these devices is so far
only possible in a heuristic fashion. In order to gain insights into the fundamental
process of converting electrical energy into light inside a molecule, it is of advantage
to reduce the investigated system to a single molecule. In such a system with greatly
reduced degrees of freedom, well-defined and reproducible experimental conditions
can be achieved.

Investigating STM induced luminescence in single-molecules is particularly promising
as STM is a long-established tool for single-molecule studies. Therefore, the molec-
ular adsorption and its electronic properties can be characterised within the same
experiment, which offers valuable additional insights into the studied system on the
single-molecule level, whereas many other characterisation techniques are limited to
large ensembles of molecules. For these reasons, considerable effort has recently been
put into STML studies of single molecules adsorbed on metal surfaces. Molecules can
provide additional, potentially long-lived electronic states for charge recombination,
or emit light by radiative de-excitation of electronically or vibrationally excited states
[75]. Recent activities in the field have explored spatial and time resolution of vibra-
tionally excited molecular states [76-78], charging effects [79], emission colour engi-
neering [80], superirradiance and energy transfer due to inter-molecular interactions
[81, 82], as well as interactions with the plasmonic cavity formed by the tip and the
sample [83-85]. In order to contribute to this growing and interesting field, the main
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goal of this thesis is to develop and commission a new STM with an efficient light col-
lection system, which is capable of single-molecule studies.

On the experimental side, however, the subject poses a major challenge. Both the tun-
nelling current and the conversion efficiency in the STM junction are low, so the light
signal to be obtained is weak. Moreover, spectroscopic resolution is important to iden-
tify different luminescence mechanisms, especially if molecules are involved. For that
purpose, the collected light has to be split into different wavelength bins, reducing the
detectable signal per bin even further. It is therefore of paramount importance to col-
lect as many of the emitted photons as possible, i.e., cover a large solid angle around
the STM junction, whereas the demand for mechanical rigidity of the STM often leaves
little space to realise such a collection system.

So far, mainly lenses, parabolic or ellipsoid mirrors, and optical fibres very close to the
junction have been employed in STML setups. In the case of lenses and mirrors, the
light from the junction is collimated in-situ in close proximity and refocussed ex-situ
onto either a photon counter or a spectrograph. When using lenses and fibres, the
covered solid angle is only a few percent of the half-space, and by combining several
lenses around the junction, coverages of up to 27 % have been achieved [86]. By sur-
rounding the STM junction with a large curved mirror, on the other hand, coverages of
up to 65 % have been achieved [25].

However, the main issue with lenses and especially curved mirrors is that both the col-
limating and the focussing optics need to be finely adjusted for every tip. That requires
complex and expensive adjustment components, both inside and outside the vacuum
chamber — for each lens, if several of them are installed [86]. These optics and adjust-
ment components close to the junction easily compromise the accessibility of the sam-
ple and the tip for in-situ transfers. In case of cryogenic STMs, also openings in the
radiation shields are necessary to clear the light path, which introduces heating of the
STM by radiation unless the optical pathway is carefully designed to require only pin-
hole openings [86]. Optical fibres do not have this disadvantage. However, they need
to be extremely close to the tip and due to their limited acceptance angle they are only
of limited use for directly collecting photons from a point source. Still, they need to
point precisely to the junction, which requires in-situ adjustability as well.

The idea to combine a parabolic mirror with the STM tip and to take care of focussing
the mirror during fabrication ex-situ was already explored by Khang et al. [87]. In this
work, this idea is taken further and the tip and mirror are fabricated as one integral
piece instead of an assembly, the mirror fully surrounds the junction and the optic is
miniaturised such that the diameter of the collimated light beam is small enough to be
directly coupled into an optical multimode fibre. Hereby, six problems are overcome
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simultaneously: (i) the collection optics covers the highest possible solid angle, (ii) the
collection optics does not prevent access to the tip or the sample during transfers, (iii)
no focussing on the tip is required, and the collimated output beam does not need to be
refocussed, (iv) during operation, the tip and collection optics are always at the same,
constant temperature and cannot drift with respect to each other, (v) the collection
optics does not need to be perfect due to the lack of free-space routing, and (vi) there
isno need for a direct optical pathway from ambient conditions through the cryogenic
shields to the STM. For the fabrication process, 3D direct laser writing (DLW) based on
two-photon polymerisation [88] is employed, as it is ideally suited for creating tailored
free-form microoptics with the necessary precision.

To facilitate single-molecule studies, the STM was integrated in a low-temperature
ultra-high vacuum (UHV) cryostat, which enables investigations of clean samples over
extended periods of time without further contamination or surface diffusion.

In this thesis, the design and assembly of the experimental setup will be described, fol-
lowing by commissioning measurements on the well-known Au(111) surface in order
to demonstrate the performance of the system. Finally, the newly developed STM was
used to investigate the light emission from bilayer and trilayer Co nano-islands epitax-
ially grown on a Cu(111) surface. It was shown by Downes et al. [62] that it is possible to
distinguish different metals in STML due to their different dielectric functions if they
form large, separated clusters on an isolating substrate. The goal of the investigation
presented in this thesis is to push the limits of this technique and test if such a distinc-
tion is also possible if only few atomic layers of a different metal are present in the STM
junction, which are not isolated from the substrate.



2 Fundamentals

2.1 Scanning tunnelling microscopy

In STM, a precisely positionable, atomically sharp metallic needle — referred to as tip
— is used to probe a conductive surface at distances around and below 1 nm by means
of the tunnelling current which flows across the vacuum gap upon applying a bias volt-
age. Owing to the exponential distance dependence of quantum tunnelling, the vast
majority of the tunnelling current flows between the top-most atom of the tip apex
and an equally small area of the sample. As a result, STM provides access to a variety
of local surface properties with unmatched resolution.

2.1.1 Theory

Quantum tunnelling has been a textbook example of quantum mechanics for decades
and arises from the finite probability of a particle to pass through a thin potential bar-
rier. This is a consequence of the Schrodinger equation, which is, regarding space, a
second-order differential equation whose solutions must be continuous and continu-
ously differentiable. Therefore, a particle’s wavefunction cannot abruptly vanish at the
onset of a potential barrier but rather extends into the barrier where it finally decays
exponentially over distance. Provided the barrier is sufficiently thin, the wavefunc-
tion then continues on the other side with an accordingly reduced amplitude. This
simple model can be applied to STM in the sense that conduction electrons can freely
propagate in a metal but are restricted to the solid’s boundaries by the work function.
The vacuum gap between the sample and the tip, therefore, comprises a thin potential
barrier created by the work functions on both sides. With this model one can already
understand the exponential distance dependence of the tunnelling current.

A more adequate way to describe the tunnelling process also taking into account
the electronic structure of both the tip and the sample is the transfer-Hamiltonian
approach introduced by Bardeen [89]. Due to their separation, the interaction between
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Figure 2.1: One-dimensional sketch of the energy landscape of tunnelling electrons in STM. The elec-
tronic density of states in the tip is assumed featureless for clarity. (a) Elastic tunnelling, (b) inelastic
tunnelling at the voltage threshold eV = AE.

the tip and the sample is considered weak, which justifies applying first-order time-
dependent perturbation theory. At this, the transition rate of the electrons is accord-
ing to Fermis golden rule determined by the overlap of the unperturbated eigen-
functions ¥, and ¢, of the tip and sample, respectively, here denoted as the matrix
element M,,, = (¥,|Hr|y,) with Hy being the perturbation Hamiltonian. Apart from
this, energy conservation is demanded, and that electrons transition from occupied to
unoccupied states. The latter is ensured by weighing the contributions of all combi-
nations of beginning and end states with the Fermi-Dirac function at their respective
eigenenergies E, ,. If a bias voltage V is applied to the sample, a net current can be
obtained by summing over the contributions of all involved initial and end states:

:2%76 (R(E)— KBy +eV))|My| 5 (B~ E,—eV), @2.1)

VU

Iy

whereas subscripts s and t denote quantities related to the sample and tip, respectively.
In this notation, a positive bias polarity leads to electrons tunnelling from the tip to the
sample. The difficulty is now finding an expression for M,,,, which Bardeen further
showed to take the form
hz * k
Myy=5— | - (vray,—y,aw). 2.2)
S

This surface integral is to be evaluated over any surface within the barrier region.

Bardeens work predates STM and was originally meant to describe metal-insulator-
metal tunnelling junctions. Tersoff and Hamann later applied this method to STM [90],
sparking other works based on the same idea with similar results [91-93]. In STM, the
tunnelling current is carried for the very most part by the topmost atom of the tip. To
model the tip it should therefore suffice to consider this topmost atom. Assuming low
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2.1 Scanning tunnelling microscopy

temperatures and that the eigenstates in the tip have the form of a spherically symmet-
ric s-wave function allows to calculate Eq. 2.2. One finds that the tunnelling current
depends on the local density of states (LDOS) p of the sample at the position of the tip
defined as the centre 7, of its spherical wavefunction
eV
e
I1(7,V,d)= 7 f Ps(To, Eps+€)p(Epi—eV +€)T(e,V,d) de. (2.3)

0

The transfer probability T may now be simplified using a one-dimensional, semi-
classical Wentzel-Kramers-Brillouin approximation as [94]

T(E,V,d):exp(—% \/me-(¢5+q>t+ev—2E)), 2.4)

which again involves the work functions ®;, of the sample and the tip, and reproduces
the exponential distance dependence already known from the one-dimensional solu-
tion of the Schrédinger equation. This also means that electrons at the Fermi edge
contribute most to the tunnelling current, which is sketched in Fig. 2.1(a) together with
the energy landscape of the tip and the sample in this model. A popular simplification
for small bias voltages is to neglect the energy-dependence of the transfer probability.
For convenience, the LDOS of the tip is also often considered featureless, such that the
LDOS of the sample can be extracted from the first derivative of the tunnelling current
with respect to the bias voltage

dr .
v o< py(7o, Eps+eV). (2.5)

This is commonly referred to as scanning tunnelling spectroscopy (STS). In practise,
however, measurements of the differential conductance often bear the signature of the
electronic structure of the tip, which can drastically change the experimental results
[4]. In order to ascribe any observed feature in such measurements to the LDOS of the
sample, one requires carefully prepared tips and needs to compare spectroscopic data
acquired with different tips.

A tunnelling electron can also interact with local excitations, which is called inelastic
tunnelling. For these processes, the energy conservation term in Eq. 2.1 is corrected
for the energy which is transferred to the excitation, and the electron ends up in a final
state of correspondingly lower energy. Thus, more end states become available to the
tunnelling electrons if the tunnelling bias exceeds the necessary threshold for the exci-
tation. This is the situation sketched in Fig. 2.1(b). Terms for the additional available
end states then add to Eq. 2.1 and increase the tunnelling current. Experimentally,
this can be observed as a kink in the current-voltage characteristics at the excitation

9



2 Fundamentals

threshold e|V| = AE, which is independent from the voltage polarity. To recognise
such a signature more easily, one usually consults the first or second derivative of the
current-voltage dependence which then exhibit symmetric steps or a dip-peak pair
around the origin, respectively. The list of inelastic excitations observed in STM so far
includes phonons [5], molecular vibrations [6], spin flips [95, 96], magnons [97], and —
essentially to this work — plasmons [26].

2.1.2 Experimental implementation

The high spatial resolution of STM depends on the sharpness of the tip and, more crit-
ically, the possibility to position the tip at picometre precision. The metallic tips are
typically prepared by electrochemically etching a wire [98], but the exact preparation
technique and achieved tip radius are not critical for the STM performance as long as
the final apex is rigidly supported by the rest of the material, and is not hanging on a
lose whisker. Tips that provided atomic resolution in STM have even been achieved by
mechanically grinding a wire to a point or cutting a wire at an angle [2, 3, 99]. Position-
ing the tip, on the other hand, is achieved by utilising the piezoelectric effect. Below
a critical temperature, ferroelectric ceramics exhibit domains of spontaneous electric
polarisation because the centres of positive and negative charges within the crystal lat-
tice are spatially separated in the ground state. Thus, an internal electric field is gen-
erated which is directly linked to the crystal structure, so that mechanical deformation
results in a change of the electric field and — more important for STM — vice versa.
By applying a moderate external voltage to a ferroelectric crystal whose domains have
previously been aligned by a high voltage, the size of the crystal changes approximately
linearly with the voltage. In STM, the tip is usually mounted on a piezo element in the
shape of a thin-walled tube which carries out the tip movement in all three directions.
This is preferred compared to an orthogonal arrangement of three different actuators
because such a tube is smaller and more rigid. The piezo tube is equipped with an
electrode on the inside and four segmented electrodes on the outside, each of which
spans over a quarter of the outer diameter [100]. Applying differential voltages to oppo-
site outside electrodes results in bending of the tube, which approximately translates
to a lateral movement of the tube’s end in a plane as the bending is small compared
to the size of the tube. By varying the voltage applied to the inside electrode, finally,
the length of the tube changes. Therefore, the position of the tip can be varied in both
lateral as well as the vertical direction with high accuracy, but within a very limited
range. During STM operation, one also needs to account for some non-ideal proper-
ties of the piezo elements, which are hysteresis and a specific time-dependence of the
displacement response upon voltage changes. The latter is commonly referred to as

10
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Figure 2.2: Working principle of an STM in the constant current mode, and sketch of a popular implemen-
tation according to [101] using a segmented piezo tube for positioning the tip on the pico- to nanometre
scale and several coarse motion stages to approach the tip at a desired location on the sample.

piezo creep and can compromise the long-term stability of the tip position even hours
after large displacements.

The basic blueprint of a popular implementation for STM is sketched in Fig. 2.2. Apart
from the precision positioning of the tip using the piezo tube, another positioning sys-
tem needs to be implemented in order to approach the assembly of piezo tube and tip
in small steps to the sample, as especially the vertical range of the piezo tube is limited
to a few hundred nanometres. In many designs, this coarse motion is based on the
stick-slip principle [102], which will be discussed in detail in Sec. 3.2.2. Many designs
also implement a lateral coarse motion for the sample to be able to roughly choose a
spot on the sample to investigate. In Fig. 2.2, two stacked lateral coarse motion stages
for moving the sample are shown because this corresponds to the design choice for the
STM presented in this work. However, these are entirely optional and there are designs
with only one stage [103] or no motorisation of the sample at all [101, 104], whereas
other implementations facilitate movement of the sample in both lateral directions by
a single coarse motion stage [105].

The electrical schematic and basic working principle of the STM is sketched on the left
side of Fig. 2.2. In the STM presented in this work, the bias voltage is applied to the sam-
ple, and the tip is connected to a transimpedance amplifier which measures the tun-
nelling current. In the constant current mode, a feedbackloop compares the measured
current to a user defined setpoint and adjusts the vertical tip position accordingly to
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maintain the current setpoint. When scanning the tip over the sample, this feedback
will cause the vertical tip position to follow features on the surface in order to keep
the tunnelling current constant, so that a recorded map of vertical tip displacements
resembles the topography — or, more strictly, the surface of constant tunnelling prob-
ability. Alternatively, the height of the tip above the sample can be fixed and the tun-
nelling current is measured as a function of the tip position. This is referred to as con-
stant height mode, and is only useful for investigating very small surface variations as
the extreme distance dependence of the tunnelling current in combination with the
limited range and finite noise floor of the current amplifier limit the range of observ-
able variations.

For STS studies, one needs to acquire spectra of the differential conductance with low
noise. While it is possible to just record the current-voltage characteristics and cal-
culate the first derivative, a quicker and more noise-resistant procedure involves the
lock-in technique. For this, the bias voltage is modulated by a small alternating volt-
age V =V, + V,;sin(wt), so that the second order Taylor expansion of the measured
tunnelling current about V = Vj; becomes
2 qin2 2
1(Vo+ Vp sin(@1) = I(Vy)+ Vi sin(eor)- S| 4 Ym0 &1

+
dv 2 dvz
vy W

(2.6)

The lock-in amplifier then multiplies the measured signal with the original modulation
and integrates this product over time. For sufficiently large times T, the output signal
of the lock-in then becomes

T
Vioekoin O< %J 1(Vp+ Vysin(wt))-sin(wt)dt 2.7
0
A ﬁ ﬂ (2.8)
2 dVv

Y

Using the lock-in technique to determine the differential conductance has two essen-
tial advantages over the numeric differentiation of the current-voltage dependence.
First, only a narrow frequency band contributes to the output of the lock-in amplifier as
Eq. 2.7 vanishes for all Fourier components of I(¢) with frequencies that do not match
the modulation frequency w. In STM, noise is usually not uniformly distributed across
the frequency spectrum (white noise) but rather exhibits a 1/ f behaviour. Therefore,
it is preferable to shift the sensitivity of the measurement to a higher frequency, and
filter all other undesired frequencies from the signal. Second, a topographic scan can
be performed at the same time as a map of the differential conductance at fixed bias
voltage is obtained if the modulation frequency is faster than the feedback loop. This
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mode of measurement allows to visualise the spatial variation of the LDOS at the sur-
face at a specific energy.

2.2 Scanning tunnelling microscope
induced luminescence

On a clean metal surface, the light emission is caused by the radiative decay of cou-
pled, collective charge carrier oscillations in the tip and the sample, which are excited
by inelastically tunnelling electrons. The emitted light is a measure of the inelastic frac-
tion of the tunnelling current and the electromagnetic resonance properties of the cav-
ity formed by the tip and the sample. For this reason, the interpretation of the acquired
light signal requires separating two fundamentally different effects. First, the electro-
magnetic eigenmodes of the coupled electro-photonic system depend on the dielec-
tric constants of the involved materials and the geometry of the junction, and are well
described by classical electrodynamics. Particularly the tip shape has a large influence
on the light emission but is difficult to assess or control, making it difficult to interpret
individual spectra. Second, different materials on the sample provide different elec-
tronic states involved in the excitation process and thus affect the inelastic tunnelling
probability. Finally, the tunnelling current and the cavity geometry are not indepen-
dent of each other, as the tip distance is directly linked to the tunnelling current. This
tip distance might change when an experiment is conducted at constant current due
to lateral variations of the LDOS, and when the current is not held constant by the feed-
back loop, any variations of the tip distance dramatically affect the tunnelling current
and, therefore, also the excitation rate of the gap plasmons.

2.2.1 Light emission from gap plasmons
Cavity resonance

In order to describe the optical response of the conduction electrons in the tip and the
sample, it is satisfactory to consider a semi-classical approach in which the interaction
of matter with the electric field is described by Maxwell’s equations. In this framework,
the response of the solid’s electrons to the electric field — which inherently bears the
signature of many different quantum mechanical effects such as the band structure
and different scattering processes and transitions — is condensed into the complex,
frequency-dependent dielectric function €(w). The real part of this function describes
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Figure 2.3: Electric field lines and surface charge distribution of a surface plasmon polariton (SPP) at a
metal-dielectric interface. Adapted from [107].

the polarisability of the material, whereas the imaginary part describes energy dissipa-
tion. The optical properties of metals are largely determined by the conduction elec-
trons, which can move freely except for the restoring force created when the local elec-
tron density does not compensate the positive charge of the atom cores. Even in a free
electron gas, minimising the total electrostatic energy requires a homogeneous dis-
tribution of electrons, and any deviation from that results in a similar restoring force.
Solving the classical laws of motion for the quasi-free electrons taking into account
this interplay of inertia and restoring force results in oscillation eigenmodes, so-called
plasma oscillations. For a free electron gas, the plasma frequency is [106]

ne2
wp=\—7, (2.9)
€Egm
with the charge carrier density n and the electron mass m. In a metal, m actually
denotes the effective mass of the electron which is determined by the band struc-
ture. When treated quantum mechanically, these charge carrier oscillations can be
described as quasi-particles with a discrete excitation spectrum, which are referred to
as plasmons.

The plasma frequency of a metal is a useful indicator to assess the optical response of
a metal to an incident electromagnetic wave using the analogy of a driven oscillator.
If the frequency of the external electric field is lower than the plasma frequency, the
electrons will move 180° out of phase with regard to it, such that the real part of the
dielectric function is negative. As a result, the electric field cannot penetrate the metal
and is, instead, reflected. At the plasma frequency, resonance occurs, and if the fre-
quency of the external oscillation is above wp, the electrons can finally no longer keep
up due to their finite inertia and the material becomes transparent to radiation.

At the interface between a metal and a dielectric — or, in particular, the vacuum —
the electric field generated by oscillating charge carriers extends into the dielectric.
Considering the half-spaces j = 1,2 being occupied by the metal and the dielectric,
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respectively characterised by € ;, and the interface being at z = 0, then a solution to
Maxwell’s equations without external driving force has the form [108]

1
Ei=E| 0 |exp(i(k;.lzl+kex—wr)), (2.10)
_kx/kj,z

with the wavevector components

€6, W? € w2
2= —2 — and kK =—T——, (2.11)
Y oe1+e, c? bZ o e1+€, c2
if €, , are real. At optical frequencies, usually the conditions
€1(w)-€(w)<0 and €(w)+e3(w)<0 (2.12)

are fulfilled because the dielectric function of the metal ¢, is negative and large com-
pared to €,. As a result, k, is real and k, is imaginary, such that Eq. 2.10 describes
waves with a maximum amplitude of the electric field at the interface, which propa-
gate along the interface but exponentially decay in both half-spaces along the surface
normal. The accordingly confined magnetic field oscillates in phase with the electric
field and is parallel to the interface plane (transverse magnetic). Such a coupled mode
of charge carrier oscillations in the metal and the electric field in the dielectric or vac-
uum is called a surface plasmon polariton (SPP) and sketched in Fig. 2.3. In case of
a metal-vacuum interface, its energy is a factor of v/2 lower than the energy of a bulk
plasmon. Because of the — so far neglected — imaginary part of €;, k, is also not
entirely real, so that SPPs have a finite propagation length, which is in the order of
several pm to several 10 um depending on the wavelength and material [108]. Due to
a mismatch of the dispersion relations and the conservation of parallel momentum,
SPPs cannot directly couple to free-space photons on a flat surface. This is alleviated
in the presence of surface roughness or — particularly in STM — a tip, which break the
lateral translational invariance and, therefore, quasi-momentum conservation. Apart
from that, also a prism can be used to mediate the coupling of propagating SPPs to the
far-field [109].

When approaching two metals, the electric fields of their respective SPP modes over-
lap, and a new mode emerges in which the charge carriers of both metals couple with
each other via the electric field in the gap. This new mode is characterised by oppo-
site charges on the opposing surfaces as sketched in Fig. 2.4 and is called a gap plas-
mon, a term more commonly used in applications involving flat, sandwiched metal-
dielectric-metal electrodes [110]. However, this also precisely describes the situation
in STM, where the tip and the sample are in close proximity and separated by a vacuum
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€sample

Figure 2.4: Lowest mode of a gap plasmon in the STM junction. Adapted from [46].

gap. The distinct difference is that in STM, the cavity consists of one flat electrode, i.e.,
the sample, and the apex of a sharp tip. This leads to a strongly enhanced field which is
confined to a small volume around the tip apex. In a simplified geometry, i.e., a sphere
in front of a plane metal surface, Rendell and Scalapino [111] assessed the confinement
area of the electric field and found that it scales according to v2Rd with the radius R
of the sphere and the distance d from the surface. With typical tip radii well below
100 nm and tip distances below 1 nm, the optically active area is confined to an area
far below the wavelength of a corresponding free-space photon, which is ultimately
the key to the high lateral resolution of STML.

The gap cavity features distinct resonances w; if half a wavelength of the coupled mode
equals the tip-sample separation [46]. This leads to a resonance effect at tip distances
between 0.5 and 1 nm, with resonance frequencies w; described by the implicit rela-

tion [51]

1 1 d

=—|l+=-|\|—, [=0,1,... (2.13)
6(0)[) 2 2R

ifthe tip and the sample are made from the same material. Evaluating this in the frame-
work of the Drude model with the plasmon frequency wp and in the case d < R this

results in
1+ L d (2.14)
W N - —. .
pEee 2 J 2R

From this, it is apparent that the shape of the tip has a dominant influence on the res-
onances, which was experimentally confirmed by the fact that spectra recorded on
the same substrate with different tips often are very different, an issue which will be
demonstrated in Sec. 4.2.1.

Another consequence apparent from Eq. 2.14 is that the resonance is red-shifted upon
approaching the tip to the surface. This is qualitatively explained by Johansson [46]
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Figure 2.5: Multiple plasmonic resonances caused by a rugged tip. Adapted from [114].

by the opposite charges on the tip and sample in close proximity. The closer the elec-
trodes get to each other, the more the opposite charges at the surface compensate each
other, thereby reducing the restoring force acting on the charge carriers that have been
displaced within the metals. In STM, however, only a small range of tip distances can
typically be studied. If the tip is too close, it is subjected to a very high electric field
which quickly damages the tip, and if it is too far away, the tunnelling current is so
low that the induced photon emission is too weak to be detected. Within this accessi-
ble distance range, which spans a few 0.1 nm, the red-shift predicted by Eq. 2.14 was
indeed observed by Aizpurua et al. [54]. The limitations of the classical approach lead-
ing to Eq. 2.14 are demonstrated by a few studies in which the authors managed to
reduce the tip distance up to an atomic contact. Instead of the predicted infinite red-
shift at zero distance, a moderate peak shift of 7nm per 0.1 nm of tip displacement
was observed [112, 113], indicating a coupling regime which is not well described by
classical physics.

The lowest mode in Eq. 2.14 with I = 0 corresponds to a dipole oscillation and is the
most prominent in STML. Higher orders are often not observed because the energy
of the resonance approaches the energy of the SPP modes, such that the energy of
the gap plasmon is carried away by a propagating SPP [46]. The lowest mode of a
blunt tip, however, can be at low energy down to the infrared regime such that mul-
tiple peaks corresponding to higher orders are actually observable [115]. However,
electroluminescence spectra in STML often feature multiple resonances, which can-
not be explained in the simple model of a spheric tip. These resonances rather emerge
from the non-ideal shape of real tips, which is often not accessible because the rel-
evant part of the tip spans some 10 nm around the apex, and is difficult to charac-
terise [116]. So far, two effects have been discussed in the literature which may result
in these additional resonances [114]. First, the electric field is much less confined than
the tunnelling current. This means, that a rugged tip as sketched in Fig. 2.5 will per-
form well for STM, because the tunnelling current only flows through the topmost
extrusion. Within the reach of the electric field, however, there are several other so-
called micro-tips which may host additional plasmonic resonances. It is noteworthy
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that blunt tips are particularly susceptible to this effect because of the larger interac-
tion area. Another interpretation is that even a single micro-tip can host more than one
resonance if it is asymmetric [114], each of which is associated with a different confine-
ment length. In summary, blunt tips feature a denser spectrum which extends further
to lower wavelengths compared to sharp tips, because they can feature higher-order
modes and additional resonances caused by the tip roughness and asymmetry.

In an STML experiment, tuning the gap cavity is possible in several ways. The tip dis-
tance, for example, can be freely varied in STM. However, this is not independent from
the other tunnelling parameters. Either the tunnelling current [30, 54] or the bias volt-
age[117]need to be adapted in order to vary the tip distance, and when interpreting the
resulting variation of the light signal one needs to consider that both of these parame-
ters also influence the emission. In Sec. 4.2.2, such an experiment involving a voltage
variation at constant current will be presented and discussed. Apart from this, it was
already discussed in the introduction how the topography of the sample can further
modify the gap cavity.

Excitation

Gap plasmons can either be excited by incoming light or electrons. In STML, the latter
is the case whereas different regimes have to be distinguished depending on the dis-
tance between the tip and the sample [32]. In the case of distances larger than 1 nm,
a high voltage is required in order to achieve a significant current. This is the field-
emission regime, which offers low spatial resolution, and the electron bombardment
of the surface results in cathodoluminescence. At short tip distances below 0.2 nm,
on the other hand, a very high tunnelling current already flows at low voltages. In this
regime, luminescence is dominated by multi-electron processes due to the high rate of
individual electron hopping events. Also, single-electron excitation is usually not pos-
sible in this regime as the energy of each tunnelling electron is not sufficient to excite
plasmons if the tunnelling bias is low, which in turn is necessary in order to not dam-
age the tip. The experiments in this work were performed in the tunnelling regime,
i.e., at tip distances between 0.5 and 1 nm. This regime is characterised by intermedi-
ate voltages between 2 and 4V and a tunnelling current of a few nanoampere. Lumi-
nescence at these parameters is caused by inelastic single-electron excitation of gap
plasmons, whereas multi-electron processes are strongly suppressed because the life-
time of electrons in their respective final state is significantly lower than the average
time-difference between individual tunnelling events.

In principle, two different excitation mechanisms are imaginable in this regime, either
inelastic tunnelling or elastic tunnelling and subsequent recombination within the
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sample (hot luminescence). In STML, it was found that luminescence is exclusively
caused by inelastic tunnelling [45]. The coupling of the tunnelling current to the charge
carrier oscillations is mediated by shot noise. This mechanism was predicted early
[111, 118] but experimentally proven only in 2010 [113]. Even though the tunnelling
current is a direct current, the statistical distribution of time-differences between indi-
vidual hopping events results in a broad, featureless power spectrum in the frequency
domain. At zero temperature itis[111, 118]

1
|2: (eV—hw), O<hw<eV
21R, (2.15)

=0 fiw>eV,

|[1(w)

with the resistivity of the tunnelling junction R,. This cut-off implies — in agreement
with energy conservation considerations — that the energy of the tunnelling electrons
must be higher than the energy of a plasmon mode in order to excite it. At finite tem-
peratures, this cut-off condition smears out over kg T, which results in the emission
of photons with 7iw > eV [119], which is otherwise only observed in the regime of
high tunnelling current as a result of correlated tunnelling of two electrons [112, 120].
Furthermore, higher bias voltages result in higher current fluctuation at the plasmon
resonance, and thus in a higher excitation probability. At constant current, however,
higher bias voltage is accompanied by increased tip-distance, which counteracts the
increased excitation probability due to reduced coupling of the charge carriers across
the gap.

The tunnelling current essentially consists of two different channels which are its elas-
tic and an inelastic portion. Both, the elastic and inelastic tunnelling probability scale
with the LDOS of their corresponding final states. This means that if the LDOS of
the final states of the inelastic channel varies then the inelastic tunnelling probability
varies as well. These variations are negligible in a traditional STM experiment because
the vast majority of the tunnelling current is elastic. In STML, however, this variation
can directly be probed because different plasmon frequencies will consequently be
excited with a different probability. This is particularly notable if the surface features
spatial variation of the LDOS due to adsorbants or different materials because the light
emission will vary with the tip position [29, 121, 122]. This is the main contribution to
the variations of the light emission presented in Ch. 5.

Emission

The lifetime oflocalised plasmons is limited by resistive losses in the materials, i.e., due
to the imaginary part of €(w), to afew 10 fs [123], whereas the average lifetime of radia-
tive transitions is in the order of 200 fs [70]. For once, this provides the opportunity to
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use the emitted light as a fast probe for the tunnelling current [70, 71]. Most impor-
tantly, however, the high dissipation-related decay rate significantly broadens the res-
onance and causes most of the gap plasmons to be dissipated. Apart from this direct
quenching, another significant fraction of gap plasmons decays into propagating SPPs
[124-126], which in turn cannot contribute to the light emission anymore unless they
are deliberately coupled to a prism or a grating. As a result, about 1 % of the tunnelling
electrons excite a gap plasmon [46], but only a small fraction of those plasmons emits
a photon.

Still, the electron-to-photon conversion in STML is orders of magnitude higher com-
pared to the case of flat electrodes [19] due to the tip acting as an antenna for cou-
pling of the near-field to the far-field, an effect which is similarly utilised to achieve
sub-wavelength resolution in tip-enhanced near-field optical microscopy [127]. Apart
from that, the substantial electric field at the tip apex provides strong coupling to the
tunnelling electrons [128]. As the electric field enhancement is directly related to the
tip-sample distance, changes of the latter in the order ofless than 0.1 nm cause signifi-
cant variations of the amplitude of the electric field at the surfaces [46, 129]. As aresult,
the electron-to-photon conversion efficiency notably increases when approaching the
tip to the surface even by tiny steps [30].

Similarly, the tip radius not only affects the resonance frequency but also the bright-
ness of the emitted light because sharp tips result in a higher field enhancement. In a
theoretical work of Aizpurua et al. [130], a more realistic, hyperbolic tip model with
separate opening angle and tip radius was considered, and the authors found that
the aperture of the tip was mostly responsible for the overall shape of the spectrum,
whereas the apex radius dictates the intensity and sharper tips produce a brighter sig-
nal at constant current. Tips with a radius below 30 nm, however, are expected to yield
less intensity again, as the tip area must not be too small in order to function as an
antenna and effectively mediate the emission [46]. Therefore, a tip radius of 30 nm is
expected to be optimal with regard to the emission intensity. In practise, however, it
is impossible to experimentally control the radius of the tip apex so precisely. But an
essential conclusion of all these considerations is that the tip shape largely dictates
the brightness, number and energy of resonances, and material properties often play
a secondary role. Therefore, all STML experiments need to be devised in a compar-
ative fashion, i.e., the variation of the emission spectrum depending on surface fea-
tures or tunnelling conditions potentially allows conclusions about underlying effects,
whereas a single spectrum has little informative value.

The tip and sample materials, after all, also affect both the resonance and emission
intensity. In order to study plasmon-mediated light emission, usually silver, gold and
copper are used as samples due to their low damping. Silver, in particular, also features
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an almost ideal free-electron like behaviour in the optical frequency range due to the
high onset of interband transitions [26]. Gold or silver are also preferred as tip material,
as opposed to tungsten, which is much more popular for regular STM studies. When
compared to tungsten, the achieved field enhancement with gold or silver is higher and
the resistive damping is lower [46, 129, 131], which results, on average, in one order of
magnitude brighter emission spectra [30].

Theoretical estimates and experimental reports on the photon generation efficiency
on noble-metal surfaces are consistently between 10~* and 1073 [20, 25, 26, 45-47],
depending on the tip and sample materials and, of course, the tip geometry. In one
case, even an exceptionally high value up to 1072 has been reported [132]. On semi-
conductor surfaces, estimates for light emission from minority carrier injection are
generally one order of magnitude lower [34], and can be as low as 1077 [133].

For the lowest oscillation mode, Rendell and Scalapino [111] calculated the angular
emission distribution and found a radially symmetric emission maximum which is
tilted away from the surface at an angle of 35°. This is particularly interesting for opti-
mising the collection optics.

2.2.2 Light emission from molecules

Even though molecular studies are beyond the scope of this work, the STM designed
and presented in Ch. 3 was specifically build for that purpose. For this reason, a short
summary will be presented how the presence of a molecule in the STM junction affects
the light emission.

In general, radiative decays have longer lifetimes than channels related to electron-
electron scattering. If, in the simplest case, a molecule does not have long-lived excited
states, or they cannot be excited by the tunnelling current due to inappropriate tun-
nelling conditions, then it still modifies the LDOS and the current-distance character-
istics. At constant current, therefore, the tip-distance is often increased which results
in a reduced gap plasmon coupling and lower intensities. Early reports of molecular
resolution in STML were ascribed to this effect, and the molecules merely acted as a
dielectric spacer and tuned the gap plasmon [134, 135]. Similarly, molecules affect the
voltage-current characteristics. The electric field in the gap shifts molecular orbitals
relative to the Fermi edges of the tip and the sample. When these orbitals are appropri-
ately aligned relative to the Fermi edges of the electrodes, resonant tunnelling occurs
and the tunnelling current rises significantly. Accordingly, this excites more gap plas-
mons, which means that the molecular electronic structure is utilised as a voltage-
controlled switch for the plasmonic light emission [136].

21



2 Fundamentals

............... \(a) cereernieeeey (D)
e E Y 5
X . € |
LUMO eV oV
E e
HOMO) ¥ o > E:
Tip Sample Tip Sample
Vacuum Molecule Spacer
8ap
............... (© (d)
................ EV
e
4 lo
o) g E: vVibrational .
Tip Sample excitations { } Electronic
ground state

Figure 2.6: Excitation and de-excitation of molecules inside the STM junction. (a) and (b) show basic
energy diagrams with and without decoupling from the substrate. Electrically excited molecular states
can only be prepared in (b), as indicated by an electron (blue dot) in the LUMO and a hole (red circle) in
the HOMO, which may later recombine. Adapted from [75]. (c) Indirect excitation of electrons from the
HOMO into the LUMO by gap plasmons, adapted from [77]. (d) Possible de-excitation channels when
the molecular energy landscape features different vibrationally excited end states.

In order to actually achieve fluorescence, one needs to excite a molecule to a long-
lived excited state, which first and foremost requires decoupling from the metallic sub-
strate. Otherwise, hybridisation occurs and the electron in the excited state is effi-
ciently transferred to the substrate. Decoupling also facilitates proper alignment of
the molecular orbitals between the Fermi edges of the electrodes, which is required
to excite a molecule in the first place [75, 137]. This mechanism is illustrated in Figs.
2.6(a) and (b), depicting the molecule between the metallic electrodes. The molecule
is characterised by few discrete molecular orbitals, and the two most relevant orbitals
are referred to as highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). Without a spacer (Fig. 2.6(a)), the molecular orbitals are
pinned to the substrate, and the voltage drop across the molecule is minimal. If the
bias voltage is increased, the molecular orbitals can be aligned to the Fermi edge of the
tip such that resonant tunnelling occurs, but this does not excite the molecule because
the highest occupied molecular orbital is always below the Fermi edge of the sample
and, therefore, always fully occupied. In Fig. 2.6(b), the molecule is decoupled from
the sample and the voltage drop across the gap is distributed among the vacuum gap
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between tip and molecule, and the spacer between molecule and substrate. Therefore,
the orbitals of the molecule can shift with respect to both electrodes, and by applying
an appropriate bias voltage, a situation can be achieved in which the HOMO is slightly
above the Fermi edge of the sample, and the LUMO is at or slightly below the Fermi
edge of the tip. Therefore, holes will form in the HOMO, and the LUMO will be occu-
pied with electrons from the tip. This is an electronically excited state which has the
potential to decay by emitting a photon.

More recent studies have found another indirect excitation mechanism, shown in Fig.
2.6(c). Here, the tunnelling electron first excites a gap plasmon, which in turn excites
an electron in the HOMO [77, 83, 84, 138]. That way, fluorescence is also achieved
when the decoupling is not sufficient to lift the HOMO above the Fermi edge. It is still
required to protect the molecule from hybridisation.

However, molecules do not only have electrically excited states, but also feature vibra-
tional degrees of freedom which can be excited, which adds to the observable transi-
tions. The energy of vibrational excitations is typically much lower than the energies
of electrical excitations, so that they can be grouped as shown in Fig. 2.6(d). The dif-
ferent sets of lines belong to the same electrical states, whereas only the respectively
lowest line is also the vibrational ground state. The excited molecule may at first be
in an electrically and vibrationally excited state, but, if so, quickly relaxes to the vibra-
tional ground state [79, 137]. From there, then several end states are available for the
charge recombination, whereas some of these transitions are suppressed according to
the Franck-Condon-Principle, which is illustrated by the crossed transition. Because
each of these transitions has a different energy, the emitted photon wavelengths bear
the vibrational fingerprint of the molecule [137, 139], which has been demonstrated
even with spatial resolution in the light emission [77].

In the literature, a wide variety of decoupling techniques has been employed so far.
This includes spacer layers consisting of Cy, molecules [136], oxides [79, 137], or NaCl
[75,77,81, 82, 84], or the molecules were deposited on a wide-gap semiconductor [140,
141]. Fluorescence was also demonstrated with tailored molecules that consist of a
chromophore integrated within a molecular wire, which can be suspended between
the sample and the tip, thereby achieving decoupling of the optically active centre by
the leads of the molecule itself [83, 142].

It is noteworthy that the light emission from single molecules is strongly enhanced
by the presence of the STM tip, which is one of the reasons why STML studies of sin-
gle molecules are so appealing. The gap cavity increases the light emission probabil-
ity of excited molecules because the local photonic density of states p,, is drastically
increased due to the plasmon modes [73]. By applying a dipole approximation and
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using Fermi’s Golden Rule, the spontaneous decay rate y of any two-level quantum

system is [108]
nTw

- 3fieg
with the transition dipole moment zi. This effect is referred to as tip-enhanced fluo-
rescence and is similarly utilised in tip-enhanced Raman spectroscopy [143].

T P pu(?, w), (2.16)

2.2.3 Experimental implementation

While it is possible to just put a detector close to the STM junction in order to col-
lect the emitted light [20, 146, 147], sufficient detection rates for significant spectra
— preferably with spatial resolution — can only be achieved by covering a high solid
angle around the tip. The difficulty of this depends on the experimental conditions.
A few STML setups operate in air [56, 146-149], where the collection optics is easy to
install and focus, and many others operate in UHV at room temperature. This already
complicates the matter because tips and samples need to be changed in-situ and the
accessibility of the junction is limited in UHV. Single molecule studies, however, also
require low temperatures. So far, only the ten STML setups listed in Tab. 2.1 have been
reported which operate at or below 10 K and in UHV, and none of these operates below
4 K. It is apparent that the achieved detection rates do not necessarily scale with the
covered solid angle because different detection techniques were used, the emission
intensity depends on the tip, and due to unaccounted for losses along the light path
between the collection optics and the detector.

Table 2.1: Low-temperature STML setups operating in UHV reported in the literature so far. Empty fields
indicate missing information in the respective publications.

Year Ref. Collection T (K) Coverage (%) Max. counts per nC
1995 [144] Transparent tip 10 n.a. 10000 (GaAs)
1999 [87] Parabolic mirror 4 50 20 (GaAs)
2002 [47] Lens 5 9 50000 (Ag)
2003  [137] Lens 8

2009 [145] Lenses (2) 5 4.8 3000 (Aw)
2010 [86] Lenses (3) 4.5 27.6

2014 [76] Parabolic mirror 5

2016 [83] Lens 4.5 2.5 6600 (Au)
2016 [82] Lenses (2) 8 20 20000 (Ag)
2016 [81] Lenses (2) 4.6 16
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Figure 2.7: Popular implementations of the primary collection optics using (a) one or several lenses, (b)
a parabolic or ellipsoid mirror or (c) one or several optical fibres or fibre bunches close to the junction.
Adapted from [31].

Most designs implemented a collection optics close to the junction, which collimates
the light and routes the collected light to the detector where it needs to be focussed
again. If the STM is mounted inside a UHV cryostat, then the collected light also needs
to be routed through the cryogenic shields and a UHV viewport, thereby complicat-
ing the light-path even further. The most popular primary collection optics is one or
several lenses due to the relative simplicity of the design [22, 23, 47, 75, 81, 82, 86, 132,
137, 145, 150, 151]. Since recently, there is even a commercial STML setup available
from Unisoku, which also uses a lens for collecting light. Also, curved mirrors have
been employed in two variants, namely parabolic [67, 76, 87, 152] and ellipsoid [25,
153] mirrors. Parabolic mirrors collimate the light similarly to lenses and require refo-
cussing, whereas ellipsoid mirrors focus the source directly onto another focal point.
Curved mirrors easily cover a very large solid angle, however, they need to be precisely
adjusted.

The key disadvantage of lenses and mirrors is the free-space routing between the col-
lection optics and the detector, which requires the collection optics to almost perfectly
collimate the collected light. This requires to mount the lenses or mirrors on microme-
tre screws or piezo-based positioning systems with many degrees of freedom in order
to align the focus with the tip apex, at least after every tip change. As soon as for exam-
ple several lenses are involved, the complexity and size of the required contraptions
quickly escalates. Only few designs so far attempted a fixed collection lens [83, 145],
thereby accepting the inevitable collection losses. Particularly troubling is also the lim-
ited long-term stability of optical pathways where the components are far apart and at
different temperatures, i.e., some are installed inside and others outside of a cryostat.
Then, the tip tends to drift out of the focus over the course of hours, rendering long-
term measurements as presented in Ch. 5 of this thesis essentially impossible [47].

An alternative to lenses and mirrors are optical fibres close to the junction [148, 154—
157]. An appealing aspect of this idea is that it requires no free-space routing and the
fibre can be guided through the cryostat alongside the electrical cabling. However, an
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optical fibre needs to be either quite large or extremely close to the junction in order
to cover a significant fraction of the solid angle. Then, they need to be retracted by a
significant distance and later repositioned for each tip or sample change. And while
it is possible to implement several fibres in order to increase the solid angle coverage,
it is not efficient to mount all of them on the same positioning system [156], but it
is rather favourable to position each fibre individually to optimise the collection effi-
ciency. Even if the problem of positioning the fibres is finally solved, they transmit
only light entering in a small cone. The STM tip, however, is a point source with a large
angle distribution, which fundamentally limits the usability of fibres. Another slight
disadvantage of many fibre-based designs is that the polarisation and angle distribu-
tion of the light is not preserved, whereas the polarisation of the emitted signal conveys
information about the angular momentum of the involved excited state due to optical
selection rules [158] and might potentially be of interest, even though only few studies
actually make use of this information.

Apart from the popular solutions already discussed, also two more exotic designs have
been realised so far. Murashita ef al. [144] devised a conductive, transparent tip cou-
pled to an optical fibre which yielded a respectably intense signal (see Tab. 2.1) but is
also by design limited with regard to the collected signal. Another approach is to mount
alarge microscope objective below a transparent sample [64, 124, 149], which however
heavily limits the available sample choices and is entirely incompatible with a cryo-
genic setup. Particularly interesting is also the approach of Khang et al. [87] to combine
the STM tip and a parabolic mirror to an integral unit. The alignment of the mirror rel-
ative to the tip can be ensured during fabrication, and the combined assembly can be
swapped as a whole, rendering in-situ focussing unnecessary. A similar approach will
be followed in this work.

Apart from the efficiency of the primary collection optics, the light signal also suffers
from additional losses in the detection setup. As a result, the total detection efficiency
of many designs is in the order of a few percent. Achieved count rates that were dis-
closed in publications so far are usually spread between a few thousand and several
ten thousand photons per nanoampere of tunnelling current and seconds of exposure.
Tab. 2.1 gives a partial overview over the achieved detection rates in low-temperature
setups published so far. Two extraordinarily efficient setups with detection rates of 1
to 4 x 10° photons per nC have also been reported [132, 152]. However, these numbers
are difficult to compare. The quantum efficiency depends very much on the tip and is
unknown, most experiments have been performed on different substrates, and many
setups employ photon counters instead of spectrographs, which are much more effi-
cient but lack any spectroscopic resolution. The only really comparable figure of merit
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specific to STML setups is the wavelength-dependent total collection and detection
efficiency, and this is difficult to assess and rarely disclosed.

2.3 Direct laser writing

Photopolymers are a class of materials that undergo structural changes when inter-
acting with light, in particular because of the formation of reactive radicals that cause
chemical interlinking of the constituents. By that, aliquid photopolymer — commonly
referred to as a resist — can solidify. Usually, the formation of radicals requires ultra-
violet light due to the involved bond-energies, but in some resists the same reaction
can be triggered upon correlated absorption of two infrared photons. The probabil-
ity for this scales with the square of the intensity of the infrared light, and exhibits a
strong threshold behaviour. In DLW, whose basic principle is sketched in Fig. 2.8, this
is utilised to selectively solidify the resist only within a small ellipsoid around the focus
of alaser beam, because only there, the square of the light intensity is sufficiently high
to trigger the cross-linking reaction [88, 159, 160]. The size of this ellipsoid, which is
also referred to as voxel, is only diffraction limited. For the structures presented in
this thesis, it has a diameter of 200 nm and a vertical extent of 500 nm. Moving the
laser focus through the resist creates a continuous line of solidified material, that is
extended to two dimensions by placing lines next to each other such that they over-
lap. This can be extended into the third dimension in order to write almost arbitrary
three-dimensional objects layer by layer, again such that the individual layers overlap.
This inevitably results in a stepped surface instead of a perfectly smooth one. Subse-
quently, the liquid resist is developed, i.e., dissolved in a solvent in order to expose the
solidified structure.

Solidified resist

Drop of
liquid resist

“Focussing lens

!

IR-Laser

Figure 2.8: Direct laser writing in the so-called dip-in configuration, in which the focussing objective is
immersed in the liquid resist. Cross-linking only occurs in the focus of the laser beam (red ellipsoid),
which is swept through the resist to solidify the material along a pre-programmed trajectory.
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This modern, additive fabrication technique offers almost unlimited freedom of design
for creating small devices with very high resolution in the sub-micrometre range. It
has, among others, been used to write photonic crystals and metamaterials with arti-
ficial optical and mechanical properties [161-163], plasmonic devices [164], as well
as custom reflective and refractive micro-optics [165-168]. The technology has been
commercialised by Nanoscribe in 2007 and has ever since attracted much attention
due to its diverse application range throughout optics, medicine, fluidics, and micro-
mechanics.

2.4 Surface states on metal surfaces

Electronic wavefunctions in a solid have the form of a Bloch wave with real momen-
tum components, which freely propagate within the bulk and are finally reflected at
the surface. At the surface, however, additional solutions to the Schrédinger equations
emerge, which are not always matched by states in the bulk regarding symmetry and
quantum numbers, and can therefore neither penetrate into the crystal [106, 169] nor
escape to the vacuum because they are in a bound state inside the coulomb potential
generated by their own image charge. The latter leads to a tail of the coulomb potential
which decays according to 1/x into the vacuum. Accordingly, these states are referred
to as image states or Shockley states [170]. For the complex wavevector component
along the surface normal, this potential results a Rydberg-like series of discrete solu-
tions, as sketched in Fig. 2.9. The wavevector components along the surface remain
real and the carriers exhibit a free-electron behaviour characterised by a parabolic dis-
persion. For most metals, the image state with lowest discrete eigenenergy is partially
filled and can be observed as a two dimensional electron gas which is confined to the
surface [171, 172].

These surface states appear in STM images and particularly in maps of the differen-
tial conductance in the form of characteristic interference patterns due to scattering
at surface impurities and step edges [173-175]. Wherever the wavefunction of the sur-
face state must vanish, incoming waves are reflected and interfere with themselves,
resulting in a standing wave pattern referred to as Friedel oscillations.
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Figure 2.9: Coulomb potential at the metal-vacuum interface, giving rise to image states that are confined
to the surface. Adapted from [106].
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Scanning tunnelling microscopes with light collection capability are still quite rare.
To study electroluminescence from the tunnelling junction, an entirely new STM was
designed and built, which was titled y-STM. Almost every aspect of the experimen-
tal setup was designed using the computer-aided design (CAD) software Solid Edge
by Siemens before the corresponding components were manufactured, purchased or
assembled. This way, expensive and time-consuming mistakes were largely avoided.
Additionally, this software features a module for simple finite element simulation,
which was used to optimise the rigidity of the STM design. Most custom parts were
then fabricated by the mechanical workshop of the Physikalisches Institut, and others
by the mechanical workshop of the Institute of Nanotechnology, both at the KIT. Some
custom electronics were provided by the electronic workshops of both aforementioned
institutes, others were home-made.

In the scope of this work, existing plans of the UHV chamber were modified, and the
STM including the light collection as well as the radiation shields with the so-called
parking mechanism were designed from scratch. Then, a former storage room at the
Institute of Nanotechnology was converted into a laboratory and the entire UHV cham-
ber including the cryostat and the STM were assembled. During the commissioning
phase, the system was optimised and thoroughly characterised. All important aspects
of the design as well as the performance tests presented in the next chapter have been
published in the journal Review of Scientific Instruments [176]. This work was sup-
ported by Moritz Winkler [177] and Lars Wilmes [178] in the scope of their master’s
theses. Moritz contributed to the design of the light collection and helped with the
assembly of the STM, and Lars assisted me during the commissioning phase and dur-
ing first successful experiments.

In the following chapter, the experiment will be presented from the inside out: starting
at the mirror tip and the light collection setup, to the custom STM, the cryostat and
finally the enclosing UHV chamber.
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opm TSSTM tip

Figure 3.1: Sectional view of the mirror tip design and sketched light trajectories originating from the tip.

3.1 Light collection and detection

The STM tip can be approximated as a point source that emits light into a large solid
angle. Optical components for collecting the light therefore should cover as much of
the solid angle around the tip as possible. In this work, a design was chosen in which
the STM tip is suspended at the focus of a nearly fully enclosing, microscopic parabolic
mirror which collimates the light from the STM junction into an optical fibre located
directly above the mirror. The fibre is fed through the cryostat, outside the UHV and
into a grating spectrometer. Thus, as many photons as possible are collected from the
tunnelling junction and guided to the detector.

3.1.1 Mirror tip

The core innovation of this design is to integrate the STM tip into a light collecting
parabolic mirror fabricated as one piece by DLW that will be referred to as mirror tip
and is presented in Fig. 3.1. The design, fabrication and characterisation of these mir-
ror tips will be described in the following.

Design

To suspend the STM tip inside a parabolic mirror, it needs to be fixed in such a way that
the fixture obstructs as little of the light path as possible. At the same time, this fixture
needs to be rigid to not compromise STM operation. Hence, it is best to hold the tip
by directly connecting it to the inside of the mirror with a short strut, as depicted in
Fig. 3.1. It is not feasible to design this as a multi-part assembly, because any fasteners
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and adjustment components would add to the size of the fixture inside the mirror and
obstruct the light path. Therefore, it is favourable to manufacture the arrangement of
mirror, strut and tip in one piece.

Conventional fabrication techniques are not capable of creating such a geometry,
especially not at a scale small enough to collimate the light to the small diameter of
an optical fibre. Using DLW, however, it is possible to overcome these limitations and
fabricate almost arbitrary shapes at the micrometer and sub-micrometer scale with
high precision and small surface roughness [160, 167]. The two essential components
of the design, namely parabolic mirrors [165, 166, 179] and sharp tips [180] — although
in that case used for atomic force microscopy instead of STM — have already been
fabricated with this technique.

The design of the mirror tip as shown in Fig. 3.1 consists of four parts: the STM tip,
the strut holding it, the parabolic mirror surface and a spacer. When the STM tip is in
tunnelling contact, it emits light, which is reflected at the mirror surface and supposed
to exit at the top of the mirror as a directed and parallel beam. This assumes geometric
optics which is well justified considering that low output beam divergence has already
been demonstrated with way smaller parabolic reflectors [165, 166]. At the bottom
end, the opening of the mirror has a diameter of 30 um, which is much larger than the
wavelength of the emitted light. The height of the parabolic section is 80 um, opening
up to a diameter of 100 um at its top.

When the mirror tip is in contact with a sample, the tunnelling current is supposed to
flow through the tip and not through the bottom edge of the mirror. However, the STM
tip should not protrude from the bottom of the mirror too far in order to maximise the
solid angle coverage. In STM, only very flat samples are investigated, therefore the tip
was chosen to protrude by only 1.4 pm. This results in a safety clearance angle of about
5°, which is expected to never be exceeded by the sample roughness and tilt between
tip axis and sample plane normal. To keep the obstruction of the light path to a mini-
mum, only one strut is holding the tip. It was verified that this is rigid enough for STM
operation by performing a finite element simulation, that determined the resonance
frequency of the suspended tip at 1 MHz. Considering the open rim at the bottom of
the mirror and shadowing by the tip and the strut, the covered solid angle of the light
collecting mirror amounts to 75 % of 27, which is to my best knowledge unmatched by
any other design reported so far, and even by a large margin if only low-temperature
UHYV setups are considered. Assuming the angular intensity distribution reported by
Rendell and Scalapino [111], this figure even increases to 82 %.

The purpose of the spacer at the top of the design in Fig. 3.1 is to separate the delicate
mirror shape from the substrate on which the mirror tip is written, which is necessary
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for several reasons. First, the DLW resist shrinks alittle during the development process
[181, 182]. At the top end, it is fixed to the substrate though, resulting in distortion
close to the interface. The same is to be expected as soon as the mirror tip is deployed
in the cryostat due to different thermal expansion coefficients of the polymer and the
substrate. Second, the substrate is reflective as will be discussed in Sec. 3.1.1, rendering
itimpossible to write features close to the interface with high resolution. In the design,
the spacer lifts the mirror shape by about 30 pm, raising the total height of the structure
to 110 pm. It also opens up to an inner diameter of 185 um because the mirror will be
centered around a pinhole in the substrate that is between 130 and 150 pm wide and
itis advisable to stay clear from the major and unavoidable substrate inhomogeneities
at the edge of the pinhole during the writing process for reasons explained in the next
section.

DLW substrate and writing process

It is convenient to write the DLW structure onto a substrate, to which it will be per-
manently attached. Otherwise, handling the finished structure would be very difficult,
and the structure also needs to be fixed during the writing process. So even after fab-
rication, this substrate will remain an inseparable component of the tip assembly and
will also serve to suspend the mirror tip in front of the optical fibre. Once installed
in the STM, the opening of the mirror should be seated very close to the fibre end.
Therefore, the DLW substrate — which inevitably separates the opening of the mirror
from the fibre end — should be very thin, yet rigid, and feature a pinhole to clear the
light path. It also needs to be electrically conductive to carry the tunnelling current.
For these reasons, it was chosen to write the mirror tips on a 25 pm thick steel sheet,
which is welded onto a tip holder discussed in Sec. 3.2.3. A pulsed laser with a focus
size of 20 um is used to cut the steel sheet to a disk with a diameter of 2.2 mm and a
pinhole at its centre, see item 3 in Fig. 3.10(a). Once welded onto the tip holder, this
thin disk is supported along a ring with an inner diameter of 1.6 mm. Owing to these
small dimensions, the axial resonance of the assembly is above 100 kHz despite the low
thickness of the steel sheet, which is by far rigid enough for STM operation. The laser
cutting was performed by Dr. Thomas Reisinger at the Institute of Nanotechnology and
proved more convenient than fabricating the steel sheet discs manually, which is also
possible but labourious.

For DIW, metal is not an ideal substrate. It reflects the laser beam during the writing
process, adding to the intensity at the laser focus. This focus intensity must be kept
within a certain range for the polymerisation to initialise without burning the material.
If a reflective surface cannot be avoided (chemical blackening of the surface was tried

34



3.1 Light collection and detection

and proved impractical) it should at least be uniform across the writing area, such that
a source intensity can be found for which the focus intensity stays within the required
range throughout the writing process. This is troublesome, because the laser cutting
leaves a small burr and the general roughness of any commercial steel sheet is consid-
erable. Thus, the steel foil was polished to a mirror finish prior to the DLW process.

The DLW process was performed by Dr. Martin Schumann and Christian Kern in the
group of Prof. Martin Wegener at the Institute for Applied Physics with a commercial
Nanoscribe Photonic Professional GT laser lithography system and involves two steps
with different resists. It is desirable to fabricate the intricate paraboloid and especially
the tip, which is supposed to be very sharp in the end, with a resist that facilitates
high resolution, small feature sizes and small surface roughness, such as Nanoscribe
IP-Dip. However, the workable focus intensity range of this resist is so small that it is
not favourable to use this resist close to the reflective substrate interface. Instead, the
spacer of the mirror tip is written with a resist offering a higher intensity tolerance,
namely Nanoscribe IP-S exposed with a 25x objective with a numerical aperture (NA)
of 0.8. After the spacer has been written and developed, IP-Dip is applied and the rest
of the structure is written with high resolution using a 63x objective with a NA of 1.4.
Both cycles were written with the lens of the writing system being immersed in the
resist.

As described in Sec. 2.3, the layer-wise fabrication process of DLW inevitably causes a
stepped surface instead of a perfectly smooth one. The vertical distance of these indi-
vidual layers was optimised to achieve a reasonably smooth surface without adding
too much to the writing time. It was found to be 200 nm optimally. Also the volume
of the mirror walls is not completely filled with DLW trajectories to reduce the writing
time. It is rather made up of a semi-hollow scaffold, providing sufficient mechanical
strength. This can also be seen at the bottom of the mirror in Fig. 3.2(c). The total
writing time of both steps then amounts to approximately 30 minutes.

Coating

At this point, the mirror tip consists of a crosslinked polymer and has to be metallised
in order to be reflective at the mirror surface and conductive all the way from the sub-
strate to the tip. First of all, the parts are coated with 20 nm of Al, O, using atomic-layer
deposition. This acts as an adhesion layer for the further metallisation, which is then
done from both sides consecutively using vapour-deposition in vacuo: the tip side is
coated from below and the mirror side from above through the pinhole in the steel
sheet substrate. This requires a rotatable manipulator with no obstruction below or
above the tip, which is possible in the load-lock chamber (see Sec. 3.4). To achieve
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maximum reflectivity, the mirror side was coated with 100 nm of silver. Accounting for
the steep angles of the geometry being coated, actually 200 nm to 300 nm of silver had
to be deposited onto the mirror side in order to reach the desired thickness. The tip
side is also covered with silver which is particularly suitable due to its high plasmonic
response. Adhesion of the metal coating on the tip side is, however, critical due to the
stress the coating is subjected to at the STM tip caused by tip-sample interactions and
the high electric field at the tip apex, especially at the elevated bias voltages required
for photon emission in the visible range. Therefore, 20 nm of chromium are deposited
on the tip side as an additional adhesion layer before finally depositing 60 nm of sil-
ver. Mirror tips that have only been covered with silver or only chromium and silver
have suffered from loss of conductivity during tunnelling rather quickly, which can be
attributed to the metal coating being easily torn off.

Characterisation

After the metallisation, some of the produced mirror tips were characterised in a scan-
ning electron microscope (SEM), partly in the group of Prof. Wegener and partly with
the assistance of Simone Dehm at the Institute of Nanotechnology. Representative
micrographs of different mirror tips are presented in Fig. 3.2. Of special interest are
the achievable sharpness of the tip and the smoothness of the mirror surface, as these
two properties determine the properties of the light emission and the collimation per-
formance, respectively.

The apparent tip radius in Fig. 3.2(b) is 100nm. For good STM performance a sharp
tip is of course desirable, and that is even more the case for STML experiments, as tips
with a smaller tip radius R are brighter compared to blunter tips at the same tunnelling
current [130], and also provide a more well defined luminescence spectrum with fewer
peaks. Sharper tips also confine the gap plasmons to a smaller area and, therefore,
allow for a higher resolution when investigating lateral variations of the cavity proper-
ties. In STML experiments, often tip radii well below 30 nm have been reported so far,
which were determined by comparing calculated with experimental emission spectra
[26, 114-116]. This, at first, seems to oppose the usability of the tip presented in Fig.
3.2(b). However, only the topmost atoms of the tip determine the achievable STM res-
olution, and the portion of the tip that affects the light emission also extents no more
than a few nanometres from the apex [116] and cannot be resolved in SEM. For once,
this microscopic apex might be much sharper than the macroscopic radius as seen in
SEM to begin with. But even if that is not the case, the tip can still be worked in-situ by
applying voltage pulses and dipping it into the surface, until the desired luminescence
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properties are achieved. This is a standard procedure for sharpening STM tips in-situ
[183] and is most often also necessary when using electrochemically etched metal tips
for STML measurements [32, 184].

Figure 3.2: Fabricated mirror tips after metallization as inspected by an SEM. (a) Overview of the upside
down structure with the STM tip pointing upwards, (b) close-up SEM image of the STM tip close to the
focal point of the mirror, (c) side view on another mirror tip to assess how far the tip protrudes, (d) yet
another tip where the writing process failed, (e) surface at the outside of the paraboloid coated with a
thin metal layer. In the top left one can see the scaffold which makes up the volume of the wall.
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The sharp apex of the STM tip proved difficult to reproduce, though, as this extraordi-
narily small feature size pushes the technological limit of the DLW setup. As a result,
many of the fabricated tips had a much larger tip radius, see Fig. 3.2(c), or sometimes
did not even resemble a tip at all. An example of the latter is shown in Fig. 3.2(d). Inter-
estingly, this tip still yielded a decent electroluminescence signal and was used for the
spatially resolved photon map discussed in Sec. 4.2.3, even though it featured a very
dense spectrum with numerous overlapping peaks, which is typical for blunt tips.

Additionally, it proved difficult to place the STM tip precisely at the focal point of the
parabolic mirror. In Fig. 3.2(c), a mirror tip was imaged from its side and it was esti-
mated how far the tip apex protrudes from the mirror edge in the foreground. This
protrusion was designed to be 1.4 um, but in the SEM picture it amounts to approxi-
mately 3 um. This might be caused by a slight distortion of the strut due to the shrink-
age during the development process. However, this does not pose a serious problem,
as this deviation would — assuming geometric optics and a perfect mirror shape —
only cause a beam divergence of 5°, which is inside the acceptance angle of the fibre.
Also the impact on the covered solid angle due to the larger opening at the side is lim-
ited, and only amounts to approximately 10 %. Currently, the DLW procedure is being
further optimised to increase the reproducibility of the tip radius and position.

The smoothness of the mirror surface is difficult to assess, for it is inaccessible for
any surface characterisation technique. Vicariously, the outside of the mirror shape
— written with the optimised slicing distance of 200 nm — is presented in Fig. 3.2(e)
as measured by SEM. The ripples from the individual writing layers are still faintly vis-
ible, however, the absolute value of the roughness cannot be measured in our SEM.
Instead, the DLW structures reported in [185] are referred to as an example. They were
written with the same resist at similar settings and their surface roughness was deter-
mined to be around 5 nm using atomic force microscopy. This, however, only accounts
for the roughness of the DLW structure. The roughness of the thick metal coating on
the reflective side of the mirror will add to this, and the total roughness ¢ is therefore
expected to be larger than for conventional mirror surfaces. This will result in a mix-
ture of specular and diffuse reflection. According to Bennett and Porteus [186], the
fraction of the specular reflection Rg relative to the total reflected intensity R, in the
long-wavelength limit amounts to

Rs (4no)?
R—O—exp(— ¥ ) 3.1
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If, as an example, the surface roughness is 0 = 15nm, the specular reflection at a
wavelength of 500 nm amounts to 87 %, not including material absorptivity. The cor-
responding loss is not too concerning, but neither is it negligible, so it will be grounds
to further optimise the mirror tips in the future. One possibility to decrease the rough-
ness of the metal coating in the future is to perform the vapour-deposition while the
mirror tips are at low temperature, which prevents the formation of large grains by sup-
pressing surface diffusion and could be done in a setup of Prof. apl. Detlef Beckmann
at the Institute of Nanotechnology. However, not all of the diffusely reflected light is
lost, as the optical fibre will transmit at least a fraction of it, which happens to hit the
fibre end within its acceptance angle. Here, the advantage of having the fibre directly
attached to the collection optics pays off.

3.1.2 Optical fibre

A multi-mode step-index silica fibre (Thorlabs UM22-200) with a core diameter of
200 um, a cladding diameter of 220 um and a UHV compatible polyimide jacket trans-
mits the light from the mirror tip to the detector. The fibre has a larger diameter than
the mirror to account for potential misalignments. The fibre is fed through a small
cable duct in the liquid helium cryostat and holes in the triple-stage radiation shields
up to a UHV feed-through at the top end of the cryostat. Special care was taken not
to create a direct optical pathway for heat radiation to reach the STM by choosing
holes that are offset against each other and by additionally covering the holes with alu-
minium foil. To avoid intensity loss in the optical fibre due to additional interfaces at
the UHV feed-through, a custom feed-through was built in which the fibre is not inter-
rupted. The fibre is glued inside a commercial 1.25 mm ceramic ferrule which itself is
glued inside an equally sized bore in a blind flange using EPO-TEK 353ND adhesive.
When it is applied, this adhesive is very inviscid and fills all gaps between the compo-
nents, creating a flawless seal.

The total length of the optical fibre is ~5.5 m of which 1.3 m is located inside the UHV
chamber. The section inside the UHV chamber was covered with a fibre glass protec-
tive tube, so that the fibre cannot rub against any edges. The section outside the cham-
ber was covered with a light-tight polymer tubing and inserted into a semi-flexible
stainless steel tubing, which protects the fibre from accidental bending. The fibre was
terminated on the ambient side with a standard SMA connector.

It was experimentally verified that low temperatures, high temperature gradients or
thermal shocks do not cause unwanted attenuation within the optical fibre, as it will
be exposed to these conditions within the cryostat. For that purpose, a laser diode
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was focussed into a test fibre and a photo diode connected to a multimeter monitored
the light through-put while the fibre was repeatedly immersed in liquid nitrogen and
warmed up to room temperature again. The same technique was also used to check
how much a tight radius in the fibre degrades the transmission, as the fibre has to take a
sharp turn after exiting the STM to fit through a cable duct of the cryostat. The bending
radius at this spot is 30 mm for two subsequent quarter turns in the worst case, which is
below the minimum long-term bending radius of 53 mm, as rated by the manufacturer.
However, it was found that one full revolution at such a low bending radius results in
a transmission reduction of merely 3.5 %. Therefore, roughly half that value should
apply to the two subsequent quarter turns, which is acceptable.

3.1.3 Spectrometer and detector

The collected light from the tunnelling junction is analysed by a commercial Acton
SP-2156 imaging spectrograph equipped with a 300 grooves per millimetre diffraction
grating combined with a PyLoN 100B liquid nitrogen cooled charge-coupled device
(CCD) camera by Princeton Instruments. This spectrograph implements the Czerny-
Turner design [187], and its working principle is shown in Fig. 3.3. Incominglight needs
to be focussed onto the entrance slit of the spectrograph, which is usually set to the
width of the focus. The light beam is redirected by the flat mirror M1, collimated by
the parabolic mirror M2 and directed onto the diffraction grating. The grating features
a reflective, sawtooth-like, periodic surface structure, which is designed to divert up
to 70 % of the incoming light into the first order of diffraction. Different wavelength
components of the light are then separated into different outgoing angles and then
refocussed by a second parabolic mirror M3 onto the imaging sensor of a CCD camera.
By that, images of the entrance slit are reproduced on the sensor at different locations
for different wavelengths.

The sensor features an array of 1340 x 100 square pixels, each of them 20 pm wide, in
which photons are absorbed. Hereby, electron-hole pairs are created, which are imme-
diately separated. During the exposure time, the generated charges accumulate in the
so-called well of each pixel. After exposure, the content of each well has to be read.
By applying voltages to gate electrodes at the wells in a specific order, these charges
are subsequently shifted through the array into a read-out register at the input of a
low-noise charge amplifier. This way, each pixel can be addressed individually, but
it is moreover also possible to shift the charges of several pixels into the same regis-
ter before reading its content. By that, the charges originating from different pixels
can be added, and then their sum is read out only once (binning). This is very use-
ful for obtaining spectra, because only the horizontal intensity distribution at the CCD
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3.1 Light collection and detection

contains information about the wavelength composition of the incoming light, and
the vertical distribution is irrelevant if only one light source is involved. Therefore, all
vertical columns are typically added if a spectrum is acquired, which reduces the two-
dimensional image of the camera to a one-dimensional spectrum. This is much faster
than reading each and every pixel subsequently, and by adding the charges by hard-
ware, the read-out noise of the charge amplifier applies only once per column, and
not for each of the 100 pixels per column individually. Therefore, hardware-based bin-
ning is also useful for detecting weak signals, which yield only few counts per column.
By adding the charge contents of several adjacent columns (horizontal binning), the
photon counts per bin are even more increased at the expense of reduced wavelength
resolution. This technique was used for all spectra presented in this work.

The CCD camera is liquid nitrogen cooled and operates at —120°C. This is neces-
sary because at ambient temperatures, thermally induced charge separation in the
semiconductor pixels causes a so-called dark current, which easily exceeds the light
induced charge separation for weak sources like STML. At the operating temperature,
this dark current is decreased to one thermally excited electron per 12.5 h and pixel, as
tested and specified by the manufacturer. For exposure times of a few seconds, this is
entirely negligible even if many pixels are binned together.

M3 M2

paes—— —

Variable
entrance slit

L2 L1
NA matcher

e Grating

Spectrograph
CCD Camera

Figure 3.3: Principle of the implemented light detection setup. Thelight cone from the optical fibre passes
a NA matcher, is coupled into a Czerny-Turner style spectrograph with a reflective diffraction grating and
detected by a liquid nitrogen cooled CCD array featuring 1340 x 100 pixels. The dotted line originating
from the grating indicates the zero-order reflection. The purpose of the mirrors M1 to M3 and the lenses
L1 and L2 is explained in the text.
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From Fig. 3.3 it is apparent that the size of the mirrors inside the spectrograph limits
the maximum tolerated divergence of the incoming light cone. This is specified as the
NA of the spectrograph, which is easily translated into an acceptance angle. For the
spectrograph installed in this setup, this NA is 0.12, corresponding to an acceptance
angle of 6.9° relative to the beam axis. However, the optical fibre which transmits the
light signal to the analyser has a NA of 0.22, meaning that the opening angle exiting
the fibre is higher than the spectrometer accepts. To fix this mismatch, two achromatic
lenses with a respective focal length of 25 and 50 mm (Edmund Optics 49323 and 49328)
were added between the fibre exit and the entrance slit of the spectrograph. These
lenses correspond to L1 and L2 of the NA matcher in Fig. 3.3. They magnify the image
of the fibre end end by a factor of two onto the entrance slit of the spectrograph, thereby
narrowing the opening angle of the light cone by the same factor.

Compared to coupling the fibre directly to the entrance slit, the slit now has to be
opened to 400 pm instead of 200 um to let all the light pass through. This large spot
is then reproduced at the CCD sensor of the camera by the optics of the spectrograph,
which means that even monochromatic light will be dispersed across a diameter of
400 um on the CCD, covering a circle of 20 pixels in diameter. The wavelength res-
olution of the spectrometer setup is therefore not determined by the pixel size of the
camera, but by the size of the focus at the entrance slit, and amounts to 8 nm. As a con-
sequence of this wide broadening across many pixels, the aforementioned horizontal
binning does not have a negative impact on the wavelength resolution, and was cho-
sen to resultin 1.6 to 4 nm wide bins throughout the measurements in this work. In the
future, however, it will still be possible to sacrifice signal intensity for higher resolution
by reducing the width of the entrance slit whenever this seems appropriate.
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Figure 3.4: Theoretical detection efficiency of the light path considering all optical components from the
fibre entrance at the STM to the CCD.
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3.2 Scanning tunnelling microscope

It is noteworthy that it is necessary to focus the additional lenses at the spectrograph
input, which seems to contradict earlier statements in this work claiming that no
focussing is required in this design. However, these two lenses had to be focussed
only once, and it could be done while replacing the weak STML source with a bright
light source, which makes the process much easier. In other designs, the whole setup
has to be refocussed after each tip change, and even more often if the focus inside the
STM changes due to thermal drift. Also, the focussing procedure in other STML setups
is cumbersome because it relies on the extremely weak light signal of the STM tip itself.
None of that is the case in this design.

The light exiting the mirror tip inevitably suffers from intensity loss at the fibre inter-
faces, inside the fibre, at the NA matching lenses and mirrors of the spectrograph. Con-
sidering these losses combined with the diffraction grating efficiency and finally the
conversion efficiency of the CCD camera, the wavelength response of the optical setup
amounts to the curve in Fig. 3.4, showing that light can be detected in the wavelength
range from 400 to 1000nm. As the actual efficiency of the mirror tips is still largely
unknown, the response curve in Fig. 3.4 does not account for this, but rather repre-
sents the upper limit of the possible total detection efficiency, which may be further
approached in the future by optimising the writing procedure and the metal coating
of the mirror tips.

3.2 Scanning tunnelling microscope

The home-made STM shown in Fig. 3.5 was designed according to the Pan-style [101],
and, in some aspects, similar to previous STMs made in our group [103]. The place-
ment of the piezo scanner tube and the tip relative to a single-crystal sample is evident
from Fig. 3.5(b). The tip is located above the sample because the optical fibre is fed
through the cryostat from the top and cannot bend very much, therefore a sharp turn
on its way to the scan head had to be avoided. At its maximum, the STM body has
a diameter of 46 mm and a height of 76 mm. The inner-most radiation shield of the
cryostat has at its narrowest a diameter of 55 mm, so the STM easily fits inside.

3.2.1 Materials

The body of the STM needs to be stiff and thermally conductive to provide low STM
noise and facilitate quick thermalisation during system cool-downs and after sam-
ple transfers. Tab. 3.1 lists the thermal conductivity of some popular materials for
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Figure 3.5: The y-STM. (a) Photograph of the finished STM, (b) sectional view of the design indicating
some key components.

building cryogenic devices. Copper provides by far the highest thermal conductivity
among these, but it is rather soft. So age hardened beryllium copper (material number
2.1247) was chosen for the STM body instead, as it is much tougher, has a 10 % higher
elastic modulus and still provides acceptable thermal conductivity compared to other
options.

Insulating components were manufactured either from Macor or from polyether ether
ketone (PEEK). The first is a machinable, artificial, glass-like ceramic, the latter is one
of the few UHV-compatible plastics, and quite tough at that. Parts which feature inter-
nal threads or are held in place by screws were made from PEEK because Macor is
extremely brittle.

The scanning action of the STM tip is performed by a 30 mm long and 10 mm wide seg-
mented lead zirconate titanate (PZT) piezo tube (Physik Instrumente PT230.24). The
5 x 5 x 0.75mm? shear piezo plates that constitute the slip-stick motor (see below) are
also made from PZT that is polarised parallel to the electrodes. For the sliding surfaces
of the stick-slip motor, polished alumina and sapphire were chosen, mainly because
this has worked well in previous STMs that have been built in our group.

Table 3.1: Heat conductivity of popular materials in cryogenic devices at 4 K in Wm™' K~!. Values taken
from [188, 189] except for titanium [190] and Macor [191].

Copper Beryllium copper Stainless steel Titanium Macor

300 to 1000 1.9 0.3 0.05 0.08

44



3.2 Scanning tunnelling microscope

@ Ey Stick Slip (b) Direction of movement
I Polished .. >
2, alumina plate “«
3— — .|V 2 ——
—_— h ;—~
vIII4i = voIIsI4 94—
slow fast " Piezo plates
V=0 — V>0 V<0 Electrical contacts
repeat

Figure 3.6: Operation principle of the coarse motion. (a) Illustration of the stick-slip principle with (1)
moving stage, (2) sliding interface and (3) actuator consisting of two shear piezo plates with opposing
polarisation directions (indicated by brown arrows). The piezo voltage V is applied to the middle elec-
trode with respect to the outer ones. An adjusting force F,q; determines the friction of the sliding interface.
(b) Design of the actuators used in the y-STM. Two stacks, each consisting of two piezo plates, support a
mutual sliding interface and copper sheets act as electrical contacts.

All metal-ceramic interfaces were glued with Epotek H77S and H20E epoxy glue for
electrically insulating and conductive interfaces, respectively. The glue requires curing
at 150 to 180 °C, which, if done in air, would oxidise the metal surfaces and thus com-
promise subsequent bonding processes, as the glue only adheres well to bare metal.
Curing the epoxy was therefore done in a separate vacuum chamber at approximately
1 x 1072 mbar.

3.2.2 STM body and coarse motion design

The scanner tube provides only a very limited moving range for the tip of 1 um later-
ally and 150 nm vertically. To exchange either the tip or the sample, position them with
respect to each other at a millimetre scale and finally approach the tip to the range of
the scanner tube, another positioning system with a much higher range was integrated
into the STM, which is referred to as coarse motion. In this, the sample is moved lat-
erally and the tip assembly including the scanner tube vertically, utilising the popular
inertial slider or stick-slip principle [102]. This is compatible with UHV and low tem-
peratures and moves in very small steps, which is necessary to approach the tip into
the range of the scanner tube without overshooting and crashing the tip into the sam-
ple. Once the tip is in tunnelling contact, the coarse motion is switched off and then
purely relies on static friction to hold the stages in place, without requiring any holding
current or voltage. Therefore, no energy is dissipated during the measurement, which
is essential to reach low temperatures, and the sample and the tip are hold at their
respective position without additional vibration caused by the motor.

The principle of operation is illustrated in Fig. 3.6(a) and relies on shear piezo plates
that exhibit a tiny dislocation perpendicular to the applied electric field. The moving
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Figure 3.7: Vertical movement of the scanner case inside the STM body. The cap of the STM, which
attaches to the suspension springs and holds the permanent magnets, was removed for clarity. (a) Scan-
ner case slid out of the body, (b) top view of the scanner case mounted by the three sliding interfaces.
In all components, centre holes clear the path of the optical fibre, which is attached directly above the
tunnelling junction (see later).

stage is supported by these piezo actuators with a sliding interface in between, and
the piezo actuators cycle through slow and fast back-and-fourth displacements. Dur-
ing the slow cycle, the friction between actuator and the moving stage is sufficient to
move the latter to the side (stick). Subsequently, the actuators move back as fast as
possible, so that the friction is overcome (slip) because the inertia of the moving stage
prevents it from following the strong acceleration of the actuators. Then, the stage has
advanced by one step and the actuator is ready to start another cycle. Repeating this
with a frequency of 1 to 10 kHz results in a net movement in the order of 1 mms~'. For
this to work, the friction at the sliding interface needs to be finely adjusted to a specific
value, though. Ifitis too tight or too loose, either the slip or the stick cycle are not going
to work. Adjusting the friction is achieved by setting a variable clamping force F,q; to a
critical range, which has to be found by try and error.

The piezo actuators used in the y-STM are depicted in Fig. 3.6(b). In each actuator,
two shear piezo plates are stacked on top of each other to increase the total travel. As
indicated by the brown arrows in Fig. 3.6(a), the polarisation directions of both plates
oppose each other, so that the piezo voltage only needs to be applied to the middle
electrode, and the outer ones are grounded. Then, the electric field inside the top plate
is opposing the field in the bottom plate, which, considering their opposing polarisa-
tions, results in a movement into the same direction. In fact, the grounded STM body
itself comprises the lower electrode because the stacks are glued directly to the body
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Figure 3.8: Spring loading of one actuator per moving stage, (a) rough sketch adapted from [101], (b)
sectional view of the implementation for the motor in the vertical direction at the back of the STM body.

with no insulation in between. To prevent the moving stages from rocking, each sliding
interface is supported by two stacks of piezo plates in parallel, which are located as far
apart as possible.

In the following, it will be detailed how exactly each of the three individual coarse
motion stages are assembled and mounted. In Pan’s design [101], the scanner holder
is mounted between three sliding planes oriented at 120° with respect to each other,
two of which are fixed and one is spring loaded with two adjustment screws for the
spring tension of each stage. The orientation of the sliding planes relative to each other
ensures that the adjustment force is equally distributed among them and, thus, the
friction is the same for all sliding interfaces. This idea is reproduced in the design of
the y-STM, as can be seen in Fig. 3.7. The scanner tube is mounted inside the scanner
case, which moves vertically within the STM body. In Fig. 3.7(a), the scanner case was
slid out to the top to expose the sapphire sliding faces of the scanner case and the actu-
ators mounted within the STM body. Once the scanner case is pushed into the STM
body, Fig. 3.7(b) shows how the sliding faces meet and prevent the scanner case from
moving in any direction except the vertical.

The springloading mechanism needs to be designed such that the actuators are rigidly
fixed in the direction of movement. Otherwise, the adjustment spring would allow the
spring loaded actuator to move during the stick phase, instead of imposing its displace-
ment onto the moving stage. Also, the adjustment force needs to be evenly distributed
across the sliding interface. The solution of Pan et al. to this problem is sketched in
Fig. 3.8(a). The spring loaded actuator is supported by a metal sheet spring that is
fixed along the direction of movement with two countersunk adjustment screws. The
adjustment force is transferred to the actuators at a pivot in the middle of the sheet
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Figure 3.9: Design of the nested stages responsible for moving the sample receptacle in the lateral X and
Y dimensions. (a) Exploded view of the Y stage assembly slid out of the STM body. (b) Side view of the
Y-stage assembly inside the STM body. The end stop was omitted for clarity. (c) Sample receptacle slid
out of the Y-stage and (d) sample receptacle in its installed position inside the Y-stage.

spring to evenly distribute it even if the screws are not tightened equally. Otherwise,
the adjustment force would vary depending on the position of the moving stage. In
Fig. 3.8(b), the implementation of this mechanism in the y-STM is demonstrated for
the vertical positioning stage. The implementation of the spring loading of the other
two stages is similar.

In previous STMs made in our group [103], lateral positioning stages are based on a dif-
ferent mounting geometry. However, the Pan-geometry has proved the most reliable,
so the lateral moving stages of the y-STM were designed in a similar fashion, which is
shown in Fig. 3.9. The coordinate system in Fig. 3.9(a) clarifies the designation of the
axes which are referred to in the following. Two-dimensional movement of the sample
is achieved by nesting two stages. The sample plate is inserted into the sample recep-
tacle — seen best in Fig. 3.9(c) — which is connected to the bias voltage and fixes the
sample plate by two retention springs to prevent it from rocking. To accommodate
microstructured samples or sensors mounted on the sample plate in the future, the
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3.2 Scanning tunnelling microscope

sample receptacle also provides six additional sample contacts made from beryllium
copper springs. As can be seen in Fig. 3.9(c), it slides into the intermediate Y-stage,
which contains the actuators to move the receptacle in the Y direction. Fig. 3.9(d)
shows how the sliding interfaces within this stage line up. The assembly of the Y-stage
and the sample receptacle then slides into the STM body, which is shown in Fig. 3.9(a).
Inside the STM body, two actuators for the X direction are located at the bottom. The
top actuators were not mounted within the STM body, but on the Y-stage itself. They
are polarised into the opposite direction compared to the bottom actuators to achieve
a net movement of the Y-stage into the same direction. This was necessary to make
the design as compact as possible. The arrangement of all actuators responsible for
the movement in the X direction is presented in Fig. 3.9(b). To provide some flexibility
regarding the investigated samples and deployed tips, the coarse motion was designed
for a wide range of 8 mm x 4 mm in the lateral directions and 12 mm for the vertical tip
displacement.

Reliable coarse motion operation is only achieved if the clamping force acting on the
sliding interfaces stays constant regardless of the current position of the moving stage.
As a consequence, the sliding planes, which confine the moving stages, have to be as
parallel along the travel direction as possible. Therefore, special care was taken to fab-
ricate the actuators to a very consistent height by applying even pressure during the
glueing process in a home-made jigwhich utilises two equal masses to apply even pres-
sure at two points. It was verified with a micrometre screw that the height difference
between two ends of each actuator was in the order of 10 um.

3.2.3 Mirror tip holder

The tip holder has to provide a mean to grab the tip securely for transferring it through
the UHV chamber, and it also has to provide vertical and lateral alignment of the mir-
ror tip relative to the optical fibre end once it is installed in the STM. In design of the
v-STM, axial alignment is provided by an optical ferrule and a mating sleeve. These
components are commonly used to temporarily mate two fibre ends and are commer-
cially available. A mating sleeve is shaped like a tube with a slit cut into the side, that
opens up a little once it is pushed onto the round ferrule, which houses the fibre pre-
cisely at its centre. When these components are put together, the axis of the mating
sleeve very well coincides with the axis of the ferrule due to their precise fabrication.
In this design, the optical fibre is glued into a 1.25 mm stainless steel ferrule (Thorlabs
SFLC230-10), which is fixed at the bottom end of the scanner tube of the STM, as will
be detailed in Sec. 3.2.4. The changeable tip holder is in turn equipped with a match-
ing phosphor bronze mating sleeve (Senco PBS-12-680), which is shortened to 4.4 mm
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Figure 3.10: Holder used to handle and align the microscopic mirror tip inside the STM. (a) Exploded
view of the assembly. (b) Photograph taken from the bottom side showing the still uncoated mirror tip in
the centre of the polished steel substrate.
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Figure 3.11: Spot welding the steel sheet disc onto the tip holder such that the pinhole is centred with
regard to the mating sleeve.

and glued to a ferromagnetic steel ring, see items 1 and 2 in Fig. 3.10(a). The reason to
favour a metallic ferrule and mating sleeve over the much more easily available ceramic
ones lies in that these components have to conduct the tunnelling current.

For the vertical alignment of the mirror tip, which will be explained in the next section,
all used tip holders have to be of precisely the same length, which seems difficult at first
as the mating sleeves are shortened manually. For that purpose, an assembly proce-
dure was conceived which achieved a length consistency among different tip holders
of less than 10 um. This is possible by applying epoxy glue to the the mating sleeve
and pushing it into the steel ring between the anvil and the spindle of a micrometre
screw. Once the desired length is reached, as indicated by the digital readout of the
micrometre screw, the tip holder is released and the viscosity of the yet uncured glue is
sufficient to keep the two components in place for the subsequent curing process.

The aforementioned 25 pm steel sheet disk is spot welded onto the bottom end of the
steel ring. For the pinhole in the steel sheet disk to coincide with the axis of the mating
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Figure 3.12: Carrier plates used to handle the mirror tip in UHV and transfer them (a),(b) into and (c) out
of the STM. In (b) the plate is depicted from below and the exposed mirror tip can be coated from this
side using vapour-deposition.

sleeve, it has to be properly centred during spot welding. The procedure that was con-
ceived for this purpose is illustrated in Fig. 3.11. The alignment was ensured by tem-
porarily inserting another ferrule into the mating sleeve with a protruding 130 pm opti-
cal fibre. The fibre pokes through the pinhole and fixes it concentrically to the mating
sleeve. Then, the steel sheet disk can be spot welded between two custom copper elec-
trodes. Thereafter, the front end of the finished tip holder is polished using a custom
jig which ensures that the fibre end is pressed flat against the polishing sheets without
introducing an undesired angle. Hereby, also the burrs from both the laser cutting and
the spot welding are removed.

For the subsequent DLW process, the pinhole is used to identify the optimal placement
for the mirror tip, which is then written on top of it. A micrograph of the finished and
yet uncoated assembly is presented in Fig. 3.10(b). It shows the DLW mirror tip in the
centre of the polished substrate on top of the, now obscured, pinhole.

The tip holder assembly is handled in UHV with a carrier plate that engages the steel
ring of the tip holder with two weak magnets, suspending the delicate mirror tip in
between. This carrier plate is also used to hold the tip holder during the in-situ met-
allisation process. For the metal vapour beam to reach the mirror tip, a hole in the
carrier plate exposes it from the bottom. Figs. 3.12(a) and (b) show the carrier plate
used for coating the mirror tips and inserting them into the STM from the front and
bottom. In Fig. 3.12(c), a similar carrier plate is depicted which, however, houses two
stronger magnets. These are necessary to remove a tip holder from the STM again, see
the following section.

3.2.4 Tip alignment and exchange

The scanner head at the bottom of the scanner tube connects the changeable tip holder
to the STM. As shown in Fig. 3.13, it features a grounded guard electrode to prevent
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Figure 3.13: Installation procedure for a new mirror tip. The scanner head picks the tip holder from a
weak magnetic carrier plate (not pictured). Once the ferrule is fully inserted into the mating sleeve of
the tip holder, the mirror tip is guaranteed to be axially aligned with the optical fibre and as close to it as
possible. (1) Scanner tube, (2) grounded guard, (3) insulating PEEK ferrule receptacle, (4) optical fibre,
(5) ferrule, (6) setscrew, (7) tip holder.

electronic cross-talk between the piezo drive signals and the tunnelling current, that
is insulated from the scanner tube by a Macor ring. Onto the grounded guard, a block
of PEEK is screwed, which holds the ferrule. A setscrew in the PEEK block locks the
ferrule and additionally acts as an electrical contact for the tunnelling current cable.
The length that the ferrule protrudes from the bottom of the PEEK receptacle is set to
the same length of the tip holder, such that the mating sleeve touches the PEEK block
almost at the same time as the steel sheet disk is touching the polished fibre end of
the ferrule. This is the reason why all used tip holders have to have precisely the same
length, and ensures that the steel sheet disk is as close to the fibre end as possible, but
protected from being pushed too far against the ferrule and bent.

The optical fibre is glued into the ferrule, fed through the inside of the scanner tube
and exits the STM to the top. It is not rigidly fixed anywhere in the cryostat and, thus,
flexible enough to tolerate the vertical movements of the scanner tube assembly during
tip and sample changes.

To install a new tip on the scanner head, the tip holder sitting on a carrier plate with a
weak magnet is placed underneath the retracted scan head, as illustrated on the left of
Fig. 3.13. The lateral coarse motion is then used to visually align the tip holder with the
ferrule with the help of a magnifying camera installed on the air side of a UHV viewport.
Then, the scanner head is lowered and the ferrule slides into the mating sleeve of the
tip holder. When the ferrule is fully inserted into the mating sleeve, the clamping force
is high enough to pick up the sample holder from the magnetic carrier plate when the
scanner head is raised again. As the optical fibre is concentric with the ferrule and the
mirror tip is centred with regard to the mating sleeve, the mirror tip is now also axially
aligned with the optical fibre. To remove the tip holder again, another carrier plate with
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stronger magnets is placed underneath and the scanner head is slowly lowered until
the magnets pull the tip holder from the ferrule.

To permit this procedure in UHV, the ferrule had to be modified. The most obvi-
ous problem that would otherwise occur is the excessive force required to insert the
original ferrule into the mating sleeve, which is designed to amount to 40 N in ambi-
ent conditions. This force would exceed the strength of the coarse motion by far and
also put unnecessary stress on all components, especially because friction is consid-
erably higher in UHV. Thus, the clamping force that the mating sleeve exerts on the
ferrule must be reduced. When sliding the ferrule into the mating sleeve, it is also not
favourable to have the mating sleeve fully engage the ferrule right from the beginning,
asitmight cant and get stuck before itis fully inserted. Finally, one needs to account for
the fact that the mating sleeve is glued into the steel ring of the tip holder at its bottom
end and is, therefore, not capable of bending there.

To remedy these issues, the shape of the ferrule was carefully modified and consists
of two sections of different diameters. The lower section, which spans about 4 mm
from the fibre end upwards, was thinned down enough to be barely thinner than the
inner diameter of the disengaged mating sleeve. Thus, this section will slide into the
mating sleeve without clamping force and fits all the way down to the bottom end of
the tip holder. Reducing the diameter of the ferrule was done manually with sandpaper
while the ferrule was spinning, so there is no sharp transition between the lower and
upper section but rather a short taper. That prevents the ferrule from getting stuck
while sliding down. Only when the ferrule is almost fully inserted into the tip holder,
the mating sleeve engages the ferrule at its thicker upper section. The length at which
the sleeve holds on the ferrule in the end is much less than a millimetre. The upper
section was only carefully thinned to reduce the clamping force down to a point where
it is strong enough to pull the tip holder from the weak magnets of the carrier plate,
but weak enough to let it go once the strong magnets are placed underneath.

These modifications of the ferrule will compromise the exact alignment of the mating
sleeve, however. This is the main reason why an optical fibre was chosen which is larger
than the mirror opening.

3.2.5 Mechanical decoupling

To decouple the STM from vibrations of the cryostat, especially caused by the bubbling
of the liquid nitrogen and incomplete decoupling of the chamber from the environ-
ment, a classic passive approach was followed, a combination of a damped suspen-
sion and a very rigid STM body [192]. During measurements, the STM is suspended by
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three phosphor bronze springs. This constitutes alow-frequency oscillator with a reso-
nance frequency of around 3 Hz. It is essential to provide dampening to this oscillator
to achieve low vibration transfer. To that purpose, three NdFeB permanent magnets
were added at the top of the STM body. These induce eddy currents in the surround-
ing radiation shield upon vertical movement. Two additional permanent magnets are
located directly below the STM at the bottom of the radiation shield to dampen lateral
movements as well. The permanent magnets have a 120 °C rating to facilitate baking
of the system. Additional dampening was achieved by inserting polyimide foam into
the phosphor bronze springs.

The STM body itself was designed as rigid and compact as possible and, therefore, con-
stitutes a high-pass filter. In an attempt to characterise the rigidity of the STM, a finite
element simulation was performed to determine its eigenmodes of vibration. The fre-
quency of the lowest mode which modifies the tip-sample distance determines the
vibration transfer to the tunnelling junction and should be as high as possible. The
actual drawings of the STM in full detail are, however, impossible to simulate on an
office computer with the built-in module of the CAD software due to their high com-
plexity. Therefore, many details like holes, threads, minor rounded edges and the thin
sheet springs had to be omitted or modified until the simulation succeeded. The most
important limitation of the utilised software is, however, the lack of support for assem-
blies that consist of different materials. Therefore, the STM including all ceramic com-
ponents was modelled as one solid block of beryllium copper, whose elastic modu-
lus was specified in the software to be 130 GPa [193]. This is a serious simplification,
not only because the elastic modulus of the ceramic components is different, but also
because the glued and sliding interfaces were neglected that way. In particular, epoxy
glued interfaces are known to significantly decrease the resonance frequency of a sys-
tem, compared to finite element simulations in which the adherent is neglected [194].

=l
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Figure 3.14: Lowest modes of vibration of the assembled STM body as found by a finite element simula-
tion. The arrows and their colour indicate the direction and relative phase of movement, the dotted lines
indicate the nodes at which the material is almost stationary.
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As a consequence, the results obtained with this procedure are to be treated with cau-
tion. However, this still proved a useful tool to optimise the STM body during the
design phase, because the influence of design modifications on the resonance fre-
quency could be qualitatively assessed. In Fig. 3.14, the lowest eigenmodes of the final
STM body design are presented and categorised. The torsion mode, which has the low-
est frequency of them, does approximately not affect the tip-sample distance and can
be neglected. Therefore, the noise-rejection performance of the STM is determined by
the first tilt mode at ~4.9 kHz.

Another important strategy to reduce mechanical noise in the tunnelling junction is
to avoid vibrations of the cryostat and the UHV setup in the first place. Therefore, all
the bell-shaped radiation shields and the suspended liquid helium tank were damped
with polyimide foam. Also, all long and protruding UHV components on the machine
were properly supported against the frame at both ends.

3.2.6 Instrumentation

In the y-STM, the sample receptacle is connected to the bias voltage and the tip is virtu-
ally grounded by the input of a Femto DLPCA-200 transimpedance amplifier, which is
directly attached to the UHV feed-through and measures the tunnelling current. The
voltage signals for the scanner tube, coarse motion and sample bias are supplied by
a commercial Nanonis SPM controller, which also measures the output of the tran-
simpedance amplifier and implements the feedback loop. It also features a built-in
lock-in amplifier for spectroscopy. The Nanonis software provides a LabView interface,
as well as the Lightfield controller software of the optical spectrometer and CCD cam-
era. This facilitates fully automatic long-term experiments in which the tip position,
bias voltage and current setpoint can be freely varied to study their influence on the
light emission. For the experiments presented in this thesis, I have programmed a ver-
satile LabView automation library, which will also be useful for future experiments.

Using a four-probe technique, the temperature of the STM is determined by measuring
the resistance of a Lakeshore Cernox CX-1010-SD-HT sensor, which is screwed onto the
back of the STM body. The temperature dependence of this sensor was calibrated by
Arnold Seiler at the Physikalisches Institut against well calibrated thermometers with
an estimated accuracy error of less than 5 % between 1 and 4 K.
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3.3 Cryostat

Many STML setups operate at room temperature, as the temperature has little effect
on the plasmonic luminescence of metal surfaces, and working at low temperatures
involves serious complications of the entire experiment. The y-STM is, however,
specifically designed with single molecule studies in mind, and molecules often exhibit
thermal diffusion on noble metal surfaces at room temperature [195], which consti-
tutes a problem for inherently slow STM experiments and long-term STML measure-
ments in particular. Moreover, internal degrees of freedom of molecules may have low
energy barriers and can be excited at room temperature [196] or even at liquid nitrogen
temperatures [197]. In my diploma studies, I have observed thermally driven switch-
ing of single molecule junctions in STM at temperatures as low as 5.3K [198, 199].
So in order to achieve well defined experimental conditions over extended periods
of time, low temperatures are inevitable when handling single molecules. Welcome
side-effects are the significantly higher energy resolution for spectroscopy and very
low thermal drift of the entire microscope.

In this setup, a commercial Joule-Thomson style cryostat is used, which reaches a base
temperature of 1.3K as measured at the STM. The cryostat design was conceived in
our group by Zhang et al. [103] and is now manufactured and sold by CryoVac. It is
optimised for long standing times between refilling the coolants, facilitating extended
uninterrupted measurements and saving especially on the expensive liquid helium.

3.3.1 Basic structure

The cryostat consists of three stages that are shown in Fig. 3.15: the liquid nitrogen
(LN,), the liquid helium (LHe) and finally the Joule-Thomson (JT) stage. The first two
stages are bath cryostats simply holding cryogenic fluids and deploying cooling power
by evaporating the coolant. They are concentrically nested because nitrogen features
a much higher evaporation enthalpy than helium [200, 201] and is also much cheaper.
It is, therefore, used to shield the liquid helium stage from the powerful ambient heat
radiation.

The JT stage utilises the Joule-Thomson effect, which causes non-ideal gasses to cool
upon adiabatic expansion below a critical temperature. Helium gas is injected into
the JT inlet at room temperature and an absolute pressure of 3 to 7 bar. It is then pre-
cooled by counter-flow heat exchangers and the liquid helium bath cryostat. Finally, it
is expanded through a thin capillary and collected in a small pot (the JT pot), which is at
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a pressure of around 1 x 1072 mbar. To maintain the pressure difference across the cap-
illary, a pump is required that constantly removes helium from the JT pot, which also
gives rise to evaporation chill. For that purpose, a rotary vane pump with a throughput
of 20 m®h™! is attached to the low-pressure exhaust. The connection to the pump is a
3m long PVC tube that is at one point embedded in a block of concrete standing on
the floor to decouple the cryostat against the vibration of the pump.

A major design goal is minimising the consumption of
the cryogenic fluids. Heat conduction through con-
vection does not occur in UHV, and heat conduction
through the material is minimised because the only
connection to the helium tank is a thin walled stain-
less steel tube. The only heat source left is radia-
tion, which is kept away from both tanks with addi-
tional heat shields that are referred to as radiation
shield bells and plates in Fig. 3.15. These comprise
additional reflective surfaces in the path of the heat
radiation and are cooled by the evaporating nitro-
gen and helium gas, respectively. This effective tech-
nique utilises the cooling power of the evaporating
gas instead of consuming any cryogenic fluid for cool-
ing the radiation shields. To further reduce the lig-
uid helium consumption, all accessible surfaces of
the radiation shields as well as the helium tank were
additionally covered with highly reflective aluminium
foil.

The JT stage is designed to reach 600 mK if oper-
ated with a turbomolecular pump (TMP) and ®He as
a working gas. To reach such low temperatures, heat
transfer from the liquid helium stage to the JT stage
has to be prevented, so that these two are well iso-
lated from each other by design. In this setup, the
minimum reachable base temperature is consider-
able higher due to the use of a rotary vane pump and
4He. Therefore, this thermal isolation does not need
to be as proper and was reduced, because it imposed
a practical problem. Proper thermal decoupling of
these stages results in long cool-down times during
system cool-downs and after inserting new samples

JT gas inlet

T exhaust - 4 LHe inlet

Feed- __
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LN2 inlets/
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UHV 5 d
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Figure 3.15: Overview of the cryo-
stats structure featuring the feed-
throughs and inlets at the top,
the three cryogenic stages and the
experimental section at the bot-
tom.
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because the Joule-Thomson effect only yields substantial cooling power at already low
temperatures, and the cooling power of the liquid helium stage is required to reach
this regime first. To remedy this issue, the JT and liquid helium stage were thermally
connected via a 6 mm thick and 25 mm long threaded alumina cylinder. This mate-
rial features a high thermal conductivity at high temperatures, which still amounts to
a few Wm™K~! down to 10K, but then steeply drops to 102Wm™' K at 1K [202,
203]. Therefore, the alumina block acts as a thermal switch, which connects the two
stages to enable fast cool-downs at elevated temperatures, and then isolates them as
soon as the temperature is low enough for the JT stage to run on its own. It was found
that installing this thermal connection almost halved the system cool-down time but
did not result in a measurable increase of the base temperature.

In the future, it might be of interest to perform variable temperature experiments. For
that, a small 1 kQ resistor in a surface mount device package was placed at the JT stage,
that can actas a heater. The idea is to drive this resistor with a spare output of the Nano-
nis electronics because that way, a feedback loop can be implemented which adjusts
the heater power to maintain a certain temperature. However, the stability of such an
approach has not been tested yet, as no temperature variation was necessary for the
measurements presented in this work.

3.3.2 Radiation shields and parking mechanism

The experimental section at the bottom of the cryostat accommodates the STM, which
needs to be suspended and shielded from heat radiation. There also needs to be a
mechanism that can be operated in-situ and mechanically fixes the STM during tip
and sample transfers, which is referred to as parking mechanism.

As shown in Fig. 3.16, three nested radiation shields are installed at the bottom of the
cryostat, each of which is bolted to the liquid nitrogen, liquid helium and JT stage,
respectively. Their purpose is to reflect as much of the incoming heat radiation as pos-
sible, and the rest, which is inevitably absorbed, is to be efficiently conducted to the
respective cryostat stage instead of warming up the shield. Therefore, they were cho-
sen to be fabricated from 2 mm thick OFHC copper for its excellent heat conductance.
After fabrication, they were ground, polished to a mirror finish and chemically coated
with silver for maximum reflectivity.

It is possible to access the STM for tip and sample transfers by opening sliding doors
in the outer two radiation shields. Each of the doors consists of a concentric cylinder
within the shield with a large opening that can be brought in line with a correspond-
ing opening in the shield by turning the inner cylinder with a wobble-stick. The inner
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Figure 3.16: Design of the bottom section of the cryostat accommodating the STM. The sliding doors are
depicted in their open configuration.

cylinders are supported by polytetrafluoroethylene (PTFE) slide bearings at the top and
bottom, which exhibit low friction even in UHYV, so that they do not get stuck. Special
care was taken to ensure that the doors are completely light-tight when closed. The
inevitable gap between the inner cylinder and the shield was sealed with a circumfer-
ential L-shaped cover on the inside, which was coated with a highly absorbing black
carbon paste. That way, heat radiation cannot pass through the gap by multiple reflec-
tions anymore. The inner cylinders were thermally coupled to the shield with thick
copper braids to prevent them from heating up. The braids are brazed into copper ter-
minals on both ends, which are screwed to the shield and the door respectively and
additionally serve as a handle for the wobble-stick.

As the emitted power of heat radiation scales with T* according to the Stefan-Boltz-
mann law, the heat radiation from the 4.2 K helium shield is negligible compared to the
heat radiation emitted from the ambient or the 77 K nitrogen shield. So the innermost
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Sloping cut-out
in shield

Figure 3.17: Parking mechanism used to fix the STM during tip and sample transfers. A section of the
front radiation cover was cut in the drawing to expose one of the five cut-outs by which the assembly is
guided. Moving the handle to the side causes the fixing pin to move upwards against the STM. The inset
exposes the PTFE bearing within the cut-out.

shield is exposed to almost no radiation anymore and mainly exists for the eddy current
brake of the STM. Therefore, this shield was not equipped with a sliding door.

The parking mechanism, which is used to mechanically fix the STM if necessary, can
be seen in Fig. 3.16 below the STM and in detail in Fig. 3.17. It consists of a concentric
ring within the 4.2 K radiation shield below the door, that supports a central pin, which
moves upwards once the mechanism is engaged. The pin then pushes the STM from
below against the upper fixing stamp. In this, there are two cone-shaped pins which are
located off-centre and engage corresponding holes in the top of the STM. Therefore,
both translation and rotation of the STM are prevented. The lifting action of the bottom
pin is achieved by rotating the ring from outside the 4.2K helium shield. Along its
perimeter, the supporting ring inside the helium shield is connected to another ring
outside the shield through five fasteners poking through elongated, sloped cut-outs in
the helium shield. One of those cut-outs is exposed in Fig. 3.17 by removing a section of
the outer ring. The inner and outer rings are extruded and, thus, cover the cut-outs to
prevent heatradiation from entering the shield. The connecting fasteners are enclosed
by a set of PTFE slide bearings, shown in the inset of Fig. 3.17, and can slide within
those cut-outs. Once the handle is turned to the side, the assembly of outer ring, inner
ring and fixing pin simultaneously perform a rotation and a slight upwards movement.
The fixing pin is threaded at its bottom and screwed into the inner supporting ring.
Therefore, its height can be adjusted such that, once lifted, it holds the STM firmly in
place without requiring too much force.

In the parked state, the central pin also provides thermal coupling to the liquid helium
stage to further speed up the cool-down after sample transfer. For measurements,
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3.3 Cryostat

the STM is released from its parking position and then suspended by three springs.
Because the thermal connection of the STM to the cryostat through the springs is insuf-
ficient in the suspended state, three short 125 um silver wires establish a thermal con-
tact between the STM and the JT stage.

3.3.3 Wiring

Heat transfer from ambient into the STM through the electrical wiring is prevented
by two measures. First, all cables except the one carrying the tunnelling current were
interrupted at both the liquid helium and JT stage and plugged into pins that are well
coupled to the respective cryostat stages. The cable for the tunnelling current was not
interrupted for better noise immunity, and instead pressed onto the cryostat bottom
with a screw. Second, thin stainless steel cables were used, which provide decent ther-
mal insulation. The scanner piezo drive signals, tunnelling current and voltage as well
as the additional sample contacts and thermometer leads were wired with shielded
twisted-pair cables (Cooner Wire AS631-2SS) down to a connector terminal at the JT
stage. The total resistance of each of these lines is around 270 Q) at room temperature.
The coarse motion, however, requires high peak currents for the quick slip motion.
Therefore, these lines were wired with thicker cables (AS636) that have a resistance
around 40 Q per line.

From the connector terminal at the JT stage to the STM, the coarse motion signals and
the tunnelling voltage are carried by polyimide insulated copper wires. The wire for
the tunnelling voltage is the main thermal connection of the sample receptacle within
the STM. To achieve optimal thermal coupling to the JT stage despite the electrical
insulation, this wire was wound approximately 100 times around a small copper block
and glued into place. The copper block was then screwed to the JT stage. That way, the
contact area of the wire is high enough to quickly conduct the heat of newly inserted
samples through the electrical insulation to the cryostat, and the thermalisation of the
sample receptacle does not need to rely on the well insulating piezo actuators.

3.3.4 Performance

The base temperature of the cryostat, as measured at the back of the STM body, is
approximately 1.3K. When the JT stage is not running, a temperature of 4.4K is
reached, which is very close to the temperature of the liquid helium. This indicates
that only very little heat radiation is introduced into the system. Representative cool-
down times are shown in Fig. 3.18. When the system has been serviced and needs to
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Figure 3.18: Representative cool-down curves of the finished setup as measured at the STM body (a) from
room temperature to 4.4 K after maintenance, (b) after transferring a new sample into the STM, (c) from
4.4to1.3K.

be cooled down from room temperature, the helium bath cryostat is first pre-cooled
with liquid nitrogen until the STM is at 100 K, which takes one day. Subsequently, the
liquid nitrogen is removed and liquid helium is filled, which cools the STM to 4.4 K
within another 12 h. Then, when the STM is already cool and a new sample is inserted,
the temperature first rises to about 25 K and then drops back to the initial temperature
within 2 h, see Fig. 3.18(b). This enables a high sample throughput and short waiting
times. Finally, when the JT stage is activated, Fig. 3.18(c) demonstrates that it takes
about 1 h to reach the base temperature.

Refilling the cryogenic fluids interrupts any STM measurement due to unavoidable
mechanical disturbances. Therefore, it is highly beneficial that the liquid nitrogen and
liquid helium tanks only need to be refilled every 4.5 and 7.5 days, respectively.

3.4 UHV chamber

The preparation and investigation of clean samples require UHV, which conveniently
also provides isolation for the cryostat with regard to convection. For that reason, the
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STM and all the sample preparation equipment is installed in a UHV chamber. The
whole setup has a comparably small 1.5 m x 2.4 m footprint and a height of 2.3 m. The
design was adapted from Balashov et al. [204]. It easily fits into a regular-sized labora-
tory and is equipped with all necessary tools for preparing samples in-situ and trans-
ferring them into the cool STM. The UHV system is made up of three independent
chambers that are referred to as STM, preparation and load-lock chamber as indicated
in Fig. 3.19. Of those, only the load-lock chamber is frequently vented to transfer sam-
ples or tips from ambient conditions into the system, and the vacuum in the other
chambers is sustained at all times unless maintenance is required. The chambers are
mounted on a frame of aluminium extrusions, which is suspended by pneumatic vibra-
tion isolators made by Newport. These decouple the machine from vibrations of the
floor. Apart from that, the setup does not rely on further heavy or active dampening
stages, rendering costly and time-consuming structural alteration of the laboratory
unnecessary.

3.4.1 Vacuum components

Each of the three chambers is equipped with their own turbomolecular pump (TMP)
and can be isolated from each other by means of gate valves. Venting, maintaining and
pumping down again any of these chambers is therefore possible without compromis-
ing the vacuum in any of the other ones. The UHV chambers themselves were man-
ufactured from stainless steel by VACOM and assembled following usual guidelines to
prevent contamination of the inner surfaces with anything that exhibits long-term out-
gassing. Any custom components that reside inside the UHV have been build exclu-
sively from materials that have a very low vapour pressure ideally up to the bake-out
temperature. This prohibits the use of rubber, most plastics except polyimide, PTFE
and PEEK, as well as many soft metals like tin, zinc, lead and indium including their
alloys.

The UHV in each chamber is established by the aforementioned TMPs. After a bake-
out procedure, for which the preparation chamber is heated to around 200 °C and the
STM chamber to 100 °C for a few days while the TMPs are running, the base pressure in
these chambers is around 1 x 107! mbar. During STM operation, however, the vibra-
tions caused by the high rotation speed of the TMP rotors would disturb the measure-
ment. Therefore, all TMPs have to be switched off during measurements. The UHV
in the STM and preparation chambers is then maintained by mechanically quiet ion
getter pumps. The preparation chamber is additionally equipped with a titanium sub-
limation pump, which is operated periodically.
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Figure 3.19: CAD rendering of the UHV setup with its three independent chambers (naming in bold let-
ters). (a) Front view highlighting mostly vacuum components and (b) top view indicating mostly handling

components. TSP stands for titanium sublimation pump.
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The TMPs require a rough vacuum at their outlets, which is provided by a separate
vacuum line. Each TMP can be separated from this rough vacuum line by closing a
diaphragm valve. This is necessary to prevent oil vapour from diffusing into the pump
when it is switched off, or if another previously vented chamber needs to be pumped
and the pressure in the rough vacuum line rises temporarily. The pressure inside the
rough vacuum line is kept around 1 x 1072 mbar by a single rotary vane pump. The
TMPs deliver only a small amount of gas into this line, so that the rotary vane pump
does not need to run all the time but rather with a duty cycle of around 20 %. A custom
circuit with a relay switches the pump on and off if the pressure in the rough vacuum
line rises above or drops below user defined setpoints, respectively. The line is buffered
with a 201 vacuum barrel to increase the switching times. Without additional dampen-
ing, the vibration of the rotary vane pump is notably transferred onto the chamber. To
protect the sensitive TMPs from that vibration, the feed line to the rotary vane pump
was moulded into a 20 kg block of concrete standing on the laboratory floor.

The residual pressure in the UHV chambers is monitored with hot ion gauges in the
preparation and STM chambers, and with a cold ion gauge in the load-lock chamber,
respectively. The latter is used because the pressure in the load-lock chamber often
exceeds the range in which hot ion gauges operate, and cold ion gauges are much
more tolerant towards accidental venting. To locate leaks and assess the composition
of the residual gas in the chambers, the preparation chamber is also equipped with a
quadrupole mass spectrometer.

3.4.2 Handling and sample preparation

Samples and tips are mounted on carrier plates, similar to the standardised Omicron
plates, that feature a knob at which they can be grabbed, and are moved through the
machine by three different kinds of manipulators, which are operated from outside the
chambers. The position of those manipulators is indicated in Fig. 3.19(b).

New samples or tips are usually inserted into the chamber through the quick access
door in the load-lock chamber. There, they are placed into the head stage of a mag-
netically coupled transfer rod which accommodates up to three carrier plates, see the
magnified detail in Fig. 3.20. These plates can be pushed into the preparation cham-
ber where they are transferred onto the sample stage of the preparation manipulator
or into a storage stage. This is done with another magnetically coupled manipula-
tor referred to as wobble-stick, which is equipped with a mechanism to securely grab
and release the knobs of the carrier plates and provides four degrees of freedom. The
preparation manipulator is sealed with a flexible metal bellow, and provides precision
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Figure 3.20: Design of the load-lock chamber, which is attached to the preparation chamber via a gate
valve. It is used for molecular deposition, metallisation of the mirror tips, and to introduce samples and
tips into the UHV.

positioning and a long travel reaching into the STM chamber, which is used to transfer
carrier plates there. When extended into the STM chamber, another wobble-stick is
then used to transfer the plates either into a pre-cooling stage connected to the liquid
nitrogen radiation shield, or into the STM.

The preparation manipulator is supposed to be advanced along its long direction by
manually turning a crank at its end. This is not only inconvenient but puts the long
and by design poorly supported manipulator under high stress, as it is impossible to
rotate the crank without applying sidewards force. The sample stage inside the vacuum
is easily shaken that way, potentially leading to loosing the sample or scratching the
walls at the bottleneck between the chambers. This manipulator was therefore fitted
with a stepper motor, which is driven by a home-made Arduino based controller, and
advances the sample stage smoothly through the chamber.

The sample preparation occurs in the preparation and the load-lock chamber. For that,
the sample stage of the preparation manipulator is heatable and coolable, and can be
placed in front of a sputter gun for cleaning or a metal evaporator for depositing thin
films. The load-lock chamber, which is shown in detail in Fig. 3.20, was equipped with
two metal evaporators loaded with silver and chromium, respectively, to metallise the
mirror tips. This chamber was chosen for this purpose because only the transfer rod
features the necessary rotational degree of freedom to coat the mirror tips from both
sides with no obstruction below or above. Two molecular deposition devices were
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also integrated into this chamber because these comparably dirty techniques might
otherwise compromise the UHV of the preparation chamber. Molecules which can
be sublimed are deposited onto the sample from a home-made molecular evaporator
developed by Tobias Engelhard in the scope of his masters thesis [205]. Many com-
plex organic molecules tend to decompose prior to sublimation, though. These can be
deposited using an inexpensive and simple molecule spray unit, which was developed
in our group and described in detail by the master theses of Timo Frauhammer and
Loic Mougel [206, 207]. Both of these devices have already been used to deposit large
organic and metal-organic molecules onto clean Au(111) surfaces and corresponding
STML measurements are pending.
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4 Performance tests on Au(111)

The newly created experiment with all its components is fully operational and differ-
ent aspects of its performance are demonstrated in this chapter. First, the usability of
the mirror tips for STM is showcased on a well-known Au(111) surface and the — both
short-term and long-term — stability of the STM is characterised. So far, the y-STM
was tested with various mirror tips, which were treated with careful voltage pulses and
controlled surface contacts, and also metallic tips that were conventionally fabricated
by electrochemically etching a tungsten wire. High quality STM images with low drift
have been obtained with both types of tips. Then, electroluminescence measurements
onclean Au(111) are presented, which reproduce different effects known from the liter-
ature in great detail. The mirror tips do almost always yield an intense light signal. The
spectral composition of the emitted light revealed that sharp tips with highly confined
plasmon modes can be achieved with these coated polymer tips. So far, this aspect of
the performance varied greatly among different mirror tips, though.

A Au(111) single crystal purchased from MaTecK was chosen for the performance tests,
because its surface is easy to prepare and well-known. The gold substrate also exhibits
a strong plasmonic response and is a widely studied system for STML. The surface was
prepared in-situ by repeated Art ion sputtering and annealing to 550 °C.

4.1 STM performance

4.1.1 Image quality and resolution

The imaging capabilities of a mirror tip are demonstrated in Fig. 4.1(a). On the over-
view scan, the atomic step edges are sharply reproduced (see profile in (b)) and the
distinctive herringbone surface reconstruction [208] is clearly visible. The latter is clar-
ified by applying a different contrast to the inset area. Overall, the image is of the same
quality as could be expected from a conventional STM tip. One distinct periodic distur-
bance with an amplitude of 2.5 pm, which was externally coupled into the STM at the
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Figure 4.1: STM topographs of a Au(111) surface. (a) Atomic terraces recorded with a mirror tip in con-
stant current mode at 1.4 K and tunnelling parameters of 2.5V and 19 pA. The inset highlights the her-
ringbone reconstruction with adapted contrast. Some Fourier-filtering was applied (see text). (b) Height
profile across the atomic step edge along the arrow in (a). (c) Topograph with atomic resolution taken at
4.4K with a mirror tip at tunnelling parameters of 1V and 54 pA, and (d) using a tungsten tip at 150 mV
and 500 pA. Both images are unfiltered. (e) Profile along the black bar in (d).

70



4.1 STM performance

time of this measurement, was removed from the picture in Fig. 4.1(a) using narrow-
band Fourier-filtering, as it is not relevant for assessing the performance of the mirror
tip. In Fig. 4.1(c), atomic resolution was achieved with another mirror tip, reproducing
the well-known hexagonal symmetry of the (111) surface of face-centred cubic crys-
tals. This excellently corroborates the usability of the DIW tip for STM, despite the
larger macroscopic tip radius compared to electrochemically etched metal tips.

One issue, which will be discussed later, is the limited workability of the mirror tips,
though. Using a conventionally prepared tungsten tip, which can be worked more
intensely until it features the desired imaging capabilities and stability, the image in
Fig. 4.1(d) was recorded. It features higher resolution and no artefacts from changes
of the tip configuration, and the profile presented in Fig. 4.1(e) demonstrates the good
stability of the y-STM.

The relation between applied voltage and displacement of the scanner piezo tube at
low temperatures is, at first, unknown and needs to be calibrated. For the lateral move-
ment, the observed inter-atomic distances along the densely packed directions in Fig.
4.1(e) were compared to the values that are known from x-ray diffraction measure-
ments. The lattice constant of gold is a = 4.07A [209], and the nearest-neighbour dis-
tance on (111) facets is dyy = a/+/2 = 2.87A. Thus, the calibration constant in the
Nanonis user interface was set such that this periodicity is reproduced on the recorded
images. A similar procedure was followed to calibrate the vertical movement of the
scanner tube, i.e., by comparing the measured step height in Fig. 4.1(b) with the dis-
tance of individual (111) layers, which is derrace = @/+/3 = 2.35A.

4.1.2 Short-term stability

The mechanical stability of the tunnelling junction was quantified by the following
measurement. A mirror tip was approached into tunnelling contact at 4.4 K and sta-
bilised at a sample bias voltage of 1 V and a tunnelling current of 50 pA. The feedback
loop then constantly corrects for changes of the tip-sample distance due to mechanical
noise entering the STM. After the piezo creep has decayed, the time trace of these posi-
tion corrections therefore resembles the vibration of the tip against the sample within
the accuracy of the feedback loop. Such a time trace was decomposed into its fre-
quency components by a Fourier transform, which is presented in Fig. 4.2. The vibra-
tion spectrum exhibits the well known 1/ f characteristic from fluctuations of the piezo
drive voltage, and a few peaks that stem from specific mechanical oscillation modes of
the cryostat and the frame. The integrated vibration noise amounts to a root-mean-
square (RMS) of 1.5 pm, which can be considered decent compared to other published
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Figure 4.2: Vibration noise spectrum recorded with a mirror tip on Au(111) in usual measurement con-
ditions with activated feedback loop at 4.4 K.

RMS noise figures of 0.2 to 1 pm [101, 103, 104, 204, 210, 211], taking into account the
wide coarse motion range of the y-STM — which inevitably makes the design less com-
pact than others — and the lack of any heavy or active dampening stages.

4.1.3 Long-term stability

Electroluminescence measurements with systematic variation of the tip position or
the tunnelling parameters take a long time, and it is critical that the tip rests at pre-
cisely the indented location during this time to avoid unwanted variation of the exper-
imental conditions or excessive distortion on spatially resolved maps. One source of
undesired tip movement is thermal drift caused by minute variation of the tempera-
ture and, thus, thermal expansion of the different components within the STM. Addi-
tionally, the output voltage of the controller electronics may change over time due to
changes of the temperature in the laboratory, which causes an apparent position shift
aswell. In order to characterise the typical long-term stability of the y-STM, a tungsten
tip was approached on a Au(111) sample at 1.35K and the piezo creep was allowed to
settle for several hours. Then, a series of images was acquired at the same scanning
frame over the course of 15 h, some of which are presented in Fig. 4.3(a). They show
a flat section of the Au(111) surface with a distinctive contaminant, which apparently
moves over time because the tip and sample slowly move with respect to each other.
The precise location of the contaminant within each picture was determined with a
2D cross-correlation algorithm and reveals the drift trajectory in Fig. 4.3(b). By aver-
aging over the apparent position shifts between each subsequent picture, a mean drift
velocity of merely 52 pmh™! was found. As apparent from Fig. 4.3(c), this coincides
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Figure 4.3: Apparent shift of the lateral position of a surface contaminant over time due to minute thermal
drift. (a) Image series taken at the same frame position over the course of 15 hours at 300 mV and 3 pA.
(b) Relative position shift extracted from the images, which were taken every hour. (c) Time-evolution of
the temperature at the STM during the measurement.

with a slow increase of the temperature at the STM of 0.73 mKh™!. All of this can be
considered very stable. For other STML setups, drift velocities from 100 to 200 pmh™!
[82, 87, 212] or even up to 3nmh™! [132] have been reported so far, and most authors
do not even publish this figure. The superior stability of the y-STM compared to other
STML setups is probably to be attributed to the radiation shields, which are completely
light tight during the measurement, rendering the temperature of the STM extremely
stable.

During the measurement in Fig. 4.3, also an average vertical drift of 11 pmh™ was
observed. However, this figure is not as important, because the feedbackloop is usually
never switched off that long and, therefore, constantly corrects for the vertical drift.

The inherent long-term stability of the y-STM is excellent. However, the mirror tips,
which have been employed so far, often exhibited problems in that regard. First of all,
silver is a quite soft material in itself. Second, the vapour-deposited silver layer is in
a disordered, meta-stable configuration with numerous grain boundaries and dislo-
cations because it is impossible to anneal the coated mirror tips without affecting the
underlying polymer. Therefore, atomic rearrangements at the tip happen frequently
when a mirror tip is in tunnelling contact, especially at elevated tunnelling currents
or bias voltages, and it is tedious to treat the tip until it is sufficiently stable, espe-
cially for long measurements. This issue is amplified by another problem, that is the
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already mentioned limited workability of the mirror tips. It has indeed proved possible
to shape the mirror tips by carefully applying voltage pulses or by controlled sample
contacts. However, this can only be performed a limited number of times before the
coating wears off and has to be reapplied.

4.2 Light collection

4.2.1 Single luminescence spectra

Fig. 4.4(a) shows light emission spectra obtained with three different mirror tips from
a clean Au(111) surface at the same bias voltage, similar current setpoints and, thus,
similar tip-sample distances. These spectra are similar to luminescence spectra from
the literature, which were acquired with metal tips. Depending on the tip shape, vastly
different intensity distributions with few or many broad peaks across almost the entire
visible wavelength range and near-infrared are produced. The black curve in Fig. 4.4(a)
is made up of at most three peaks, whereas the red curve features such a dense spec-
trum that barely any individual peaks can be distinguished. This can be attributed to a
very blunt tip, which produces a smaller mode spacing according to Eq. 2.14. Also,
blunt tips are likely to be asymmetric or feature other micro-tips close to the tun-
nelling junction, which causes several plasmon resonances with different lateral con-
finements [114]. In contrast, sharper tips feature fewer plasmonic peaks, which occur
already at lower wavelengths.

Comparison of the intensities measured with different mirror tips is difficult, as they
always pertain to both the emission intensity of the tip and the collection efficiency
of the mirror, and the latter might vary among different mirror tips. In the literature,
it is stated that for sharp tips, the intensity of individual resonances is expected to be
higher compared to blunt tips. This does not necessarily need to apply to the inte-
grated intensity, as no theoretical work so far considered the numerous resonances
of a blunt tip, which may add up to a brighter total intensity. This statement seems
to be compatible with the spectra presented in Fig. 4.4(a), assuming that the respec-
tive collection efficiencies were similar. However, as the intensity maximum of sharper
tips tends to be at lower wavelength, their spectrum also goes better with the response
curve of the detection setup. Fig. 4.4(b) shows the same spectra but with the detector
response taken into account, and it is apparent that the main peak of the red curve is
almost as high as the peak of the black curve. Analysing the spectrum of sharper tips
is still easier as the detection rates are higher and the spectra are more well-defined.

74



4.2 Light collection

@ 600 T T T T T
2 500 .
£
O
£ 400} .
2
5
8 300 | .
E
8 200 _
w
5
5 100 | _
0 | | I =+
400 500 600 700 800 900 1000
Wavelength (nm)
(b) 1200 : : : : :
‘E 1000 |- .
=
©)
£ 800l .
w
=}
8
S 600} .
E
=
& 400 .
w
5
2200 .
(0 et L L L 1
400 500 600 700 800 900 1000

Wavelength (nm)

Figure 4.4: Electroluminescence spectrarecorded on a Au(111) surface with different mirror tips at a sam-
ple bias of 3.5V each. Tunnelling currents were 1 nA (black and blue) and 5nA (red). The spectra were
normalised with respect to the tunnelling current, the exposure time and the spectroscopic bin width.
(a) The spectra as measured by the CCD camera, (b) the same spectra as in (a), but corrected for the
detection response curve shown in Fig. 3.4.

Sharp tips also offer a higher spatial resolution, as the gap plasmon is more confined
to the tunnelling junction.

Another reason for the high intensity of the the black curve’s main resonance in Fig. 4.4,
apart from sharpness considerations, can be found in the fact that it roughly coincides
with a minimum of the imaginary part of the dielectric function of the gold substrate,
which describes the dielectric material losses. At lower wavelengths, plasmon reso-
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nances are attenuated by an interband transition, and at higher wavelengths emerg-
ing intraband transitions cause the same effect [213-215]. If a resonance around 2 eV
is excited, however, the energy of the mode is less likely to be dissipated and, therefore,
more likely to couple into the electromagnetic far-field. Also a more rigorous theoreti-
cal work predicted a resonance effect at 2.1 eV for gold substrates [46]. From the black
curve in Fig. 4.4, a resonance in this suppressed wavelength range around 450 nm is
actually apparent, but it is strongly attenuated despite the sufficiently high excitation
energy provided by the tunnelling bias of 3.5 eV.

Of the mirror tips employed so far, a few featured a sufficient sharpness to produce
a plasmon spectrum with only a few, bright resonances. Whenever this was not the
case, it was tried to sharpen the tips in-sifu. This mainly improved the stability and
STM resolution and also affected the total emission intensity, but never resulted in
spectra with fewer peaks. This is because improvements of the STM performance can
achieved by changing the configuration of the topmost atom. But in order to substan-
tially change the properties of the plasmonic cavity, modification of the tip in the order
of several nanometres around the tunnelling junction is required, which is more dif-
ficult to achieve by voltage pulses and sample contacts without tearing off the entire
metal coating. If a mirror tip did not feature the desired emission properties, it proved
possible to restore or improve it by coating it with another layer of silver.

4.2.2 Voltage maps

The light intensity at the detector is high enough to easily facilitate automatic, system-
atic variation of a tunnelling parameter and to investigate its influence on the light
emission in a reasonable time. On a clean Au(111) surface, such an experiment was
performed to characterise the voltage dependence of the light emission at constant
current. In both maps shown in Fig. 4.5, each line represents an optical spectrum
recorded at a different sample bias, while the feedback loop was activated. The light
intensity as detected by the CCD at each wavelength is colour coded. The blue curve
in Fig. 4.4 is a spectrum taken from Fig. 4.5(a) at a bias voltage of 3.5V, and the black
curve in Fig. 4.4 is taken from Fig. 4.5(b). In both maps, three regimes can be clearly
distinguished in the probed voltage range. At constant wavelength, light emission can
only be detected above a certain voltage threshold for both polarities. This threshold
is indicated by the grey, dotted lines in Fig. 4.5 and corresponds to the so-called quan-
tum cut-off [28]. At these tunnelling parameters, the gap plasmons are predominantly
excited by inelastic tunnelling of single electrons, which only occurs if the energy of
the tunnelling electrons e V' is above the excitation energy. At intermediate voltages,
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the detected light intensity is highest, and above a certain absolute value, the intensity
quickly decreases. As apparent from those two maps obtained with different tips, the
upper voltage boundary depends both on the polarity and the tip.

In the literature[117, 128], this has been attributed to the change of the tip-sample sep-
aration during such an experiment, because the feedback loop continuously adjusts
the vertical tip position in order to achieve a constant tunnelling current. During the
measurement of the voltage maps, the vertical tip position was recorded for every spec-
trum. However, minor tip changes and significant piezo creep during these measure-
ments superseded the distance variation caused by the bias variation, and rendered
it impossible to extract the undisturbed changes of the tip-sample separation during
these particular experiments. Therefore, the voltage-distance characteristic at con-
stant current was later measured again with another tip. In the measurement pre-
sented in Fig. 4.6(a), the feedback loop was set to 50 pA and the bias voltage was varied
between 12mV and 6V for both polarities. At low bias voltages, the tip was close to
the sample in order to achieve the set tunnelling current, and increasing the voltage
caused the feedback loop to lift the tip.
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Figure 4.5: So-called voltage maps recorded on clean Au(111). Light intensity at different wavelengths
depending on the bias voltage at a constant current of 1 nA. The dotted grey lines represent the energy
conservation cut-off for one-electron processes. (a) Recorded with a blunt tip within 33 minutes, con-
taining 93 spectra. (b) Recorded with a sharp tip exhibiting a much more well defined resonance and
higher brightness. The total measurement time was 6.3 minutes for all 52 spectra.
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Figure 4.6: Tip-sample separation on Au(111) recorded with a tungsten tip. (a) Voltage-distance charac-
teristic at a constant current of 50 pA. (b) Current-distance characteristics at 12 mV with exponential fit,
used to determine to total offset of the curve in (a). At zero displacement the current is 50 pA like in (a).
The dotted vertical line indicates the conductance quantum G, which corresponds to an atomic contact.

From this measurement alone, only the relative changes of the tip position can be
obtained, but the absolute tip-sample separation is unknown. This can, however, be
determined with a second experiment presented in Fig. 4.6(b). In this, the voltage was
set to 12 mV, which corresponds to the points in (a) closest to zero bias, and the tip was
approached to the surface with switched-off feedback loop. The well-known exponen-
tial increase of the tunnelling current was then measured and extrapolated to the point,
where a single atomic contact is established, which is universally characterised by the
conductance quantum G, = 2e?/h [216]. The necessary vertical tip displacement to
reach this atomic contact then corresponds to the tip-sample separation at 12 mV and
50 pA and was added to the curve in Fig. 4.6(a). As a result, Fig. 4.6(a) faithfully repro-
duces the absolute tip-sample separation depending on the bias voltage at 50 pA and
can be generalised to any current setpoint by adding the corresponding offset from
Fig. 4.6(b). For example, both voltage maps in Fig. 4.5 were taken at a current setpoint
of 1nA, so that the tip was 145 pm closer to the sample than the curve in Fig. 4.6(a)
indicates. However, the exact shape and offset of this curve is, among other things,
dependent on the shape and electronic structure of the tip, and can unfortunately not
be directly applied to the voltage maps in Fig. 4.5, because they were obtained with
different tips.

It still serves to demonstrate some universal tendencies. For positive polarity, for
example, the slope of the voltage-distance characteristic between 2 and 4V is almost
linear and quite flat. At this tip-sample separation, the electric field enhancement at
the tunnelling junction is high, and intense light emission can be observed across a
wide voltage range. At higher bias, the field emission regime is approached and the
tip-sample separation then abruptly increases much more steeply, thereby reducing
the enhancement of the electric field which couples the oscillation of the conduc-
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Figure 4.7: Energy shift of the main plasmonic peak in Fig. 4.5(b) depending on the tunnelling bias V. (a)
Example spectrum at V = 3.5V. The measured light intensity was corrected for the detection response
and plotted in terms of photon energy instead of wavelength. The triple Gaussian fit (red) is depicted
as well as the constituent Gaussians (blue, green, purple). (b) Fitted energy of the main peak in (a) at
different sample biases.

tion electrons in the tip and the sample. Such a behaviour can explain for example
the sharp upper voltage boundary in the voltage map in Fig. 4.5(a) and demonstrates
how sensitive the plasmonic resonance is to the width of the gap. At negative polar-
ity, however, the tip position in Fig. 4.6 is increased much more quickly already at
lower absolute values of the bias voltage. This behaviour fits to the voltage map in Fig.
4.5(b), in which the intensity at negative sample bias is very low, presumably because
at voltages, that were sufficiently high for exciting the plasmons, the large tip-sample
separation already caused lower field enhancement. The reason for this asymmetry
lies in the tunnelling matrix element, which involves different electronic states of the
tip and the sample depending on the direction of the tunnelling current, and therefore
results in a different tunnelling probability depending on the bias polarity. With differ-
ent tips, the voltage dependent tunnelling probability can be very different, and, as a
consequence, result in a different voltage-distance characteristic at constant current.
In the voltage map in Fig. 4.5(a), the sample separation at negative bias must have been
much smaller than in Fig. 4.5(b), so that intense emission could also be observed at
comparably high negative bias voltages.

In the voltage maps, it looks as if only the intensity of the spectra varied with the bias
voltage and the shape stayed unaffected. While it is true that the number of peaks is not
expected to change with increasing gap width, it was found, however, that the centre
wavelength of the plasmonic resonance shifts depending on the tip-sample distance
[54]. To verify this effect with the data in Fig. 4.5(b), the response corrected lumines-
cence spectra at each bias voltage were fitted in the energy space with a triple Gaus-
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sian, which faithfully reproduces the signal, as can be seen in Fig. 4.7(a). The posi-
tion of the most prominent peak can be extracted from this fit with low uncertainties
and is plotted in Fig. 4.7(b). At lower voltages, the peak is visibly shifted towards lower
energies, as the excitation energy is not sufficient to fully excite the resonance across
its entire width. At higher voltages, the peak is fully formed, but still slowly shifted
towards higher energies as the sample bias increases. This is in agreement with the
prediction, that the energy of the gap plasmon is higher at larger gaps [46, 51]. The
total energy shift from 2.14 to 2.2 eV in Fig. 4.7(b) corresponds to a wavelength shift of
about 16 nm, which is difficult to see in Fig. 4.5(b) due to the scale.

4.2.3 Spatial resolution

The key virtue of STML is its extraordinary spatial resolution, owing to the positioning
precision of the STM tip and the strong confinement of the optically active area. This
is showcased in Fig. 4.8, depicting a photon map obtained close to the area shown in
Fig. 4.1(a) across two step edges of a Au(111) surface. While varying the lateral position
of the tip along a grid, the position of the tip was recorded as well as a complete optical
spectrum for every point. This mode of operation allows to attribute variations in the
light emission to features of the surface. From the recorded tip positions, a conven-
tional STM image can be reconstructed, see Fig. 4.8(a). As the full set of data is four-
dimensional, the information that can be gained from the optical channel is exemplar-
ily demonstrated by fitting the main plasmonic resonance peak (595 — 665 nm) with a
Gaussian at each point and mapping the lateral variation of the intensity and peak
position in Figs. 4.8(b) and (c) respectively. In these maps, several different effects can
be observed, which will be discussed in the following.

At the step edges, a decrease of intensity is observed, alongside a gradual blue-shift
when approaching a descending step edge, as is clarified by the profiles in Fig. 4.8(d)
that were averaged over 6 adjacent lines. Such a reduced intensity at step edges has
already been observed on other closely packed noble metal surfaces like Au(111) [116],
Au(110) [145], Cu(111) [29] and Ag(111) [54, 153, 184] as well as Cu,Au in a chemically
ordered phase [217], whereas on Au(110), enhanced emission was observed at step
edges [55, 57]. The effect was finally attributed by Hoffmann et al. [55] to the LDOS
at the step edge. There, a one-dimensional electronic state is formed due to electrons
being trapped in their own image potential [218], similarly to the well-known forma-
tion of two-dimensional image states at metal surfaces [171]. This gives rise to a modi-
fied LDOS compared to the terrace area. In particular, this leads to fewer available final
states for inelastic tunnelling on many noble metal surfaces studied in the literature,
so that gap plasmons are less likely to be excited.
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Figure 4.8: Spatially resolved photon map at a constant current of 2nA on Au(111). A complete optical
spectrum was taken at every point of a 240 x 30 grid. The applied sample bias was 2.5V, and the exposure
time was 5s per point. (a) Topography recorded at the same time as the photon map. Subsequent lines
were matched regarding their height to account for slight tip changes and vertical drift. (b) Fitted main
peak intensity. (c) Shift of the fitted main peak energy relative to 1.958 eV. (d) Profiles of the topography,
intensity and shift of the peak position along the white bar in (a), averaged over six adjacent rows. The
grey dotted lines mark the confidence intervals found for the peak position shifts.

The blue-shift towards descending step edges apparent from Figs. 4.8(c) and (d) was
also observed by Aizpurua et al. [54] on Ag(111) and explained by the geometric mod-
ification of the cavity caused by the step. The gap plasmon is confined to a certain
area around the tunnelling junction and is, therefore, sensitive to changes of the cav-
ity inside this confinement radius. In particular, a vertical atomic step causes a vari-
ation of the gap width, which can be treated as an increase or decrease of the aver-
age tip-sample separation experienced by the plasmon depending on whether the tip
approaches an ascending or a descending step. Approaching a descending step then
results in a larger effective gap width, resulting in a blue-shift of the plasmon reso-
nance. As a consequence, the distance from the step edge, at which the blue-shift sets
in, can be used to assess the plasmon confinement that was achieved in the experi-
ment. From the bottom panel in Fig. 4.8(d), it is apparent that this confinement radius
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was around 20 nm for this particular mirror tip. This is comparably large, which is
not surprising, considering that the mirror tip used during this experiment featured a
stump instead of a sharp STM tip. It was, in fact, the tip which was already presented
in Fig. 3.2(d) as an example for a failed DLW procedure.

In the model developed by Aizpurua et al., it is expected that the blue-shift towards
a descending step edge is complemented by a red-shift towards an ascending step-
edge on the same lateral scale. In this experiment, however, this is not observed. As
apparent from Fig. 4.8(c), when approaching the step edge from the left, the fitted peak
energy stays constant within the accuracy of the measurement until the step edge is
reached and significant vertical tip movement sets in. This might indicate a strong
asymmetry of the tip with different confinement lengths to the sides. Directly at the
step edge, two different effects are observed. At the spot, where the profiles for Fig.
4.8(d) were taken, the peak energy smoothly transitions to the blue-shifted value mea-
sured at the upper terrace. On most other spots in the map, however, a distinct and
very narrow area of red-shifted plasmon resonances can be seen as dark contrasts that
outline the step edges in Fig. 4.8(c). The observed behaviour changed throughout the
measurement, so it appears that this is tip related, whose configuration has obviously
changed several times during this measurement. In light of the low field confinement
that was achieved with this tip, the only remaining physical quantity that influences the
light emission, changes on such a shortlength-scale, and is very sensitive to changes of
the tip is the inelastic tunnelling probability. So far, it was assumed that tunnelling into
the edge state causes the excitation at all photon energies to be equally damped. This
needs not be the case as the tunnelling matrix element involves the wavefunctions of
the tip and the sample and is, in general, tip-dependent and energy-dependent. There-
fore, different photon energies may be excited with different probability, which would
shift the detected peak to another energy. Here, this conclusion cannot be regarded
as definitive due to the lack of additional data, but it will be demonstrated again in
Sec. 5.2.2 that variations of the energy-dependent tunnelling probability do cause such
apparent peak shifts.

Apart from the dominant intensity contrast at the step edges, a gradual increase of the
fitted peak height of about 10 % in total is also observed, that accompanies the blue-
shift in the proximity of a descending step-edge. This increase is also apparent from
isochromatic and totally integrated maps (not shown here) and is in agreement with
Hoffmann and Berndt [52], albeit three times more pronounced. On the left of the
profiles in Fig. 4.8(d), neither the light intensity nor the peak shift drop back to their
initial values like they do on the right step edge, because there is another step edge to
the left barely outside of the imaged frame.
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Remarkable contrast mainly in the luminescence intensity is also caused by surface
contaminants, even though some are barely visible in the STM topography in Fig.
4.8(a). Only the most prominent contaminants alter the tip-sample distance enough
to affect the charge carrier coupling of the tip and the surface [134]. But the lumines-
cence channel also provides a sensitive gauge for inelastic tunnelling processes that
are obviously affected also by the much less prominent contaminants, which empha-
sises the need for spatial resolution in STML studies. In summary, the maps in Fig. 4.8
highlight how sensitive this mode of operation is to subtle variations of the gap cavity
and the excitation probability.

4.2.4 Collection efficiency

In the black spectrum shown in Fig. 4.4, the total photon yield at the detector was
5.6 x 10* photons per nanocoulomb, and most of the mirror tips employed so far
achieve a comparable brightness if worked a little bit. However, direct intensity com-
parison among different experiments is difficult and many publications do not state
this figure at all, as the conversion efficiency of the tip is vastly unknown. Taking the
response curve in Fig. 3.4 into consideration, the conversion efficiency times the col-
lection efficiency of this particular mirror tip was 2 x 107°. So far, no method could be
conceived which would allow to determine those two figures independently from each
other. The quantum efficiency is estimated between 10~* and 1073, and other groups
have reported similar [47, 157] or even significantly higher [132, 152] photon yields on
noble metal surfaces, despite using collection optics that cover a smaller fraction of
the solid angle. So even though the detection rate that is routinely achieved with the
mirror tips is higher than in many other STML setups (see Tab. 2.1) and high enough
to perform experiments with high spatial, voltage or current resolution, it seems that
their collection efficiency is not yet at its full potential. So optimising the DLW and met-
allisation procedures or exploring post-processing techniques to smoothen the mirror
surface might further enhance the photon yield by as much as one or two orders of
magnitude.
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5 Plasmonic light emission from
Co nano-islands on Cu(111)

Heteroepitaxial systems which have been investigated in STML experiments, so far,
always comprised a metal in conjunction with a dielectric. Either a dielectric was used
to support noble-metal grains, such that the metallic grains could be investigated indi-
vidually, or, in the opposite case, noble-metal surfaces were covered with an insulating
material to support molecules. Here, the first ever STML study of a heteroepitaxial sys-
tem is presented in which both constituents are metallic. This is particularly interest-
ing because the influence of the tip shape on the light emission is always dominant in
STML, so that disentangling the influence of the tip and the influence of the material is
very difficult, if not impossible, when two different samples are investigated consecu-
tively and tip changes cannot be fully excluded. When the light emission is mapped on
a sample that comprises two different materials, however, any relevant tip change can
be excluded because it would appear as a discontinuity in the luminescence signal in
between two data points. Therefore, a heteroepitaxial system allows to directly com-
pare emission spectra from different materials which were obtained with the same tip,
so that the influence of the material properties can be evaluated.

Cobalt on Cu(111) was chosen as a material system because it is well studied, and the
natural occurrence of multi-layer nano-islands already at low coverage provides the
opportunity to study the bare substrate and decently thick films on the same sam-
ple. That way, a higher variation of the material properties within the tunnelling junc-
tion is achieved as compared to systems with layer-by-layer growth. In the literature,
Co on Cu has mainly attracted attention because of its magnetic properties. Multi-
layered sandwich structures were found to exhibit alternating ferromagnetic and anti-
ferromagnetic coupling between the individual Co layers depending on the thickness
of the Cu spacers, and the anti-ferromagetic configurations gave rise to a giant mag-
netoresistance of up to 65 % at room temperature [219, 220]. The nano-islands, which
form at sub-monolayer coverage, were found to be ferromagnetic with a preferred
magnetisation direction perpendicular to the surface [221]. Because of its potential
application, the system was then widely studied with different techniques. However,
magnetic properties of the system were not studied in this work as a non-polarised Ag
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coated tip was used throughout the experiments and no external magnetic field can
be applied to the y-STM.

For the sake of simplicity, the measurements in this chapter were all performed at4.4 K
using neither the JT stage nor the heater. A constant and low temperature was desired
for stability of the tip, low drift and to prevent surface diffusion, but the specific value of
the temperature was not important. The wavelength resolution in the presented mea-
surements was limited by the detection setup to 8 nm, which corresponds to an energy
resolution of 22 meV at 650 nm. In light of that, thermal broadening of the energy of
the tunnelling electrons is already negligible at 4.4 K, and the energy-resolution would
not improve further by cooling to a lower temperature. Also other temperature depen-
dent effects of plasmonic light generation, such as above-cutoff emission, can only be
studied at much higher temperatures on clean metal substrates [119]. Therefore, the
cryostat was operated in the simplest mode, which is at liquid helium temperature.

5.1 Growth

5.1.1 Summary of the literature

Obtaining well-defined sandwich structures requires a well controlled deposition pro-
cess, and while the magnetic coupling and magnetoresistance of superlattices grown
along the (100) direction were quickly well understood [222-225], contradictory results
have been obtained with different deposition techniques for structures in the (111)
direction [220, 226-228]. To study the growth of Co on Cu(111), different techniques
have then been employed by various groups such as low-energy ion-scattering [229]
and STM [230-233], in some studies also combined with low electron energy diffrac-
tion [234]. The two metals are immiscible in volume, and their lattice mismatch is
1.9 %. Therefore, this combination of materials seems suitable for heteroepitaxy and
one could, at first, expect defect-free layer growth with a well-defined interface. It was,
however, found that the growth of this system is quite complex because of the high dif-
ference of the surface energies of the two metals, and the morphology of grown films
is very sensitive to the deposition conditions.

In the following, the growth of Co islands on Cu(111) will be explained along the lines
of arecent study by Vu and Morgenstern [235] as it corroborates and summarises many
earlier reports. Upon cobalt deposition onto a clean Cu(111) surface, nucleation pref-
erentially occurs at step edges. When the temperature during the deposition is low
enough or the atomic terraces of the sample are wide enough, nucleation also occurs
on the terraces. At first, monolayer islands form, which are energetically unstable due
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to the high surface energy of Co. Bilayers are energetically more favourable because
they feature a smaller Co terminated surface area. Already at 150K, Co atoms which
are adsorbed on kink sites of the island are transported to the second layer due to alow
corresponding energy barrier of 0.15eV. In islands that form at the step edges of the
substrate, these kink sites are less prevalent as these islands adapt the straight shape of
the Cu step edge. As a consequence, the formation of bilayer islands is more likely on
islands which have formed on a terrace. For Co films deposited at room temperature,
mostly triangular bilayer islands are observed on the Cu(111) terraces which reflect the
anisotropy of the edge diffusion energy barriers [236]. Also a small fraction of trilayer
islands forms on the terraces, whereas also a low fraction of monolayer islands can be
observed at the substrate’s step edges.

Most of the Co islands follow the face-centred cubic stacking of the substrate, but about
20 % grow with a stacking fault because the nucleation can initiate at two different
three-fold hollow sites [230, 237]. The faulted and unfaulted stackings can be distin-
guished in STM topographs as they form triangles rotated by 180° with respect to each
other. They also differ slightly with regard to their LDOS [237, 238].

Even though Co and Cu are immiscible in bulk, they do exhibit intermixing at surfaces.
The high interface energy of these metals prevents alloying in bulk, however, the dif-
ference of the surface energies is still higher, so that it is energetically favourable to
cap the cobalt islands with a layer of copper [232]. This was first discovered with low-
energy ion scattering [229]. Interestingly, the copper cap is not simply added to the top
of the islands, but intermixes into the top layer of the island and subsequently replaces
the cobalt atoms which are then shuffled to the lower layers. This process is diffusion-
limited and occurs at room temperature at a time scale of minutes to hours [229, 232].
Therefore, the deposition rate and the time to transfer the sample into the cryostat is
a critical parameter.

So far, two mechanisms have been proposed to explain the dynamics of this process.
One is interlayer atom exchange predicted by theoretical Monte-Carlo simulations
[239, 240], the other one is trapping of diffusing copper adatoms which are sufficiently
mobile to migrate onto the islands and are then incorporated into the surface [231].
Both mechanisms might occur at the same time to some extent, although only the lat-
ter can explain the observed etching of the Cu step edges [233] and the formation of
vacancy islands in the substrate during and even long after the deposition of Co [230,
232]. Apparently, mass is being transported from the substrate to the islands, which
explains why the volume of the islands is often larger than the deposited amount of Co
if the sample was at room-temperature for a long time [239].
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Figure 5.1: Topography of the Co/Cu(111) sample. (a) Constant current topograph taken at 1V and 64 pA,
(b) profile taken along the arrow in (a), identifying two different kinds of nano-islands.

One early STM study by Pedersen et al. [232] suggested that one layer of Co is buried
within the Cu surface already at the beginning of the nucleation, thereby displacing
the Cu atoms to the side of the newly formed island. This would mean that bilayer
islands actually consist of three layers with one subsurface layer, and that all islands
are decorated with Cu around their edges. Many reports followed this interpretation,
however, no other study since then ever corroborated this finding. Conversely, many
spatially resolved STS studies have later been published reporting on clean Co nano-
islands with apparently no Cuintermixing or edge decoration [221, 238, 241, 242] which
would have been easy to identify in maps of the LDOS. Also a recent, more thorough
study of the nucleation process at different stages and at different temperatures did
not reveal embedding of Co atoms into the Cu surface at any time [235]. Therefore,
the idea of displaced Cu atoms from the topmost substrate layer generally aggregating
around the edges of the islands is discarded in this thesis.

5.1.2 Surface topography

The sample used for the electroluminescence measurements was prepared by first
cleaning a Cu(111) single crystal by repeated Ar* ion sputtering and subsequent an-
nealing at 550°C. The sample was then left to cool for 2h. Then, Co was deposited
from a degassed metal evaporator for 80 s at a measured ion flux current of 30 nA. The
sample was quickly transferred into the STM, which was equipped with a mirror tip.

An overview of the resulting surface topography is given in Fig. 5.1(a), showing two ter-
races of the Cu(111) substrate separated by a step edge running horizontally through
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the middle of the image. The step edge is almost fully decorated with Co agglomerates
consisting of many closely spaced nucleation sites, and the terraces feature more indi-
vidual triangular nano-islands, which are also often fused together. From the profiles
in Fig. 5.1(b), it is apparent that most of these islands have an apparent height of 3.9 A,
which corresponds to the well-known apparent height of bilayers from the literature.
Some trilayer islands are also observed at an apparent height of 6.0 A.

On the underlying Cu substrate, extended vacancy islands, labelled Cu-V in the image,
indicate that considerable copper intermixing of the cobalt islands must have oc-
curred. This has to be attributed to the poor control of the sample temperature after the
annealing. Had the sample been at room temperature during the Co deposition, the
time for the preparation and the transfer into the STM should have been sufficiently
short to obtain Co islands without intermixing [221, 232]. Apparently, however, let-
ting the sample and the preparation manipulator stage cool for 2 h after the annealing
was not sufficient to reach room temperature, and this intermixing process is indeed
known to occur more rapidly only slightly above room temperature [229]. As a con-
sequence, the intermixing occurred on a shorter time scale than the sample could be
transferred into the cryostat. On a large overview scan covering 200 nm x 200 nm (not
shown here), it was found that 48 % of the surface is covered with islands and 20 % of
the surface consists of Cu vacancies.

In the following, it will be discussed where the Cu intermixing might have occurred.
On the top of some nano-islands, there are depressed areas in the STM topographs,
which are imaged 30 to 60 pm lower than their surroundings, as shown in Fig. 5.2(a)
and the profiles in (c). Especially the irregular islands around the step edge in the top
of Fig. 5.2(a) exhibit large phases with inhomogeneous contrast, as can be seen in the
inset with a different false colour scale. Also, a protruding edge decoration is visible on
profile 1 in Fig. 5.2(c). On a well-defined crystalline surface, such shallow height vari-
ations do probably not represent the geometric arrangement of the surface atoms but
are rather a so-called chemical contrast due to changes of the LDOS caused by different
species of atoms [243]. It is tentative to attribute these depressions to the formation of a
surface alloy, which might stem from ongoing replacement of the top Co layer with Cu
atoms, which froze out as soon as the sample was transferred into the cool STM. This
interpretation is compatible with the topography of a second sample shown in Fig.
5.2(b), which was cooled prior to the Co deposition. This resulted in the lack of any Cu
vacancies and a different growth mode, as apparent by the more irregular island shapes
and the incomplete formation of bilayers. According to the literature, the islands visi-
ble in Fig. 5.2(b) likely only consist of Co and, strikingly, lack the abundant depressions
visible in Fig. 5.2(a). A comparison of the apparent heights in Fig. 5.2(c) therefore con-
firms that said depressions in Fig. 5.2(a) are likely not Co terminated faces.
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Figure 5.2: Apparent depressions on top of the nano-islands interpretated as chemical height contrast.
(a) Constant current topograph taken at 1V and 340 pA. The false colour scale in the inset was adapted
to point out surface inhomogeneities. (b) Topography of a sample prepared at lower temperature, which
lacks the chemical contrasts in (a). Recorded at 1V and 100 pA. (c) profiles taken along the arrows in (a)
and (b). (d) Change of apparent depressions over time as measured at similar tunnelling parameters of
100 pA on both pictures, and 1.8V on the left and 1.5V on the right picture.

However, in Fig. 5.2(d) it was observed that some of these dark spots rearranged over
the course of several days. In between these two pictures, two photon maps have been
acquired in this area, one of which will be presented in the following section. In the
centre of the island, several dark spots have merged, and the overall depressed area
has significantly increased. Diffusion of atoms within the surface must have been
completely suppressed at 4.4 K, considering that experiments at 150 K have investi-
gated the surface composition of this system in great detail without observing such a
phase separation [232]. Local heating by the tunnelling current can also be excluded
as it never exceeded 2nA and both the thermalisation of the direct current within
some 10 nm around the junction and the contribution of inelastic processes within
the junction are expected to cause a temperature increase in the order of 102K at
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Figure 5.3: Location where the photon map was taken. (a) Overview scan including some of the sur-
rounding area. The white square indicates the frame of the photon map and is enlarged in (b). (a) was
recorded at 1V and 64 pA, (b) at 1.5V and 100 pA.

these tunnelling parameters [244]. Also other influences of the STM tip, such as the
electric field or inelastic tunnelling processes, can be considered unlikely to induce
atom-exchange hopping in a closely packed metal surface at such low temperatures.
Therefore, at least some of the imaged depressions might have been caused by a layer
of adsorbates, which is easily rearranged by the STM tip.

As a conclusion, it is not entirely clear where the Cu intermixing on the investigated
sample occurred. The aforementioned edge decoration of the central bilayer island in
Fig. 5.2(a) was attributed to Cu atoms around the edges of otherwise clean Co islands
before [235], but accounts only to a small amount of Cu atoms and cannot explain
the large Cu vacancies. It seems plausible that at least most of the visible depressions
on the islands indicate mixed phases in the top layer, despite the finding that some of
these depressions might stem from contaminants. The observation oflarge intermixed
phases on top of the islands which have nucleated at the step edge (inset in Fig. 5.2(a))
is in agreement with a STM study in which carbon monoxide was utilised to selectively
mark Co terminated faces [234]. Also, Pietzsch et al. [238] report intermixing primarily
at the islands around the step edges. Following this interpretation, islands on the ter-
races without apparent depressions at the top are considered to be in a pure Co phase,
and most of the intermixing indeed occurred at the irregular islands at the substrate’s
step edges.

However, it cannot be fully excluded that the copper intermixing might have occurred
also in the seemingly clean parts of the islands without affecting the apparent height.
Even though the copper vacancies on the surface amount to less than half of the area of
the islands, it is still possible that a larger fraction of the islands is capped with a layer
of copper.
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The marked area in Fig. 5.3(a) was finally chosen for the STML measurements pre-
sented in the next section. It features two different nano-islands that showed no or
as little surface inhomogeneities as possible, and can therefore be considered pure Co
islands. The top island is a bilayer island with faulted stacking as determined by the
direction of the triangle, and comprises a circumferential decoration, which, follow-
ing the interpretation of Vu and Morgenstern [235], consists of Cu atoms. The bot-
tom island is of trilayer height and unfaulted. Both are located at the edge of a large
vacancy.

5.2 Photon map

At the scan frame depicted in Fig. 5.3, the tip position was moved along a grid of
160 x 160 points and an optical spectrum was recorded at each point. Muons from
atmospheric cosmic showers occasionally penetrate the detector and generate large
charges in the CCD, leading to erroneous peaks in single or at most a few adjacent
bins. To filter these events, two spectra were recorded at each point of the grid and
later automatically compared point by point to identify and discard the bins that were
hit by a muon. Discarded values were then replaced with the corresponding value of
the other, unaffected spectrum, as the muon events were rare enough to never affect
both spectra taken at the same point in the same bin. That way, complete spectra vir-
tually without filtering artefacts could be obtained at all points of the grid. The total
exposure at each point was 2-1.5s = 3s. This resulted in a total measurement time of
29.4h. It is noteworthy that reported long-term STML measurements so far were lim-
ited in that respect to 1 to 3h [47, 77, 82, 86] presumably due to the limited stability
of either the STM or the collection setup. Compared to other experiments, the long
measurement time of the experiment presented here resulted in spectra with higher
signal-to-noise ratio at high spatial resolution.

During the presented experiment, the detection setup was not yet fully optimised.
The NA matching lenses were not yet installed at the time, and the spectrograph was
equipped with a 150 grooves per millimetre grating, resulting in the same wavelength
resolution of 8 nm discussed in Sec. 3.1.3. The achievable count rate, however, was
found to be 40 % higher after the NA matcher was installed.

Fig. 5.4 shows three representative spectra obtained from the Cu substrate and both
of the nano-islands at a constant current of 1.5 nA. From these, it is already apparent
that the general shape of the spectrum hardly depends on the lateral tip position, but
the intensity very much does. This lateral variation is demonstrated in the inset of Fig.
5.4, in which the intensity was integrated over a certain photon wavelength range for
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each point of the grid to generate an isochromatic map. The arrows next to the map
indicate in which order the points of the grid were recorded. This is important for the
drift correction discussed later, and for assessing how potential tip changes propagate
through the picture. Starting in the lower left corner, all points in the respective col-
umn were subsequently recorded from bottom to top, and then the tip was reset to the
bottom and the next column to the right was started.

The spectrum itself is characterised by one main resonance at 642 nm or 1.93 eV with
an extended shoulder at higher wavelengths. This is the signature of a sharp tip with
high plasmon confinement as will be demonstrated later by the lateral extent of the
step edge effect. Significant light emission is observed between 580 and 770 nm. Sim-
ilarly to the discussed spectra taken on gold samples, the dielectric function of copper
restricts high emission to photon energies around 2 eV [46], which fits to the spectra
in Fig. 5.4. The total detection rate was 1.88 x 10° counts per spectrum when the tip
was placed above the Cu substrate. This bright signal facilitates the investigation of
subtle effects as will be detailed later in this chapter. For easier comparison with other
measurements, the photon counts are normalised to the tunnelling current and the
exposure time, i.e., the tunnelling charge per spectrum. On the Cu substrate, the total
yield was 4.17 x 10* counts per nanocoulomb. On the top and bottom islands, the yield
was 1.60 x 10* and 2.26 x 10* counts per nanocoulomb, respectively.
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Figure 5.4: Electroluminescence spectra obtained from different locations in Fig. 5.3(b). Tunnelling
parameters were 2.4V and 1.5 nA, and the exposure was 3s. The inset is an isochromatic map showing
the lateral distribution of the integrated intensity between 635 and 645 nm. The tip positions at which the
three example spectra where taken are marked with crosses of corresponding colour. The arrows next to
the inset indicate the order in which the points of the grid have been recorded.
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From the lateral dependence of the light emission at constant current, different effects
will be demonstrated in the following. Of those, the influence of the LDOS of the final
states on the inelastic tunnelling probability is by far the most dominant. It is reflected
in the maps in the form of standing wave patterns, the reduced intensity directly at
the step edges and is probably also responsible for the prominent intensity difference
between the substrate and the islands. On the other hand, the variation of the cavity
formed by the tip and the sample when moving the tip across the sample is respon-
sible for a resonance shift at the step edges, which could be observed for different
step heights for the first time. Finally, possible variations of the electromagnetic cavity
caused by different dielectric functions at the surface will be discussed.

5.2.1 Friedel oscillations
Electronic states in isochromatic photon maps

In isochromatic maps of the photon intensity, standing wave patterns with a wave-
length of approximately 1 nm are observed. This is exemplarily shown in Fig. 5.5, in
which three areas of interest have been extracted and are displayed in the middle row.
The standing waves emerge on the Cu area at step edges and surface impurities, and
on the islands. This is no plasmonic feature but resembles standing waves of the elec-
tronic surface state, so-called Friedel oscillations, which form because of partial reflec-
tion of incident electron waves and interference between the incident and reflected
waves. The LDOS p therefore exhibits oscillations close to scattering centres, which
can be shown to follow the form [175]

P(E(K), x)= po (1 Jo(2k x)) (5.1)

for reflections at a hard wall. In this, J; is the zero-order spherical Bessel function and
x the distance from the step edge. This is a well-known effect in STM and was observed
in STS measurements of clean surfaces [173, 174] and also Co islands on Cu(111) [221,
241]. The interference pattern on the islands is additionally subject to quantum con-
finement due to their small size, and the wavelength can only take discrete values.
For comparison, a map of differential conductance was recorded at the same location
where the photon map was taken, see Fig. 5.6. The differential conductance is related
to the LDOS at an energy of e V above the Fermi edge, and the standing waves imaged
in this map resemble the ones seen in the isochromatic map in Fig. 5.5.
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Figure 5.5: Extraction of the standing wave patterns from isochromatic maps, demonstrated for the map
of the added intensity from 635 to 645 nm.

The reason why these variations of the LDOS manifest in the photon maps is that the
number of available final states modifies the probability for inelastic tunnelling and,
therefore, the light emission intensity [29]. Energy conservation dictates for the ener-
gies of the initial and final states of a tunnelling electron if it excites a plasmon with
energy iw

Efinal = Einitiat — 0. (5.2)
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Figure 5.6: Demonstration of the Friedel oscilla-  Figure 5.7: Relevant energy levels for photon emis-
tions using elastic STS. This map of the differential ~ sion from inelastic tunnelling at positive sample
conductance was recorded with the lock-in mod-  bias. The probability for inelastic tunnelling scales
ule at a modulation voltage of 20 mV, a direct volt-  with the available final states 71w below the elastic
age bias of 0.2V and 1 nA of tunnelling current. A channel.

Gaussian filter was applied to the image for clarity.

At positive sample bias, the emitted light intensity P at a certain photon energy —
which equals the plasmon energy 7iw — is proportional to the inelastic portion of the
tunnelling current from the tip into the respective final states of the sample, which in
turn depends on the LDOS p of the available final states

P(lw) o< jinei( Einitial = Einitial — @) 0< P (Ejpiia — A w), (5.3)

whereas ji,o makes up only a small part of the total tunnelling current, such that vari-
ations of the branching ratio of the elastic and inelastic tunnelling channels cannot be
observed in STM topographs. Assuming that only electrons at the Fermi edge of the
tip contribute to the tunnelling current, ie., all tunnelling electrons are initially at

Einitia1 = EF, tip = EF, sample +eV, (5.4)

which is the situation sketched in Fig. 5.7, then the emitted intensity at a certain photon
energy directly reflects the LDOS of the available final states at a fixed energy

P(hw) o< p(Efina = EF,sample +eV—hw). (5.5)

Therefore, the spatial distribution of the LDOS of the final states can be probed in this
single measurement at a wide range of energies by rendering isochromatic maps for
different photon energies. The assumption in Eq. 5.4 is unusual in STM, though, and
only justified if the LDOS of the tip has a sharp maximum at the Fermi energy. Usu-
ally, it needs to be considered that also electrons below the Fermi edge contribute to
the tunnelling current. Schull et al. [121] have already observed Friedel oscillations
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in STML measurements and they needed to correct the relation between the photon
energy and the energy of the final state for precisely these contributions. In the follow-
ing, it will be shown that this correction proves unnecessary here and the approxima-
tion in Eq. 5.5 holds well for this experiment.

Coherence length

The standing waves on the copper substrate are best observed at the upper terrace
of a step edge. At the lower terrace, the first intensity maximum is obstructed by the
more pronounced intensity minimum caused by the step edge effect, and the Friedel
oscillations are known to be more pronounced on descending step edges [175, 245].
Therefore, a profile of the light intensity was extracted at an upper terrace from an
isochromatic map shown in Fig. 5.8. Compared with the purely electronic STS mea-
surement in Fig. 5.6, it strikes that the coherence length of the imaged standing waves
is much lower in the photon maps, particularly on the Cu substrate.

For once, the Bessel function itself decays with 1/4/x, but the coherence length is ulti-
mately limited by inelastic electron-electron scattering, which reduces the mean free
path of the electrons in the surface state and, thus, destroys coherence. This mani-
fests as an additional exponential damping term [245]. This effect is, however, preva-
lent at much higher energies. For electrons in a surface state at 1 eV above the Fermi
edge, coherence lengths of 18 nm have been reported on Cu(111) [245], and the STS
measurement in Fig. 5.6 and the photon maps presented here probe the surface states
at much lower energy where the lifetimes are longer. Therefore, decoherence due to
electron-electron scattering can be neglected in the following in light of other limiting
effects.

At lower electron energies, the damping of the LDOS oscillations is usually ascribed
to the limited energy resolution of the measurement, because a range of states with
different wavenumbers is imaged at the same time. The coherence length scales with
the wavenumber spread according to I, ~ Ak™! [174, 175] because the different wave-
length components de-phase at increasing distance from the scattering centre. This
can also be modelled with an exponential damping term. The differential conduc-
tance map in Fig. 5.6 was recorded with a bias modulation amplitude of 20 mV, which
determines the energy resolution of this measurement. This translates to a wave-
length spread of Ak = m*AE /(1?k) ~ 0.04nm™ according to the dispersion relation
of the copper surface state determined by Pietzsch et al. [221], and thus to an expected
coherence length of 25 nm. A quantitive comparison will be omitted here because the
probed area features too many scattering centres close by to allow the undisturbed
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Figure 5.8: Friedel oscillations on an (a) isochromatic map integrated from 630 to 650 nm, (b) profile
taken along the arrow in (a) averaged over 6 adjacent lines, fitted with Eq. 5.6. The inset illustrates the
shape of the Fourier transform of these oscillations.

formation of the standing waves over such a long distance. But considering that the
interference pattern forms nicely across the entire substrate area, this figure seems
plausible.

In the photon map in Fig. 5.8, the energy spread is 61 meV from the photon energies
over which the isochromatic map is integrated. Another 22 meV have to be added
because of the detector resolution. Yet another contributing factor might be the energy
distribution of the tunnelling electrons, but temperature-related smearing effects are
much lower than that at 4.4 K, and the assumption in Eq. 5.4 is considered to hold pre-
cisely for now, which will be justified later. A worst-case estimate for the energy resolu-
tion therefore yields AE ~ 83 meV, which corresponds to a momentum spread of Ak ~
0.14nm™! at the observed energy. This is similar to observations at room tempera-
ture, where the thermal energy spread is at full-width half-maximum 3.5k T =89 meV
[175]. This would let one expect the coherence length to be limited to /. ~ 7nm.

This expectation is now compared with the measurement. In Fig. 5.8(b), a profile of the
imaged oscillation is extracted at a spot where it is best visible and three to four wave
trains can be observed. The distance dependence of the intensity is fitted according to
Eq. 5.1 with an additional exponential damping term

I(x)=A- (1 — Jo(2k(x — X)) - exp (—x ; x(’)) + 1, (5.6)

c
It is noteworthy that this equation only applies to straight one-dimensional edges,
and the spot chosen for the profile is not ideal due to the short length of the edge
and other scatter centres close by. Still, it is the largest unobstructed descending step
edge on the map and, in fact, the only spot on any map where the signal-to-noise ratio
was high enough for the fitting procedure. The fit yields a damping length of merely
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I, ~ (1.7 £0.2)nm, which is consistent with the observed standing waves around the
other step edges and point scattering centres, which never exhibit more than a few
wave trains. One could argue that the determined value is too small because the evalu-
ated step edge is short and can only be approximated as a one-dimensional reflecting
barrier from short distances, and looks like a point scattering source from afar. But
since the obtained coherence length is similar to the step length, this correction is
not substantial enough to explain the deviation from the expected 7 nm. An apparent
coherence length of 1.7 nm would correspond to an energy spread of 330 meV, which
is inconsistent with the previous considerations.

Apparently, either the physical coherence length of the surface states is drastically
reduced due to an unaccounted for scattering process, which only affects STML exper-
iments, or there is an additional unidentified effect which affects the apparent coher-
ence length in the photon maps, i.e., an experimental shortcoming. A possible mech-
anism for a physical limitation would be inelastic electron-plasmon scattering, which
is almost invisible in regular STS because the lifetime of a gap plasmon (femtosecond
range [70, 71]) is much shorter than the average time difference between individual
tunnelling events at currents around 1 nA (order of 100 ps). Therefore, only those elec-
trons that excite a plasmon can also subsequently interact with it. When recording
STS maps, this applies to only about 1 % of the involved electrons and would result in
a minor correction to the mean relaxation time, provided the tunnelling bias is high
enough to excite any plasmons, which is usually not the even case. In contrast, this
inelastic fraction of the tunnelling current is the only contribution to the light sig-
nal detected in STML. Therefore, the coherence length of observed Friedel oscillations
might be a probe for electron-plasmon scattering in an STML measurement, but not
in STS.

This hypothesis appears unlikely, though. First, the standing wave patterns of the
surface state have only been reported in one other STML study, so far [121]. In this,
the authors investigated a Au(111) surface and observed long-range oscillations of
the LDOS with low damping. Considering their similar electronic structure, it seems
unreasonable to assume that a scattering process, which is dominant on Cu(111), can-
not be observed on Au(111). Second, the interference pattern exhibits confinement
behaviour on the Co nano-islands leading to a discrete wavenumber spectrum, which
is shown later. This indicates that the physical coherence length of the involved elec-
tronic states is actually at least in the order of the island’s size, so a dominant electron-
plasmon scattering process can also not be confirmed for the Coislands. Thus, it seems
more likely that there is a yet unknown factor which affects the apparent coherence
length on the Cu(111) surface. Two major differences between this measurement and
the one by Schull et al. are a higher bias voltage (2.4 V vs. 1.7 V) and a significantly lower
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current (1.5 nAvs. 300 nA), whereas the current should be irrelevant in this regard. The
lifetime of the final state should also not depend on the energy of the initial state, thus,
the different bias voltages can also not explain this discrepancy.

Dispersion relations

On a single isochromatic map, the energy of the imaged states is known from Eq. 5.5,
and the wavenumber can be determined from the periodicity of the imaged interfer-
ence patterns. This yields one point of the dispersion relation E (II_él) of the involved
surface states. By applying this procedure to different maps which integrate over dif-
ferent sections of the optical spectrum, the dispersion relation can be extracted within
a certain energy range. In the following, it will be explained how the wavenumber is
extracted from the isochromatic maps. Then, the obtained dispersion will be com-
pared to STS measurements from the literature.

As already indicated in the bottom row of Fig. 5.5, the 2D Fourier transform (FT) of the
extracted regions of interest is used to determine the periodicity of the Friedel oscilla-
tions, which is a common technique [246]. The advantage of using the FT over extract-
ing profiles such as in Fig. 5.8 and fitting them with an appropriate function, is that the
FT evaluates the entire picture and, as a consequence, provides a much higher signal-
to-noise ratio. This is an important aspect because the fitting procedure requires a
good signal-to-noise ratio and was only successful in the area extracted in Fig. 5.8 on
a map of the brightest part of the spectrum. The FT, in contrast, also yields plausible
values for the wavenumbers on the maps featuring low intensity, as will be shown later.
Note that the term wavenumber was not used in a precisely defined fashion so far. In
the following, wavenumbers g will refer to the inverse of the wavelength g = A~! and
angular wave numbers will be denoted as k =2mng.

Before extracting any wavenumbers, the recorded maps first need to be corrected for
the small, but noticeable drift which occurred during the measurement. As the actual
drift trajectory cannot be recorded during such an experiment, the next best approx-
imation is to assume a constant drift velocity 7 such that drift corrected image
resembles a regular STM image of this area. The best match was achieved by assuming

a drift velocity of
N —82.8 _
Vdrift:( 88 )pmh g (5.7)
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A=(590 - 600) nm (635 - 645) nm (730 - 740) nm
fiw = (2.067 - 2.101) eV (1.922 - 1.953) eV

2g = 0.97 nm’!

2g = 0.71 nm’! 2q = 0.82nm’! 2g = 0.94nm’!

Figure 5.9: Extracted wavenumbers from Fourier transformed isochromatic maps integrating over differ-
ent photon wavelength ranges. The top row represents the transform of the masked Cu area, the bottom
row contains the FT maps of the lower Co island, see Fig. 5.5.

This is a little higher than the determined long-term drift in Sec. 4.1.3, but still only
amounts to a total position shift of 2.6 nm within the entire measurement time. The
original and corrected images are put side by side in the top row of Fig. 5.5, and after
cropping the corrected image to arectangular shape, the change is barely noticeable.

It is necessary to identify the expected feature in the FT which corresponds to the
periodicity of the observed interference patterns. For this purpose, the FT of Eq. 5.6
is included in the inset of Fig. 5.8(b), which exhibits a counter-intuitive behaviour.
Instead of a pronounced peak at the wavenumber of interest, this FT is almost flat at
all wavenumbers below it and then drops. Generalised to two dimensions with waves
along all directions — like point scattering or a mix of edge scattering in different direc-
tions across the image — the FT is expected to show a solid disk. This matches the
observed pattern in the FT of the light intensity on the copper area, see the top row
of Fig. 5.9. The lower island comprises a resonator in which the interference pattern
exhibits wave trains parallel to the island edges. Therefore, only lines in three distinct
directions are observed in the FT, see the bottom row of Fig. 5.9. The inhomogeneities
on the top island, however, provide so many scattering centres that the wave pattern
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5 Plasmonic light emission from Co nano-islands on Cu(111)

is too disturbed to extract a clear boundary in the FT, as apparent from the right image
in the bottom row of Fig. 5.5.

For extracting the dispersion relation, 26 isochromatic maps were rendered which
cover the wavelength range from 590 to 740 nm. The interval between each map is
5nm up to 700nm and 10 nm from then on, and each map integrates over a wave-
length range of 10 nm. For each map, the same mask was used to cut out the Cu area
and lower Co island, and their 2D FT was calculated using the software Gwyddion. In
Fig. 5.9, examples for these FT maps are presented at the very beginning and end of
the probed range as well as in the middle. This demonstrates that the features in the
FT ascribed to the periodicity of the Friedel oscillations can clearly be distinguished
throughout the probed range, and it is apparent how the disk respectively the lines on
the FT maps expand with decreasing photon energy. Of the three lines visible on the
FT of the Co island, only the line starting at lower right going to upper left was evalu-
ated, see the inserted arrows. This is because the horizontal line is poorly pronounced
due to a disturbance of the left edge of the island, and the line going from lower left to
upper right overlaps with an artefact caused by the shape of the cut-out, and is there-
fore difficult to gauge.

The extracted diameter of the disk respectively total length of the line in the FT maps
correspond to 4q. As the FT is symmetric with respect to the origin in the centre of the
FT map, the periodicity of the wave patterns is reflected by the radius of the disk and
half of the length of the line, so 2g. The reason for the remaining factor two is that the
LDOS is proportional to the square of the wavefunction [¥|?. ¥ oscillates with g and,
therefore, the LDOS oscillates with 2g and the values given in Fig. 5.9 are given with
respect to that. It was verified that this technique is consistent with the determined
wave number from the fit in Fig. 5.8(b).

(@ 1 T T T T b) 1 T T T T T

Cu area Nano-island

2.6 2.8 3 3.2 3.4 3.6 2 22 24 26 28 3 3.2
k (nm™ k (nm™

Figure 5.10: Extracted dispersion relations of the surface state on the Cu substrate and the bottom trilayer
Co island (black squares) compared to the published dispersions by Pietzsch et al. [221] (red lines).
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5.2 Photon map

In the literature, it is common to specify the dispersion in terms of angular wavenum-
bers k. So in Fig. 5.10, the extracted dispersion is converted to those and compared
with the dispersion relations reported by Pietzsch et al. [221] as measured by STS. Note
that the reference curve for the Co island was measured on a bilayer island, whereas
the dispersion presented here was obtained from a trilayer island. The only available
reference curve of trilayer islands from Diekhoner et al. [241] indicates a small shift
of the dispersion to higher energies compared to bilayer islands, but the data pre-
sented in this publication exhibit high spread and poor statistics, and are, therefore,
not considered.

The surface state dispersion on the island shows a discrete spectrum with essentially
only three allowed wavenumbers within the probed energy range due to the small
size of the island. Pietzsch et al. investigated a considerably larger island and, thus,
obtained smaller steps in their dispersion. Apart from this obvious detail, the values
from the luminescence measurement are in remarkable agreement with the reference
curves for both the Cu area and the Co island. This finally serves to justify the ear-
lier approximation in Eq. 5.4, namely that the initial state of the tunnelling electrons
is narrowly distributed around the Fermi edge of the tip due to a lucky circumstance.
Schull et al. [121] needed to account for significant contributions of electrons below
the Fermi edge to understand their extracted dispersion. This correction is substantial
and seems to be inapplicable to the data presented here.

5.2.2 Step edge effects

In the following, a different approach will be followed to evaluate the lateral varia-
tion of the luminescence signal. The light signals obtained from each point of the grid
were corrected for the detector response and fitted with a triple-Gaussian in order to
obtain maps of fitted parameters, in analogy to the procedure in Sec. 4.2.3. As demon-
strated in Fig. 5.11, this function faithfully reproduces the curve. However, a fully
parametrised triple-Gaussian fit comprises many, partially correlated degrees of free-
dom. This applies particularly to the small middle peak in Fig. 5.11, which is not well
separated from the main peak. In the fit, the position and width of the middle peak
are therefore correlated with the position of the main peak, and when fitting a noisy
curve, nearly degenerate solutions to the minimisation problem will emerge with dif-
ferent values of the correlated parameters. Therefore, meaningful values cannot be
determined for all of those parameters from noisy curves at the same time. A simple
workaround to this problem is to select the parameter with the most prominent influ-
ence on the curve as a figure of interest, and fix other correlated parameters with minor
influence on the curve during the fit. Accordingly, the position and width of the small
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Figure 5.11: Corrected light emission spectrum recorded on the uncovered copper area (black line) with
triple-Gaussian fit (red line) and the constituent single Gaussians (blue, green, and purple lines).

middle peak in Fig. 5.11 were fixed at the same, reasonable values during the fit pro-
cedures of all obtained spectra, in an attempt to extract the shift of the main peak as
precisely as possible. As a result, the uncertainties for the extracted main peak posi-
tions — as calculated by the used SciPy routine — were between 0.3 and 0.4 meV on
the areas of the substrate and the nano-islands which were sufficiently far away from
the step edges, and around 1 meV at the step edges. It shall be noted that the resolu-
tion of the detection setup is far worse than that, in the sense how close two individual
peaks can be and still be resolved separately. But the position of a single peak can still
be determined much more precisely if it can be fitted with an appropriate function and
the signal-to-noise ratio is sufficiently high.

The result of the fitting procedure is presented in Fig. 5.12 in the form of maps for
the main resonance’s centre energy and intensity. Two artefacts are apparent in those
maps and have to be addressed first. At the spots marked by the red circles in Fig.
5.12(a), the intensity directly at the step edge is up to four times higher than on the
Cu area. This was caused by an instability of the feedback loop during the measure-
ment which resulted in a very high average tunnelling current when passing over step
edges of four atomic layers in a certain direction. And the white arrow in Fig. 5.12(b)
indicates a minute tip change which is characterised by the fact that all data points
recorded afterwards exhibit a slightly lower peak energy, resulting in a slim stripe on
the left of the maps which was omitted for all following analyses. This demonstrates
how easily tip changes are identified in such maps, and no other tip change could be
found in them.
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Fitted intensity (a.u.) Peak shift (meV)

Figure 5.12: Maps of the fitted parameters for the main peak’s (a) intensity and (b) energy shift relative
to 1.93eV. The red circles in (a) mark spots of irregularly high intensity caused by a instability of the
feedback loop. The white arrow in (b) indicates a minute tip change, which is clarified by applying a
different contrast to the inset area.

Interestingly, the Friedel oscillations are well visible in the map of the peak shift, which
also demonstrates the sensitivity of this approach. This is not to be understood as a
shift of the electromagnetic resonance of the gap cavity because that is only affected
by the average charge carrier density within the plasmonic confinement range, which
is larger than the variations of the LDOS. Also, the imaged surface state is unoccupied
and does not even affect the charge carrier density. The origin of this contrast is rather
that different sections of the optical spectrum are excited with different probability
depending on the LDOS directly at the apex of the tip which causes an apparent peak
shift as well.

The location where the photon map was taken provides a unique opportunity to test
different ideas from the literature regarding the influence of step edges on the light
emission. Within one map, there are step edges with one, two, three and four atomic
layer heights as indicated by the arrows in Fig. 5.13(a). As already mentioned in Sec.
4.2.3, Aizpurua et al. [54] have observed a blue-shift when approaching a descending
step edge, and a red-shift once the tip has passed the edge and is located on the lower
terrace. Their interpretation is sketched in Fig. 5.13(c). The highly confined tunnelling
current 7determines the vertical tip position but the electric field E(t) of the plasmon
is less confined and, as soon as the tip is placed close to a step edge, stretches over the
edge and experiences an average increase of the gap width. Analogously, when the tip
is placed at the lower terrace close to the edge, the averaged gap as experienced by the
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5 Plasmonic light emission from Co nano-islands on Cu(111)

plasmon is decreased. It can be demonstrated here for the first time that this effect is
amplified for multi-atomic step edges.

The profiles in Fig. 5.13(b) where taken along the same lines in the maps of the topogra-
phy, peak position and fitted intensity, and aligned such that x =0 indicates the onset
of significant vertical downwards movement of the tip. The vertical tip position in the
upper panel was offset for clarity, such that the middle of the step is at Az = 0 for all
profiles. Directly in front of the edge, a small protrusion can be seen in all topography
profiles, indicating the edge states [55]. Due to the curvature of the tip, higher steps are
imaged wider so that the lower terrace is reached at higher distances x.

(b)
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Peak shift (meV)
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Figure 5.13: Progression of the main resonance shift and emission intensity on step edges of different
heights. (a) Peak shift map from Fig. 5.12(b) and arrows indicating where the profiles for topography,
peak shifts and emission intensity in (b) were taken. (c) Illustration of the cavity geometry when the tip is
placed at the top of a descending step edge. (d) Spatial distribution of the integrated LDOS at a step edge
including the edge image state causing the decrease of light emission.
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5.2 Photon map

The progression from blue-shift to red-shift upon passing the step edge is reproduced
in the middle panel. It is evident how these shifts are amplified when probing higher
steps, corroborating the interpretation of geometrically altering the cavity. Also, the
maxima of the blue-shift precisely coincide with the maximum of vertical tip displace-
ment due to the edge state for all profiles because the overall tip-sample separation is
highest at these points. The maxima of the red-shift, in turn, are laterally shifted for
the different profiles according to the delayed arrival of the tip at the lower terrace.
In between, highly localised dips were visible in the map taken on Au(111) discussed
in Sec. 4.2.3, which are not present in Fig. 5.13(b), so that the profiles presented here
reproduce the expected behaviour of the cavity with no additional influence caused by
the tunnelling probability.

From the distance from the step edge at which the blue-shift sets in, it can be esti-
mated that the gap plasmon was confined to a radius of approximately 1.5 nm in this
experiment. This is an exceptionally strong confinement and comparable to the one
reported in [54], which finally demonstrates the usability of the DLW mirror tips also
in this aspect.

Another well-known effect related to step edges is the drastically reduced emission.
Two explanations for that have been discussed in the literature, so far. The tunnelling
current always flows where the tip and the sample are closest to each other, and on a
step edge, this is between the side of the tip apex and the side of the step edge. There-
fore, Berndt and Gimzewski [29] concluded that the direction of the tunnelling current
is not aligned to the oscillating dipole mode of the plasmon if the tip is placed above a
step edge which reduces the excitation probability. As already mentioned in Sec. 4.2.3,
this interpretation was later discarded and the reduced intensity was finally attributed
to the LDOS of the available final states in the step edge image state [55]. The edge state
often provides alow LDOS at low energies — which serve as final states for the inelastic
tunnelling — and a higher LDOS at higher energies, so that the edge appears higher in
STM topographs when scanning with high bias voltages. This explanation also allowed
to reproduce the asymmetry of the observed intensity trough in line scans with high
spatial resolution. This asymmetry is also visible in the bottom panel of Fig. 5.13(b),
where the slope on the left side is smaller than on the right side of the dips. It is also
apparent that the intensity minimum does not scale with the step height, which rules
out any geometrical interpretation. Also, the intensity already decreases when the tip
is placed directly above the edge state as indicated by the bulge in the Az profile in
front of the descent, in agreement with earlier findings [55]. Here, the direction of the
tunnelling current is still normal to the surface which permits to discard the idea that
the alignment of the tunnelling current and the plasmon is the dominant factor for the
reduced emission intensity.
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Figure 5.14: Comparison of averaged electroluminescence spectra obtained from the Cu area and both
islands. (a) Averaged spectra and (b) wavelength-dependent ratios of the spectra in (a).

Another observation in the lower panel in Fig. 5.13(b) is that the trough in the intensity
profile is wider for higher step edges. This does not mean that the edge state protrudes
further from the step for higher steps but is again explained by the curvature of the
tip. Even though this is not as important for the plasmon excitation, the tunnelling
current does in fact flow between the side of the tip and the side of the step until the
tip reaches the lower terrace. This situation is sketched in Fig. 5.13(d), and straighfor-
wardly explains how the curvature of the tip and the height of the step determine the
distance from the step along which the tunnelling current flows into the edge state.

In conclusion, the interpretations of Hoffmann et al. [47, 55] regarding the influence of
step edges on both, the resonance energy and emission intensity, also hold well when
applied to step edges of different heights.

5.2.3 Material dependent intensity

The main purpose of choosing a heteroepitaxial system was to investigate the material
influence on the light emission, and, indeed, the most obvious effect apparent from the
intensity maps is the intensity contrast between the Cu area and the Co nano-islands.
To quantify this contrast, all spectra recorded on the Cu area and the islands were sepa-
rately added, not including any spectra taken close to step edges or the contaminations
on the top island. Both resulting spectra which were integrated over the area of the
islands contain several million photon counts per bin around the intensity maximum,
and the integrated spectrum of the Cu area features at the maximum 4.5 x 107 pho-
ton counts per bin. Dividing the added spectra by the number of respectively included
data points yields the averaged spectra shown in Fig. 5.14(a), which exhibit virtually
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Figure 5.15: Comparison of reported dI/dV ratios and the observed intensity ratios. (a) Ratio of the
differential conductances on the copper substrates and bilayer cobalt islands taken from the works of
Diekhoner et al. [241], Pietzsch et al. [238], and Adam [247], (b) extracted light intensity ratios from Fig.
5.14(b) assigned to the energies of the final states of the inelastically tunnelling electrons according to Eq.
5.5. The energy is given with respect to the Fermi edge.

no noise due to the high number of detections taken into account, and allow precise
quantitative comparison. In Fig. 5.14(b), the averaged intensities from the different
areas are divided by each other for each photon wavelength. The intensity ratio of the
spectra from the two Co islands (black curve) is fairly independent of the wavelength,
starting around 1.5 at low wavelengths and almost linearly sloping to 1.2 at high wave-
lengths. In contrast, the ratios between the Cu spectra and the spectra taken on the
islands feature a pronounced wavelength dependence (red and blue curves). At low
wavelengths, the emission from the Cu surface is ~2.5 and ~3.5 times higher compared
to the respective islands. The ratio then features a local minimum at 616 nm followed
by a broad local maximum at 660 nm. At higher emission wavelengths, the contrast
between the various areas is lowest.

Considering the already mentioned influence of the LDOS of the final states on the
light emission, it is natural to also suspect it to affect the wavelength dependence of
the intensity contrast. To check this idea, the light intensity ratios at different wave-
lengths can be compared to energy-dependent tunnelling probabilities as determined
by STS. If the tunnelling probability into a certain end state is, for example, twice as
high on the Cu surface compared to a Co island, then the excitation probability for the
corresponding photon energy would follow the same ratio. Unfortunately, no spectra
of the differential conductance could be recorded on this sample before the tip config-
uration changed and the tip later ultimately failed.

However, owing to the popularity of the system, there are published STS spectra which
can be evaluated for comparison. The differential conductances obtained from the
Cu substrate and Co islands were extracted from the works of Diekhoner et al. [241],
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Figure 5.16: Differential conductances with the STM tip placed on top of the different areas, obtained
with the lock-in at a modulation amplitude of 40 mV. (a) STS spectra, (b) energy-dependent ratio of the
curves in (a) for comparison with Fig. 5.15(b).

Pietzsch et al. [238] and Adam [247], divided by each other and reproduced in Fig.
5.15(a). All curves differ regarding absolute numbers, which indicates that the influ-
ence of the tip’s electronic structure on the tunnelling matrix element is not negligible
even after division. This makes a quantitative comparison between different experi-
ments difficult, even more so considering that STS spectra reproduce the elastic tun-
nelling matrix element, whereas the light emission depends on inelastic transitions,
and the matrix elements for those are not necessarily the same. And so far, it has never
been tried to quantitatively ascribe the STML contrast of any heterogeneous system by
comparison to STS spectra. Nevertheless, one can recognise a similar overall shape on
all curves in Fig. 5.15(a) like in the observed intensity ratios in Fig. 5.14(b). To facili-
tate direct comparison, the photon wavelengths in Fig. 5.14(b) were translated to the
energy of the final states according to Eq. 5.5 and plotted again in Fig. 5.15(b). Strik-
ingly, the energies of the local minima and maxima of all presented curves are similar,
even though the local minima in the dI/dV ratios are less pronounced. Therefore, it
is tentative to ascribe at least the overall shape of the emission intensity ratios to the
differing tunnelling probabilities. The absolute values of the dI/dV ratios are, how-
ever, lower than the emission intensity ratios involving the bilayer island (red curve in
Fig. 5.15(b)).

In the literature, only STS spectra taken on bilayer islands have been published, so it
is unclear for now if the intensity difference between the bi- and the trilayer island is
also caused by the tunnelling probability. Therefore, differential conductance spectra
will be consulted in the following which were acquired from the spot where the photon
map was taken — but after the tip has changed. Three spectra were recorded with the
tip placed above the Cu substrate and both islands. At each of the three tip locations,
the tip was stabilised at a bias voltage of 2.5V and a tunnelling current of 2 nA, which is
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close to the tunnelling parameters used for the photon map. Then, the feedback loop
was switched off and the bias was varied while the tunnelling current and output of
the lock-in module were recorded. The latter is plotted in Fig. 5.16(a). As the electronic
structure of the tip plays an essential role in the tunnelling matrix element, differential
conductance spectra taken before and after arandom tip change may look entirely dif-
ferent. Therefore, it will be impossible to draw definitive conclusions in the following.
However, these STS spectra demonstrate the possibility that the energy dependence
of the tunnelling probability might have actually resembled the curve in Fig. 5.15(b).
At voltages above 350 mV, the measured differential conductance in Fig. 5.16(a) is the
same for all probed areas, in contrast to the published spectra. This indicates that these
spectra are dominated by the electronic structure of the tip at higher energies. At lower
bias voltages, however, the differential conductances taken on the Cu area and the top
bilayer island (black and red curves in Fig. 5.16) do roughly resemble the spectra from
the literature within the achieved signal-to-noise ratio. Thus, only the low-bias section
of Fig. 5.16(a) will be considered for further conclusions. There, the differential con-
ductance above the trilayer island is about 30 % higher compared to the bilayer island’s
spectrum, which is actually in rough agreement with the observed light emission ratio
in Fig. 5.14(b). Another striking observation is that the dI/dV ratios obtained with
the mirror tip in Fig. 5.16(b) quantitatively agree with the observed intensity ratio in
Fig. 5.15(b) at low energies. This demonstrates that the ratios observed in the intensity
contrast may directly reproduce the ratios of tunnelling probabilities. Therefore, it is
hereby proposed that the observed light intensity ratio in Fig. 5.15(a) is for the most
part caused by variations of the inelastic tunnelling probability. Accordingly, it is to be
expected that the lightintensity contrast between the Cuand Co areas is tip dependent,
which might be confirmed in future experiments.

Still, other effects might contribute to the intensity contrast. For example, it also needs
to be considered that the tip-sample separation in the constant current mode is gen-
erally not the same on different surfaces. An experiment to determine the tip distance
like in Sec. 4.2.2 could not be performed with this tip, but the inter-atomic distances of
the Co layers within the nano-islands as measured by low electron energy diffraction
can be compared with the apparent height in STM topographs. The results of Figuera
et al. [234] indicated a layer distance of 2.07 A, such that the geometric height of the
two islands amounts to 4.14 A and 6.21 A. The apparent height of the islands in STM is
3.9A and 6.0 A. Therefore, it can be concluded that the tip is approximately 0.2 to 0.25 A
closer to the surface when it is placed above the islands. This increases the electric field
enhancement and, therefore, the charge carrier coupling, leading to an increase of the
emission and a red-shift. Berndt et el. [30] and Aizpurua at al. [54] have investigated
the distance dependence of the photon yield on Cu(111) and the resonance shift on
Au(111), respectively. Applying their results to a decrease of the tip-distance of 0.25 A
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yields an expected intensity increase of 1.6 %, which can be considered negligible, and
a red-shift of 1.5 meV, which will be discussed later.

So far, the dielectric function of the involved materials has not been addressed. It can-
not be expected that the dielectric function of a few atomic Co layers matches the bulk
behaviour, so first one would need to know the dielectric function of the thin film,
which is not accessible in STM. However, one figure closely related to the dielectric
function is the charge carrier density, and this is accessible at the surface by STS, at
least in a comparative fashion. Only electrons within an interval of £k T around the
Fermi edge can participate in collective oscillations. Therefore, the relevant charge
carrier density is the integrated LDOS around the Fermi edge, which can be qualita-
tively extracted from Fig. 5.16(a) at zero bias. It is apparent that this is significantly
higher on the Cu area compared to the islands, and also a little higher on the trilayer
island as compared to the bilayer island. So it can be concluded that there is a material
related variation of the dielectric function, and the cavity formed by the tip and the
Cu substrate is not electromagnetically equivalent to the cavity formed by the tip and
the nano-islands. However, it is unknown how much the change of charge carrier den-
sity directly at the surface affects the cavity properties. The essential question is how
deep the electric field of the gap plasmon penetrates into the sample and, thus, how
much of the underlying Cu substrate partakes in the collective electron oscillation if
the tip is placed above a nano-island. The skin depth of regular SPPs of a planar sur-
face is determined by the electrons’ capability to shield the electric field, and is in the
order of several 10 nm [248]. Theoretical predictions for the vertical confinement in
STML caused by the tip have only be published for rather blunt tips, indicating a ver-
tical extent of around 10 nm [249]. It is unclear for now if this is applicable to a sharp
tip like it was used for the photon map.

If the nano-islands make up a significant fraction of the total material that partakes
in the charge carrier oscillation, one would expect the resonance energy to shift. In
particular, a lower charge carrier concentration n leads to a decrease of the bulk
plasma frequency wp = +/ ne2/(me,), which would also decrease the gap plasmon
frequency according to Eq. 2.14. On the Co islands, therefore, a red-shift would be
expected adding to the small expected red-shift from the presumably reduced tip-
sample separation.

Evaluating the fitted peak positions in Fig. 5.12(b) across the three different areas
leads to the distribution histogram in Fig. 5.17, which reveals that no such red-shift
is observed. First of all, the observed shifts are so small that they are at the verge of sig-
nificance. The width of the individual distributions is largely due to the contrast from
the Friedel oscillations, and all distributions overlap. The distribution centres are less
than 1 meV apart, which is close to the determined fit uncertainty of 0.3 to 0.4 meV.
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Figure 5.17: Abundance distribution of fitted peak positions in Fig. 5.12(b) on the different areas. The
inset shows averaged spectra from the lower (red) and upper (black) copper terrace, demonstrating the
minute difference of peak energies determined by the fitting procedure.

Also, the peaks on the Co islands are shifted towards higher energy, if at all, so exactly
opposite to the expectation. It has previously been demonstrated how different pho-
ton wavelengths are excited with different probability due to variations in the inelastic
channel. The fact that the Friedel oscillations are visible on the map of the fitted peak
positions demonstrates how this effect also causes apparent peak shifts in the order
of 1 to 2meV. Therefore, it comes at no surprise that also differences of the LDOS
across the different materials cause an apparent peak shift. As long as the influence
of the cavity resonance is similar or smaller compared to the influence of the energy-
dependent excitation probability on the observed peak shift, one would have to know
the precise energy-dependence of the inelastic transition probabilities in order to dis-
entangle those two effects, which is a hopeless endeavour. Alternatively, much more
significant shifts would have to be observed in order to unambiguously ascribe them
to the variation of the electromagnetic cavity response, which apparently requires a
heteroepitaxial system with thicker islands. It can be concluded, that there is no sig-
nificant variation of the cavity properties among the Cu area and the Co islands, so
that this effect cannot significantly contribute to the observed intensity contrast.

Finally, the peak centre energies extracted from the Cu area aggregate to two distinct
peaks in Fig. 5.17, instead of one. It was found that those peaks correspond to spec-
tra from the lower and upper Cu terrace in the picture. To demonstrate that this is
not an artefact from the fitting procedure, all emission spectra were averaged for both
Cu terraces separately and compared in the inset of Fig. 5.17. The averaged spectrum
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from the lower terrace indeed extends further to lower wavelengths and is also slightly
brighter, whereas the right sides of the spectra perfectly align. This, for once, demon-
strates how well the fitting procedure works which was performed on the individual
noisy curves after all. Physically, however, different parts of the Cu substrate should
be equivalent and yield the same light emission, considering that the distance of the
probed areas from any cavity altering surface features such as step edges was consid-
erably larger than the plasmon confinement length. Due to the order, in which the
individual points of the photon map were recorded (column-wise from left to right),
one might suspect that the tip has slightly changed during the measurement. How-
ever, tip changes are easily recognisable in the maps, and no discontinuity other than
the one shown in Fig. 5.12(b) could be found. Therefore, either a series of tip changes
occurred, each of which too subtle to be identified individually, or different plasmon
modes which are hosted by the cavity provide different spatial resolutions, resulting in
minute variations of the cavity caused by surface features further away than the main
resonances confinement. However, this issue cannot be resolved with the available
data.

In summary, the only discussed effect which is capable of explaining the observed
intensity contrast is the variation of the inelastic tunnelling probability. No evidence
could be found that the material variation in the tunnelling junction had any measur-
able effect on the cavity resonance. This is surprising, considering that even with an
assumed skin depth of 10 nm, the cobalt content of the involved material in the sam-
ple was 4 and 6 % when the tip was placed above the different islands, respectively, and
the charge carrier density on the surface demonstrably varied across the substrate and
the islands. However, a large portion of the charge carrier oscillation occurs at the tip,
which was not altered during the experiment, which further reduces the contribution
of the nano-islands to the total optically active material.
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This thesis presented an innovative approach to collect light that is emitted from the
tunnelling junction of an STM, which involves an integrated mirror tip consisting of an
STM tip and a fully surrounding parabolic mirror, fabricated as one miniaturised part
using DLW. Thereby, the requirement of repeatedly aligning and focussing the collec-
tion optics in-situ is eliminated, resulting in a greatly reduced number and complexity
of additional components inside the STM in comparison to other STML setups. This
limits possible sources of error and improves the usability. The combined mirror tip
is small enough to couple the collected light directly into an optical fibre, thus, allow-
ing for a simple light transmission path to the detector and avoiding the disadvantages
related to free-space routing. Additionally, the alignment of the tip and the collection
optics cannot drift during the experiment because the light source and the collect-
ing mirror are always at the same, constant temperature. Combined with the excellent
long-term stability of the STM, this allows for unprecedented long-term measurements
during which the experimental conditions remain unchanged. This was demonstrated
by acquiring a photon map over the course of ~30 h with minimal tip drift and a highly
reproducible light signal, which is ten times longer than any other long-term measure-
ment reported in the literature.

The mirror tips are employed in a custom STM which was specifically designed and
assembled for this purpose and allows simple in-situ tip and sample transfers that are
done within minutes. The alignment of the mirror tip relative to the fibre is established
during tip changes by a modified optical ferrule installed in the scan head of the STM
and a fitting, modified mating sleeve on the tip holder. For handling in the UHV cham-
ber, the tip holders are placed on magnetic transfer plates from which they are simply
picked up by the scan head, whereas the mating sleeve ensures axial and vertical align-
ment without any further adjustments. The STM was integrated into a newly assem-
bled UHV machine with a JT style cryostat, which allows high sample-throughput due
to low cool-down times as well as continuous measurements at 1.3 K for up to 4.5 days.
This is the first STML setup which operates below 4 K and offers variable temperature
operation, which will be beneficial for molecular studies in the future.

The newly conceived and assembled STM was characterised and optimised with re-
gard to its long-term and short-term stability and proved very reliable, so far. For
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STM operation, the mirror tips were found to be fully functional, albeit more dif-
ficult to work with compared to etched metal tips due to frequent changes of the
atomic configurations at the tip apex and the limited lifetime of the metal coating. If
required, improvements of the STM performance and light emission properties could
be achieved by in-sifu dipping into the surface or applying voltage pulses to some
extent, and by reapplying the silver coat.

The mirror tips produced intense plasmon-mediated emission signals on Au(111) and
Cu(111) surfaces which were comparable to or higher than most published figures.
Still, the collection efficiency is not yet at its full potential and future optimisations
might increase the achievable detection rates even further. Also the repeatability of
the tip radius requires further optimisation as only few mirror tips featured the signa-
ture associated with narrow plasmon confinement, i.e., few resonances which are at
high energy. Two voltage maps were recorded on Au(111) that showed the light emis-
sion depending on the bias voltage at constant current. They demonstrated the dom-
inating influence of the tip shape on many aspects of the light emission due to the
interplay of the cavity resonances and the tip-dependent voltage-distance character-
istics. A spatially resolved photon map on Au(111) reproduced findings of the literature
regarding reduced emission intensity at steps and on adsorbates. The expected shift
of the cavity resonance at the step edge was only observed in one direction and set in
at a large distance from the step edges, indicating a low and possibly asymmetric plas-
mon confinement. The tip configuration has changed several times throughout this
measurement resulting in qualitatively different energy shift behaviour directly at the
step edge. One type of tip configurations produced a smooth transition of the reso-
nance energy across the step edge similar to reference measurements in the literature.
Another type resulted in a sharply localised red-shift, which was never observed before
and can be understood as a consequence of the energy-dependent excitation proba-
bility, which is different for different tip configurations.

The newly devised instrument was finally used to study the plasmon-mediated light
emission from Co nano-islands grown on a Cu(111) surface. This is the first STML
study of a heteroepitaxial system consisting of two metallic components, and light
emission could be observed from the bare Cu substrate as well as from bilayer and
trilayer Co islands side by side in a single experiment. This way, the material influ-
ence on the light emission could be studied under the same experimental conditions
in a comparative fashion, in particular ruling out variations due to tip changes. A sin-
gle high resolution photon map with high signal-to-noise ratio allowed to observe a
variety of effects which were, so far, never observed at once. As concluded from the
cavity alteration close to step edges, the employed mirror tip featured very high reso-
lution not only for STM imaging but also in the sense that the optically active area was
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confined to a radius of 1.5 nm. This greatly demonstrates the usability of the covered
polymer tips for STML. As the photon map was acquired across step edges of differ-
ent heights, it was furthermore observed for the first time how this geometric cavity
alteration amplified the associated resonance shift. Apart from these small resonance
shifts close to the step edges, the overall shape of the emission spectra was found to
be unaffected by the different materials. The emission intensity from the Co islands
was, however, reduced by a characteristic, energy-dependent factor compared to the
emission obtained from the Cu area. It was demonstrated by elastic spectroscopy that
the probability of the corresponding tunnelling transitions is very tip dependent, but
often follows a similar trend. Even though it was not possible to perform STS with the
same tip configuration that was present during the STML measurement, it is plausible
that the observed intensity contrast can be mostly attributed to variations of the excita-
tion probability. A comparison with STS spectra from the literature and one spectrum
after the tip has changed indicates that it might even be possible to find the quantita-
tive ratios of the emission intensities reproduced in corresponding spectra of the dif-
ferential conductance, which was never attempted before and might be a promising
approach for future studies.

Other potential influences on the light emission, such as the material-dependent tip-
sample separation and the different dielectric constants of Co and Cu, could be shown
to be negligible in comparison. The latter was concluded from the lack of a signifi-
cant energy shift of the gap plasmon if the tip was moved from the Cu substrate to the
nano-islands. The minute shifts that have been observed can be well explained by the
energy-dependent excitation probability, too. This means that three atomic layers of
alien material were not sufficient to significantly tune the electromagnetic response of
the gap cavity.

Additionally, it was observed that the emission intensity was modulated by Friedel
oscillations of the surface states of the Cu area as well as the Co islands, which has
been reported only once before on a Au(111) surface. Because different emitted pho-
ton wavelengths arise from inelastic transitions with different end states, isochromatic
maps at different photon wavelengths featured electronic standing waves with differ-
ent wavelengths as well. This allowed to quantitatively extract the dispersion of the
surface states on the Cu area and a trilayer island in a wide energy range in one single
measurement. The obtained dispersion relations agreed well with published disper-
sions obtained with STS, and the dispersion on the trilayer island exhibited a discrete
spectrum due to the lateral confinement.

With the y-STM, an entirely new and innovative experimental approach for collect-
ing photons from the STM junction was demonstrated. Its operation principle has the
potential to be the most efficient and most convenient design for this purpose once the
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beam collimation capability of the mirror and the stability of the tip coating are fully
optimised. In the future, this new instrument will be used to investigate the light emis-
sion from self-decoupling molecules in order to understand the required chemistry
for efficient electron-to-light conversion at the smallest scale, as well as the complex
interplay of the dynamics of conduction electrons in the metallic leads and transitions
between molecular states.
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