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1 Introduction

The wide range of functional properties of oxide materials from superconducting to semicon-
ducting and insulating properties makes them important for technical applications.[1] In the
past, a lot of studies have been done on bulk oxide materials with the first research on ZnO
dating back many decades.[2, 3, 4, 5, 6] The development of thin-film deposition techniques
has made it feasible to grow epitaxial thin oxide films on substrates.[7] The transition from
bulk oxides to oxide films and the reduction of the film thickness to a few monolayers
(ML, ultra-thin films) revealed functional properties depending on its thickness.[8, 1] Be-
sides the usage of ultra-thin oxide films on well-defined metal surfaces as model supports
for metallic nanoparticles[9] and as model systems in heterogeneous catalysis[10], they
themselves exhibit interesting properties deviating from their bulk properties originating
from confinement effects and electronic and structural interactions at the interface.[11, 12]
Nowadays, a large number of important applications of oxide films (including ZnO-based
materials) are already known such as heterogeneous catalysis, electronic devices, gas sensors
and optoelectronics.[10, 13, 14, 15, 12, 16, 17, 18] For instance, the heterogeneous catalyst
Cu/ZnO/Al2O3 plays an important role for the methanol synthesis.[19, 16] This wide va-
riety in applications of ZnO-based materials is originating from the attractive structural,
electronic and optoelectronic properties of ZnO such as the wide direct band gap (≈ 3.3 eV),
which can be tuned by doping, and the large exciton binding energy (≈ 60 meV).[6, 20]
Important physical properties which depend on the thickness are lattice constants, the band
gap, the work function and optoelectronic properties.[12, 21] Defects in the oxide films alter
the electronic structure and their properties.[6] In order to locally probe ultra-thin oxide
films and their properties, spectroscopic and imaging methods with high spatial resolution
in the Ångström range such as Scanning Tunneling Microscopy (STM) are applied.[22, 12]
Surface science was revolutionized by the invention of STM in 1981 by Heinrich Roher
and Gerd Binnig which was awarded the Nobel Prize in Physics in 1986.[23, 24] STM
enables the investigation of the surface morphology of conducting samples with very high
spatial resolution originating from the exponentially vanishing tunneling current between
the metallic tip and conducting surface.[25] By sweeping the bias voltage between tip and
surface, the local electronic structure of the surface sample is accessible (Scanning Tunnel-
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1 Introduction

ing Spectroscopy, STS).[26] By means of STM-induced Luminescence (STML), inelastic
electron tunneling in the STM junction can locally excite molecules or extended systems
whose luminescence is detected and analyzed with a high spatial resolution down to the
sub-nanometre regime.[27, 28, 29, 30] For instance, STML elucidates quasiparticles such
as localized surface plasmons (LSPs)[31, 30] and excitons in semiconductors[32], electronic
and vibrational structures[28, 33, 34], dipole-dipole coupling between monomers[35] and
energy transfer between molecules[36] and between a LSP and a molecular exciton[37].
The first ZnO layers on the Ag(111) surface with ordered domains have been prepared by
Kourouklis and Nix in the year 1994.[38] In the last decade, the topography and electronic
structure of ultra-thin ZnO layers on Ag(111) have been studied.[39, 40, 12, 41, 42] While
Pan et al. only observed the bilayer ZnO (2 ML) on Ag(111), Shiotari et al. observed also
trilayers (3 ML).[39, 40] Liu et al. measured the conduction band edge (CBE) at 1.8 V and
1.6 V for 2 ML and 3 ML, respectively.[42] The surface state of the bare Ag(111) becomes
an interface state (IS) in the ZnO/Ag(111) system at −0.2 V such that the transition
between IS and the CBE requires 2 eV and 1.6 eV for 2 ML and 3 ML, respectively.[42]
The IS to CBE transition of 2 ML and 3 ML ZnO on Ag(111) plays an important role
in TERRS (Tip-Enhanced Resonance Raman Spectroscopy) as chemical enhancement is
necessary to strongly enhance the signal.[42] A recent study of Liu et al. showed much larger
photo-currents on 3 ML ZnO compared to 2 ML ZnO with a 780 nm fs-laser (1.6 eV).[43]
The IS-CBE resonance in the 3 ML ZnO film was used to locally probe coherent phonons
with a spatial resolution of about 2 nm.[43] The understanding so far is that the coherent
phonons modulate the electronic structure of the 3 ML ZnO film and thus the probability
of the IS-CBE transition which has an influence on the measured photo-current.[43]
In this thesis, the light-matter interaction of ultra-thin ZnO films on Ag(111) has been in-
vestigated by means of low-temperature STML. The mentioned previous studies on TERRS
and nanoscale coherent phonon spectroscopy on ultra-thin ZnO films on Ag(111) indicate
a strong coupling between the localized surface plasmon of the junction and the IS-CBE
transition.[42, 44] Preliminary STML measurements of the group of M. Müller showed a
relative reduction of higher photon energies. Krane et al. observed only a plasmonic response
from the Au(111)-Au tip STM junction on the MoS2 monolayer on Au(111).[30] However,
the transition metal dichalcogenide on Au(111) exhibits no (occupied) interface state in the
band gap and the IS-CBE transition in ultra-thin ZnO films on Ag(111) promotes some
interesting physical behaviour.[30, 43, 42] Hence, the hypothesis is examined whether the
observed quenching of higher photon energies of the alleged plasmon might originate from an
energy transfer with the IS-CBE transition. Up until now, only the interaction of the local-
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ized surface plasmon of the junction with discrete (electronic) states of single molecules via
energy transfer resulting in fano lineshapes has been described in the literature.[37, 27, 45]
This investigation might also help to better understand preceding studies on ultra-thin ZnO
films on Ag(111) such as the mentioned study on coherent phonons and their excitation via
displacive excitation.[43]
The next chapter covers the theoretical background which describes the theory behind the
experimental methods and the system at hand. Following, the experimental details are
explained. In the fourth chapter, the results are shown and discussed starting with the
bias-dependent STML measurement on bare Ag(111) followed by bias-dependent STML
measurements on 2 and 3 ML ZnO at positive and negative bias voltages as well as spatially
resolved STML measurements. In the last part of the thesis, the results are summarized
and an outlook for further measurements is given.
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2 Theoretical Background

In the first section 2.1, Scanning Tunneling Microscopy (STM) is introduced alongside with
Scanning Tunneling Spectroscopy (STS, in 2.1.1), STM-induced Luminescence (STML, in
2.1.2) and plasmon-assisted resonant electron tunneling (2.1.3). The subsequent section 2.2
describes the plasmonic cavity of a Ag tip on Ag(111) with a description of the Ag(111)
surface (2.2.1) and general introduction on localized surface plasmons (2.2.2). The fourth
and last section 2.3 describes the state of knowledge on ultra-thin ZnO layers on Ag(111)
subdivided in atomic (2.3.1) and electronic structure (2.3.2).

2.1 Scanning Tunneling Microscopy (STM)

Scanning Tunneling Microscopy (STM) was invented in 1981 by Heinrich Rohrer and Gerd
Binnig who later won the Nobel Prize in Physics in 1986 for their invention.[23, 24] STM
revolutionized surface science due to its ability to image conducting surfaces with very
high spatial resolution in real space.[46, 47] One could even use the tunneling electrons to
locally probe the electronic and plasmonic structure and vibrational and optical properties
of surfaces and single molecules with high spatial resolution by means of Scanning Tunneling
Spectroscopy (STS) (see subsection 2.1.1) and STM-induced Luminescence (STML) (see
subsection 2.1.2).[26, 48, 31, 32, 33, 30, 28, 34, 37]
This high spatial resolution of conducting surfaces is achieved by exploiting the quantum-
mechanical tunnel effect and its exponentially vanishing tunnel current between a metal tip
and the conducting surface (see equation 2.3) if a bias voltage Vbias is applied to the junction.
The tunnel effect describes the ability of electrons to tunnel across a potential barrier which
is classically forbidden. Figure 2.1 exhibits the tunneling effect in one dimension with a
tip-sample distance d, the Fermi levels of tip and sample Et

F and Es
F, the work functions Φt

and Φs and the vacuum levels Et
vac and Es

vac. The electron wave function Ψ in one-dimension
for a rectangular barrier with potential Φ is given by

Ψ(d) = Ψ(0)e−kd (2.1)
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2 Theoretical Background

with

k =

√
2m(Φ − E)

ℏ
(2.2)

where m is the electron mass and E the energy of the tunneling electron.[46] The tunneling
current I is proportional to the probability distribution. Using eV as the unit of the work
function and Å as unit of the decay constant following relation is obtained[49]:

I ∝ exp(−1.02
√

Φ(eV )Å−1d). (2.3)

Figure 2.1: One-dimensional energy diagram of the quantum-mechanical tunnel effect: Elec-
trons tunnel from tip (t) to surface sample (s) with distance d. Denoted are the
vacuum levels Es

vac and Et
vac, Fermi energies Es

F and Et
F, work functions Φs and

Φt and the potential difference Vbias. Figure drawn according to [46].

Work functions of metals are typically around 5 eV.[50] Thus, the tunneling current decreases
by about one order of magnitude by increasing the distance d by 1 Å which renders the
tunneling current very localized under the tip apex.[50] A theoretical extension of the
tunneling current I to the three-dimensional STM junction for a small bias voltage can be
done by the approach of Bardeen[51] and the Tersoff-Hamann approximation[52, 53]:

I ∝ ρt(EF)ρs(r0, EF) (2.4)

with the density of states (DOS) of the tip ρt(EF) and the local DOS of the sample surface
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at EF and the position of the tip apex r0 given by[46]

ρs(r0, EF) =
∑

s
|Ψs(r0)|2δ(Es − EF). (2.5)

Thus, the tunneling current additionally depends on the LDOS of the sample surface.[46]
In order to obtain a two-dimensional image of the sample surface, the metal tip scans the
conducting sample surface in a grid with a certain distance while a bias voltage is applied
(see Figure 2.2). The requirement of a very precise control of the tip position is realized
by three piezoelectric elements as shown in Figure 2.2. The resulting tunneling current
is detected and amplified at each position. One has to distinguish two imaging modes:
constant height mode and constant current mode.[46] In constant height mode, the absolute
height is held constant which leads to a change in the distance between surface sample and
tip. This change causes a change in the tunneling current which is imaged. In the constant
current mode, the tunneling current is held constant by a so-called feedback loop. Thus,
the distance between sample surface and tip is similar at each position if the local DOS
does not vary across the scanned area. In this case the sample’s topography is obtained by
plotting the absolute height of the tip. Compared to constant height mode, a drawback of
constant current mode is the longer acquisition time due to the feedback loop. However,
the constant current mode and feedback loop can prevent the tip from crushing into the
sample surface which has e.g. step edges.[46]

Figure 2.2: Schematic principle of STM. A bias voltage Vbias is applied between a very
fine tip and a conducting sample surface with atomic distance which leads to
a tunneling current It. The tip is precisely positioned by three piezocrystals.
Figure drawn according to [46].
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2 Theoretical Background

STM is commonly operated under ultrahigh vacuum (UHV) conditions and at cryogenic
temperatures (Low-Temperature STM, LT-STM) because it is crucial to have a clean surface
and the drift of the piezodriven tip is reduced as well as the base pressure and the thermal
noise.[46]

2.1.1 Scanning Tunneling Spectroscopy (STS)

As seen in the previous subsection and in eq. 2.4, the tunneling current depends on the
electronic structure of the surface which enables us to probe the surface electronic structure
with high spatial resolution. By further elaborating eq. 2.4, the tunneling current for small
bias voltages can be obtained by integration over the electron energy, giving the following
equation

I(r0, V ) = 2π

ℏ

∫ EF+eV

EF
ρt(r0, E − eV )T (r0, E − eV )ρs(r0, E) dE (2.6)

with the transmission coefficient T which depends on the energy of the involved states,
the bias voltage, the sample-tip distance and the work functions of sample and tip.[46, 54]
Thus, the three parameters tunneling current, bias voltage and sample-tip distance are
interconnected. STS can be done by measuring the relation between two parameters
(f.e. bias voltage and tunneling current, I-V curves) and by keeping the third parameter
fixed (here the sample-tip distance).[54] Under the assumption of a constant tip DOS
and transmission coefficient in the voltage range, the tunneling current differentiated with
respect to the bias voltage (differential conductance) is proportional to the sample surface
local DOS at the potential difference eV :

dI

dV
∝ ρt(r0, EF)T (r0, EF + eV )ρs(r0, EF + eV ). (2.7)

Thus, the electronic structure of the sample surface is probed by determining the differential
conductance.[54] Fig. 2.3 exhibits the principle of STS schematically with sample DOS. By
changing the sign of the bias voltage, it is possible to not only probe unoccupied sample
states but also occupied sample states by applying a positive (Fig. 2.3 A) and negative
bias voltage (Fig. 2.3 B), respectively.[46] Experimentally, the differential conductance is
obtained by using a lock-in amplifier. The bias voltage Vbias is modulated with a sinusoidal
voltage Vmod with frequency ω:

Vbias = V0 + Vmod sin(ωt). (2.8)
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However, the modulation voltage Vmod has to be small with respect to V0. Hence, this
modulation causes a sinusoidal response in the tunneling current which can be Fourier
decomposed with respect to the frequency ω:

I(Vbias) = I0 + Vmod
dI(Vbias)

dV
sin(ωt) + 1

4V 2
mod

d2I(Vbias)
dV 2 sin(2ωt) + ... . (2.9)

Figure 2.3: Scanning Tunneling Spectroscopy (STS) with positive bias voltage to probe
unoccupied states of the sample surface (A) and negative bias to probe occupied
states of sample surface (B). Figure drawn according to [46].

The second summand (first harmonic) is proportional to the differential conductance ( dI
dV

).
The amplitude can be determined by lock-in detection. The electronic structure can be
probed by measuring the differential conductance in constant tunneling current mode such
that the feedback loop is on and the tip is retracted while the bias voltage is swept.[12, 54]
However, the signal obtained from the lock-in detection is not proportional to the local
DOS of the surface anymore because the gap distance changes. The obtained differential
conductance is proportional to dz

dV
.[12, 54] Compared to constant height measurements, a

much larger range of differential conductance signal can be measured in the constant current
measurement.[12] Stepwise changes in the spectra of constant height measurements appear
as peaks in the constant current measurements because when the DOS increases the tip
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is retracted by the feedback loop in order to keep the current constant.[12] There is also
the possibility to map the differential conductance by setting the bias voltage to a distinct
state and using lock-in detection. This can be done parallel to taking a constant current
topographic image.[46, 54]
Besides the elastic tunnel process, there can be inelastic electron tunneling caused by
excitation of vibrations (ℏω) of adsorbed molecules on the surface sample. The opening
of inelastic channels renders vibrational spectroscopy feasible (Inelastic electron tunneling
spectroscopy, IETS).[55, 56] As an inelastic channel opens, the differential conductance
increases slightly which is seen in the derivative of the differential conductance. In order
to determine this derivative, the third summand (second harmonic) is determined using
lock-in detection.

Figure 2.4: Schematic energy diagram of the STM junction with a bias voltage larger than
the sample’s work function. The first two FER states are shown in the triangular
potential which present the standing electron waves in the junction. Figure
drawn according to [54].

At high bias voltages when it exceeds either the tip or the sample work function, the STS
spectra show not only features of the samples DOS but also tunneling through field emission
resonance (FER) states which are the result of standing electron waves in the STM junction
as shown in Fig. 2.4.[22, 54] These FER states exist in a nearly triangular potential well
resulting from the crystal potential and the field potential from the bias applied (see Fig.
2.4).[22, 54] In the STS spectra (constant current measurement), the FER states appear as
a Rydberg-like series.

10



2.1 Scanning Tunneling Microscopy (STM)

2.1.2 STM-induced Luminescence (STML)

The first reports of light emission (luminescence) from a tunneling junction consisting of
two metallic electrodes separated by a thin oxide layer are from 1976[57] and from a STM
junction consisting of an iridium tip and polycrystalline tantalum from 1988.[58] As already
seen in the previous subsection, electrons can inelastically tunnel between the tip and the
sample surface and lose energy during electron tunneling (see Fig. 2.5). Although inelastic
tunneling is the bedrock of STML, the origin of the luminescence depends on the matter
in the STM junction. Inelastic electron tunneling in the STM junction can locally excite
localized surface plasmons (LSP), molecules and extended systems (excitons and vibrations)
whose luminescence is detected and analyzed with a very high spatial resolution down to
the sub-nanometre regime.[32, 33, 59, 27, 28, 29, 30, 34, 37]

Figure 2.5: One-dimensional energy diagram of the STM junction exhibiting elastic and
inelastic tunneling processes. Inelastic tunneling can excite the LSP of the
junction, excitons in semiconductors and single molecules adsorbed on the
surface. The detected luminescence originates from the radiative decay of the
excited states. Figure drawn according to [60].

The observed luminescence from a coin metal STM junction is broadband and the lumines-
cence’s cutoff matches the energy of the bias applied between tip and substrate.[59] Thus,
this quantum cutoff is determined by the bias voltage (see Fig. 2.6 (A)). The observed
luminescence originates from the excitation and radiative decay of the LSP of the STM
junction.[59] The broadbandness is originating from inelastic tunneling with transitions of
smaller energies.[61] LSPs generate strong field enhancement and are associated with the
collective oscillation of conduction electrons of sample and tip along the tip-sample axis
(more details on plasmons in subsection 2.2.2).[60, 31]
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2 Theoretical Background

Figure 2.6: (A) The luminescence (plasmonic response) shows a quantum cutoff at the bias
voltage (eVbias = Ehν). Additionally, it might be quenched above a shifted cutoff
(eVbias − ∆ECB) as observed by Krane et al.[30] due to a lack of DOS in the
band gap. (B) The energy diagram elucidates where the shifted cutoff originates
from.

By means of STML, Krane et al. investigated the electronic structure and band gap
of a two-dimensional semiconductor MoS2 on Au(111) with high spatial resolution.[30]
Their investigation comprised the measurement of STML spectra in dependence of the bias
voltage.[30] They reported that there is an additional shifted cutoff of the luminescence
by the conduction band edge (CBE) energy (eVbias − ∆ECB) due to a lack of DOS in the
band gap (see Fig. 2.6 (A) and (B)) of quasi-freestanding MoS2 nanopatches on Au(111)
whereas this shifted cutoff was missing for MoS2 on Au(111) due to inelastic tunneling
into the band gap.[30] The luminescence was ascribed to a purely plasmonic (extrinsic)
origin.[30, 61] Below the shifted cutoff, the inelastic tunneling rate is higher because of
a high DOS of MoS2 in the CB.[30] Above this shifted cutoff, the DOS inside the band
gap is low and thus the inelastic tunneling rate.[30] Hence, the final state of the tunneling
electron and the corresponding DOS determine the inelastic tunneling rate.[30] Schuler
et al. also observed a plasmonic (extrinsic) response due to inelastic tunneling into the
CB and additionally into discrete defect states on monolayers of WS2 on 2LG/SiC.[62]
Other studies on TMDs revealed intrinsic luminescence originating from the formation of
excitons and their radiative recombination.[63, 64] The formation of the exciton can be
caused by either energy transfer[63] or charge injection[64]. In order to excite excitons
via energy transfer, the bias voltage has to be equal or larger than the corresponding
transition (optical bandgap) independent on the polarity.[61] The requirement for excitation
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via charge injection is electron tunneling into the CB or from the VB of the emitting
medium.[61] Hence, there is a correlation between the electronic structure and observed
luminescence.[61] So far, only STML studies on TMDs have been discussed, but there are
also STML studies on thin oxide films on metal substrates.[29, 21] Stavale et al. reported
to not only observe the band recombination peak but also multiple peaks related to defects
in ZnO(0001̄)/Au(111).[29] They ascribed the hole formation in the VB and defect states
to the ionization by electrons from the tip.[29] Nilius et al. investigated the luminescence
of thin Cu2O films on Au(111) and observed an interesting bias dependence at positive
bias voltages.[21] At bias voltages matching the CBE of the thin Cu2O films a strong and
broad response was observed and above the CBE the STML intensity (integral intensity)
was reduced.[21] Nilius et al. ascribed this behaviour to tunneling into the CB of Cu2O
and radiative transition with initial states at the CBE and final states close the Fermi
level whereby the luminescence’s nature is plasmonic.[21] According to them, the CB states
near the CBE are more localized and have a higher recombination probability with holes
and hence are more light emitting.[21] At higher bias voltages the electrons tunnel into
more delocalized states which are then transported to the interface and into the Au bulk
(non-radiative loss).[21] Fig. 2.7 summarizes the observation on thin Cu2O films on Au(111)
and the explanation from Nilius et al.[21] Another way to reduce the plasmonic response of
the junction (integral intensity) is by opening new tunneling channels such as tunneling via
FER states observed in a Ag tip-Ag(111) junction by Martínez-Blanco et al.[59]
The detection of single-molecules (ultrasensitive spectroscopy) is only feasible due to the
LSP with its strong field enhancement (Purcell effect).[31, 65, 32, 66] In order to decouple
the adsorbed molecules from the metal surface, thin insulating films of NaCl have been
used.[35, 34] Doppagne et al. resolved vibrational features of the fluorescence of the
phthalocyanine molecule on NaCl/Ag(111) with a submolecular spatial resolution.[34] The
same molecule was used in studies to spatially investigate the dipole-dipole coupling between
multiple monomers resulting in a larger transition dipole.[35] Imada et al. showed that
STML is able to probe resonance energy transfer between a heterogeneous dimer.[36] They
reported in a different study that the LSP and a molecular exciton interact via energy
transfer (see Fig. 2.8) which results in fano lineshapes and showed the lateral distance
dependence.[37]
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Figure 2.7: (A) Tunneling into more delocalized CB states of the thin semiconductor film
which leads to non-radiative loss due to transport into the metal bulk. (B)
Tunneling into CBE states which are spatially more localized and show strong
luminescence. Figure drawn based on reference [21].

Figure 2.8: Schematic drawing of the plasmon-exciton interaction via energy transfer. The
transitions in the molecule are from ground state (G) to excited state (E). Taken
from reference [37].

2.1.3 Plasmon-Assisted Resonant Electron Tunneling in STM

Besides tunneling with electrons exhibiting energies around the Fermi level as depicted in
Fig. 2.1, plasmon-assisted tunneling is also observed in STM junctions.[31] As shown in
Fig. 2.9, plasmon-assisted tunneling of an electron is observed from an excited state of the
tip and the electrons tunnel through the potential barrier if an electronic state is available

14



2.2 Ag Tip on Ag(111) Surface: Plasmonic Cavity

at the corresponding energy.[31] Both channels compete with each other.[31]
Conducting STM experiments with optics for focusing light into the STM junction, Liu et al.
found the shift in the STS spectra of FER states (Rydberg-like electronic states) with and
without illumination of STM junctions consisting of a Ag tip or a Au tip on a Ag(111) surface
corresponds to the incident photon energy.[31, 22] Thus, plasmon-assisted resonant tunneling
for these systems is achievable through FER states in the STM junction.[31] By examining
the shift with both tips, various incident photon energies and p- and s-polarization, they
concluded that field enhancement from LSPs is fundamental.[31] This light-induced shift
can be used to characterize the plasmonic response of the Ag tip on the Ag(111) surface.

Figure 2.9: Energy diagram of the Ag tip-Ag(111) surface STM junction under illumination
with the incident photon energy (hν) and the first FER state (n = 1) shown.
The solid blue lines represent the electron wave functions. The bias voltage
(eVbias) fulfills eVbias = EFER, n=1 − hν where EFER, n=1 is the energy of the first
FER state with respect to the Fermi level. This figure was drawn according
to [31].

2.2 Ag Tip on Ag(111) Surface: Plasmonic Cavity

2.2.1 Ag(111) Surface

Silver (Ag) is a transition metal and crystallizes in a face-centered cubic structure (fcc struc-
ture) with a lattice constant of 4.079 Å.[67] The band structure of Ag close to the regime of
the Fermi level (EF) consists of a broad, nearly-free-electron-like s-p band which overlaps
and hybridizes with a narrow d-band complex.[68] As for an element of the 11th group,
the d-bands are full. The position of the d-band relative to EF is about −3.5 eV which
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2 Theoretical Background

makes interband transitions with visible light impossible.[68] Cutting the bulk such that the
(111) surface is exposed (as depicted in Figure 2.10), yields a hexagonal surface structure
(closest-packed surface) with an interatomic distance of 2.98 Å.[40] The step height of
Ag(111) is 2.36 Å.[40] The surface state of the Ag(111) surface is found close to the Fermi
level (EF) between −0.08 eV and −0.06 eV.[12] A clean Ag(111) surface has a work function
of 4.74 eV according to photoemission spectroscopy.[69] Due to silvers negative and complex
dielectric function, it supports strong surface plasmons in the visible light regime.[60, 70] If
the cutoff energy of the plasmons in STML is not determined by the quantum cutoff, it is
determined by the interband transition which is around 4 eV for Ag.[31, 71, 59]

Figure 2.10: Schematic drawing of Ag atoms (light grey) in fcc structure. Diagonal plane
represents (111) surface.

2.2.2 Localized Surface Plasmons

The collective oscillations of the electrons about the positive ions in the metal bulk are
termed bulk plasmons.[61] If the real part of the dielectric constant changes sign across the
interface, similar oscillations occur at the interface. These so-called propagating surface
plasmons are associated with collective oscillations of free conduction electrons which create
confined electromagnetic waves that propagate along the interface between a metal and a
dielectric as depicted in Fig. 2.11 (A).[60] As depicted in Fig. 2.11 (A), the electric field is
normal to the surface. They are non-radiative due to the exponential decay of the electric
field and do not couple to photons because the momentum of a surface plasmon is always
larger than of a photon with the same energy (momentum mismatch). However, defects on
the surface which break the symmetry or the interaction with tunneling electrons permit

16



2.2 Ag Tip on Ag(111) Surface: Plasmonic Cavity

the radiative decay.[60, 72]
Charge oscillations inside metallic nanoparticles are confined to its volume and hence called
localized surface plasmons (LSP). These localized surface plasmon modes intrinsically couple
to photons. By placing a nanostructure such as a metallic tip above a metallic surface,
the LSP of the tip and surface plasmon of the metallic surface hybridize and create LSPs
inside the STM junction (sometimes referred as gap plasmons).[61] So these LSPs in a
STM junction are collective oscillations of conduction electrons of tip and sample along
the tip-sample axis (see Fig. 2.11 (B)).[60] The resonance modes of the LSP are spatially
localized in the STM junction. These LSPs can be excited by either electrons or photons
and the corresponding luminescence from the radiative decay is broad in nature. The
structure of the STM tip apex and the dielectric properties of tip and surface have an effect
on the plasmon and the spectral characteristics of its light emission.[73, 74, 75, 59, 76]
Martínez-Blanco et al. showed that the LSP modes of a Ag tip on Ag(111) strongly depend
on the tip geometry.[59] Independent on the exact plasmonic structure, the intensity in a
STML spectra covers almost the whole visible light range.[31, 59] It has been shown that
the plasmonic structure of a STM junction can be manipulated by applying a focused ion
beam (FIB).[73]

Figure 2.11: Scheme of a surface plasmon propagating along the interface of a metal and
a dielectric which exponentially decays normal to the interface (A) and of a
localized surface plasmon (LSP) in a STM junction (B). LSPs shows strong
field enhancement. The electric fields are represented by gray lines. Figure
drawn according to [77].

The LSP shows enhancement in two processes: excitation and radiation.[78, 79] The
plasmonic field which can be excited by incident light, is strongly enhanced with respect to
the electromagnetic field of the incident light.[60] This strong enhancement is responsible for
the observed plasmon-assisted resonant electron tunneling in the Ag tip-Ag(111) junction
described in the previous section when exciting with p-polarized light.[31] Hence, the
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excitation rates are increased by many orders of magnitude.[60, 31] The light of the radiative
decay is also enhanced due to an increase in the decay rate by coupling to the LSP
modes.[60, 80] This is the so-called Purcell effect which describes the enhancement of the
radiative decay rate of an emitter in a resonator due to the high photonic DOS originating
from the LSP modes.[66, 81]

2.3 Ultra-thin ZnO Layers on Ag(111) (ZnO(0001)/Ag(111))

2.3.1 Atomic Structure

The wurzite structure (as depicted in Fig. 2.12) is the most stable structure of bulk ZnO
at ambient conditions.[6] The zinc atoms form a hexagonal close-packed (hcp) sublattice
while the oxygen atoms occupy half the tetrahedral sites. Each atom in bulk ZnO exhibits
a tetrahedral coordination. Bulk ZnO is a wide band-gap semiconductor.[6]
Kourouklis and Nix prepared the first ZnO layers via oxidation of Zn films on various silver
surfaces (low indices) and reported based on low-energy electron diffraction (LEED) that
ordered domains appeared just upon annealing to 500 K.[38, 40] The structure of the ordered
domains was similar to ZnO(0001) which is a polar surface with a dipole moment normal to
the surface.[38, 82, 40] The (0001) plane is also shown in Fig. 2.12.

Figure 2.12: Schematic drawing of the wurzite structure with the Zn atoms (dark grey)
forming a hcp sublattice and O atoms (red) filling half the tetrahedral sites.
The grey plane represents the (0001) surface.

Shiotari et al. studied the structure of ZnO layers on Ag(111) locally at 5 K using non-
contact atomic force microscopy (nc-AFM) and LT-STM.[40] The ultra-thin layers were
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grown on Ag(111) by the reactive deposition method based on a publication from Pan et
al.[39] Zinc is deposited on the Ag(111) surface at room temperature with a O2 background
(1 × 10−5 mbar) followed by annealing to 600 K.[39] While the results of Pan et al. based on
LEED, AES and STM suggested only the growth of bilayer ZnO (2 ML) on the Ag(111)
surface, Shiotari et al. suggested that under the same conditions also trilayers (3 ML)
are present.[39, 40] The apparent height of 2 ML ZnO is 3.8 Å and of the 3 ML ZnO
5.8 Å.[40] Kumagai et al. observed rare 4 ML ZnO under the same conditions with an
apparent height of 8.2 Å.[12] They did not grow layers with more than 4 ML or cover the
Ag(111) surface completely which they ascribed to an annealing temperature close to the
desorption temperature of the ZnO layers.[40] For 2 ML to 3 ML and 4 ML, a transition of
the flat ZnO(0001) layers from the hexagonal boron-nitride structure (h-BN) to the wurtzite
structure was observed by Tusche et al.[41] This transition creates a surface dipole.[83]

Figure 2.13: STM image of 2 ML ZnO on Ag(111) (Vbias = 1 V, I = 0.05 nA). The scale
bar is 5 nm. The red line indicates the high-symmetry direction of the Ag(111)
surface. The black dashed lines frame the misaligned Moiré pattern with the
direction indicated by the blue line. Figure taken from reference [40].

Shiotari et al. reported the formation of a moiré pattern for ultra-thin layers.[41, 40] The
moiré pattern is caused by a mismatch in the lattice of the ultra-thin ZnO layer and the
Ag(111) surface.[40] Shiotari et al. found two distinct moiré pattern on the 2 ML ZnO
as indicated in Fig. 2.13 where the misaligned moiré pattern is framed by black dashed
lines.[40] The red line in Fig. 2.13 coincides with the high-symmetry direction of the Ag(111)
surface which means the moiré pattern shows the same high-symmetry direction.[40] It shows
a periodicity of about 23 Å which can be explained by a ZnO(0001)-(7x7)/Ag(111)-(8x8)
coincidence structure (as depicted in Fig. 2.14 (A)).[40, 12] As indicated by the blue line in
Fig. 2.14, the misaligned moiré pattern is rotated 30◦ with respect to the high-symmetry
direction of the Ag(111) surface.[40] It exhibits a periodicity of about 16 Å which might
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correspond to a ZnO(0001)-(5x5)/Ag(111)-(3
√

3x3
√

3) R30◦ structure (as shown in Fig. 2.14
(B)).[40, 12] The misaligned moiré pattern is less stable explained by a strongly contracted
lattice of the ZnO layer (aZnO,layer = 3.00 Å) compared to the bulk lattice constant (aZnO,bulk

= 3.25 Å).[40] The lattice constant of the more stable moiré pattern which forms larger
domains is aZnO,layer = 3.30 Å.[40] By comparison of STM and nc-AFM measurements,
Shiotari et al. found that the moiré pattern results from a corrugation in the local DOS
due to the lattice mismatch.[40, 84] The ZnO layers form an atomically flat, non-rippled
structure on the Ag(111) surface.[40, 85]

Figure 2.14: The unit cells of the moiré pattern: ZnO(0001)-(7x7)/Ag(111)-(8x8) coincidence
structure (A) and ZnO(0001)-(5x5)/Ag(111)-(3

√
3x3

√
3) R30◦ coincidence

structure (B). Zn, O and Ag atoms are indicated as blue and red dots and gray
circles, respectively. Figure taken from reference [40].

2.3.2 Electronic Structure

Kumagai et al. probed the local electronic structure of 2 ML, 3 ML and 4 ML ZnO on
Ag(111) by means of STS.[12] The conduction band edges (CBE) are observed at 1.9 V,
1.6 V and 1.5 V for 2 ML, 3 ML and 4 ML, respectively.[12] Thus, with increasing thickness,
the onset of conduction band (CB) is shifted to smaller energies.[12] As reported by Liu et
al., the surface state of the bare Ag(111) surface is shifted to −0.2 V for the ZnO/Ag(111)
and becomes an interface state (IS).[42, 86] They measured onset voltages of the CB at
1.8 V and 1.4 V for 2 ML and 3 ML ZnO on Ag(111).[42] Hence, they assigned the energies
2.0 eV and 1.6 eV to the transition between the IS and the CBE around the Γ-point for
2 ML and 3 ML ZnO.[42] By means of FER spectroscopy, Kumagai et al. reported that
besides the FER states on the various ZnO layers, an interface state of the ZnO/Ag(111)
interfaces is found at 4.5 V.[12] Respectively, for 2 ML, 3 ML and 4 ML ZnO, they estimated
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the local work functions to be 4.0 eV, 2.8 eV and 2.8 eV applying an one-dimensional model
for the FER states.[12] This large decrease from 2 ML to 3 ML ZnO and the same work
function for 3 ML and 4 ML supports the observation of a structural transition between
2 ML and 3 ML.[12, 87] Shiotari et al. and Kumagai et al. showed that it is possible to
differentiate the various ZnO layers by mapping the differential conductance (at constant
current) for the CBE.[40, 12] The valence band maximum is not resolved by STS mea-
surements as reported by Kumagai et al. because of masking by the Ag d-band whose
onset is at around −4 V.[12] However, it is expected at approximately −4 V.[12] The elec-
tronic structure of 2 ML and 3 ML ZnO on Ag(111) is schematically summarized in Fig. 2.15.

Figure 2.15: Schematic energy diagram of 2 ML and 3 ML ZnO on Ag(111) with the
interface state (IS), the conduction band (CB) and valence band (VB). Besides
the energies of the CBE and IS with respect to the Fermi level, the IS-CBE
transition energy and the local work function Φ on 2 and 3 ML ZnO are given.

The integral intensity in a line scan of TERRS (Tip-Enhanced Resonance Raman Spec-
troscopy) spectra (see Fig. 2.16 (A)) drops significantly by moving from 2 ML ZnO (red) to
3 ML ZnO (blue) with the excitation wavelength (633 nm) corresponding only to the IS-CBE
transition energy of 2 ML ZnO.[42] On 3 ML ZnO a TERRS signal was only obtained
with an excitation wavelength of 780 nm matching the IS-CBE transition energy of 3 ML
ZnO.[42] Hence, Liu et al. showed that the transition from the IS to CBE of 2 ML and 3 ML
ZnO on Ag(111) plays an important role in TERRS as chemical enhancement (resonance
Raman scattering) is necessary to strongly enhance the signal.[42]
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Figure 2.16: (A) Line scan of TERRS spectra with an excitation wavelength of 633 nm from
2 ML (red) to 3 ML ZnO (blue). The corresponding STM image and positions
of the TERRS spectra (colour-coded) are given in the inset. Figure taken from
reference [42]. (B) I-∆z curves on Ag(111), 2 ML and 3 ML ZnO with the
positions marked in the STM image (inset) and ∆z = 0 being the gap distance
given by Vbias = −2 V and It = 3 nA. The junction is illuminated by a 780 nm
fs-laser. The photo-current is evident outside the conventional STM regime
(pink area). Figure taken from reference [44].

TERS measurements on 2 ML ZnO showed that the optical transition of IS-CB (by a 633 nm
cw-laser) plays also a significant role in the local heating of the film when the bias voltage
is below the CBE.[44] When the bias voltage is above the CBE, the local heating originates
from inelastic tunneling electrons (electron-phonon coupling) from the tip into the CB of
ZnO.[44]
In a more recent publication of Liu et al., they were able to measure much larger photo-
currents on 3 ML ZnO compared to 2 ML ZnO with a 780 nm fs-laser (see Fig. 2.16
(B)) which is in resonance with the IS-CBE transition of 3 ML ZnO.[43] This electronic
resonance in the 3 ML ZnO film was used to locally probe optical coherent photons which
are excited via the displacive excitation mechanism driven by the LSP of the STM junction
with a spatial resolution of about 2 nm.[43] The idea behind this nanoscale coherent phonon
spectroscopy is that the coherent phonons modulate the electronic structure of the 3 ML
ZnO film and thus the probability of the IS-CBE transition which has an influence on the
measured photo-current.[43] It seems, the IS-CBE transition in ultra-thin ZnO films on
Ag(111) promotes some interesting behaviour and the mentioned studies on TER(R)S and
nonscale coherent phonon spectroscopy indicate a strong coupling between the LSP of the
junction and the IS-CBE transition.
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The first section 3.1 of the experimental setup gives an insight into the low-temperature
scanning tunneling microscope and its optical setup. The following section 3.2 describes
the cleaning of the Ag(111) and Au(111) surface and the preparation of the ultra-thin ZnO
films on Ag(111) as well as the ZnO preparation chamber. Following this, section 3.3 shows
how the ultra-thin ZnO films are characterised via STM and STS. The subsequent section
3.4 describes the in-situ preparation of plasmonic Ag and Au tips and its characterisation
via STML and plasmon-assisted resonant electron tunneling. The last section 3.5 covers the
normalization procedure of the STML spectra.

3.1 Low-Temperature Scanning Tunneling Microscope

The measurements have been conducted with a LT-STM system (modified USM-1400,
UNISOKU) which is depicted in Fig. 3.1. The LT-STM system consists of a preparation
chamber, measurement chamber and a cryostat. Inside the preparation and measurement
chamber UHV conditions with a base pressure of around 10−10 mbar are maintained by two
ions pumps connected under both chambers. Preparation and measurement chamber are
separated by a gate valve in order to prevent contamination. Sample and tip transfer inside
the system is done with transfer rods and they can be stored in the measurement chamber.
For the transfer in and out of the UHV system, a load-lock is connected to the preparation
chamber via a gate valve. The load-lock prevents breaking the UHV and it is pumped by
a turbo and membrane pump. After venting the load-lock, the base pressure of around
3 × 10−10 mbar inside the load-lock was reobtained by baking out over night. Additionally,
a separated chamber is attached to the preparation chamber in order to prepare ZnO films
(see section 3.2).
The cleaning of the sample and tip is done inside the preparation chamber. Annealing and
sputtering are done on the manipulator stage. The sputter gun with an inlet for Ar gas is
attached to the preparation chamber. There are two heating modes available for annealing:
direct current and electron emission. During annealing, the temperature of the sample
is measured via a pyrometer (PYROSPOT DG 56N, from DIAS) which is outside the system.
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Figure 3.1: USM-1400 UNISOKU LT-STM system with preparation chamber, measurement
chamber and cryostat (right). In order to maintain UHV conditions, ion pumps
are connected to the preparation and measurement chamber (black boxes).
The left figure exhibits a cross section of the measurement chamber with the
measurement stage, cryostat and cooling shields. Figure taken from reference
[88].

The location of the measurement stage is shown in the left of Fig. 3.1. It is located above a
small reservoir of the cryostat in which the cryogenic liquid is pumped up. The cryostat can
be filled with liquid nitrogen (or liquid helium) and keeps the temperature of the stage at
around 78 K (or 5 K) for about 5 days. In this thesis, all the measurements were conducted
at liquid nitrogen temperature. Furthermore, three cooling shields protect the stage. For
good thermal conductance on the stage, copper wires are added.
The STM stage is operated with a Nanonis SPM controller. Fig. 3.2 shows the top view of
the STM stage. The tip and tip holder (5) are fixed in the given setup while the sample (2)
is moving with the coarse motions for approaching and a scan piezo tube (1). The tip is
mounted by a clamping mechanism on the tip holder which comprises a hole such that the
collimated beam pass through it. This collimated beam is focused on the junction by a
Ag-coated parabolic mirror (4) with a numerical aperture of around 0.6 and a focus length of
8.5 mm (indicated as red dashed line in Fig. 3.2). This is required for in- and out-coupling
of light into or out of the STM junction. The parabolic mirror is positioned via a piezo
motor (3) with two rotational and three linear motions. For collecting the reflection beam,
there is an additional lens (6) which is also positioned by a piezo motor (7). Suspension
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springs (8) decouple the stage from the chamber vibrationally.

Figure 3.2: Labeled image of the STM stage. The beam path for focusing or collecting light
is represented by the red dashed line. 1: piezo motor for scanning, 2: sample,
3: piezo motor for parabolic mirror (4), 5: tip holder, 6: lens, 7: lens motor, 8:
three suspensions springs. Figure taken from reference [88].

Fig. 3.3 shows the optical setup schematically which enables in- and out-coupling of light
into and out of the STM junction. The optical beam path inside the UHV chamber (with
sample, tip and parabolic mirror) was already seen in the photo (Fig. 3.2). In order to have
optical access, the UHV chamber possesses fused silica windows. For optical measurements,
the beam has to be aligned parallel to the axis of the parabolic mirror. This alignment is
done with a cw-laser (532 nm) being reflected on the plane area of the parabolic mirror.
There are two more cw-laser available with a wavelength of 633 nm and 780 nm. For tilt
correction, the beam and the reflected beam have to coincide. The translation of the beam is
achieved by a stage outside the chamber. The outgoing light of the STM junction is guided
through a beam splitter either to an optical fiber and the spectrometer or a CCD camera.
STML measurements were conducted with the spectrometer (HRS-300-MS and PyLoN 400
BR eXcelon camera, from Teledyne Princeton Instruments) outside the chamber. The CCD
chip of mentioned spectrometer was destroyed by icing such that a new grating (800 nm and
180 l/mm) had to be installed to a different spectrometer (SR-303i-B and Newton DU970N-
BV camera, from Andor). The Andor spectrometer had merely gratings which resolved
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smaller spectral ranges with higher resolutions for TERS measurements. Unfortunately,
no STML measurements were performed with the new grating due to other experimental
difficulties. By observing the scattered light from the cw-laser upon illumination of the tip
via the CCD camera outside the chamber, the parabolic mirror was further aligned. High
photon count rates in STML spectra on the bare Ag surface and the shift of the FER peaks
in STS spectra measured at constant current caused by resonant electron tunneling appear
only if the parabolic mirror is well aligned.[31, 88]

Figure 3.3: Schematic drawing of the optical setup for in- and out-coupling of light into and
out of the STM junction. Three cw-lasers are available (532 nm, 633 nm and
780 nm). The light emitted from the STM junction can be either captured by a
CCD camera or a spectrometer outside the UHV chamber. ND Filter: neutral
density filter, LS: linear stage, BS: beam splitter, PM: parabolic mirror, OF:
optical fiber.

3.2 Cleaning of Ag(111) and Au(111) Surface and Preparation of
Ultra-thin ZnO Films on Ag(111)

A Au(111) sample after being stored two years under ambient conditions was degassed over
night at about 670 K. Both sample surfaces (Ag(111) and Au(111)) were cleaned by multiple
cycles (usually two or three cycles) of Ar ion sputtering and annealing. A sputtering time
of 20 min per cycle at an Ar pressure of approx. 5 × 10−6 mbar (E = 1 keV to 1.5 keV) was
chosen. Afterwards both samples were annealed to 770 K for 3 min with electron emission
and a pyrometer outside the UHV chamber measuring the temperature. The purity of the
samples was checked by taking STM images and STS spectra.
Ultra-thin ZnO layers were grown on the Ag(111) surface with the reactive deposition
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method.[39] As depicted in Fig. 3.4, the preparation was done in a separated chamber with
a base pressure below 5 × 10−10 mbar. Multiple Zn rods (99.9997 %, Alfa Aesar) are the
Zn source in a Knudsen cell and a thermocouple is attached to the bottom of the Knudsen
cell in order to monitor the deposition rate. The Zn rods are heated by direct current.
The orifice of the Knudsen cell is pointing towards the Ag(111) sample surface (with a
distance of around 15 cm) which is placed in position by a transfer rod. Between Knudsen
cell and sample is a movable shutter with a quartz crystal microbalance attached and a
mask to avoid ZnO deposition on the sample holder. The quartz crystal microbalance is
unfortunately not properly working and has to be replaced in the near future. Oxygen is
dosed via a needle valve and the pressure is monitored with a cold cathode gauge inside the
ZnO preparation chamber.
Following preparation procedure of ultra-thin ZnO films on Ag(111) yields 2 ML islands and
rather small 3 ML islands. The deposition of Zn upon the Ag(111) surface was conducted
at room temperature for one hour and with an O2 background pressure of 1 × 10−5 mbar.
The rod is annealed to 470 K. After deposition the sample is transferred to the preparation
stage in the preparation chamber and post-annealed multiple times (two or three cycles)
to approx. 700 K for 3 min in UHV. The sample was cooled down slowly (10 K/min) until
620 K. By applying STM and STS the ultra-thin ZnO films were characterized (see section
3.3).[12]
However, the mentioned sample preparation was hardly reproducible because either the
overall coverage was too low or the ZnO islands showed no defined structure. Thus, different
parameters during sample preparation such as the deposition time (up to three hours), the
Zn rod temperature (up to 490 K) and the O2 background pressure (up to 5 × 10−5 mbar)
have been tried. Additionally, the post-annealing temperature (from 620 K to 720 K) and
duration (2 min to 30 min) have been varied. Merely a larger deposition duration showed
positive results but only with 2 ML ZnO islands. There are several possible explanations
for these experimental difficulties. The first possible error source is the ZnO rods inside the
Knudsen cell and a change of their condition. This assumption is supported by the large
deposition duration. It was observed that at least one of the Zn rods detached from the
crucible inside the Knudsen cell and hence lost electric contact. This was most probably
caused by mechanical force on the transfer rod of the ZnO preparation chamber. Other
factors which might alter the condition of the Zn rods are oxidation of Zn on its surface or
melting of the Zn rods due to higher local temperatures. Independent on the cause, it is
recommended to open the chamber and exchange the Zn rods for future sample preparations.
By doing so, the quartz crystal microbalance is to be replaced and the mask to shield
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the sample holder re-aligned in order to obtain a qualitative reference for good deposition
conditions and to ensure maximum Zn deposition on the Ag(111) surface, respectively.
Additionally, it is recommended to exchange one blind flange with a fused silica window in
order to have better visual confirmation and to simplify the height estimation of the sample
surface with respect to the mask and the Zn rods. Another cause for difficulties regarding
the preparation might originate from the single crystal itself via alloying between Zn and
Ag. A high background O2 pressure was chosen in order to prevent it as Zn and Ag readily
form surface alloys.[39] It is recommended for further studies to clean the Ag(111) surface
additionally by annealing in O2 atmosphere as done by Pan et al.[39] The last critical
parameter is the post-annealing process. As reported by Shiotari et al., there is only a small
temperature range above 600 K where the islands become well-ordered before the desorption
rate increases rapidly such that ZnO films decompose/desorb and the overall coverage
decreases.[40, 12] In our setup the temperature for well-defined ZnO films corresponds to
temperatures above 670 K.[12] According to a calibration measurement with a thermocouple
in a different UHV system, this difference originates from the pyrometer. The post-annealing
procedure is hardly reproducible because the temperature is controlled manually and the
temperature displayed on the pyrometer depends on the alignment.

Figure 3.4: Scheme showing the separated UHV chamber for preparation of ultra-thin ZnO
films with the reactive deposition method. The Zn rods are inside a Knudsen cell
which can be heated. O2 background pressure can be adjusted accordingly via a
needle valve. The shutter to which a quartz crystal microbalance is attached
prevents Zn deposition on the Ag(111) surface during the heating up of the Zn
rods. The mask protects the sample holder from Zn deposition.
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3.3 Characterisation of the Ultra-thin ZnO Films by STM and STS

According to the preparation procedure of ultra-thin ZnO films described in section 3.2, 2 ML
and 3 ML ZnO islands have been observed on the Ag(111) surface. They are distinguishable
by several criteria. The moiré pattern of 2 ML (see Fig. 3.5 (A)) is more uniform and
distinctive than of 3 ML (see Fig. 3.5 (B)). In most of the cases, the moiré pattern of the
3 ML is not even observable. Commonly, 2 ML forms larger ZnO islands than 3 ML. Fig.
3.5 (C) exhibits the height profiles of the depicted 2 (red line) and 3 ML (blue line) ZnO
islands. In accordance with Shiotari et al., the apparent height of the 2 ML and 3 ML
ZnO island is about 4 Å and 6 Å, respectively.[40] It is important to measure the apparent
height with a bias voltage below the CBE as the apparent height depends on the bias
voltage.[40] The height profiles indicate a periodicity of the moiré pattern of about 17 Å
for 3 ML and about 19 Å for 2 ML. A periodicity of about 23 Å would give evidence to a
ZnO(0001)-(7x7)/Ag(111)-(8x8) coincidence structure and a periodicity of about 15 Å to a
ZnO(0001)-(5x5)/Ag(111)-(3

√
3x3

√
3) R30◦ coincidence structure.[40, 39, 41]

Figure 3.5: STM images of a 2 ML ZnO island (A) and a 3 ML ZnO island (B) (Vbias =
1 V, It = 100 pA). (C) Height profiles according to the blue (2 ML) and red (3
ML) lines shown in the STM images.
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Another convenient way to distinguish 2 and 3 ML ZnO islands is by their CBE. Fig. 3.6
depicts the dI/dV (STS) spectra on 2 (red) and 3 ML (blue) ZnO in constant current mode
such that the tip is retracted with increasing bias. Fig. 3.6 also shows the tip retraction in
dashed lines. The tip retracts by 3 Å on 2 ML and by 2 Å on 3 ML ZnO. Thus, we observe
the CBE as a peak in constant current measurements. In accordance to the literature, the
CBE for 2 ML ZnO is observed at 1.9 V and for 3 ML ZnO at 1.45 V.[12, 42, 40]

Figure 3.6: STS (dI/dV ) spectra (solid lines) in constant current mode (It = 100 pA) on 2
ML (blue) and 3 ML (red) ZnO islands on the left axis. The tip retractions are
shown by the dashed lines on the right axis (∆z).

STS (dI/dV ) maps can be used to spatially resolve the CBE and distinguish 2 and 3 ML
ZnO islands. According to the maxima in the STS spectra (see Fig. 3.6), the STS maps
in Fig. 3.7 have been taken at 1.85 V for 2 ML ZnO (A) and at 1.45 V for 3 ML ZnO (B).
Fig. 3.7 shows the STS maps of the ZnO islands whose STM images are depicted in 3.5.
As expected from the STM images, the moiré pattern is more uniform for 2 ML ZnO. The
protrusions of the moiré pattern of 2 ML in the STM images (Fig. 3.5 (A)) are visible as
depressions in the STS map (Fig. 3.7 (A)).[40] The weak intensities at the edges of the 2 ML
and 3 ML ZnO islands are explained by local electronic states modifications.[40, 89, 90]
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Figure 3.7: STS (dI/dV ) maps of 2 ML ZnO with Vbias = 1.85 V (A) and 3 ML ZnO with
Vbias = 1.45 V (B) (It = 100 pA). The corresponding STM images of the 2 and
3 ML ZnO islands are depicted in Fig. 3.5.

3.4 In-situ Preparation and Characterisation of Plasmonic Tips

The FIB fabricated Ag tip was provided and exhibited a strong plasmonic response. In
order to improve STM imaging of the Ag tip after slight indentation into the sample surface
or picking up impurities, short bias voltage pulses of +/- 3 V and slight indentation of the
tip apex (∆z ≈ 1 nm) on/into the bare Ag(111) surface were applied. Sometimes this also
lead to minor changes of the plasmonic response. For more drastic changes of the tip apex
and the plasmonic response of the Ag tip, the tip was sputtered for 20 min at an energy of
1 keV and Ar pressure of 5 × 10−6 mbar.
It was attempted to prepare good apices of two FIB fabricated Au tips which were in stock
for years (inside a desiccator). Several approaches have been tried to obtain Au tips with
good imaging abilities and a more red-shifted plasmonic response with respect to the Ag tips.
Initially after a first Ar sputtering cycle (20 min, 1 keV, 5 × 10−6 mbar), the Au tip-Ag(111)
junctions were very unstable with difficulties getting into the tunneling regime. Further
Ar sputtering, slight indentation into the Au(111) surface and pulsing up to +/- 10 V did
not change the condition of the tip apex. Laser annealing with the 532 nm cw-laser at full
laser power (≈ 5.6 mW) focused on the tip apex did not improve its condition. The most
drastic preparation procedure which creates a complete new tip apex on a larger scale (in
the order of 100 nm) is explained in the following. First, the feedback loop is turned off in
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tunneling regime and the tip indented into the clean Au(111) surface manually by 10 nm
such that the current is saturated. The bias voltage is set to 10 V and the tip is retracted
very slowly manually. It takes about 20 min until the current drops to zero. The freshly
prepared tip apex showed a promising STM imaging ability and plasmonic response judging
from the CCD camera showing the junction. However, as the current and bias voltage was
increased to measure STML spectra of the plasmonic response, the junction seemed very
unstable. Due to time constraints it was not possible to further prepare a suitable Au tip
with a red-shifted plasmon and measure a corresponding STML spectra.

Figure 3.8: Two different plasmonic responses of the same Ag tip with FIB structure but
different tip geometries on the bare Ag(111) surface (Vbias = 3 V, It = 3 nA).
The difference illustrates a strong dependence on the tip geometry.

The quality of the plasmonic Ag tip can be judged by the STML spectra (see Fig. 3.8) or
the plasmon-assisted resonant electron tunneling in the STM junction (STS spectra, see Fig.
3.9) as described by Liu et al.[31] Fig. 3.8 shows two STML spectra as counts per electron
and eV versus the photon energy in eV from the STM junction consisting of a Ag tip and a
Ag(111) surface. The light collection efficiency of the experimental setup is not included.
The STML spectra exhibits a broad plasmonic response from about 1.4 eV to about 2.6 eV
which is originating from the excitation of LSPs in the STM junction by inelastic electron
tunneling and their radiative decay. It is important to note that the plasmonic response
strongly depends on the tip geometry.[75, 59, 73] Small changes of the tip geometry due to
the unmeant and intended indentation into the sample surface or pulsing caused different

32



3.4 In-situ Preparation and Characterisation of Plasmonic Tips

plasmonic responses as shown in Fig. 3.8 with two STML spectra from the same tip. The
oscillation at lower photon energies might be an indication of the interference of localized
and propagating surface plasmon modes as reported for Fabry-Pérot tips by Böckmann et
al.[73]

Figure 3.9: STS spectra in constant current mode (left axis, It = 100 pA) of a STM junction
consisting of a plasmonic Ag tip and a Ag(111) surface with (green solid line)
and without (black solid line) illumination of a 532 nm cw laser at full power
(P ≈ 5.6 mW). The tip retraction (without illumination) is shown as dashed
black line (right axis).

Fig. 3.9 shows a STS spectra in the range of 1 V to 8 V in constant current mode (It =
100 pA) of a plasmonic Ag tip-Ag(111) surface junction with (green curve) and without
(black curve) illumination of a 532 nm cw-laser at full power (P ≈ 5.6 mW). This wavelength
corresponds to a photon energy of 2.3 eV. The STS spectrum without illumination (black
curve) shows the first four peaks of the FER series of a Ag tip-Ag(111) STM junction with
the first FER peak around 4 eV which is in accordance to the literature.[59, 12, 31] The
STS spectrum with illumination (green curve) exhibits the series of FER peaks up to the
sixth peak whereby the subsequent peaks and their intensities are comparable to the noise
level. As expected from the publication from Liu et al.[31], the multiple FER peaks are
completely shifted according to the incident laser energy 2.3 eV due to the plasmon-assisted
resonant electron tunneling (see subsection 2.1.3). The resonant and non-resonant tunneling
compete with each other and a complete FER shift is only observed at higher laser power
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densities.[31] In order to observe the FER shift with the 532 nm cw-laser, the alignment of
the parabolic mirror has to be adequate and the plasmonic response of the STM junction
has to exhibit intensity at the corresponding wavelength as shown by Liu et al.[31]

3.5 Normalization of STML spectra

The raw STML spectra obtained from the spectrometer are given as intensity in counts/nm
(I [cts/nm]) versus the wavelength in nm. These raw spectra are first normalized to current
and exposure (integration) time and thus to the number of electrons (I [cts/nm/electron]).
An integration time of 3 s was chosen with an averaging over 10 spectra. For better
evaluation, the STML spectra are smoothed and converted from wavelength to photon
energy (E = hc

λ
). In order to properly convert the spectra, the Jacobian conversion is

applied[91]:
f(E) = f(λ) dλ

dE
= −f(λ) hc

E2 (3.1)

This minus sign is ignored in the conversion because it just reflects a different direction of
integration in energy and wavelength[91]. After the Jacobian conversion, the STML spectra
show the intensity as a function of the photon energy (I(hν) [cts/eV/electron]).
The measured STML data exhibit a strong tip geometry dependence and the enhancement
by the confined plasmonic field depends on the energy. The plasmonic response Iref(hν)
on the bare Ag(111) surface (taken at a bias voltage Vref) measured before each data set
contains spectral features arising from the tip geometry. However, the reference spectrum
Iref(hν) does not properly account for the energy-dependent enhancement due to the finite
energy window.[92] Lower photon energies are overrepresented because with decreasing
photon energies an increasing number of transitions are possible in the allowed bias window.
In order to account for the possible number of transitions in a given energy window (between
bias voltage and Fermi level), Iref(hν) is corrected by an additional, dimensionless factor
(eVref − hν)−1 inserting the values of eVref and hν in units of eV.[30, 92] This yields the
surface plasmon enhancement function SPL(hν).[30, 92] In order to remove the tip-dependent
features and the energy-dependent enhancement, the STML spectrum I(hν) is normalized to
the surface plasmon enhancement function SPL(hν) which yields the dimensionless relative
photon yield Y (hν) = I(hν)/SPL(hν).[30]
For a pure plasmonic response of the junction, one expects Y (hν) to decrease proportional
to (eVbias − hν) after the maximum.[92] According to Stróżecka et al., this normalization is
only valid if the plasmonic field of the junction is strong enough in the inspected energy
regime.[92] Thus, at low photon energies (below 1.4 eV) at which the photonic DOS of the
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Ag tip-Ag(111) junction is low, this normalization is not reliable. Additionally, this photon
energy regime is prone to artefacts from second order diffraction rendering the normalization
useless at photon energies with overlap of the first and second order. Another drawback
of this normalization is the dependence of the optical response of the junction on the gap
distance between surface and tip.[93]
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4 Results and Discussion

In the first section of the results and discussion part 4.1, bias-dependent STML measure-
ments on the bare Ag(111) surface are discussed. The second section 4.2 covers STML
measurements on ultra-thin ZnO films on Ag(111), which is subdivided in five parts. The
first (4.2.1) and second (4.2.2) part present the results of the bias-dependent STML measure-
ments at positive bias voltage and the spatial STML mapping, respectively. Subsequently,
these results are discussed (4.2.3). The fourth part (4.2.4) discusses the results of the
bias-dependent STML measurements at negative bias voltage, and current-dependent STML
measurements are discussed in the last part (4.2.5).

4.1 STML on Ag(111)

To characterize the LSP of the tip and for normalization of the STML spectra on ZnO, first
the bias dependence of the STML spectra on the bare Ag(111) surface has been measured
at a constant current of 3 nA. Fig. 4.1 (A) shows the STML spectra (only normalized to
electrons) on the bare Ag(111) surface plotted as contour plot. The STML response evolves
to higher energies with increasing bias due to energy conservation. The quantum cutoff
(eVbias) is readily seen in the contour plot and marked with a red solid line. As the quantum
cutoff is exceeding the spectral range of the spectrometer, the STML response is broad and
covers the whole spectral range from about 1.4 eV to 2.6 eV. It exhibits a smaller maximum
at around 1.65 eV and a larger maximum at around 2.35 eV with a plateau in-between
(see line spectra in Fig. 7.1). The integrated intensity increases with increasing bias (see
Fig. 4.1 (B)). Above a bias voltage of 2.5 V, the STML spectra starts to show intensity at
photon energies of 1.25 eV which shifts to 1.45 eV photon energy with an increase of the
bias voltage up to 3 V (light grey part in Fig. 4.1 (A)). The 1.25 eV peak (corresponds
to about 1000 nm) is only observed in several STML spectra at 3 V on the bare Ag(111)
surface when there is significant intensity at the 2.5 eV peak (corresponds to about 500 nm).
Thus, this intensity increase below photon energies of 1.45 eV is an artefact explained
by the second order diffraction of the grating in the spectrometer. Installing a longpass
filter with a cut-on wavelength of around 500 nm (corresponds to 2.5 eV) would avoid a
spectral overlap of first and second order. The observed intensity in the STML spectra
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stems from the radiative decay of the LSP of the STM junction, which is excited by inelas-
tic electron tunneling from Ag tip to Ag(111) surface as schematically depicted in Fig. 4.2.[59]

Figure 4.1: Contour plot (A) of the bias-dependent STML spectra (I [cts/electron/eV]) of
the plasmonic response from a Ag(111)-Ag tip junction in constant current mode
It = 3 nA. The red solid line in the contour plot marks the quantum cutoff
(eVbias). The grey area at low photon energies (below 1.45 eV) is an artefact
from second order diffraction. (B) shows the integrated intensity as a function
of the bias voltage. The corresponding line spectra are shown in Fig. 7.1 (see
Appendix).

With increasing bias voltage in constant current mode, the tip retracts from the surface,
which means the gap distance increases. STS measurements at 100 pA on the bare Ag(111)
surface showed a tip retraction of 0.9 Å from 1.4 V to 3 V (see Fig. 3.9). According
to Martínez-Blanco et al., the tip retracts at a constant current of 200 nA from 2 V to
3 V by about 0.5 Å.[59] At larger gap distances (> about 0.5 nm), the plasmonic field
strength is increasing with decreasing distance.[43, 94] At small gap distances of the Ag
tip-Ag(111) junction (< around 0.5 nm)[43, 95], one expects a decrease in the plasmonic
field strength with decreasing gap distance due to damping of the LSP.[43, 96] In-between
both distance regimes the plasmonic field strength experiences a maximum.[94] The gap
distance dependence on the plasmonic field strength influences the STML intensity, which
can be estimated by a current-dependent STML measurement (as conducted on 2 and 3
ML ZnO in subsection 4.2.5). The largest plasmonic mode at 2.35 eV indicates a larger
photonic DOS at higher energies and the number of possible transitions increases in the
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given energy window with increasing bias voltage.[92] Both effects lead to an increase of the
integrated intensity with increasing bias voltage.

Figure 4.2: Schematic energy diagram of the Ag tip-Ag(111) surface junction. Inelastic
electron tunneling excites the localized surface plasmon (LSP) of the junction
which radiatively decays.

4.2 STML on Ultra-thin ZnO/Ag(111)

Fig. 4.3 shows STML spectra (only normalized to electrons) on 2 ML ZnO (A) and 3 ML
ZnO (B). The STML spectra on 2 ML (red spectrum, It = 8 nA, Vbias = 3 V) and on 3 ML
(blue spectrum, It = 50 nA, Vbias = 2.5 V) are scaled in order to better compare with the
plasmonic response on the bare Ag(111) surface (grey spectra, It = 50 nA, Vbias = 2.5 V).
The green dashed line and the red dashed line mark the energy of the CB with respect to
the Fermi level and the IS-CB transition energy as expected from STS data, respectively.
The STML spectrum on 2 ML (A) matches the plasmonic response on bare Ag(111) to
a photon energy of 2 eV. Above photon energies of 2 eV the intensity on 2 ML ZnO is
strongly suppressed in comparison to the plasmonic response on bare Ag(111). Similar on
3 ML ZnO (B), the STML spectrum matches only to a photon energy of about 1.55 eV. The
STML intensity on 3 ML ZnO decreases above 1.6 eV. Hence, the relative STML intensity
on 2 and 3 ML ZnO is reduced starting at photon energies around the respective CB energy
and IS-CB transition energy.
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Figure 4.3: STML responses on 2 ML (A) and 3 ML (B) ZnO. The grey STML spectra
represent the corresponding plasmonic responses on the bare Ag(111) surface
(It = 3 nA, Vbias = 3 V). The green dashed line marks the CB energy with
respect to the Fermi level and the red dashed line the IS-CB transition energy.
(A): It = 8 nA, Vbias = 3 V, (B): It = 50 nA, Vbias = 2.5 V (quantum cutoff
marked by blue bar).

Energy Transfer versus Charge Injection

There are several possible processes which might be responsible for the observed spectral
shape of the luminescence and which could explain the reduction of intensity at high photon
energies with respect to the plasmonic response on the bare Ag(111) at positive bias voltage.
Because the integrated intensity of the STML spectra increases linear with the current, only
one-electron-photon processes are considered (see subsection 4.2.5). Since we do not observe
sharp features in the STML spectra, we conclude that excitonic luminescence, e.g. due to
defect states inside the ZnO[29], does not contribute to the luminescence of ultra-thin ZnO.
Moreover, as we do not observe a well-defined valence band in STS[12] and because the films
are not well decoupled from the Ag substrate, we do not expect to see intrinsic excitonic
luminescence, e.g. from recombination of CB-electrons and VB-holes. Such luminescence
would further be expected at higher photon energies > 2 eV (1.6 eV). The STML response in
Fig. 4.3 is broad which strongly indicates plasmonic luminescence from the radiative decay
of the LSP of the junction which, however, is modified by the electronic structure of the
ZnO films, in contrast to similar measurements on 2D-semiconductors where no such effect
was observed.[30] At positive bias voltage, the plasmonic luminescence can be divided into
two processes: plasmonic luminescence due to inelastic tunneling, which does not involve
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the CB of ZnO (see Fig. 7.2 in Appendix), and plasmonic luminescence which is modified
by the presence of the CB of ZnO (see Fig. 4.4). The former includes inelastic tunneling
inside the band gap (at bias voltages below the CBE of ZnO) which excites the LSP of
the junction (see Fig. 7.2 in Appendix). The latter originates either from energy transfer
(Fig. 4.4 (A)) or from charge injection (Fig. 4.4 (B)) at bias voltages close to or higher
than the CB energy/IS-CB transition energy.[97] Both mechanism have been observed on
molecules[37, 98] while only charge injection was observed on 2D-semiconductors[21].

Figure 4.4: Schematic energy diagram of the ZnO/Ag(111)-Ag tip junction at positive bias
voltages larger than the CB energy/IS-CB transition energy. It shows possible
processes contributing to the STML response subdivided in (A) energy transfer
and (B) charge injection.

In the energy transfer process (A), the electron first excites the LSP of the junction via
inelastic tunneling (1). The LSP can then either radiatively decay (1, outcoupling into
far-field) or excite the IS-CB transition (2). The excited electron in the CB is then either lost
non-radiatively into the Ag bulk (3a) or undergoes fast relaxation due to electron-electron
or electron-phonon coupling[44, 43] and radiatively decays at the CBE (3b). The final states
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can either be holes at the Γ-point created by step 2 or unoccupied states of the Ag or the IS
above the Fermi level away from the Γ-point[42, 99]. The first step of the charge injection
mechanism (B) is tunneling of electrons elastically (1a) and inelastically (1b) into the CB
of ZnO. After an electron is injected into the CB, either fast relaxation and a radiative
transition with the initial state around the CBE (2) or non-radiative loss into the Ag bulk (3)
occurs. In step 2, the final states are unoccupied states of the Ag or the IS above the Fermi
level away from the Γ-point[42, 99]. At frequencies of the resonant modes of the LSP, the
transition probability of radiative transitions at the CBE is strongly enhanced. That means,
the radiative decay is weighted with the photonic DOS of the LSP. Thus, the observed
luminescence is a convolution of the electronic and plasmonic structure because it depends
on the initial and final states as well as on the photonic DOS.[93] In addition to the two
processes (A) and (B), inelastic tunneling of an electron from the tip into final states inside
the ZnO CB at higher bias voltages becomes a possible emission channel, which leads to a
shifted cutoff in the STML spectra (cf. Fig. 2.6 in Theoretical Background) as observed by
Krane et al.[30] Both mechanisms (energy transfer and charge injection) lead to a reduction
of the intensity of higher photon energies above the CB energy. From the spectra shown in
Fig. 4.3, we cannot infer which of the two processes dominates or alone is responsible for
the observed STML spectra. In order to gain more insight into the prevailing mechanism
(energy transfer versus charge injection), bias-dependent measurements at positive bias
voltage (see subsection 4.2.1) and spatially resolved measurements (see subsection 4.2.2)
are required and have been conducted.

4.2.1 Results of Positive Bias Dependence of STML on ZnO

The bias-dependent STML measurements at positive bias voltage have been conducted on
2 ML and 3 ML ZnO.

2 ML ZnO

Fig. 4.5 (A) shows the contour plot of the bias-dependent STML spectra where the relative
photon yield Y (hν) (cf. section 3.5) is plotted (It = 8 nA). The corresponding STS spectrum
(right panel) and plasmonic response on bare Ag(111), Iref(hν), recorded at Vref of 3 V (upper
panel) are also shown. The energies of the CBE with respect to the Fermi level (1.91 eV)
and CBE-IS transition (2.11 eV) are marked as light green and red dashed lines, respectively.
Line spectra of Y (hν) are given in the Appendix (see Fig. 7.3 (A)). The light grey part of
the plasmonic response (upper panel) at lower photon energies is a rough estimate of the
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contribution originating from second order diffraction. The grey area is very difficult to
deconvolute and hence, Y (hν) is not considered below photon energies of about 1.45 eV.

Figure 4.5: Contour plot (A) of the bias-dependent STML spectra (relative photon yields
Y (hν)) on 2 ML ZnO in constant current mode at 8 nA. The upper panel in (A)
exhibits the plasmonic response on the bare Ag(111) at 3 V and 3 nA and the
right panel in (A) the STS spectrum on the ZnO island in constant current mode
at 100 pA. The light grey part of the plasmonic response on the bare Ag(111)
originates from second order diffraction. The CBE-IS transition energy (light
green dashed line), the CBE energy relative to Fermi level (red dashed line) and
the quantum cutoff (red solid line) are marked. (B) shows the integrated Y (hν)
as a function of the bias voltage. Line spectra of Y (hν) and the STML data
only normalized to the electrons are shown in Fig. 7.3 (see Appendix).

All spectra exhibit a broad response regarding the photon energy which evolves to higher
photon energies due to the quantum cutoff (red solid line). Above a bias voltage of 2.2 V,
the intensity is limited by a bias-independent emission cutoff around the energy of the
IS-CBE transition (red dashed line). That means that the intensity above the photon energy
of the CBE decreases even though the plasmon of the STM junction shows its absolute
maximum at around 2.4 eV. As seen in the plot of the integrated Y (hν) as a function of
the bias voltage (Fig. 4.5 (B)), the largest integrated Y (hν) is observed at a bias voltage of
1.8 V corresponding to the onset of the CBE. The integrated Y (hν) continuously decreases
above a bias voltage of 1.8 V. The photonic DOS strongly decreases below 1.45 eV (red-tail
of the plasmon), which explains that the first integrated Y (hν) starts to appear above a
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bias voltage of 1.6 V and the decrease of intensity below photon energies of 1.5 eV.
While the data set in Fig. 4.5 presents only STML spectra to a bias voltage of 3.4 V, Fig. 4.6
exhibits STML spectra to a bias voltage of 4 V and shows some interesting behaviour at
higher bias voltages. At lower bias voltages, the contour plots are similar. Above a bias
voltage of 3.4 V, the integrated Y (hν) starts to increase again (see Fig. 7.4 in Appendix).
The broad response in Y (hν) shifts to higher photon energies and decreases according
to a quantum cutoff shifted by the energy of the CBE described by the yellow solid line
(eVbias − ∆ECB, cf. Fig. 2.6 in subsection 2.1.2).

Figure 4.6: Contour plot of the bias-dependent STML spectra (relative photon yields Y (hν))
on 2 ML ZnO in constant current mode at 8 nA. The upper panel exhibits the
plasmonic response on the bare Ag(111) at 3 V and 3 nA and right panel the
STS spectrum on the ZnO island in constant current mode at 100 pA. The light
grey part of the plasmonic response on the bare Ag(111) originates from second
order diffraction. The STS peak at 3.8 V corresponds to the first FER state.
The CBE-IS transition energy (light green dashed line), the CBE energy relative
to Fermi level ∆ECB (red dashed line) and the quantum cutoff (red solid line)
are marked. Additionally, a shifted cutoff (eVbias − ∆ECB) is marked as yellow
solid line.
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3 ML ZnO

Fig. 4.7 (A) shows the bias-dependent STML measurement as the relative photon yield
Y (hν) on 3 ML ZnO as contour plot in the range from 1 V to 2.5 V. The corresponding
line spectra are given in Fig. 7.5 (A). The STML spectra have been measured in constant
current mode at a tunneling of current of 50 nA. The light green dashed line and the red
dashed line mark the energy of the CBE of 3 ML ZnO with respect to the Fermi level
(1.43 eV) and the IS-CBE transition energy (1.63 eV), respectively.

Figure 4.7: Contour plot (A) of the bias-dependent STML spectra (relative photon yields
Y (hν)) on 3 ML ZnO in constant current mode at 50 nA. The upper panel
in (A) exhibits the plasmonic response on the bare Ag(111) at 3 V and 3 nA
and the right panel in (A) the STS spectrum on the ZnO island in constant
current mode at 100 pA. The light grey part of the plasmonic response on the
bare Ag(111) originates from second order diffraction. The CBE-IS transition
energy (light green dashed line), the CBE energy relative to Fermi level (red
dashed line) and the quantum cutoff (red solid line) are marked. (B) shows
the integrated Y (hν) as a function of the bias voltage. Line spectra of Y (hν)
and the STML data only normalized to the electrons are shown in Fig. 7.5 (see
Appendix).

As on 2 ML ZnO, Y (hν) is limited by the decrease of photonic DOS at lower photon energies
(below 1.45 eV) and limited by the quantum cutoff (red solid line, eVbias) to higher photon
energies. Independent on the bias voltage, Y (hν) exhibits an emission cutoff at about
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1.5 eV (in-between the CB energy and the IS-CBE transition energy) with a significant
decrease of Y (hν) at larger photon energies. The integrated intensity shown in Fig. 4.7 (B)
is monotonously increasing, in contrast to 2 ML ZnO, and thus the observed behaviour on
2 ML and 3 ML is quiet different. Y (hν) is one order of magnitude smaller on 3 ML than
on 2 ML likely due to a larger Ag tip to Ag(111) surface gap distance resulting in a weaker
plasmonic field. Before starting the detailed discussion and interpretation of these data,
spatially resolved measurements and the correlation of the STML spectra with the local
electronic structure are shown in the next subsection 4.2.2.

4.2.2 Results of Spatial Mapping of STML on ZnO

The alternation of the electronic structure on purpose and the local dependence of the
electronic structure on the STML response can give more insight into the mechanism at
hand (energy transfer versus charge injection) as the states residing near the CBE of ZnO
are directly involved in the light-emitting step in the charge injection mechanism (see
Fig. 4.4 (B)). A detailed discussion on the destruction of the ZnO islands can be found on
page 78 in the Appendix.

Local Dependence on Electronic Structure

The electronic structure was locally altered on 2 ML ZnO and Fig. 4.8 shows the STML
results of the local dependence on the electronic structure. Subplot (A) and (B) show the
STM image (Vbias = 1 V, It = 100 pA) and STS map (Vbias = 1.87 V, It = 100 pA, Vmod =
20 mV) of a 2 ML ZnO island before destruction, respectively. The STM image shows a
defect-free moiré pattern, which is also visible in the STS map. The positions of STS and
STML spectra are marked as red numbers in (A) and (B). (C) shows the STS spectra (It =
100 pA, Vmod = 30 mV) before destruction which exhibit a sharp peak at 1.85 V independent
on the tip position. Subplot (D) depicts the corresponding STML spectra (Vbias = 2 V, It

= 8 nA) with no deviation between the spectra. STML intensity is measured at photon
energies within the quantum cutoff of 2 eV and the plasmonic enhancement function with
its red-tail at about 1.4 eV.
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Figure 4.8: STM images (Vbias = 1 V, It = 100 pA) of a 2 ML ZnO island before (A) and
after destruction (E). The island was destroyed at Vbias = 3.7 V and It = 8 nA.
The corresponding STS maps (Vbias = 1.85 V, It = 100 pA) are given in (B)
before and in (F) after destruction. The positions of the STS and STML spectra
are marked in the STM images and STS maps (1-7, colour-coded). The STS
spectra before (C) and after destruction (G) are measured at It = 100 pA and
the STML spectra before (D) and after destruction (H) are measured at Vbias =
2 V, It = 8 nA.
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The moiré pattern of the 2 ML ZnO island was partially destroyed (vanished) at a bias
voltage of Vbias = 3.7 V and tunneling current of It = 8 nA. The STM image and STS
map of the same 2 ML ZnO island after destruction is given in (E) and (F), respectively.
The colour-coded numbers from 5 to 7 mark the positions of the STS spectra given in (G)
and STML spectra given in (H). According to the STM image and STS map, position
5 and 7 mark areas with a destroyed moiré pattern with low intensity in the STS map
and position 6 marks an area with an intact moiré pattern and intensity in the STS map.
Only position 6 exhibits a well-defined sharp peak at 1.89 V in the STS spectra and the
corresponding STML spectra 6 displays the same broad response as before the destruction.
The electronic structure is strongly altered at the positions 5 and 7 and one does not observe
a well-defined CB anymore but ill-defined electronic structure, as the STS response is very
broad. Compared to position 7, the electronic DOS is larger at position 5 below 2 V. The
integrated intensities of the STML spectra at position 5 and 7 are much lower compared
to the intact area with a maximum at a photon energy of 1.55 eV. The lowest integrated
intensity is found at position 5. We can thus conclude that in order to observe strong
luminescence, it is necessary to have a sharp STS peak and well-defined electronic structure.
This spatially resolved STML measurement with a resolution of a few nm supports that
STML is a tool to locally probe optical transitions in the sample and the influence of the
local electronic structure on these optical transitions.

Lateral Distance Dependence

Charge injection is localized by the tunneling current, whereas energy transfer can happen
on the length scale of a few nm. Hence, an approach to distinguish an energy transfer process
from STML induced by charge injection is a lateral distance dependence measurement near
a 3 ML ZnO island as schematically depicted in Fig. 7.8 (see Appendix). Imada et al.
reported a lateral distance dependence of the interaction of the LSP of the junction with
an electronic transition of an adsorbed molecule via energy transfer.[37] If the plasmon
is interacting with the IS-CBE transition according to (2) in Fig. 4.4 (A), one expects a
lateral distance dependence of the plasmonic response on the bare Ag(111) surface near a
3 ML ZnO island.
Fig. 4.9 depicts the results of the lateral distance measurement with the corresponding STM
image of the 3 ML ZnO island (A). At each position (number- and colour-coded) a STML
spectrum (2 V and 8 nA) has been taken as shown in (B). Fig. 4.9 (E, left axis) shows the z
position of the Ag tip (1-20) plotted versus the lateral distance with its origin at the first
measurement position (1). As seen in the height profile, the points 1 to 7 are still on the bare

48



4.2 STML on Ultra-thin ZnO/Ag(111)

Ag(111) surface. The STML spectra from 1 to 7 show the same intensity and broad peak
form. The broad response in the STML spectra on the bare Ag(111) (1 to 7) is ascribed to
the plasmonic response of the Ag tip-Ag(111) junction restricted by the quantum cutoff of
2 eV (black dashed line). No change of the STML spectrum is observed from point 1 to 7.
As soon as the Ag tip reaches the edge of the ZnO island, which can be judged from the tip
retraction in the height profile, the STML intensity starts to decrease (spectrum 8). Please
note that the numbers in the STM image are slightly displaced from the actual measurement
positions due to a thermal drift of the sample. This is evident from the comparison of the
positions in the STM image and the height profile. All further measurement points (9 to
20) show a similar and much weaker intensity (B) as soon as the electrons can tunnel into
the ZnO island (see height profile in E). From 9 to 20, the tip retracts by about 6 Å until
the height saturates at 18. Hence, the edge of the 3 ML ZnO island is smeared out. In
order to better compare the peak form of the broad response, all STML spectra have been
normalized to a photon energy of 1.4 eV (C). The STML spectrum 8 exhibits the same peak
form as the previous measurement points. (C) shows that the peak form changes from point
8 to 9 on a length scale below 0.5 nm, which is even more localized than the tip retraction.
Photon energies above 1.6 eV are reduced with respect to the first measurement points. The
right axis of (E) shows the ratio I/I0 of the normalized spectra in (C) at different photon
energies (1.65 eV, 1.7 eV and 1.8 eV) with respect to the first measurement point (I0). At
all three photon energies, I/I0 is nearly constant on the bare Ag(111) surface and drops
very steep from 8 to 9. (D) exhibits all STML spectra normalized to its maximum and
horizontally shifted. It can be readily seen that the maximum on bare Ag(111), which is
determined by the quantum cutoff, shifts very steeply (marked by a black solid line) by
0.05 eV to lower photon energies as soon as the electrons can tunnel into 3 ML ZnO.
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Figure 4.9: (A) STM image of a 3 ML ZnO island (1 V and 100 pA) with the positions
(number and colour-coded) of the corresponding STML spectra which are shown
in (B). The STML spectra have been taken at 2 V and 8 nA. The black dashed
line marks the quantum cutoff. (C) shows the STML spectra normalized to a
photon energy of 1.4 eV and (D) the spectra horizontally shifted and normalized
to its maxima with a black solid line connecting them. The z positions of the
STML spectra (height profile) are given as the position numbers in (E) on the
left axis. Please note the mismatch between the positions in (A) and the height
profile due to thermal lateral drift. The right axis of (E) shows the ratio (I/I0)
of the normalized spectra in (C) at three photon energies where I0 corresponds
to the first measurement point (1).
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4.2.3 Discussion of Positive Bias Dependence and Spatial STML Mapping

This subsection will discuss the results of both previous subsections in the framework of
Fig. 4.4 (energy transfer versus charge injection). The bias-dependent measurements on 2
and 3 ML ZnO clearly show STML spectra on ZnO do not originate from a pure plasmonic
response of the junction at larger gap size, but are altered by the electronic structure of the
ZnO. If it would be solely plasmonic luminescence from the radiative decay of the plasmon
(step 1 in Fig. 4.4 (A)), Y (hν) is expected to decrease proportional to (eVbias − hν)[92] and
no bias-independent cutoff should be present[30]. Y (hν) is plotted for the bare Ag(111)
surface in Fig. 7.9 (see Appendix) with Vref = 2.4 V and as expected decreases proportional
to (eVbias − hν). Thus, the absence of the linear decrease of Y (hν) even below the CB and
IS-CB transition energy is an argument against the energy transfer mechanism.
The intensity between the CBE and IS-CBE transition energy is not directly excluding the
charge injection mechanism. According to the simplified picture in Fig. 4.4, the maximum
photon energy achievable via charge injection is ∆ECB. However, this schematic energy
diagram is just showing the situation at the Γ-point. In fact, all states, IS and Ag bulk
states, are occupied at the Γ-point.[42, 100] According to DFT calculations, the curvature
of the ZnO-CB bands and the IS band is similar around the Γ-point.[42] Thus, radiative
transitions with energies up to the IS-CBE transition energy at k-points deviating from the
Γ-point are possible. Hence, it is difficult to distinguish energy transfer and charge injection
only by analysing the cutoff photon energy.
Interestingly, the bias dependence behaves differently on 2 and 3 ML ZnO as seen in Fig.
4.5 and 4.7. However, the luminescence below the CBE of 3 ML ZnO could not be probed
in the experiments shown here due to the decrease of photonic DOS, which also influences
the position of the maximum in the STML spectra on 3 ML ZnO. The largest integrated
intensity at the CBE of 2 ML ZnO is an indication of charge injection being the prevailing
mechanism. The decrease of the integrated intensity above a bias voltage of 1.9 V might
be caused by charge injection (step 1 in Fig. 4.4 (B)) and non-radiative quenching due
to the transport of electrons to the ZnO/Ag(111) interface and into the Ag bulk without
radiative transition (step 3 in Fig. 4.4 (B)). A similar quenching behaviour of the integrated
intensity above a certain bias voltage threshold was observed on 3.5 nm thick Cu2O films
on Au(111) by Nilius et al.[21] Nilius et al. ascribed the observation to more localized and
effective light-emitting states at the CBE due the higher probability of recombination.[21]
They assigned the non-radiative loss of electrons at higher bias voltage to the injection of
electrons into delocalized states such that the electrons reach the Au interface without a
radiative transition.[21] As in the case of Cu2O/Au(111)[21], it seems that the states at the
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CBE of 2 ML ZnO are more effective light-emitting.
If the observed luminescence would stem from the radiative decay of the plasmon (step 1
in Fig. 4.4 (A)), one would not expect such a large increase of integrated intensity from
1.7 V to 1.8 V when the tip retracts by about 0.5 Å (see Fig. 3.6) and the plasmonic field
strength is weakened. Additionally, step 1 in Fig. 4.4 (A) and the tip retraction by 3 Å are
likely not responsible for the decrease of integrated intensity above a bias voltage of 1.8 V
as estimated by a current-dependent measurement (see subsection 4.2.5). Fig. 4.13 shows
the current-dependent STML spectra on 2 ML. The change in STML intensity in Fig. 4.13
originates from the different gap distances and weakened plasmonic field strength. From
90 nA to 15 nA, the integrated intensity decreases by 16 percent. This change in tunneling
current corresponds to a tip retraction of roughly 1 Å. Hence, the tip retraction alone likely
does not explain the decrease of integrated intensity above a bias voltage of 1.8 V. Despite
the tip retraction on 3 ML ZnO at the CBE, the integrated intensity increases, which also
excludes the energy transfer mechanism.
Because the integrated intensity is increasing on 3 ML ZnO, the non-radiative loss into the
Ag bulk seems to not play such a large role as on 2 ML ZnO. The increase of the integrated
intensity is not expected in constant current mode and in the framework of charge injection
(Fig. 4.4 (B)) and correlates with an increase of remaining intensity at photon energies
above the IS-CB transition energy. This might be explained with radiative transitions above
the CBE (hot luminescence) or a superposition of radiative decay of the plasmon (step 1 in
Fig. 4.4 (A)) and radiative transition at the CBE (step 2 in Fig. 4.4 (B)). The different
coupling of CB states (above the CBE) to the Ag bulk (localization of CB states) regarding
2 and 3 ML ZnO could originate from their differences in geometry, electronic structure
and/or thickness. Due to the thickness of 4 ML ZnO and a similar structure to 3 ML ZnO,
we expect a bias-dependent behaviour on 4 ML similar to 3 ML.
The results of the local dependence on the electronic structure on the damaged ZnO island
(Fig. 4.8) are ambivalent. As the initial states of the radiative transition (step 2 in Fig.
4.4 (B)) in the charge injection framework reside at the CBE of ZnO and are seemingly
effective light-emitting, a degradation of these electronic states and their density results in
a weaker STML intensity. The remaining intensity at the damaged areas might originate
from radiative transitions from the altered CB states which is in accordance with a pro-
nounced maximum at 1.55 eV. However, intensities in STS and STML are interchanged on
the damaged areas which seem to contradict the radiative transition from the CBE. This
contraction might be explained by the different spatial extents of the tunneling current
(STS) and the plasmonic field (STML) such that areas close to the tip contribute to the
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STML response. The shifted CBE could also result in quenching (via energy transfer) of
photon energies below the quantum cutoff due to a shifted IS-CBE transition.
The observation of no lateral distance dependence on the bare Ag(111) surface in close
proximity to the ZnO edge (see Fig. 4.9) excludes that energy transfer is responsible for the
reduction of higher photon energies. The steep shift of the broad STML response to lower
photon energies as soon as electrons can tunnel into the 3 ML ZnO might be an indication
for charge injection with subsequent relaxation. However, a higher quantum cutoff and
more red-shifted plasmonic structure (e.g. with Au tips on Ag(111)[31]) would allow us to
characterize the observed spectral changes in more detail.
So far, we have only discussed results below bias voltages below 3.4 V. In contrast, the next
paragraph will cover the observation above a bias voltage of 3.4 V in the bias-dependent
STML measurement. The continuous increase of integrated intensity on 2 ML ZnO above
3.4 V with its shifted cutoff by the energy of the CBE is an indication that both processes,
radiative decay of the plasmon (step 1 in Fig. 4.4 (A)) and radiative transition at the CBE
(step 2 in Fig. 4.4 (B)), can occur in different bias voltage regimes. This luminescence
originating from step 1 (Fig. 4.4 (A)) with final states near the CBE was observed by
Krane et al. on quasi-freestanding MoS2 nanopatches on Au(111).[30] The presence of
the shifted cutoff indicates that the radiative decay of the plasmon according to step 1
(Fig. 4.4 (A)) is not efficient when final states are located inside the band gap. It is
surprising to observe a sharp shifted cutoff with increasing integrated intensity for several
reasons. First, the first FER state (at 3.8 V) should have an indirect effect on the STML
intensity due to tip retraction (larger than 2.5 Å) and the availability of a new channel
(tunneling into the first FER state) can lead to quenching as observed by Martínez-Blanco et
al.[59]. Second, the CB states of ZnO undergo a significant alternation at higher bias voltages.

The data at positive bias voltage supports the charge injection mechanism (Fig. 4.4 (B)),
where fast relaxation leads to a reduction of high photon energies. The most reliable
way to deconvolute possible contributions from electronic and plasmonic structure and
to distinguish the energy transfer and charge injection mechanism is to measure the bias
dependence at negative bias voltages (see next subsection 4.2.4).

4.2.4 Negative Bias Dependence of STML on ZnO

The bias-dependent STML measurements have been conducted at negative bias voltage on
2 and 3 ML ZnO. Possible processes are depicted in Fig. 4.10. At negative bias voltage, the
electrons tunnel elastically (1) and inelastically (2) from the ZnO/Ag(111) surface into the
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Ag tip. The inelastic tunneling process excites the LSP of the junction which radiatively
decays (2). As seen in the previous sections, luminescence at positive bias voltages is
strongly influenced by the electronic structure (CB) of ZnO, which made it difficult to
distinguish energy transfer and charge injection as mechanism responsible for the reduction
of intensity at high photon energies. However, at negative bias voltage only contributions
from the radiative decay of the LSP of the junction (2) to the STML response are expected.
Thus, quenching of higher photon energies via energy transfer (3) is much easier to confirm
or disprove at negative bias voltages. According to Stróżecka et al., the relative photon
yield Y (hν) is expected to decrease proportional to (eVbias − hν) due to the shrinking energy
window and possibility to create a photon with the energy hν.[92] Y (hν) is plotted for the
bare Ag(111) surface (compare to Fig. 4.1) in Fig. 7.9 (see Appendix) with Vref = 2.4 V.
As expected, the decrease is proportional to (eVbias − hν) with small deviations near the
quantum cutoff. If the plasmonic response is quenched by the IS-CB transition, one would
expect deviations from a linear decrease above the photon energy of the IS-CB transition
energy.

Figure 4.10: Schematic energy diagram of the ZnO/Ag(111)-Ag tip junction at negative
bias voltage with possible processes.

The results of the bias-dependent STML measurements on 2 and 3 ML ZnO at negative
bias voltage in constant current mode at 40 nA are given in 4.11 and 4.12, respectively. (A)
shows the contour plot of the relative photon yield Y (hν) and exhibits the spectra as a
function of the magnitude of the bias voltage. Please note that the data set in Fig. 4.11 of
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2 ML is not sensitive to the examination of possible quenching because the bias voltage
in this measurement is limited to −2 V. This limitation is caused by instabilities of the
ZnO/Ag(111)-Ag tip junction at lower bias voltages. At low bias voltages below −2 V, it
was observed multiple times that the Ag tip left material (most likely Ag atoms from the
apex) on the ZnO islands (see Fig. 7.10 in Appendix).

Figure 4.11: (A) Contour plot of the bias-dependent STML spectra (relative photon yields
Y (hν)) on 2 ML ZnO at negative bias voltage in constant current mode at
40 nA. The upper panel in (A) exhibits the plasmonic response on bare Ag(111)
at 3 V and 3 nA. The light grey part of the plasmonic response on bare Ag(111)
originates from second order diffraction. The CBE-IS transition energy (light
green dashed line), the CBE energy relative to Fermi level (red dashed line)
and the quantum cutoff (red solid line) are marked. (B) shows the integrated
Y (hν) as a function of the bias voltage. Line spectra of Y (hν) and the STML
data only normalized to the electrons are shown in Fig. 7.11 (see Appendix).

For 2 ML and 3 ML, Y (hν) shifts to higher photon energies with decreasing bias voltage due
to the quantum cutoff (see red solid line) and increasing energy window. As expected for
photon energies below the energy of the IS-CBE transition, Y (hν) decreases proportional
to (eVbias − hν) (see Fig. 7.11 (A) and 7.12 (A)) which means the radiative decay of the
plasmon is observed (step 2). Interestingly, Y (hν) is larger than 1 between 1.4 eV and 1.6 eV
which means the luminescence is stronger on the 3 ML ZnO than on 2 ML and on bare
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Ag(111). This is not expected because the Ag(111)-Ag tip distance is much larger and
hence the plasmonic field weaker. It is also very peculiar that −1.7 V yields the largest
maximum in Y (hν) compared to −1.8 V and −1.9 V. Despite this unexpected behaviour
and change, there is no indication of reduction of higher photon energies via energy transfer
(step 3) on 3 ML ZnO because there is no deviation from the smooth decay proportional to
(eVbias − hν) (see Fig. 7.12 (A)).

Figure 4.12: (A) Contour plot of the bias-dependent STML spectra (relative photon yields
Y (hν)) on 3 ML ZnO at negative bias voltage in constant current mode at
40 nA. The upper panel in (A) exhibits the plasmonic response on bare Ag(111)
at 3 V and 3 nA. The light grey part of the plasmonic response on bare Ag(111)
originates from second order diffraction. The CBE-IS transition energy (light
green dashed line), the CBE energy relative to Fermi level (red dashed line)
and the quantum cutoff (red solid line) are marked. (B) shows the integrated
Y (hν) as a function of the bias voltage. Line spectra of Y (hν) and the STML
data only normalized to the electrons are shown in Fig. 7.12 (see Appendix).

However, a different data set on 2 ML ZnO to lower bias voltages (−2.7 V) where the Ag
tip left material on the surface indicates a reduction of higher photon energies (see Fig.
7.13 in Appendix). The integrated intensity decreases below −2.2 V which is not expected
(see inset of Fig. 7.13). This decrease originates from an increase of the Ag(111)-Ag tip
distance and change of the tip condition which affects the plasmon structure. Independent
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on the tip condition and geometry, the absolute maximum is expected above 2 eV due to
the intrinsic properties of the Ag(111)-Ag tip junction.[31, 59] Further studies are required
to investigate this seemingly reduction of higher photon energies at negative bias voltages.

4.2.5 Current Dependence of STML on ZnO

The dependence of the STML spectra on the tunneling current has been probed in order to
estimate the influence of the gap size on the STML response. Additionally, the order of the
light-emitting process can be determined to give an insight into the mechanism. Fig. 4.13
shows the STML intensity on 2 ML ZnO as a function of the tunneling current from 10 nA
to 90 nA. As depicted in (B), the integrated intensity decreases by about 16 percent from
90 nA to 15 nA which corresponds to an estimated tip retraction of about 1 Å. This decrease
in integrated intensity is ascribed to a decrease of the plasmonic field strength due to the
larger gap distance.

Figure 4.13: (A) The STML response on 2 ML ZnO dependent on the tunneling current
(10 nA to 90 nA) at a constant bias voltage of 2 V. (B) shows the integrated
intensity as a function of the tunneling current.

Under the assumption that the dependence of the tunneling current J on the integrated
spectral intensity I follows a simple power law:

I = αJβ (4.1)

with a proportional factor α, we can extract β by logarithmizing the equation which is
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obtained by dividing eq. 4.1 by a reference intensity-current pair:

log(I/I0) = β log(J/J0). (4.2)

Thus, by fitting a linear function to eq. 4.2, the exponent β is obtained from the slope.
Its value corresponds to the order of the process. The integrated spectral intensity I is
determined from the STML spectra (normalized only to the integration time) in Fig. 7.14
(see Appendix). The data of the integrated spectral intensity is edited according to eq.
4.2 with J0 = 5 nA. The linear fit according to eq. 4.2 is given in Fig. 4.14 for 2 ML
(A) and 3 ML (B) ZnO. The slope is 1.06 and 1.08 on 2 ML and 3 ML ZnO, respectively.
That means, the process which leads to the observed luminescence on the ZnO islands is a
one-photon-electron process.

Figure 4.14: Plot of the logarithmized integrated intensity pairs I/I0 versus logarithmized
tunneling current pairs J/J0 on 2 ML (A) and 3 ML (B) ZnO at a bias voltage
of 2 V and with reference J0 = 5 nA.
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In this master thesis STM-induced luminescence (STML) from ultra-thin ZnO films on
Ag(111) was investigated. The goal of the measurements was to understand the influence of
the electronic structure of the ZnO/Ag(111) sample on the luminescence spectra emitted
from the plasmonic STM junction. Previous preliminary measurements of the group showed
that the plasmonic STML spectra on bare Ag(111) are strongly altered by the presence of
the ZnO. In particular, it was found that the STML spectra from ZnO/Ag(111) seem to
exhibit characteristic shapes that indicate a strong contribution from the electronic IS-CBE
resonance inside the ZnO/Ag(111) sample. The purpose of this thesis was to investigate
the influence of the electronic structure and its interaction with the junction plasmon on
the luminescence spectra.
In more detail, on 2 ML and 3 ML ZnO photon energies above the IS-CBE transition
energy are strongly reduced at positive bias voltages, while the luminescence below this
energy appears plasmonic in nature. There a two possible mechanism which could cause the
reduction of higher photon energies. First, the electrons can inelastically tunnel inside the
band gap and excite the junction plasmon which can be quenched by the IS-CB transition
via energy transfer. The interaction between junction plasmons and molecular excitons via
energy transfer, which leads to fano lineshapes, is known in the literature.[37] Liu et al.
reported a strong coupling between the junction plasmon and the IS-CBE transition on
ZnO/Ag(111).[43, 44] Second, electrons can tunnel into the CB of ZnO (charge injection)
and undergo fast relaxation to CBE states due to electron-phonon coupling[44, 43]. In the
last step, a radiative transition emerges from CBE states to final states (IS or Ag states)
inside the band gap.[101, 99] This charge injection process showing plasmonic luminescence
was observed on Cu2O films on Au(111).[21] To better understand the origin of the observed
luminescence changes and to gain insight into their physical mechanism, bias-dependent
STML measurements and STML mapping of ZnO islands are performed.
The results of the positive bias-dependent measurement on 2 ML ZnO indicate that charge
injection and fast relaxation to the CBE play an important role. Thus, the CBE states of
ZnO are more efficient light-emitting. In contrast, quenching via the IS-CB transition by
energy transfer can be ruled out with high probability by the lateral distance measurement
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in close proximity to 3 ML ZnO and bias-dependent measurements at negative bias voltage.
At positive bias voltages, the bias dependence reveals a bias-independent energy cutoff at
around 2.1 eV and 1.5 eV for 2 ML and 3 ML ZnO, respectively, of the luminescence spectra.
On 2 ML ZnO, strong luminescence is only observed when directly tunneling into the CBE.
The decrease of integrated intensity above the CBE is ascribed to localized and effective
light-emitting state residing at the CBE and delocalized states above the CBE leading to
transport of the electrons into the Ag bulk.[21] This non-radiative loss into the Ag bulk was
not pronounced in 3 ML ZnO. Current-dependent measurements showed that tip retraction
at the CBE of 2 ML ZnO is not solely responsible for the decrease of integrated intensity
and that the luminescence on 2 and 3 ML ZnO originates from an one-electron-photon
process. Spatial STML mapping reveals that strong luminescence is only observed when
the CB states around the CBE are not altered and the electronic structure is well-defined.
The lateral distance measurement near a 3 ML ZnO island shows no dependence on the
lateral distance whereas a distance dependence would be expected in case of energy transfer.
Hence, the reduction of higher photon energies is ascribed to fast relaxation in the CB.
Unambiguous identification of the involved mechanism - charge injection versus energy
transfer - can be expected from STML measurements at negative bias voltage. At negative
bias voltage, tunneling into the ZnO-CBE is not possible, and consequently no lumines-
cence from radiative recombinations of electrons at the CBE with holes in the IS/Ag(111)
surface can be expected. In contrast, energy transfer would still be possible. Negative
bias-dependent STML measurements indicate solely the radiative decay of the localized
surface plasmon of the junction. The linear decrease of Y (hν) indicate no deviation or
sudden decrease around the energy of the IS-CBE transition energy. Thus, there is no
indication of quenching via energy transfer even though further measurements at lower
negative bias voltages are required to corroborate this.
A large part of the experimental work included the preparation of the ultra-thin ZnO
films on Ag(111) and the optimization of the corresponding parameters. It turned out
that the Zn rods in the ZnO preparation chamber are degrading so that they have to be
exchanged in the near future for successive measurements. Hopefully, with fresh Zn rods
much larger and more stable ZnO islands can be generated such as in previous studies,
where no alternation of electronic structure and moiré pattern was observed.[12, 44, 42, 40]
Additionally, the measurement temperature will be reduced to liquid helium temperature
in the next machine time, which might also prevent the destruction of the ZnO and the
instabilities of the junction at negative bias voltages. Moreover, the next measurements
will be conducted with a plasmonic Au tip instead of a Ag tip because the localized surface
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plasmon is intrinsically more red-shifted for Au tips.[31] Measurements on 3 ML with a
Ag tip are more difficult and limited due to a low spectral overlap of the Ag tip plasmon
with the CBE. Furthermore, plasmonic tips which exhibit a single broad plasmon peak
without many spectral modulations are highly desired to simplify the analysis regarding the
normalization. Such tips have been used before but require more time to be prepared.
So far, only electroluminescence has been considered. Another approach investigating the
light-matter interaction in ultra-thin ZnO films on Ag(111) is Tip-Enhanced Photolumi-
nescence (TEPL). TEPL has the advantage to even create possible final states in the IS
at the Γ-point due to the optical excitation of IS-electrons at the Γ-point and creation
of electron-hole pairs. Even though STML in ZnO is also based on the recombination
of electrons and holes (away from the Γ-point), there is less control, e.g. due to the gap
distance dependence. According to the radiative transitions at the CBE of ZnO observed in
STML, one expects even stronger luminescence from the CBE-IS transition due to holes at
the Γ-point. It would be interesting to probe how TEPL evolves by exciting electrons with
a cw-laser from the IS to the CBE and above the CBE on 2 and 3 ML ZnO. According to
the bias-dependent STML measurements at positive bias voltage in this thesis, radiative
recombinations in TEPL resulting from excitation above the CBE is expected to be observed
only on 3 ML ZnO because 2 ML ZnO indicates strong non-radiative loss into the Ag bulk.
We want to use the ultra-thin ZnO films on Ag(111) as versatile model system with unique
optical properties (IS-CBE transition) for time-resolved measurements. Those time-resolved
measurements will provide insight into the electron and lattice dynamics. Liu et al. detected
coherent phonons (CPs) in 3 ML ZnO with a 2 nm resolution via the interferometric auto-
correlation of the photocurrent[43] with the STM machine described in this thesis. However,
the mechanism of the CP excitation is still an open question. First, optical spectroscopy
via STML and TEPL might help to better under the time-resolved measurements. Second,
time-resolved measurements with THz pulses and a tunable fs-laser, where the photon
energy of the pump and probe pulse can each be tuned, will provide more insight. Moreover,
the investigation is limited to 3 ML ZnO because the fixed wavelength is only resonant with
the IS-CBE transition of 3 ML ZnO on Ag(111).[43] With a tunable fs-laser, there would the
ability to investigate CPs in 2 ML ZnO on Ag(111) with high spatial resolution. In order to
conduct these time-resolved measurements, the ZnO/Ag(111) sample has to be transferred
to a different setup (THz-STM), which is equipped with a tunable fs-laser (650 nm-900 nm,
OPA) and THz generator. However, the ZnO/Ag(111) sample is not stable under ambient
conditions. In the extent of this thesis, an UHV suitcase has been constructed in order to
conduct the transfer of the ZnO/Ag(111) sample between two different STM machines. The
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UHV suitcase is described in the following part.

5.1 Construction of an UHV Suitcase and ZnO/Ag(111) Sample
Transfer

Fig. 5.1 (A) shows a picture of the UHV suitcase attached to the load-lock (0) of the
THz-STM and (B) the corresponding technical drawing. The main part of the UHV suitcase
is the load-lock vessel (1) which consists of 6 ports. Three ports are rotatable DN40CF
flanges (port 1, 3 and 4), two ports are DN40CF flanges (port 2 and 6) and one port is a
DN63CF flange (port 5). All the stainless steel parts of the construction were prepared for
UHV conditions. The inner and outer walls were glass ball blasted and all seams welded
from the inner side. One DN40CF flange (port 4) is covered with a blind flange and another
one (port 3) with a silica window in order to see the sample in the UHV suitcase during
transfer. Port 1 and 2 are aligned along the main axis for the sample transfer. A Mini
UHV-Schieber (from VAT) (2) is connected to port 1, which separates the UHV suitcase
from the ambient surrounding during transport, from the load-lock (0) of the THz-STM
and from the observation chamber of the STM machine during the sample transfer. In order
to connect the UHV-Schieber to the load-lock of the THz-STM, an adapter DN63CF to
DN40CF (2a) was required due to the UHV-Schieber only having two DN40CF flanges and
the load-lock a DN63CF flange. The port 2 (opposite to port 1) is connected to a spacer
with two DN40CF flanges (3), which itself is connected to the transfer rod (MOS 40-600,
from VAb) (4). The sample holder tool (5) is connected to the transfer rod via an adapter
tool (6). It provides some flexibility during sample transfers in case of slight misalignment.
For measuring and monitoring the pressure inside the UHV suitcase, a cold cathode gauge
(Pfeiffer) (7) is installed at port 6. Please note that the cold cathode gauge is missing in
the technical drawing. Port 5 is connected to a Tee connector with three different sized
flanges (rotatable DN63CF, DN40CF and DN16CF) (8). In order to maintain the pressure
inside the UHV suitcase, a NEG/Ion Combination Pump (NEXTorr Z 200, from SAES
Getters) (9) is attached to the DN40CF flange of the Tee connector. The advantage of
the combination of a sputter ion pump and Non Evaporable Getter (NEG) pump is the
small size (75 mm x 81 mm x 197.5 mm) and low weight (2.2 kg).[102] After activation
of the NEG pump by thermal treatment, it will run at room temperature without any
power supply. The getter has a large inner surface of 300 cm2 composed of an alloy made
from Zr, V, Ti and Al, which enables the chemisorption and absorption (retention) of gas
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molecules.[102] This makes the NEG pump suitable for the sample transfer between two
STM machines. The third flange (DN16CF) is connected to an angle valve (10). Under
normal operation, the outlet flange (DN16CF) is closed by a blind flange. Once in a while,
the getter has to be reactivated. Additionally, the UHV chamber has to be baked out after
venting or in case of contamination. During bake-out and reactivation, pumping can be
done either via the turbo pump of the load-lock (THz-STM) or over the angle valve with
an external turbo pump. In order to have mechanical stability and avoid that the whole
weight of the UHV suitcase lays on the flange to the load-lock, a post (11) on the optical
table holds the weight of the UHV suitcase at the transfer rod.
The UHV suitcase was baked out once for 5 days with multiple heating tapes at a maximum
temperature of 390 K via the turbo pump of the load-lock. Due to a minor leak in the
load-lock, it was decided to close the gate valve to the load-lock and resume the bake-out
(for additional 4 days) via pumping with an external turbo pump over the angle valve
(DN16CF flange). Furthermore, one of the heating tapes was exchanged such that a higher
maximum temperature of 410 K was reached. While the walls of the UHV suitcase were
still at elevated temperatures, the NEG pump was activated for one hour (60 W). After
closure of the angle valve and cool-down, a pressure of about 7 × 10−11 mbar was reached
inside the UHV suitcase without any power supply.
Due to time constraints, it was not possible to attach the UHV suitcase to the STM machine,
where the ZnO/Ag(111) sample is prepared, and to test the sample transfer between both
STM machines. The UHV suitcase is supposed to be attached to the observation chamber
of the STM machine via the gate valve of the observation chamber (DN40CF) and the
gate valve of the UHV suitcase (2) connected by a Tee connector (2xDN40CF, DN16CF).
The connection is pumped over the DN16CF flange by an external turbo pump in order to
prevent contamination inside the observation chamber and UHV suitcase.
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Figure 5.1: A: Picture of the UHV suitcase attached to the load-lock (0) of the THz-STM
machine. B: Technical drawing of the UHV suitcase. 1: load-lock vessel with 6
ports (three ports are rotatable DN40CF flanges (port 1, 3 and 4), two ports
are DN40CF flanges (port 2 and 6) and one port is a DN63CF flange (port 5)),
2: Mini UHV-Schieber, 3: spacer with two DN40CF flanges, 4: transfer rod, 5:
sample holder tool, 6: adapter tool, 7: cold cathode gauge. Please note that
the cold cathode gauge is not shown in the technical drawing on port 6. 8: Tee
connector with three different sized flanges (rotatable DN63CF, DN40CF and
DN16CF), 9: NEG/Ion Combination Pump, 10: angle valve, 11: post on the
optical table.
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7 Appendix

Figure 7.1: Line spectra of the bias-dependent STML spectra (I [cts/electron/eV]) of the
Ag(111)-Ag tip junction in constant current mode at 3 nA.
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7 Appendix

Figure 7.2: Schematic energy diagram of the ZnO/Ag(111)-Ag tip junction at positive bias
voltage below the CBE of ZnO. Inelastic tunneling inside the band gap excites
LSP of the junction which radiatively decays.

Figure 7.3: Line spectra of the bias-dependent STML spectra as relative photon yield Y (hν)
(A) and as intensity only normalized to the electron number (B) on 2 ML ZnO in
constant current mode at 8 nA at positive bias voltage. The CBE-IS transition
energy (light green dashed line) and the CBE energy relative to Fermi level (red
dashed line) are marked.
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Figure 7.4: Integrated intensity of Y (hν) as a function of the bias voltage on 2 ML ZnO.

Figure 7.5: Line spectra of the bias-dependent STML spectra as relative photon yield Y (hν)
(A) and as intensity only normalized to the electron number (B) on 3 ML ZnO in
constant current mode at 50 nA at positive bias voltage. The CBE-IS transition
energy (light green dashed line) and the CBE energy relative to Fermi level (red
dashed line) are marked.
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7 Appendix

Destruction of ZnO islands

At higher bias voltages, it has been observed that the moiré pattern of 2 ML and 3 ML
ZnO islands is destroyed and that the electronic structure is altered. Fig. 7.6 and 7.7 show
an exemplary progress of the destruction of the moiré pattern of a 2 ML and 3 ML ZnO
island, respectively, during the bias-dependent measurement after certain bias voltages at
a tunneling current of 8 nA. The moiré pattern on 3 ML ZnO is completely destroyed
in-between 2.6 V and 2.9 V while on 2 ML ZnO, the moiré pattern is only partially destroyed
after measuring at 3.4 V. However, the destruction also depends on the tunneling current
and the exposure time when a certain bias voltage threshold is exceeded. In comparison
to the 2 ML ZnO islands, the 3 ML islands are much more fragile and easier destroyed
probably because the 3 ML ZnO islands are more inhomogeneous and exhibit a surface
dipole moment.[83, 41] The observed alternation of the electronic structure is most likely
caused by the electron bombardment and local heating which induces defects inside the
ultra-thin ZnO films. Interestingly, positions deviating from the tip position were also
destroyed. Electron-stimulated desorption is a surface science technique, which is based
on the bombardment with low-energy electrons causing desorption, bond alternation and
decomposition.[103] Liu et al. concluded that efficient local heating occurs on 2 ML ZnO
via resonant electron tunneling into the CB and subsequent electron-phonon coupling.[44]
Kumagai et al. did not observe any destruction of the ZnO films at 5 K even though they
measured STS spectra up to a bias voltage of 8 V.[12] The deviation of the moiré pattern
periodicity (see Fig. 3.5, Experimental Part) from their observations might be an indication
that a different coincidence structure was prepared in this thesis.[40] According to Shiotari
et al., the ZnO(0001)-(7x7)/Ag(111)-(8x8) coincidence structure is thermodynamically
more stable than the ZnO(0001)-(5x5)/Ag(111)-(3

√
3x3

√
3) R30◦ coincidence structure,

which forms smaller domains.[40] Thus, measurements in the future will be conducted on
larger and more stable ZnO films. In order to exclude any effects of degradation, future
bias-dependent STML measurements will be conducted in a forward and backward fashion
with STS spectra or maps taken in-between.
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Figure 7.6: STM images (Vbias = 1 V, It = 100 pA) of a 2 ML ZnO island during a bias-
dependent measurement at 8 nA before (A), after 2.1 V (B), after 2.6 V (C),
after 3.1 V (D) and after 3.4 V (E). The moiré pattern changes and is partially
destroyed with increasing bias voltage.
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7 Appendix

Figure 7.7: STM images (Vbias = 1 V, It = 100 pA) of a 3 ML ZnO island during a bias-
dependent measurement at 8 nA before (A), after 1.5 V (B), after 2 V (C),
after 2.5 V (D) and after 2.9 V (E). The moiré pattern changes and is partially
destroyed with increasing bias voltage.

Figure 7.8: Schematic drawing of the Ag tip-Ag(111) surface junction and quenching of the
LSP of the junction via energy transfer. A lateral distance-dependent STML
response in close proximity to the ZnO island is expected.
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Figure 7.9: Y (hν) of the the plasmonic response from the Ag(111)-Ag tip junction in
constant current mode It = 3 nA. Y (hν) decreases proportional to (eVbias − hν).

Figure 7.10: STM images (Vbias = −1 V, It = 100 pA) of a 2 ML ZnO island before (A)
and after (B) the bias-dependent measurement with the lowest bias voltage at
−2.7 V and 5 nA.
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Figure 7.11: Line spectra of the bias-dependent STML spectra as relative photon yield
Y (hν) (A) and as intensity only normalized to the electron number (B) on
2 ML ZnO in constant current mode at 40 nA at negative bias voltage. The
CBE-IS transition energy (light green dashed line) and the CBE energy relative
to Fermi level (red dashed line) are marked.

Figure 7.12: Line spectra of the bias-dependent STML spectra as relative photon yield
Y (hν) (A) and as intensity only normalized to the electron number (B) on
3 ML ZnO in constant current mode at 40 nA at negative bias voltage. The
CBE-IS transition energy (light green dashed line) and the CBE energy relative
to Fermi level (red dashed line) are marked.
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Figure 7.13: Bias-dependent STML spectra on 2 ML ZnO at negative bias voltage in constant
current mode at 5 nA. The CBE-IS transition energy (light green dashed line)
and the CBE energy relative to Fermi level (red dashed line) are marked. The
condition of the ZnO/Ag(111)-Ag tip junction changed below a bias voltage of
−2 V. Inset shows the integrated intensity.

Figure 7.14: The STML response on 2 ML (A) and 3 ML (B) ZnO dependent on the
tunneling current (1 nA to 90 nA) at a constant bias voltage of 2 V. Note that
the counts are merely normalized to the integration time.
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