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Supervisor: Mgr. Martin Švec, PhD, Department of surfaces and molecular struc-
tures, Institute of Physics of the Czech Academy of Sciences

Abstract:

Scanning tunneling microscopy-induced luminescence (STML) combined with
high-resolution atomic force microscopy (AFM) is a powerful tool for studying the
photophysics of individual molecular emitters on surfaces. However, the mecha-
nism of energy conversion between tunneling electrons and photons in decoupled
systems placed in a nanocavity of STM is not fully understood as it depends on
many variables.

This thesis presents a range of proof-of-concept experimental approaches. The
viability of CO-terminated tips for STML is demonstrated by performing
subnanometer-resolved spectroscopy and mapping of photon intensity acquired
over zinc phthalocyanine on NaCl/metal substrate. For the same molecule, time-
resolved phase fluorometry is devised and is used to reveal the exciton and charge
dynamics as a function of the applied bias voltage. Of more fundamental charac-
ter, the role of the chromophore environment on its exciton emission and binding
energy is studied. For the first time, we observed and explained the presence of
molecular librations in molecules on the surface from a comb-like emission line
resulting from the exciton-libron coupling and the chiral adsorption geometry.
Finally, exciton delocalization in molecular aggregates is mapped using the tip
nanocavity capable of detecting the dark states, inaccessible in far-field spectro-
scopies. The experimental results are compared to theoretical simulations and
discussed extensively.
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Introduction

The miniaturization of electric circuits in information technology during the past
70 years revolutionized almost every aspect of life in societies worldwide. Cur-
rently, electronic devices are dominantly based on silicon technology utilizing
only a few elements from the periodic table for building the units in a top-down
approach. However, as the size of the transistors approaches the single-atom di-
mensions, where the quantum e�ects will hamper their reliable operation, research
of more e�cient and elegant principles is of great importance for our sustainable
future. The concept of quantum computing using qubits instead of classical bits
is attaining a lot of attention but its wide application in practice needs to over-
come many fundamental challenges such as �nding a suitable physical system
for creating qubits performing quantum operations free of spurious decoherence
e�ects. Another strategy is to mimic processes in nature. Software/hardware
neural networks inspired by biological systems are now the main problem-solving
methods in arti�cial intelligence. The utilization of molecules, which are the
basic building blocks in nature, o�ers a very rich building kit with a choice of
millions of well-de�ned objects with distinct properties. This approach has been
put to work in organic light-emitting diodes (OLEDs), sensors and organic solar
cells and it was also proposed for molecular-scale electronics [1]. For a correct
understanding of the phenomena on the atomic level, an adequate theoretical
description is necessary, based on precise and thorough experimental data.
But how to address objects as small as individual atoms and molecules?

Industrial progress had to be always preceded by characterization and vi-
sualization tools. One of the most in
uential instruments invented in human
history was the optical microscope. Its resolution is inherently limited by the
wave nature of photons which are di�racted on the observed objects. The nearest
distance between two objects that can be resolved using visible light is around
250 nm, far more than the scale of atoms and molecules. The di�raction of X-
rays or particles like electrons of much shorter wavelengths can be harnessed to
obtain information about atomic positions in a crystal lattice. However, focus-
ing and the observation of individual atoms remained elusive until the scanning
version of the transmission electron microscope was improved in the 1970s [2].
The scanning tunneling microscope (STM) invented one decade later [3] enabled
not only nondestructive imaging of electronic landscapes of surfaces with atomic
precision but also opened the way to direct atomic manipulation [4] with use of
the sharp scanning probe. After almost half a century since its invention, this
methodology is, quite surprisingly, still developing and has evolved into a precise
method capable of atomic and molecular spin sensing, ultimate-resolution atomic
force microscopy (AFM) [5] or time- and energy-resolved spectroscopies [6, 7].
In particular, the combination of ultra-high vacuum cryogenic STM and AFM is
a great tool for studying the electronic properties of molecules and their atomic
structure.

With the capabilities of such a powerful technique as the combined STM/AFM
methodology certainly o�ers, it would be of utmost importance and impact to
enhance it by adding sensitivity to optical properties of the nanoscopic objects.
The main questions are how to achieve such a challenging task, seemingly defy-
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ing limitations imposed by physics known for centuries. The STM tip provides
a sub-nm localized channel of tunneling electrons, which can create excitations.
Moreover, localized plasmonic modes emerge when a cavity is formed between
the metallic tip and the sample. The plasmonic modes mediate the radiative
decay of excitations out to the far �eld. The concept of electric �eld enhance-
ment on plasmonic nanostructures has been known from the surface- and tip-
enhanced Raman scattering techniques capable of detecting signals from single
molecules, but they had never achieved the spatial resolution of STM until 2013
[8]. First, the STM-induced light emission showed sub-nm variation when scan-
ning over metallic samples [9] and in 2003, Qui et al. [10] demonstrated intrinsic
emission of a single electronically decoupled molecule using STM-induced lumi-
nescence (STML). The enhancement of the radiative decay rate of molecules in
the optical cavity enabled them to obtain su�ciently intense signals from single
chromophores. It took 13 years from the publication of this exceptional work
until another substantial improvement, using NaCl trilayer on noble metals as
a decoupling platform for molecules, was realized. Tip manipulation of the ad-
sorbed molecules on NaCl permitted the study of fundamental processes of energy
transfer [11] and superradiance [12] at the atomic scale.

I started my PhD two years after these observations were reported. At that
time, there was only about a dozen publications using STML as a tool to ad-
dress the single-molecule luminescence on NaCl. Many fundamental questions
about the principles and applicability of STML were open, these among others:
What can we learn from the spatial dependence of the luminescence signal (pho-
ton maps)? What is the origin of the lineshapes observed in STML? How does
the NaCl layer in
uence the molecular emission? Is Kasha's rule valid in STML?
Can we observe both 
uorescence and phosphorescence? How long do the excited
states live? How localized is the electromagnetic �eld in the tip-sample cavity?
Does photoluminescence in the nanocavity work in analogy to electrolumines-
cence? And can we reach a strong-coupling regime?

I can say now that since that, the general understanding of the result ob-
served in STML has advanced signi�cantly. However, the progress was far from
straightforward. Many top published results and especially their interpretations
including ours have been overcome and corrected. In my thesis, I take the great
opportunity to provide up-to-date explanations regarding these works, based on
the current understanding of the problems, without lessening their importance to
the development of the �eld.

The thesis is divided into 8 chapters. Chapter 1 summarizes the history
and the theoretical concepts of the used methods and the key results in the
STML �eld. Chapter 2 describes the experimental setup which has been gradually
improved to the current state during my PhD studies. One section is devoted
to the fabrication of tips suitable for photoexcitation for the implementation of
STM-photoluminescence and tip-enhanced Raman scattering. Chapters 3{8 are
based on the 6 published works. The performance of CO-tips in STML is studied
in chapter 3 and the possibility of the combination of STM, AFM and STML is
demonstrated. The role of the environment on the electrical and optical properties
of molecules is studied in chapter 4. Time-resolved methods for measuring the
time constants in STM electroluminescence process are presented in chapter 5.
A methodology for calibration of the frequency-dependent transfer function of
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the high-frequency bias wiring, based on the broadening of the plasmon cuto�
in the electroluminescence spectrum, is presented in chapter 6. Visualization of
the exciton delocalization in molecular aggregates involving the possibility of the
dark state detection with the nanocavity is shown in chapter 7. Observation of
the exciton coupling to molecular librations on chirally adsorbed chromophores
in luminescence spectra is reported in chapter 8.
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1. Theoretical background
In the scope of this thesis, two well-established surface science techniques were
used, the Scanning tunneling microscopy (STM) and the non-contact Atomic
force microscopy (nc-AFM). This chapter starts with a brief historical outline
of Scanning probe microscopy followed by a basic theoretical description of its
operation and its utilization in the study of single molecules on thin insulating
surfaces. In the second part of the chapter, we describe the optical properties of
molecules and reveal how the light emitted by a single molecule can be detected
in the near-�eld of the scanning probe.

1.1 History of scanning probe microscopy

The history of scanning probe microscopy dates back to the early 1970s when
Russel D. Young presented the Topogra�ner [13], a predecessor of today's STM.
The instrument consisted of a metallic tip and a conductive sample and was
operated in a �eld emission regime, where the tip-sample separation was around
100 nm. Feedback control as well as the rough vacuum was already present.
Young was aware that for the lateral resolution better than 20 nm, which was the
estimated theoretical limit, operation in a tunneling regime would be necessary.
However, he never succeeded in the realization of tunneling current feedback
mostly due to the instability in the tip-sample distance caused by vibrations.
One decade later in 1981, IBM researchers G. Binnig and H. Rohrer constructed
the �rst STM [3]. It was the �rst instrument capable of imaging the probed
conductive sample with atomic precision [14]. Soon after the STM invention,
they turned their attention to the Si(111)-(7 � 7) surface reconstruction. They
were able to resolve individual Si adatoms in the reconstruction in real space [15]
and solved one of the most intriguing problems in surface science at that time.
This was a breakthrough in the popularity of the STM, which led to the award
of the Nobel Prize in Physics in 1986 to G. Binnig and H. Rohrer.

G. Binnig continued in his pursuit to foster the scanning probe methodology
and together with C. Quate and C. Gerber invented the atomic force microscope
[16]. The unique idea in the concept of measuring atomic force acting between
the tip and the sample lies in its applicability in all kinds of surfaces as no conduc-
tivity and tunneling current is necessary. When the original rather complicated
detection scheme using a scanning probe at the end of a 
exible cantilever and
STM as a de
ection measure was replaced by the laser-based optical lever scheme
AFM quickly found its way to the research and also industry. Nowadays, many
instruments working at ambient or liquid conditions and operated at contact
mode with force feedback are commercially available. AFM as a surface science
tool capable of atomic resolution was not so widespread in the 80s and 90s. The
biggest problem of the contact AFM is the large contact area that hinders obtain-
ing atomic resolution. It cannot be easily used in ultra-high vacuum (UHV) as
the clean surfaces tend to stick together. Therefore, the dynamic AFM using an
oscillating probe with high amplitudes was used to prevent the jump-to-contact
problem. The short time spent in the reach of short-range forces responsible for
atomic corrugation was the limiting factor of soft cantilevers used at that time.
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It took several years till the �rst scientist Franz Giessibl obtained atomic resolu-
tion on highly reactive and therefore challenging Si(111) -7� 7 surface in 1994
[17]. Later in the 2000s, sti�er cantilevers such as qPlus tuning fork or length
extension resonator [18] sensors in combination with improved feedback electron-
ics enabled them to obtain atomic resolution [19, 18] routinely. The biggest leap
forward, however, was the functionalization of the metal tip by a small moiety
| CO molecule | that was �rst described in 2009 by Leo Gross [5]. It enabled
even submolecular resolution due to the Pauli repulsion and 
exibility of the
CO-molecule on the tip apex [20, 21].

1.2 Scanning tunneling microscopy

The following section is modi�ed from the author's Master thesis [22].

1.2.1 Tunneling e�ect

STM operation is based on the quantum tunneling e�ect. The wavelike nature of
matter gives a certain probability to particles to overcome (tunnel through) poten-
tial barriers insurmountable in the picture of classical mechanics. The probability
of tunneling decreases exponentially with the barrier height, width and particle
mass thus limiting this process to the atomic scale. Tunneling is essential in
many phenomena in nature such as nuclear fusion [23] and �ssion [24], chemical
reactions [25] or DNA mutation [26, 27]. Let us consider a simplistic case, 1D
rectangular barrier sketched in Fig. 1.1 of heightW and width d and a particle of
energyE and massm. The probability P for the particle to traverse the barrier
is given by the solution of stationary Schr•odinger equation and reads

P / e� 2kd; (1.1)

where

k =

s
8� 2m(W � E)

h2
(1.2)

and h is the Planck constant [28].

1.2.2 Principle of STM

The STM microscope comprises a sharp metallic tip and a conductive sample
separated by several�A such that their orbitals overlap. The three-dimensional
barrier is realized by the vacuum region in between the electrodes and its height is
determined from the work functions of the electrodes. The probability of electron
tunneling from one electrode to another and vice versa is similar and will result in
zero net tunneling current unless a bias voltage is applied. Biasing one electrode
o�sets energy levels of the tip and sample and as a result, electrons will tunnel
from the unoccupied electronic states of the negatively biased electrode to the
occupied states of the positively biased electrode.

The tip or sample is attached to a piezoelectric scanner allowing positioning
in x, y and z directions with picometer precision. The rigid mechanical loop and
system on two external mechanical dampings protect the STM junction against
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Figure 1.1: Illustration of electron tunneling through a 1D barrier of height W and
width d. The upper graph shows the potential for a solid-vacuum-solid con�guration,
where vacuum is the barrier. The lower graph shows the real part of the electron wave
function oscillating in front of the barrier, exponentially decaying inside the barrier and
again oscillating past the barrier.

vibrations thus avoiding tip crashing and limiting noise propagated into tunneling
current. The STM images of tunneling current, tip height or other parameters
are recorded during scanning the tip along the surface. For voltagesVT below
the barrier height and low temperatures the tunneling current can be expressed
as [28]

I � 18
VT k

104
 d
Ae� e� 2kd; (1.3)

where 2k (�A � 1) = 1 :025
p

W (eV), W is the average work function of the electrodes
representing the barrier height. The typical e�ective area involved in tunneling
is expressed byAe� and determines the lateral resolution,d is the tip-sample
separation and 
 is the Ohm unit. Plugging typical W = 5 eV for metals in
equation 1.3 we evaluate the change of the tunneling currentI by one order
of magnitude for the 1 �A change in the distance. This clari�es why even a
macroscopically blunt tip can provide atomically resolved images. It is su�cient
for scanning on 
at crystalline samples if the tip apex is formed by a cluster
of atoms where the majority of tunneling current 
ows through. On the other
hand, due to the exponential current dependence, a successful operation of STM
requires damping of the vibration amplitude inz on the order of a few pm.

There are two standard modes of operation of the STM { constant current
mode and constant height mode. TheConstant current mode is the most fre-
quently used one. The tunneling current is held constant by a feedback loop. For
an electronically homogeneous surface, constant current means constant separa-
tion d and the tip movement in the cartesian coordinate system aligned with the
sample corresponds to the topography. Di�erent measured physical quantities
can be used as input for the feedback loop in various scanning probe microscopy
(SPM) methods, e.g. frequency shift in nc-AFM. The major advantages of this
mode are that it can be used for large scanning areas of various roughness without
the risk of destroying the tip. Moreover, the thermal drift in the image can be
post-processed e.g. by plane correction. In theconstant height mode the tip
is scanning on the prede�nedxy plane keeping thez constant. Several conditions
have to be ful�lled for its utilization. Since the tip-sample distance providing a
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useful signal is less than 1 nm, the surface roughness of the scanned area must
be within that range. The thermal drift and creep have to be stabilized and
compensated. Despite the limitations, the mode has been frequently used in this
thesis. Its main advantage lies in the fast operation necessary for a frequency-
modulated nc-AFM technique which encompasses additional feedback loops. The
constant z eliminates the in
uence of tunneling current on other detected quan-
tities such as dI=dV, frequency shift, photon signal in "photon maps" etc. It is
therefore predominantly used for multichannel SPM as it can be easily compared
to theoretical images generated on the samexy plane [21].

Figure 1.2: Schematic view of the STM. Tunneling current 
ows in a feedback loop
which adjusts the z position of the tip. z as a function of x and y is plotted. Adapted
from a Thin Films group archive.

1.2.3 Theory of tunneling

The �rst analytical approach to tunneling is the Bardeen model which was intro-
duced before inventing the STM in 1961 for metal-insulator-metal heterostruc-
tures [29]. This model considers a tip plus barrier and a sample plus barrier
as two separate systems. Speci�c theoretical approaches di�er from each other
in the wave functions of each electrode used. The wave functions of these two
systems can be approximated as in the case of the 1D barrier depicted in Fig.
1.1, or in the 3D model, but they are more complicated taking the geometry of
spherical symmetric tip and 
at sample into account. The transition rate from
one electrode to another is calculated using time-dependent perturbation theory
and the tunneling current is proportional to the rate.

The general equation for the tunneling current in the low-temperature limit
can be written as

I =
8� 2e

h

X

i;f

jM f i j2� (E f � E i ); (1.4)

where we sum over all combinations of initial states and �nal states of electrons
both for the tip and the sample in the applied bias window.� (E f � E i ) denotes
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that the tunneling can occur only on the same energy levels.jM f i j is a matrix el-
ement that denotes the probability of an electron passing the barrier and depends
on  i and  f as well as on the shape of the barrier [30].

Two kinds of approximation of Bardeen's equation (1.4) are the most
widespread. In theTerso�-Hamann approximation the applied voltage bias
between the tip and the sample is considered to be small compared to the bar-
rier height. Energy dependence of the matrix element and energy dependence of
the densities of states is neglected. The tip wave function is approximated by
a spherical s-wave. This approximation is often used for the simulation of STM
images.

Energy-dependent approximation deals with a 1D barrier approximation
of a rectangular shape but takes into account energy dependence of densities of
states of the tip and the sample. With this approximation, we are able to derive
important equations used in scanning tunneling spectroscopy (STS). Again, in
the low-temperature limit, tunneling current can be approximated as

I (V; d) =
8� 2e

h

Z eV

0
� tip (" � eV)� sample(" )T("; V; d)d"; (1.5)

where" is an energy relative to the Fermi energy of the sample depicted in Fig.
1.3, V the applied bias voltage to the sample,� tip and � sample are densities of
states of the tip and the sample respectively andT("; V; d) is the transmission
factor given by

T("; V; d) / exp

2

4 � 2d

vu
u
t 8� 2m

h2

 
� tip + � sample

2
+

eV
2

� "

! 3

5 (1.6)

wherem is the mass of the electron, �tip and � sample work functions of the tip and
the sample respectively. For low bias voltages, the equation 1.5 can be further
simpli�ed if we neglect the energy and voltage dependence ofT and remove it
from the integral.

Figure 1.3: Energy level diagram of the tunneling junction. The applied bias shifts
the Fermi level by eV. Density of states are represented by� tip and � sample (the �lled
states are coloured). Adapted from [30].
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1.2.4 Scanning tunneling spectroscopy

As can be inferred from Eq. (1.5), the tunneling current is distance dependent
and proportional to the density of states of the tip and the sample. If we con-
sider constant density of states (often assumed for a clean metallic tip) the �rst
derivative of the tunneling current with respect to the bias voltage is proportional
to

dI
dV

/ � sample(d; ")T("; V; d): (1.7)

For a qualitative evaluation of the density of states (e.g. mapping the orbitals
of molecules on thin insulating layers), that transmission factor bias dependence
can be neglected and the di�erential conductance is directly interpreted as a local
density of states (LDOS). STS measurements | obtaining the dI=dV | can be
done in two ways. A simple approach is to numerically di�erentiate the measured
I � V characteristics. Unfortunately, numerical di�erentiation ampli�es the noise
in the signal. Therefore, synchronous lock-in detection is often used for dI=dV
spectroscopy and enables also dI=dV spatial mapping.

Lock-in detection

Lock-in ampli�er adds a small modulation voltageVM cos!t to a bias voltage
and this modulation appears in the measured current:I (t) = f (V + VM cos!t ).
The modulation frequencyf should be higher than the cuto� frequency of the
feedback loop and should be located in a low-noise region in the noise power
density spectra (around 900 Hz). The modulation voltage has to be as small as
possible providing a su�cient signal (1-20 mV yielding lockin current on the order
of picoamperes in our case). The phase shift between the reference modulation
signal and the measured signal which emerges due to the parasitic capacitance
of the wires (consider a parallel RC circuit) in the STM must be eliminated.
In practice, before each STS measurement, the tip is slightly retracted out of
the contact and only the AC component of the measured current 
ows through
the tunneling junction (the phase shift of the measured current is 90� ) and the
capacitance can be measured and the phase-shift eliminated with the lock-in
ampli�er. If we slowly change the voltage during anI (V) measurement, the
measured tunneling current can be estimated using Taylor expansion as:

I (V + VM cos!t ) / I (V) +
dI (V)

dV
VM cos!t +

d2I (V)
dV 2

VM
2

2
cos2 !t + ::: (1.8)

and a trigonometric identity gives us

cos2 !t =
1
2

+
1
2

cos 2!t: (1.9)

We can see that the harmonic term with!t has an amplitude proportional to the
�rst derivative of the tunneling current with respect to the voltage and the term

with 2!t { second harmonic is proportional to
d2I (V)

dV 2
. With the help of �lters

that are implemented in the lock-in ampli�er, amplitudes of desiredn-th harmonic
frequencies are obtained. While in STS we use the �rst harmonic and the �rst
derivative, the second derivative is used in inelastic tunneling spectroscopy. For
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getting a high-quality spectrum, each voltage step should last at least 10 periods
of modulation.

The energy resolution of the STS spectrum is limited by the thermal broad-
ening of the Fermi level by 3:2 kT, by the instrumental broadening by the mod-
ulation voltage and by the inherent electrical noise in the bias voltage. The total
error can be calculated as [30]:

� E =
q

(2eVmod;RMS )2 + (0 :28 meV=K � T)2: (1.10)

At 5 K, the ultimate energy resolution is 1.4 meV.

1.2.5 Double-barrier tunneling junction

Study of energies of molecular orbitals close to theirin vacuo state in scanning
tunneling spectroscopy requires their su�cient decoupling from the conductive
sample. When adsorbed on bare metal, molecular orbitals are hybridized with
the substrate which leads to their broadening and HOMO-LUMO gap narrowing
([31]). To circumvent this, molecules can be either separated from the conduc-

Figure 1.4: Energy scheme of the double-barrier tunneling junction consisting of a
molecule adsorbed on NaCl/metal. The resonant tunneling takes place when the bias
voltage U is applied such that molecular orbitals are aligned with one of the Fermi
levels. a) Electron tunneling through HOMO and sample Fermi levelEF;S. b) Electron
tunneling through LUMO and tip Fermi level EF;T .

tive metallic sample by a few atomic layers of insulator [10, 31] or stacked in
multilayers. For both cases, tunneling through a double-barrier (see Fig. 1.4)
junction needs to be considered. The important aspect for interpreting the STS
results is the voltage pro�le along the junction and especially the voltage drop
on the dielectric spacer between the conductive sample and the molecule. In a
simple approximation, the double-barrier tunneling junction can be treated as
two capacitorsCspacer in series and the voltage drop on the spacer

Uspacer =
U

1 + " spacer dvac

" vac dspacer

; (1.11)

where the spacer and vacuum capacity areCspacer / " spacer

dspacer
and Cvac / " vac

dvac
re-

spectively. Plugging in the typical values for a molecule on 3 ML of NaCl and tip
tunneling to/from frontier orbitals ( 10 �A spacer thickness consisting of 7:8�A NaCl
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+ 2:5 �A molecule anddvac = 5 � 9 �A ) one obtains a relative voltage drop of 16-
25 %. This is a remarkably high value not consistent with the experiments on
ZnPc/3 ML NaCl [32, 33] or pentacene on 2 ML NaCl [31], where the position of
positive/negative ionic resonances in STS does not change with the tip-molecule
separation signi�cantly. We think that the negligible voltage drop on the thin
NaCl layer can be attributed to these e�ects: 1) non-realistic 1D capacitor model
overestimates the voltage drop on NaCl in contrast to the 3D model, where the
voltage drop reduces almost by a factor of 2 for a sharp tip [34]; 2) 2{4 NaCl
layers still enable propagation of the substrate surface state [35] and cannot be
treated as a bulk insulator in contrast to thick (< 10 ML) NaCl layers. The
detailed understanding of the voltage drop across NaCl certainly deserves further
studies.

Another feature observed in STS, the broad PIR and NIR peaks on NaCl
stems from a strong electron coupling to the phonons of ionic substrate [31]. The
single-electron picture shown in Fig. 1.4 is indeed a simpli�cation that attributes
the contrast of observed positive ion resonance in dI=dV maps to the highest
occupied molecular orbital (HOMO) and negative ion resonance to the lowest
unoccupied molecular orbital (LUMO) for a closed-shell molecule. However, other
peaks in STS can occur [36] which needs a complete many-body scheme for their
explanation. The many-body scheme captures all kinds of processes such as
orbital renormalization upon their depletion or occupation with electrons [37]
and di�erent tunneling channels depending on the valence and conduction bands
of NaCl, metal surface states and many-body molecular states. Also, inelastic
processes such as exciton formation followed by rapid decay and tunneling through
other molecular orbitals [38] might play a role. It was also suggested that the
in-gap image of the molecule out of the resonance condition is determined by
its electronic structure [39] (sum of orbitals even far from the Fermi level with
di�erent weights) and not by its backbone geometry.

1.3 Atomic force microscopy

In AFM, the force between the tip and the sample is measured. Using a very
sharp tip for its detection, the force can be mapped in real space with atomic
resolution. Tip functionalization with a well-de�ned small 
exible moiety | most
commonly a CO molecule | can provide the desired sharp contrast of intramolec-
ular bonds. Force spectroscopy can gain valuable insight into the system as the
total force consists of many individual contributions - attractive van der Waals
forces, electrostatic force and Pauli repulsion. Therefore, by varying the tip-
sample distance, electric �eld and other parameters, individual force components
can be in principle extracted.

1.3.1 Static AFM

The ideal force sensor is a spring, usually in the form of a cantilever on which the
tip is mounted. Hooke's law directly expresses the forceF as F = � kz where
k is the sti�ness of the cantilever andz is the distance the cantilever is bent
relative to its equilibrium position without the sample presence (de
ection)[30].
The de
ection is usually measured with a laser beam and its re
ection from the
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mirror mounted on the back of the cantilever on a photodiode. This scheme is
called static AFM or contact AFM as the probe is in contact with the sample
and there is no oscillation of the cantilever. There is a major drawback of the
static AFM - instability of the junction preventing to obtain atomic resolution.
The soft cantilevers providing on one hand low signal-to-noise ratio su�er from
jump-to-contact problem [40]. If the force gradient exceeds the cantilever sti�ness
@F
@z > k the jump-in-contact (or snap-in) will appear and the monoatomic sharp
tip is destroyed. For realistic tips with a larger number of atoms (in the pyramid
shape) and a large attractive van der Waals background a jump-to contact will
always appear. Therefore a dynamic (or noncontact) mode is used.

1.3.2 Dynamic AFM

In the dynamic mode, the cantilever is excited to vibrate by an external stimulus
close to its resonant frequency. It can be viewed as a driven damped harmonic
oscillator. After several assumptions: 1) Friction is proportional to the speed
of the moving massFfrict = � m
z_, 2) external driving amplitude is harmonic
zdrive (t) = Adrive cos(!t ), 3) the spring force isF = � k(z � zdrive ) the equation of
motion reads

mz• = � m
z_� k(z � zdrive ): (1.12)

After introducing new terms resonance frequencyw2
0 = k=m and quality factor

Q = w0

 (characteristic for a given harmonic oscillator without external driving)

the solution is again harmonic motion

z = A cos(!t + � ); (1.13)

where the amplitude as a function of driving frequency! is

A =
Adriver

(1 � ! 2

! 2
0
) + 1

Q2
! 2

! 2
0

(1.14)

and the phase reads

tan � =
� !

! 0

Q(1 � ! 2

! 2
0
)
: (1.15)

The step-by-step derivation of the solution can be found in [30]. The dynamic
mode has its major advantage in increased stability of the junction. The jump-to-
contact can be avoided if the maximum attractive force at the bottom turnaround
of the cantilever is smaller than the spring force of the cantilever given by the
product of its amplitude A and sti�ness k

kA > max(� F ): (1.16)

Therefore, even very soft cantilevers can be operated in a dynamic regime. An
additional problem can arise in the dissipation of energy during the oscillation
cycle, but in vacuum, where no thin water layer is present, this is not a major
problem.

Two modes of the dynamic operation of AFM exist: Frequency modulation
(FM) and Amplitude modulation (AM).
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AM-AFM

In the AM-AFM, the cantilever is driven by a �xed driving amplitude and driving
frequency which is ideally identical to thew0. When the tip on the cantilever
is brought into contact with the sample, the resonance frequency will slightly
change upon the in
uence of an external force. As a result the amplitude also
changes according to Eq. (1.14) and �A is used as an imaging or feedback signal.
The AM-AFM can be used at ambient conditions and room temperature where
the Q-factors of cantilevers are rather low (100-500) and the time response of the
system

� =
2Q
! 0

(1.17)

is fast enough. Due to the very slow response, AM-AFM is not suitable in UHV
and at low temperatures (Q > 10000) and FM-AFM, �rst demonstrated by Al-
brecht et al. [41], is nowadays the only method used.

FM-AFM

In this mode, the cantilever is driven always on resonance by a feedback loop
(phase-locked loop). Another feedback loop is keeping a constant oscillating am-
plitude by adjustment of the drive amplitude. Even though the above-mentioned
two feedback loops are necessary, a fast operation can be in principle obtained in
UHV with cantilevers with high Q-factors such as quartz tuning forks or quartz
length extension resonators.

The detailed scheme and the principle of the force measurement are sketched
in Fig. 1.5. In our Createc microscope (described in chapter 2) qPlus third-
generation tuning forks are used as cantilevers. The cantilever is mechanically
actuated and its de
ection is measured utilizing a piezoelectric e�ect in the quartz
resonator [42] which generates a charge on the electrodes. The mechanical actua-
tion is realised by coupling an AC voltage to the DC voltage applied on thez piezo
scanner. The signal is �ltered with an adjustable band-pass �lter centered around
the resonance frequency and routed to amplitude control and Phase-locked loop
(PLL). The PLL maintains a constant � = �= 2 between the drive signal and the
de
ection signal which ful�lls the resonance condition as can be inferred from
Fig. 1.5a. The frequency shift � f can be determined from the di�erence be-
tween the actual and the center frequency. With the amplitude feedback loop,
the amplitude and dissipation are measured and the amplitude of the drive signal
is adjusted to keep it at a constant setpoint. The �f can be used also for thez
feedback. In practice, due to the problems with a non-monotonic �f (z) depen-
dence and generally noisy �f with slow response, this is used only on insulating
samples where no tunneling current can be detected.

Four channels |� f , � , dissipation and amplitude | are output from AFM
operation in addition to z and I t from STM operation. While all of them can be
useful, the frequency shift is the quantity related to the force. Let us now reveal
what is the physical meaning of the �f . The frequency shift can be expressed as

� f = f � f 0 = �
f 0

k0A2
hFts(t)A cos(2�f 0t)i ; (1.18)

where f 0 is the intrinsic resonance frequency,k0 is the cantilever sti�ness, A
oscillation amplitude and Fts is the tip-sample force which is averaged over the
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full oscillation period. This formula can be simpli�ed if one considers small
oscillation amplitudes where the added spring constant corresponding to the tip-
sample interaction kts = @Fts=@zis much smaller than the cantilever sti�ness
k0:

� f � �
f 0

2k0

@Fts
@z

: (1.19)

The equation 1.19 can be easily reverted and the force can be calculated as
an integral. For larger amplitudes,kts is not constant over the cycle and the
frequency shift for arbitrary amplitude can be calculated based on the Hamilton-
Jacobi formalism [43]

� f (zltp ) =
f 0

2k0

2
�A 2

Z A

� A
kts(zltp + A � q0)

q
A2 � q02 dq0; (1.20)

wherezltp is the lower turnaround point of the cantilever. For the conversion of the
frequency shift to the force Sader-Jarvis or Giessibl matrix deconvolution methods
are used [44]. In practice, the conversion is done only for the �f (z) spectroscopy
and the reverse approach of simulating the high-resolution experimental AFM
images with a probe particle model [21] using equation 1.20 is adopted.

(a) (b)

Figure 1.5: Working principle of FM-AFM. a) Amplitude and phase as of a driven
damped harmonic oscillator (see eqs. (1.14) and (1.15)). Resonance frequencyf 0

and Q-factor is intrinsic for each oscillator upon no tip-sample force. The phase of
the oscillation is shifted by 90° in resonance. Attractive forces decrease the resonance
frequency (� f < 0 for f 1) and repulsive forces increase the resonance frequency (�f > 0
for f 2) b) Scheme of the FM-AFM qPlus based setup. 6 channels are recorded and
the current, amplitude and center frequency are the required user input quantities for
feedback loops. Adapted from ref. [45].

1.3.3 Forces in AFM

There are di�erent force components of the complex 3D force �eld which are
summed in the total force interaction between the tip and the sample. Long-
range van der Waals forces, electrostatic force and short-range Pauli repulsion
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are the dominant ones in UHV nc-AFM (hereafter AFM will refer to the noncon-
tact/dynamic AFM). Attractive short-range chemical force can be also present
for reactive tips/samples.

Van der Waals forces are forces resulting from the dipolar interactions.
They have three components: London dispersion force between instantaneous
dipoles, Debye force between permanent and induced dipoles and Keesom force
between permanent dipoles. The dominant is the dispersion force which is always
attractive. The force is long-range on the order of nanometers and therefore does
not provide atomic resolution [20] but it can be used as a measure of the sharpness
of the tip.

Electrostatic force stems from the image charges of the tip created on the
conductive sample and is always attractive. It is given as the force of a distance-
dependent capacitor

Fel =
1
2

@C
@z

(V � V0)2 (1.21)

whereV0 is the local contact potential di�erence (LCPD) between the electrodes.
The distance behaviour of this force in AFM is both short- and long-range. Mini-
mizing the electrostatic force is utilized in Kelvin Probe Force Spectroscopy. The
LCPD contains information about the electric �eld distribution on the sample
thus resolving di�erent charge states of the atoms [46] and molecules [47] under-
neath the tip or observe an anisotropic charge redistribution on a halogen atom
called � -hole [48].

Pauli repulsion takes place when the tip and sample are brought so close that
the distances between the foremost atom on the tip and the atoms on the sample
are closer than in the chemical bond. According to the Pauli exclusion principle,
no two electrons can occupy the same state which results in a repulsive force
[30]. Due to it short-range character, this force is responsible for submolecular
resolution.

The short-range interaction can be calculated quantum-mechanically, but the
exact solution exists only for simple cases. Therefore, the tip-sample interaction
is often modelled with a Lennard-Jones potential:

ULJ (r ) = U0

" � r0

r

� 12

� 2
� r0

r

� 6
#

(1.22)

whereU0 is the depth of the potential well andr0 is the equilibrium distance at
which the ULJ is minimal.

The Lennard-Jones potential, force and the corresponding frequency shift in
the low amplitude limit are plotted in Fig. 1.6
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Figure 1.6: Potential, force and frequency shift in arbitrary units as a function of the
normalized distancer=r 0. Potential (blue solid curve) is calculated from Eq. (1.22),
force (red solid curve) is calculated asF = � @U

@r and the frequency shift (cyan solid
curve) as � f = � const � @F

@r which holds for the low-amplitude limit (see Eq. (1.19)).
The repulsive and attractive force components are plotted with thin lines. The gray-
�lled area denotes the working range of nc-AFM. The depth of the potential U0 at the
equilibrium position r0 is illustrated with a dashed vertical line.

1.3.4 High resolution in AFM

The implementation of sti� sensors operating with sub-nm oscillation amplitudes
in UHV scanning probe microscopy enabled simultaneous STM and AFM de-
tection and has contributed to the development of a novel �eld of molecular
identi�cation. While the STM is a very valuable surface science tool for prob-
ing the electronic structure of samples it cannot provide atomic contrast within
the molecules due to the delocalized nature of their orbitals. Conversely, AFM
brings insight into the chemical structure of the probed samples. Due to the
Pauli repulsion, which is very sensitive to high electron density above atoms and
bonds, atomic and submolecular resolution of planar structures can be achieved
in AFM. However, the metallic tip used for STM cannot operate at close enough
distances since it is reactive and can interact with the molecule. The generally
unknown apex shape makes the interpretation of its AFM contrast di�cult. It
was demonstrated by Gross et al. [5] in 2009 that the tip apex functionalization
with a small passivating moiety can increase the AFM (and also STM) contrast.
In this regard, the carbon monoxide (CO) molecule provides the best spatial res-
olution and is most commonly used, but other atoms and molecules such as Cl,
Br and Xe or molecules N2O, CuO have been tested since then.
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Figure 1.7: a) Structural model of copper phthalocyanine (CuPc), b) constant height
frequency shift image of CuPc on Cu(100) at an intermediate distance and c) at a close
distance (-20 pm from c) taken with a CO-terminated tip.

The current interpretation of the AFM and STM images taken with the func-
tionalized tip is based on the Probe Particle model, introduced by Hapala et al.
in 2014 [21, 49] and constantly developed until now [50]. It considers an atom
or a molecule 
exibly attached to the rigid metallic apex. The probe particle
can be characterized by a potential, an e�ective chargeQ (or its spatial distribu-
tion) and a spring constantk. These parameters de�ne with su�cient precision
how the probe particle reacts to the sum of the external force �elds and how the
characteristic submolecular contrast of the high-resolution AFM emerges. The
example of the frequency shift image of a 
at organic molecule at a close distance
is shown in Fig. 1.7. At an intermediate distance, the image resolves the molec-
ular backbone. At a closer distance, the contrast is inverted and the maximum
exerted force is in the middle of the benzene rings. It is important to note that
the sharp edges observed between neighbouring atoms do not necessarily mark a
bond. They represent ridges in the potential energy landscape probed with the
particle [21, 51] which can in some cases overlap with the real hydrogen bonds.

While for the majority of hydrocarbon molecules resolved with a CO-tip in
a close distance, the force �eld can be simulated with pairwise Lennard-Jones
potential, for polar molecules the electrostatics needs to be involved. The electro-
static forces and the van der Waals forces signi�cantly contribute to the observed
distortion in AFM images [49]. The CO molecule has a nearly zero total charge,
but a deeper look reveals a quadrupole electric �eld distribution slightly negative
towards the oxygen termination pointing to the sample. It can therefore probe
electrostatic interaction, albeit only to a limited extent. The Xenon terminated
tip with a positive total charge can sense the charge redistribution in the sample
which results in the shrinking of the areas with a negative charge and expanding
the areas with a positive charge.

1.4 Light emission in STM

Resolution in optical microscopy is limited by the well-known Abbe's di�raction
limit which says that the minimum resolvable distance in the optical microscope
is proportional to the wavelength of the light and inversely proportional to the
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numerical aperture of the microscope

d =
�

2NA
(1.23)

[52]. For a better resolution, electron [53] or X-ray [54] microscopy exploiting
much shorter wavelength can be used and resolve structures of nanometer size.
However, a di�erent approach than far-�eld spectromicroscopy is needed to ob-
tain spatial resolution of visible light emitted or adsorbed by single molecules,
quantum dots, or plasmonic nanostructures. Scanning near-�eld optical micro-
scope [55, 56] working on the principle of detecting evanescent �eld decaying
exponentially with the distance from the object is now commonly used to obtain
sub-wavelength resolution. Another way how to optically access objects below
the di�raction limit is to probe them in the presence of plasmonic structures. Flu-
orescence and Raman signals from molecules located near a plasmonic structure
can be enhanced by a factor of 103 � 105. This enables the detection of the optical
signal even from a single molecule if the molecule is localized in the tip-sample
junction with extreme �eld enhancement. While optical excitation is dominantly
used in the aforementioned spectromicroscopies, electrical excitation, despite its
obvious limitations can provide an extremely localized excitation pathway when
employed in STM.

It was already Russel D. Young, the constructor of the Topographiner, who
came with the idea of secondary photon collection from the specimen generated
in the �eld emission regime of the scanning probe. The �rst light emission from
the tunneling junction was reported in 1976 by Lambe and McCarthy [57]. They
observed uniformly distributed light emission from a planar metal-insulator-metal
tunneling junction upon applying a bias voltage. High-frequency cuto� of the
photons corresponding to the applied bias leads them to the conclusion that
inelastic tunneling electrons excite surface plasmon modes that decay radiatively.
Later on in 1988, 7 years after the invention of the STM, Gimizewski et al. [58]
showed the �rst light emission spectra from polycrystalline tantalum and Si(111)-
(7� 7). In the 90s, Richard Berndt was the pioneer in STM-induced luminescence
(STML). He and his coworkers investigated the role of the material of the tip and
sample on the luminescence spectra [9].

For a deeper understanding of the light emission in STM, introducing the
concepts of plasmonics is necessary. In this section, we will describe the tun-
neling junction using classical electromagnetism and molecular excitation with a
quantum-mechanical approach.

1.4.1 Plasmonics

When a metal is placed in an electromagnetic (EM) �eld, its conduction electrons
will start to oscillate. The collective quantized oscillation of electron gas is called
a plasmon. Its frequency satis�es Maxwell's equations and for a free electron gas
model can be estimated as [59]:

! p =

s
ne2

"0m
(1.24)

wheren is the density of free electrons in metal,e elementary charge,"0 permitiv-
ity of vacuum and m mass of electron. For most of the metals, plasmon frequency
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is between 5-15 eV. Below the plasma frequency, free electrons are able to follow
and screen the EM radiation and the metal is therefore re
ective. EM radiation
of frequencies above the! p is no longer screened and the metals are transparent
in the spectral region. This is not completely valid for noble metals, where inter-
band transitions are responsible for absorption in the high energy visible spectral
range [60]. Beer's law of adsorption says that the electromagnetic �eld intensity
decreases exponentially with its penetration distancez in the metal e� z=d (skin
e�ect). Since the skin depthd for metals in the visible spectral range is around
100 nm, the electron gas oscillation upon interaction with EM �eld can be only
induced at the interface with dielectric (vacuum). Electromagnetic excitations
propagating at the interface between a dielectric characterized by its permittiv-
ity "d and a conductor satisfying Maxwell's equations are called surface plasmon
polaritons (SPP) and are sketched in Fig. 1.8a. Their characteristic frequency is
given by the relation:

! SP P =
! pp

1 + "d
; (1.25)

their dispersion relation between the wavevectorkx along the interface and fre-
quencyw is

kx =
!
c

vu
u
t "d"m (! )

"d + "m (! )
; (1.26)

where dielectric function of metal"m is a complex function. Considering zero
damping 
 in complex dielectric function of metal"m = 1 � ! 2

p

! 2+ i
! one obtains
a dispersion relation shown in Figure 1.8. Due to the momentum and energy
conservation, the SPP has the intersection with free-space photons only at zero
and therefore cannot be excited by photons. This can be overcome by several
coupling methods [61] such as using a prism, grating, laser or near-�eld source
for the photons or by using tunneling electrons as excitation source [57].

(a) (b)

Figure 1.8: a) Schematic of the SPP propagation alongkx direction b) Dispersion
relation of the SPP.

.

To address the light emission process from STM junction the concept of lo-
calized surface plasmons is needed. When a metal nanoparticle (e.g. sphere) is
introduced in EM �eld of wavelength much larger than the size of the particle the
di�erence between surface and bulk plasmon vanishes. Electric �eld penetrates
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into the metal and o�sets the electron density in the nanoparticle with respect to
the ions. The intensity of the electric �eld around the nanoparticle can be 3 orders
of magnitude larger than the intensity of the driving �eld in resonance conditions.
The resonance plasmon frequency for a conductive sphere with zero damping and
a radius much smaller than the wavelength of EM radiation is according to the
Mie theory

! Sph =
! pp

1 + 2"d
: (1.27)

This corresponds to the �rst mode - oscillating dipole [62]. When the damping in
metal is considered, the resonant frequency depends also on the dimensions of the
nanoparticle. ! res increases with decreasing the size of the nanoparticle [63]. In
contrast to SPPs, localized surface plasmons are non-propagating and radiative
in nature and they can directly emit into the far �eld.

Tip-sample junction

The tunneling junction can be viewed as an optical cavity between a 
at sample
and a small nanoparticle (tip). Such a geometry is often called nanoparticle-on-
mirror (NPoM) cavity [64] and was theoretically described both in a classical and
quantum way [65]. The localized plasmon mode(s) hybridize with the SPPs of the
sample and create new nanocavity plasmon (NCP) modes [66] in analogy with
the formation of a chemical bond. The �rst theoretical treatment of the localized
modes in tunnel junctions considering a sphere of radiusa in the distance d
from a metal surface revealed that the discrete nanocavity modes are con�ned to
the region of orderL � 2ad and have frequencies! n depending on the plasma
frequency of metal, dielectric constant of the gap and dimensionsa and d. For a
realistic shape of the STM tip, many modes from the atomistic protrusions on the
tip hybridize and create a complex multi-frequency plasmon resonance. Also, the
�eld enhancement is determined from the imaginary part of the dielectric function
"2(! ) of the tip and the sample (see Fig. 1.9). Low"2 plotted in Fig. 1.9 means
low ohmic losses and a high probability of exciting the nanocavity plasmon modes
either with EM �eld or with tunneling electrons. The predicted probability of
generating a photon with an inelastic electron for an Ag-Ag junction is 24% [67]
while it is only 0.4% for the W-Ag junction, in fair agreement with experimental
observations, when the di�erent ratio of elastic and inelastic electrons in the
tunneling process is considered. So far, the most commonly used materials for
tip fabrication are Ag covering the whole visible-near infrared range, Au more
suitable for the NIR range limited by the interband transitions above 2 eV or a
standard W or Pt/Ir STM tip coated with the aforementioned materials. An Al
tip was used to tune the plasmon resonance in the UV range [68].

One may ask what is the best achievable spatial resolution in tip-enhanced
spectromicroscopies. Tip-enhanced Raman spectroscopy (TERS) can commonly
provide a resolution better than 10 nm, but still far from the atomic scale resolv-
ing capabilities of STM. The tip radius of curvature is believed to be the limiting
factor for spatial resolution in agreement with the theoretical prediction linking
it to the nanocavity volume. It was a big surprise for the community when a
submolecular resolved STML spectra from porphyrin molecule [10] and TERS
from a similar molecule [8] were published. To reproduce the "photon maps"
from STML by theoretical simulations, unrealistically small tip radii needed to
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Figure 1.9: Imaginary part of the dielectric function for various metals used for STM
tip fabrication. Ag, Au and Cu calculated from [69], Al, Pt and W from [70].

be considered to have a nanocavity �eld in sub-nm volume [71]. Recently, the dis-
crepancy has been resolved with a classical model considering a sub-nm atomistic
protrusion on the tip with moderate tip radius [72] (see Fig. 1.10) This "picocav-
ity on nanocavity" provides the required �eld enhancement and localization and
the protrusion is omnipresent for atomically sharp tips used in UHV STM and
AFM.

Figure 1.10: Simulations for the electric �elds under plane wave excitation and molec-
ular emission properties for di�erent tip structures. a) Schematic for the con�guration
of the STM junction, where an Ag tip is placed above the lobe of ZnPc molecule. b)
and c) Horizontal (Ek) and vertical ( E? ) components of the local electric �elds sim-
ulated for the junction in a. d, Schematic for the con�guration of the STM junction,
where an Ag tip with an atomistic protrusion at the apex is placed above the lobe of
ZnPc molecule. e) and f), Horizontal (Ek) and vertical ( E? ) components of the local
electric �eld simulated for the junction in d. Reprinted with permission from ref. [72].
Copyright 2020 Nature Publishing Group.
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1.4.2 Molecular excitation

To observe the excitonic emission from a molecule in STML, the molecule has to
be su�ciently decoupled from the metallic substrate to avoid quenching. The �rst
successful decoupling and observation of excitonic emission with submolecular res-
olution were performed in 2003 by Qui et al. [10]. The porphyrin molecule[10]
was decoupled from a NiAl(100) substrate by a thin Al22O3 oxide layer. It took
another 13 years to �nd a more suitable decoupling system { NaCl trilayer. The
demonstration of dipolar coupling and superluminescence phenomena from arti�-
cial zinc phthalocyanine (ZnPc) aggregates [12] and energy transfer between two
chromophores (H2Pc and MgPc) with di�erent emission energies [11] restarted
the �eld of STML. The well-known decoupling NaCl layer adsorbed on metal sur-
faces allows electron tunneling at measurable rates for several layers and provides
a perfect model system for the molecules [73]. Theoretical approach [74] revealed
that the quenching is a result of an energy-conserving resonant electron transfer
(RET) between the molecular orbitals and metal continuum states. The RET
rate decreases exponentially with the NaCl thickness. For a molecule adsorbed
directly on metal, the lifetime of the localized molecular state is in the femtosec-
ond range while 2 and more layers of NaCl provide an already su�cient decrease
of the RET rate necessary for radiative deexcitation.

Let us now describe the processes that take place in far-�eld spectroscopies.
They are illustrated in a Jablonski diagram in Fig. 1.11. It gives an overview
of the possible transitions usually considered during photoexcitation (absorption)
but is valid also for electroexcitation. The molecule can be excited from its ground
state to the excited state or to a particular vibronic state of the excited state.
The transitions (both absorption and emission) are represented with a transition
matrix or in a dipole approximation with a transition dipole moment� = hgj�̂ jei ,
where �̂ is the dipole operator andhgj is the wave function corresponding to the
ground state andjei is the wave function corresponding to the excited state, both
comprising electronic, vibrational and spin parts. For a closed-shell molecule, the
transition S1 ! S0 can be in a simpli�ed picture viewed as a transition between
LUMO and HOMO. The intensities of observed vibrational manifolds in emission
are given by the overlap integrals of the LUMO vibrational state wave function
and the HOMO vibrational state wave functions - i.e. the Franck-Condon factors.
This Franck-Condon principle is based on the Born{Oppenheimer approximation
where a separation of vibrational and electronic parts of the wave function is
possible. To describe transition not allowed by the Frack-Condon principle, the
Herzberg-Teller approximation taking into account the change of the electronic
wave functions upon vibrations is used.

When a molecule is placed in the nanocavity, the situation changes drastically.
The molecular excitons couple with the nanocavity plasmons. As a consequence
of the Purcell e�ect [75], the decay rate of the molecule is increased. The sponta-
neous decay rate
 of a two-level system with the ground and excited states in an
arbitrary reference system characterized by the local density of photonic states
� � can be expressed as


 =
4!

3h�" 0
j� j2� � (r ; ! ); (1.28)

where� is the transition dipole moment andr the position where the photon with
frequency! is emitted [59]. The excited state population decays exponentially in
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Figure 1.11: Jablonski diagram of energy levels of a closed-shell organic molecule. The
molecule can be optically excited from its ground singlet state (S0) to excited electronic
states (S1, S2, etc.) sketched with thick solid black lines with corresponding vibronic
states (thin lines). In the far �eld (FF), the excitation by absorption of the molecule
(fs timescale) is followed by fast internal conversion (IC) to the vibronic ground state
of the �rst excited state (Kasha's rule). The decay can be radiative (ps-ns fast 
uores-
cence or� s-minute slow phosphorescence) or nonradiative via heat dissipation (wavy
lines). For molecules with heavy elements, the spin{orbit coupling permits intersystem
crossing (ISC) into a long-lived triplet state which relaxes through phosphorescence or
non-radiatively. In the near-�eld (NF) spectroscopies, the nanocavity-induced Purcell
e�ect increases decay rates and allows observation of hot luminescence (dashed green
lines) from higher-lying vibronic states. Note that the scheme is also valid for the elec-
troluminescence with the exception that the triplets can be directly excited with the
tunneling electrons.
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time N = N0e� 
t . The Purcell e�ect is accompanied by the exciton line broad-
ening due to the time-energy uncertainty and decreasing of the energy of exciton
emission { Lamb shift [76]. The strength of the coupling between the exciton and
plasmon has been theoretically estimated to be about 25 meV [77]. It is believed
to be at the boundary between the weak coupling and the strong coupling limit.
The strong coupling regime, which represents the ultimate light-matter interac-
tion where the energy between the plasmon and exciton is coherently exchanged,
was recently detected in the NPoM geometry via characteristic Rabi splitting [78]
of the exciton line and Rabi oscillations in the electric �eld domain [79] but not
in STML, as yet.

Excitation mechanism

There has been a vivid debate about the excitation mechanism since the �rst ob-
servation of excitonic emission in STML [10]. For a molecule adsorbed on a thin
insulating layer, i.e. the double-barrier junction discussed in subsection 1.2.5, two
mechanisms were originally suggested: 1) Diode-like mechanism requiring a sub-
stantial voltage drop across the decoupling layer to align the HOMO and LUMO
of the molecule in between the Fermi level of the tip and the sample [12, 80] and
2) Plasmon induced generation of excitons utilizing the excitation of NCP modes
by inelastic electron tunneling into metal [80, 81]. The former mechanism was
originally suggested for the excitonic emission observed from molecular multilay-
ers [82]. However, it was later shown that it does not play a role in molecules
adsorbed on NaCl, where the voltage drop is small. The latter proposed mecha-
nism has the advantage that it does not rely on a voltage drop across NaCl. It
was supported by the observation of Fano resonances a few nanometers away from
the molecule con�rming the exciton-plasmon coupling [83, 84, 85, 86, 81, 87, 88].
However, the e�ciency of this mechanism in electroluminescence is expected to
be much lower than the direct charge carrier injection.

In 2019, Miwa et al. [37] came up with a many-body scheme that explains
neutral ZnPc exciton formation as sequential electron tunneling to and out of
molecular orbitals. This scheme does not require any voltage drop on the de-
coupling layer as the energy levels of the molecules renormalize upon charging
and discharging. The large binding energy of a highly localized (Frenkel) ex-
citon stemming from the Coulomb interaction explains the di�erence between
the electronic gap measured in STS and the observed optical gap. This model
was further generalized for charge excitons [36] considering also long-lived triplet
states in molecules without heavy elements in the transitions. The basic condition
necessary for electroluminescence of neutral exciton is to have the absolute value
of the energy of negative or positive ion resonance (NIR, PIR) in dI=dV spec-
trum above the energy of the exciton [89]. On the other hand, plasmon-mediated
exciton formation is believed to be the dominant process in STM photolumines-
cence (STM-PL). This was demonstrated by measuring the photoluminescence
signal out of the tunneling contact [72] and with a resonant excitation utilizing a
tunable laser [90].
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1.5 Time-resolved measurement of lumine-
scence

There are several ways how to measure the excited state lifetime of molecules.
In the following chapter, I will brie
y introduce them and give examples of their
utilization in STML.

Figure 1.12: Illustration of the working principle of the time-resolved methods in
luminescence for intrinsic lifetimes� measurement. a) TCSPC-based lifetime measure-
ment with a pulsed light source. The histogram of measured photon counts in time
corresponds to the convolution of IRF (centered att = 0) with monoexponential decay
for a two-level system. b) Phase 
uorometry scheme. c) Lifetime estimation from a ho-
mogeneous broadening of the Lorentzian exciton line. d) Fluorescence autocorrelation
function for a single-photon emitter with a lifetime � .

Fluorescence lifetime based on time-correlated single pho-
ton counting

Most commonly, 
uorescence lifetime is measured in the time domain from
the exponential 
uorescence decay curve. Measuring exciton decay with Time-
correlated single photon counting (TCSPC) requires a pulsed source of light, a
photodetector with high temporal resolution and electronics for synchronizing the
pulse event with the photon arrivals on the detector. The histogram of photon
distribution in a selected time interval synchronized with light pulses is acquired
during the accumulation (see Fig. 1.12a). The lifetime is obtained from �tting
the histogram with an exponential function convolved with the instrumental re-
sponse function (IRF) in
uenced by the pulse shape, jitter time of the detector
and electronics. Since the lifetime of molecules in solution or matrices is usually
on the order of nanoseconds and the pulse width of modern laser sources is much
shorter, IRF is often neglected. Nowadays available MHz repetition rates permit
very fast operation suitable for 
uorescence imaging. TCSPC-based 
uorescence
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lifetime imaging microscopy is now a widespread operation technique in confocal
microscopes. However, there are no STML works published up-to-date utilizing
this technique yet. Our results are presented in Fig. 5.5.

Phase 
uorometry

An alternative method operating in the frequency domain is phase 
uorometry.
It measures the phase di�erence between the driving signal and the modulated

uorescence signal as shown in Fig. 1.12b. This has the advantage that it can
be used both for electroluminescence by modulating the bias voltage and for
photoluminescence utilizing the electro-optic modulators. This method is used
and explained in detail in chapter 5 and its Supplementary Information in Ap-
pendix C.

Exciton line broadening

If a single molecule is measured using the far-�eld single-molecule spectroscopy
[91] with a resonant excitation the lifetime can be estimated by another means.
For a two-level quantum system in a weak coupling limit the peak shape corre-
sponding to the optical transition between the two states is Lorentzian and its
homogeneously broadened optical frequency (FWHM) can be expressed as:

� � =
1

2�T 1
+

1
2�T 2

; (1.29)

whereT1 is the molecule lifetime andT2 is the temperature-dependent dephasing
lifetime T2 = A exp(� � E=kT). It has been shown that for very low temperatures
(2K for a terrylene molecule in ap-terphenyl crystal [92]) the dephasing lifetime
is approaching in�nity and the line broadening can be directly converted into
exciton lifetime (see Fig. 1.12c). This method has been applied in STML for
qualitative and quantitative lifetime estimation [93, 11, 86, 94, 77, 95]. Unfortu-
nately, the exact linewidth-to-lifetime calculated values (neglecting other e�ects
such as dephasing) have been sometimes unconditionally trusted and led the au-
thors to controversial claims. For instance, the sub-meV linewidth of the observed
transition at 1.33 eV contrasting the broader singlet PTCDA transition at 2.45 eV
was attributed to phosphorescence or a condition for the occurrence of quantum-
coherent electron energy transfer in a phthalocyanine heterodimer [95] based on
the lifetime estimated linewidth. The former interpretation is corrected in chap-
ter 7. The origin of the linewidth of the neutral exciton (Q) observed in STML
on phthalocyanine was studied by Imada et al. [90]. The authors attribute the
4.4 meV linewidth to the composite of higher-order vibronic transitions with the
same vibrational quantum number, but with a slightly di�erent energy, allowed in
near-�eld luminescence where the tunneling electrons have enough excess energy
provided by the bias voltage. They performed the resonance photoluminescence
excitation and demonstrated the linewidth of 0.5 meV (corresponding to 1.3 ps
lifetime) and further supported their interpretation by o�-resonance photoexci-
tation [96], where the exciton line is broadened. A speci�c type of soft vibration,
a libration of a molecule in its potential well, and its role in the linewidth and
lineshape observed in STML is studied in chapter 8.
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Analysis of 
uorescence intensity autocorrelation function

The photons emitted by a single molecular emitter in a two-level approximation
are antibunched, i.e. they are more equally spaced in time than photons from a
random source. The photon statistics is described by a normalized 
uorescence
intensity second-order correlation (also called autocorrelation) function:

g(2) (� t) =
hI (t)I (t + � t)i

hI (t)i 2
; (1.30)

where I is the normalized intensity over timet and � t the time delay between
two consecutive photons. For antibunched photons following the sub-Poissonian
statistic the g(2) (0) = 0. The exact g(2) (� t) solution for a two-level system
approximation can be found in refs. [97, 92]. When neglecting the dephasing (i.e.
T2 ! 1 ) in Eq. (1.29) it follows the relation:

g(2) (� t) = 1 � B exp(� � t=T1) � C(
 ; T1); (1.31)

whereB accounts for a background signal and detector jitter andC is an oscilla-
tory function corresponding to the on-resonance Rabi frequency 
. The lifetime
T1 of the excited state can be therefore obtained from the Eq. (1.31) describing the
antibunching dip. In practice, due to the dead time of avalanche photodetectors,
the autocorrelation of emitted photons is measured in a two-detector scheme in
a Hanbury Brown-Twiss interferometer. It was shown, that in a low-temperature
limit, this method yields precisely the lifetime value obtained from the Lorentzian
width [92]. This method was used in STML in refs. [98, 99] (with the correction
to the 3-state electroluminescence process) obtaining characteristic exciton time
constants of 0.7 ns for C60 defects [98] and 0.5{2 ns on ZnPc/NaCl/Ag(111) de-
pending on tip-sample distance consideringC unity for a weak coupling regime
[100]. Both authors neglected the time of electron capture from the substrate
assuming it is very fast. As stated in the Supplementary Information of ref. [72]
no antibunching was observed in STM-PL of the same ZnPc system pointing to-
wards an exciton lifetime< 50 ps in the nanocavity. The observed exponential
decay constant, therefore, likely corresponds to the electron tunneling through
the decoupling layer [38] and the exciton lifetime is negligible compared to it.

Optical pump-probe spectroscopy

All the aforementioned methods except for the lifetime estimation from the line
broadening are limited by the temporal resolution of the photodetector. The best
commercially available single-photon avalanche detectors have a jitter time of
around 35 ps1 thus not suitable for measuring lifetimes or vibrational relaxation
on the order of picoseconds. In contrast, pulsed lasers can have a pulse width on
the order of femtoseconds and hence provide very high temporal resolution. When
considering their utilization in light-STM, the optical system has to be speci�cally
designed in order to avoid distortion of the pulse. To our knowledge, THz pump-
probe STM spectroscopy was used for studying single molecular vibration [102]
and charge-induced molecular switching [103], but optical pumping and single-
molecule exciton study has not been published as yet.

13 ps uncertainty in photon arrival was demonstrated using superconducting nanowire single-
photon detector [101]
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2. Experimental details
All experiments were performed in a laboratory of Department 13 of the Institute
of Physics of the Czech Academy of Sciences (https://splm.fzu.cz/ ) using an
ultrahigh vacuum low-temperature STM/AFM microscope. The general aspects
of the experiments are described in this chapter. More speci�c information on
each experiment can be found in the Methods sections in each chapter.

2.1 The Microscope

The commercial Createc microscope consists of two separate ultra-high vacuum
(UHV) chambers. The scanning head of the microscope is located in the main
chamber (Type SL009 with XY+Z{ Pan type slider [104]) enabling simultaneous
STM/AFM measurement using qPlus sensors. Cooling of the head is realized
with the LN and LHe bath cryostats with 72 hours hold time. There are several
pinholes and viewports in the outer and inner shields attached to the cryostats
enabling both optical and mechanical access to the sample and tip. Two shutters
on the nitrogen shields movable with a wobble stick are designed to close the
ports. The base temperature of the SPM head is around 5 K with closed shutters
and 7.5 K with the opened sapphire viewport needed for photon detection. The
chamber is pumped both by the ion sublimation pump and by the cryostats
working as cryopumps. The base pressure in the chamber is 1� 10� 9 mbar and
the pressure within the LHe shield enclosure is expected to be at least in the
10� 10 mbar range. The chamber is equipped with several 
anges with windows,
a wobble stick for inserting the samples, a leak valve for CO-dosing, a carousel
with a sample and qPlus sensors/tips storage designed by Ale�s Cahl��k [105] and
a gate valve enabling mounting a molecular evaporator for direct deposition on
the cold sample inside the head.

A preparation chamber is separated from the main chamber by a desk valve
and is equipped with an ion gun, an automated leak valve, 2 evaporators sepa-
rated by desk valves, a manipulator with a resistive heater, low energy electron
di�raction, quadrupole mass spectrometer and is pumped with ion and titanium
sublimation pumps. It can also be pumped with a turbomolecular pump pre-
pumped with a foreline pump during e.g. sample preparation. A pneumatic desk
valve connected to the interlock is used to open the turbo pump to the prepara-
tion chamber. The base pressure in this chamber is better than 10� 10 mbar. A
small load lock chamber is attached to the preparation chamber and serves for
inserting the samples/sensors and prepumping the gas lines and evaporators.

2.2 Upgrade of optical setup

The quality of the optical setup is crucial for detecting signals from single
molecules. The basic criteria are 1) large numerical aperture of the lens, 2)
high transmission and e�ciency over a broad spectral range of the optical com-
ponents enabling maximum signal-to-noise ratio and 3) good spectral resolution
all compatible with a low temperature and low mechanical noise scanning tunnel-
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(a) (b)

Figure 2.1: a) A cross-section illustrating the collection e�ciency of the new and old
lenses placed in the Createc STM head. Adapted from communication with Createc
Gmbh. b) qPlus PEEK holders with optimized photon collection e�ciency from the
tunneling junction. Top: Custom design with trimmed PEEK edge of the original
Created holder. Bottom: Elevated design provided by Createc.

ing microscope. There are several ways how to collect (and focus) the light from
(in) the tunneling junction. A lens [106], a parabolic mirror [107, 108] or even an
optical �ber close to the junction can be installed [109], usually covering only a
fraction of the full solid angle compared to confocal microscopes. In our case, we
have a lens attached to the scanner head, where the tunneling junction is located
close to its focal point as can be seen from Fig. 2.1. The lens collects the light
generated in the tunneling junction and collimates the beam to pass through two
viewports on LHe/LN shields and a fused silica viewport on the DN63CF 
ange
out of the vacuum. The distance between the junction and the 
ange measured
by the time of 
ight of a laser pulse is approximately 210 mm. The building kit
system based on 4 rigid steel rods around the optical axis supporting the quick-
exchangeable optical components (Thorlabs 30 mm cage system) is mounted on
the air side, where the light can be split into multiple paths or �ltered. It is
refocused into a �ber and guided to a spectrograph. The optical setup has been
constantly developing during my PhD and its latest version is sketched in Fig.
2.2.

Setup inside the STM

Originally, the manufacturer equipped the microscope with a quartz achromatic
lens speci�ed for 400{700 nm wavelengths (f = 30 mm, NA = 0 :2) covering 2%
of the half sphere and infrared-blocking (700 nm short pass coating) viewports
on LHe and LN shields (results in chapter 3). This was not satisfactory since a
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lot of the molecules have optical transitions in the near-infrared spectral range.
The viewports were replaced by sapphire ones (chapter 4) and the lens by a
new plastic lens from ZEONEX E48R material (Edmund optics #65-988 hybrid
aspheric lens with 12 mm diameter andf = 15 mm, NA = 0 :4) covering more
than 7% of the half sphere. The angle between the axis of the lens and the sample
normal (see Fig. 2.1a) is 60� where the maximum of the emission is expected [80].
All the experiments from chapter 5 onwards were measured with the new lens.
The design of the PEEK holder for the qPlus sensor had to be modi�ed since
it can shade a large part of the cone entering the lens, especially for short tips
which are desirable for AFM operation. Either an elevated design was provided
by Createc, or the shading part of the PEEK was removed by a scalpel (see Fig.
2.1). The advantage of this setup is that the lens-junction distance is �xed (for
the same sensor and same height of the sample) during the scanning and coarse
motion (5 � 5 nm2 range) and in principle should not require any adjustments of
the optics on the air side. However, the head standing on a tripod is rotating
in the horizontal plane (� ) during the coarse motion by several degrees and also
vertically ( � ) as the center of mass changes and the head hanging on the springs
tilts. This can be compensated by the external optical setup.

External optical setup

A compact external detection setup shown in Fig. 2.3, which �ts in tight space
around the microscope, is based on Thorlabs 30 mm cage system mounted on the
DN63CF 
ange of the SPM chamber. It houses optical components up to 25 mm
in diameter permitting the collection of even a slightly diverging propagating
from the inner lens if the junction is located in front of its focal plane. The
rotation around � and � of the STM head with the inner lens was compensated
by placing the cage system on a bearing micromanipulator (Thorlabs LX10/M)
with a 25 mm travel range. Two reducers between the cage system and the
micromanipulator allow changing the� and � of the setup. Alignment of the
collimated beam with the optical axis of the setup was con�rmed by observation
of the re
ection of the �ber and cage on the sample overlapping with the STM
junction from the opposite side of the microscope with a CCD camera (Figure
2.5a). The beam was refocused to the circular bunch of optical �bers (30 cores
� 100� m diameter) with an achromatic doublet lens (Thorlabs AC254-030-AB,
25 mm diameter andf = 30 mm). Photons are guided by the multimode �bers
to the spectrograph, where they are formed into a vertical slit-like termination.
Alternatively, for measuring the time resolution in chapter 5, the beam is split by
a cube beam splitter 90:10 and the 90% branch is �ltered by a bandpass �lter and
focused to a 200� m optical �ber, achromatically coupled to the active area of
single-photon avalanche diode (SPAD; PerkinElmer, SPCM-AQR-15, jitter time
� 250 ps).

Spectrograph and CCD camera

The spectrograph together with the sensitive CCD camera are crucial instruments
to detect and analyse the light from the tunneling junction. The light focused
on the vertically oriented entrance slit is dispersed with the spectrograph grating
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Figure 2.2: a) Schematics of the optical setup which can be used for STM-EL, TERS
and STM-PL measurements. Beamsplitters with diverse split ratios depending on the
type of experiment are mounted in exchangeable inserts (Thorlabs DFM1T4) mag-
netically attached to the cage system. Narrow line gas and diode-pumped solid-state
(DPSS) continuous wave (CW) lasers can be for photoexcitation and TERS and a
pulsed supercontinuum white light laser with tunable �lters can be used for photoex-
citation and time-resolved measurements.

Figure 2.3: a) Photo of the external optical setup sketched in Fig. 2.2. Degrees of
freedom of movement which compensate for the SPM head tilting are marked. For
photon acquisition, the whole setup is darkened with blackout fabric. Noise eater from
Fig. 2.2 is not present in this photo.
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and illuminates a 2D chip of the CCD consisting ofn horizontal and m vertical
pixels. Since every column of vertical pixels is illuminated with photons of the
same wavelength the camera can be operated in a full vertical binning mode
which integrates the intensity in each column. Compared to the image mode,
this reduces to overall noise in the acquired spectra. The signal-to-noise ratio
S=N of the camera can be calculated as

S
N

=
DQE P

q
� 2

signal + � 2
dark + � 2

read

; (2.1)

whereDQE is the detector quantum e�ciency, P the number of photons hitting
the column of pixels,� signal =

q
DQE P the shot noise of the Poisson process,� read

the read noise and� dark =
q

NeNpix t the total dark current noise. We can see
from the comparison of di�erent cameras in Fig. 2.4 that the read noise is the
limiting factor of S=N for short acquisition times and low photon intensity< 1
cps. The dark noise originates from thermally induced electrons in silicon and
exponentially decreases with decreasing temperature. Therefore, the chips are
cooled down to temperatures around� 100� C.

In addition, there is another very speci�c type of noise caused by cosmic rays.
At sea level, they consist mostly of GeV-energy muons originating from the decay
of mesons from large hadronic cascades of protons and neutrons in the atmosphere
[110]. Charged muons generate a lot of electron-hole pairs when travelling through
individual pixels. They usually hit only a few pixels on the CCD, but the photon
signal from the corresponding columns is lost in the background. The elimination
of muon 
ux is not possible e.g. by any conventional lead shielding and therefore
di�erent approaches are used. The CCD is oriented vertically to minimise the
cross-section with cosmic rays. The maximum used integration time is around 3
minutes as the number of pixels (columns) hit by the rays can be signi�cant. If
the total required acquisition time is more than 1 minute more acquisitions are
used and the data are averaged. A median-based (despike) �lter can be used for
single acquisition spectra, ensuring that it will not crop real peaks. In the case of
more acquisitions, a 2D median-based �lter is used. Photon maps can be �ltered
also laterally.

In the beginning, we borrowed an Andor iStar 720 CCD camera (results in
chapter 3) from our colleague Luk�a�s Ondi�c. Because such camera is not suitable
for the detection of very low signals (its quantum e�ciency is below 10%), we
replaced it with an Andor iDus 401 BV CCD camera. This back-illuminated
CCD camera is optimized to detect visible light and has a maximum quantum
e�ciency 90% at 400 nm. This setup was used in chapter 4. We used an Andor
Shamrock 163i spectrograph in chapters 3{4. It houses one grating with 300
grooves per millimeter (gr./mm) providing a broad spectral range of 400 nm but
a resolution of only 3.5 nm FWHM (full width at half maximum). The absolute
calibration of the manually set spectral range was done using Ar/Hg lamp and
3rd order polynomial �t of the calibration spectrum.

Finally, in 2020 we commissioned a new CCD camera Andor Newton DU920P-
BEX2-DD and an Andor Kymera 328i spectrograph. The back-illuminated cam-
era is optimized for the detection of visible and near-infrared light and provides
quantum e�ciency � 90% in a broad range from 400 to 850 nm with an absolute
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cuto� at 1100 nm determined by the band gap of silicon. Very low dark current
(0.003 e� /pix/s) and read noise (4� 8e� ) enable high signal-to-noise ratio usually
limited by the shot noise. In comparison with its competitor (Princeton Instru-
ments Pylon Excelon CCD) used by other groups [81, 12, 11] it has one order of
magnitude higher dark current but o�ers continuous operation for weeks thanks
to the Peltier-cooled CCD (� 100� C) instead of an LN cooling (� 120� C.)

The new spectrograph is equipped with a motorized turret with 4 gratings.1)
150 gr./mm blazed for maximum e�ciency at 500 nm providing 500 nm spectral
range and 1.2 nm resolution,2), 3) 600 gr./mm with 500 and 1000 nm blaze
respectively providing 125 nm range and 0.5 nm resolution.4) 1200 gr./mm
with 500 nm blaze providing 60 nm spectral range and 0.2 nm resolution. The
resolution can be even slightly improved by limiting the width of the entrance
slit at the cost of a lower signal. The nonlinearity of the grating is precalibrated
by the manufacturer and our calibration procedure is simpli�ed to image the
zero-order di�raction to the center of the CCD chip.

(a) (b)

Figure 2.4: a) Signal-to-noise ratio as a function of the photon intensity per column
and di�erent acquisition times for our camera (Andor Newton DU920P BEX2-DD),
Princeton PyLoN:100BR eXcelon and an ideal CCD camera (100% Q.E., zero read
noise and dark current). b) Acquisition time necessary to accumulate spectra with
S=N = 5. Parameters of the CCDs: Andor Newton DU920P BEX2-DD, 90% Q.E., 4e�

read noise, 0.003 e� /pix/s dark current, 256 vertical pixels 26 � 26 � m2 . Princeton
Instruments PyLoN:100BR eXcelon, 90% Q.E., 3 e� read noise, 0.00083 e� /pix/s dark
current, 100 vertical pixels 20� 20� m2.

2.3 Sensor and tip preparation for electrolumi-
nescence

The measurements presented in chapters 3{8 were performed with a qPlus sensor
[42] (type S1.0) glued on a PEEK holder. Three metal ball electrodes glued to the
bottom of the PEEK base realise a kinematic attachment to the contacts on the
piezoelectric scanner for tunneling current and AFM detection. Two cylindrical
magnets are encompassed in the PEEK body providing magnetic coupling to
the tip holder on the scanner head. The sensor can be exchangedin situ. It is
commercially available from Createc with a glued 25� m thick Pt/Ir wire to the
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end of the prong. The tips are side-cut by a focused ion beam (TESCAN FERA3
scanning electron microscope with Xe FIB) by Jarom��r Kope�cek in our institute
(see Fig. 2.5). The length of the tip is usually around 300� m. The added tip
mass results in a lowering of the resonant frequency from the original 32.768 kHz
to circa 31 kHz. Q factors measured in air at room temperature are 3000� 4500
and in the scanning head in vacuum at 6 K can be between 30000� 80000.

Figure 2.5: a) Image of the STM head with inserted Ag(111) sample and a qPlus
sensor with the glued tip. A radiofrequency antenna was used to add GHz modulation
AC bias to the applied DC bias in the tunnel junction in chapter 6. b) SEM image of
the cut tip on the qPlus tuning fork from a). c) Magni�ed tip shaft in SEM. d) Zoomed
SEM image on the last ripple forming the tip apex.

For the measurements in chapter 3 and 4, tips made of Au and Ag wire
respectively were used instead of the Pt/Ir wire. However, we realized that Pt/Ir
tips coated with a small amount of Ag/Au from the micro-indentations in the
sample [111, 112] can yield similar photon intensity from NCP. Due to their
hardness, the Pt/Ir tips cannot be so easily destroyed by a large-scale indentation
in the sample as the thin wire rather bends before the mesoscopic shape of the
apex is deformed. In addition, the plasmon resonance frequency can be tuned in
a very broad range from 550 nm to 900 nm. Therefore the Pt/Ir tips were used
in chapters 5{8.

When introduced in the head, the Pt/Ir tip was repeatedly indented in the
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clean part of the Ag/Au sample (on an nm to� m range) followed by positive or
negative 7� 10 V voltage pulses of tens of milliseconds duration. Very often, the
good plasmonic tip (typical measure is spectral electroluminescence intensity at
2.5 V and 1 nA) is formed after a voltage pulse which melts the tip apex and
creates a very sharp termination of the atomic cluster on the tip with weak van
der Waals force between the tip and the sample. This can be detected in the AFM
and usually, good plasmonic tips have �f � � 1 Hz at 100 mV sample bias and
10 pA setpoint on Ag(111). Also, the plasmon can be often centered at a single
wavelength. The tip quality is checked in 2 steps. The metallic character of the
tip is revealed by the presence of a sharp featureless surface state on Ag(111) or
Au(111) in a di�erential conductance spectrum (see Fig. A.8 b). The sharpness of
the tip apex is probed either directly by resolving frontier orbitals of evaporated
molecules on NaCl or by a controlled approach of the tip 700 pm towards the
sample at zero bias from the setpoint of 100 mV and 10 pA. If a single atom or
symmetric cluster is dropped, the tip is considered to be good. If not, further
slight indentation at zero bias up to 5 nm can improve the tip. This procedure
cannot be repeated too often, since it usually leads to the loss of the picocavity
and plasmon intensity [72].

Eventually, for AFM measurements, the tip is functionalized with a carbon
monoxide CO-molecule. First, the CO is deposited on the surface by increasing
the partial pressure of CO to 5� 10� 8 mbar in the cryostat chamber using a leak
valve and opening an evaporation port for 1 min. The tip is positioned above
the CO molecule adsorbed on 2{3 ML NaCl. At 2 pA and 300 mV in feedback,
the CO appears as a round depression of less than 1 nm in diameter in STM CH
image. The feedback is then switched o� and the tip approached at 10 mV bias
by a few �A until a sudden jump in tunneling current and � f is detected [113].
The quality of the tip (mainly its spherical symmetry) is checked on molecules
on NaCl. The oscillation amplitude setpoint to record the frequency shift images
was set to 50 pm.

2.4 Photoluminescence- and Raman-active tips

During the last part of my PhD, we focused on photoexcitation of the gap plas-
mon. Implementation of photoexcitation in the microscope enriches its capabili-
ties to perform new methodologies such as STM-PL and TERS. The photoexcita-
tion is experimentally challenging as described in the following section and there
are only a few groups worldwide that have mastered submolecular resolved single-
molecule STM-PL [90, 72] and TERS [8, 114, 115], none of them in combination
with AFM yet.

We started our experiments with a setup sketched in Fig. 2.2 and shown in Fig.
2.3. The tip image can be seen magni�ed with a CCD camera with an objective
lens. We realised that the focused image of the junction (focusing was done on a
micrometer size impurity located on the sample in the tunneling junction) is at a
focal distance of 4 cm while thef lens = 10 cm. This indicates that the tunneling
junction is slightly behind the focal plane of the lens on the scanner head and
the beam coming from the junction is converging. Focusing on the junction is
possible with a slightly diverging laser beam provided that it can pass through
the � 12 mm lens on the scanner head. The laser spot diameter in the junction is
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therefore quite large (around 20� m) due to the spherical aberration of the lens.
We realized that the junction was around 1 mm behind the focal point (de-

pending on the exact sensor geometry) for a He-Ne 633 nm laser. Later, the lens
repositioned closer to the junction and the laser spot shrunk below 10� m. The
laser is focused by positioning the laser lens inx, y and z-axes (see Fig. 2.3).
Movement of the cage system alongx, y, z directions and� and � angles enable
the laser beam to enter the microscope lens in its lower half which eliminates
shading by the tip/sensor holder. Once the laser is focused on the junction with
the tip in contact (the same point where the tip shines in electroluminescence),
the excitation of the nanocavity plasmon can be veri�ed in two ways. The �rst
way is to approach the tip in close contact with the sample at low bias voltage
(typically 1 mV and > 1 nA) setpoint on Ag(111) and observe the red-shifted
photoinduced plasmon on the CCD camera, �ltering the laser line with a long-
pass �lter. The second option relies on measuring the �eld emission resonances
(FERs) [108] and does not require any optical detection. A certain percentage of
tunneling electrons gains energy from the laser-induced gap plasmon in their FER
spectrum downshift by the laser energy (see Fig. 2.6). The number of excited
tunneling electronsN is proportional to the density of the electromagnetic states
at the laser energy� NCP (E laser) the laser powerP and the coupling e�ciency �

N / �� NCP (E laser)Plaser:

The most convenient way to focus the laser on the junction is to set the bias
voltage at the maximum of 1st FER (4.1 V on Ag(111)), set a reasonable bias
modulation amplitude Vmod = 30 mV and minimize the demodulated current
from the lock-in detector proportional to dI=dV in a constant current mode.

When we focused the laser on a Pt/Ir tip shown in Fig. 2.5 with a strong
plasmonic STML response at the laser energy no drop in the dI=dV signal was
observed. The image of the laser-illuminated tip taken with an edge-�ltered
CCD camera revealed that the FIB-cut tip shaft (see Fig. 2.5c) was shining
very brightly. However, there was no indication of inducing a gap plasmon in
contact, i.e. no decrease of the plasmon intensity upon a few-nm tip retraction.
We attribute this to the combination of the mesoscopic shape of the Pt/Ir tip
shaft which is very rough and the tip material with a much deeper penetration
depth and larger ohmic losses than silver. The coupling� of the laser to the
nanocavity is therefore very low. In the literature, a lot of e�ort has been devoted
to preparing a good tip for STML and TERS. Most commonly Ag [116] and Au
[117] tip-etching procedures producing sharp and smooth tips were used, but
FIB milling was also used [118]. After inserting in UHV, short ion sputtering is
usually needed to remove characteristic adventitious carbon which shows up in
the Raman spectrum with its D and G bands [114].

We decided to prepare the tip made of Ag wire by FIB front sputtering. The
wire was �rst glued with conductive epoxy (EPO-TEK H21D) on a ferromagnetic
tip holder compatible with our microscope. The FIB (around 1� m in diameter)
was scanned on a mask covering the area between two concentric circles (d1 =
5� m, d2 = 25 � m) drawn on the cross-section of the wire, parallel with the axis of
the wire (see Fig. 2.7). A sharp and smooth tip apex was formed. In the end, the
whole tip was scanned with the FIB and any whiskers around the main apex were
removed. The tip was then transferred to our UHV apparatus and further front
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Figure 2.6: a) Field emissions resonances were measured at constant current 300 pA
on Ag(111) without laser illumination (black) and with laser illumination (blue curve:
He-Ne 633 nm laser; red curve: DPSS 780 nm laser) of 1.2 mW power. Note that not all
electrons are photoexcited and the spectrum under illumination is a sum of original and
laser o�set FERs. The di�erent periods of FER stem from the barrier modi�cation and
Stark shift. b) Image of the tip from Fig. 2.5 under laser illumination on the junction.
c) Photoinduced redshifted gap plasmon on Ag(111) for tip in tunneling contact (1 nA,
1 mV, 1.2 mW). d) The same image for tip out of contact (5 nm retracted). Yellow
freehand lines mark the same position. b)-d) taken with CCD camera via the objective
lens.

Figure 2.7: Top left to bottom right: SEM images of the 25 � m Ag wire during the
front FIB sputtering. Red scale bar 20 � m, aqua scale bar 2� m. The procedure lasted
25 minutes.
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sputtered with Ar+ 1500 eV energy ions at 8� 10� 6 mbar to remove the carbon
contaminants. The tip was gently indented and pulsed (described in section 2.3)
until a sharp tip apex with a strong electroluminescence intensity at the laser
energy was obtained. These tips possess a strong coupling of the He-Ne laser
to the nanocavity plasmons. Even after bending the tip in a pigtail shape, the
plasmonic response can be recovered. There can be plasmonic "hot spots" close
to the junction contributing to the background signal for a tip out of tunneling
contact. The plasmonic response of the tip surface also varies for the excitation
energy of the laser. We observed a large background signal coming from the
scanner head for excitation wavelength 532 nm (2.33 eV) but a much weaker one
for 633 nm (1.96 eV). The de�ciency of Ag tips was already mentioned. They are
soft and the creation of atomically sharp apex can be tedious. To this end, we were
able to prepare several Ag tips made of 25� m and 50� m thick Ag wires, although
the exact shape of the tip is not reproducible. We also succeeded in preparing a
photoexcitation active Pt/Ir tip by front FIB sputtering, but it required grabbing
a substantially large amount of Ag material which led to destroying the sharp tip
apex.

Another challenge, yet not explored, is to use TERS active tips on qPlus
tuning forks. In the past [105], the qPlus contacts were shorted with FIB when
the whole tuning fork was scanned with ions. Also, the sputtering of the qPlus
is not recommended by the manufacturer. We therefore transferred the tips
prepared with FIB shown in Fig. 2.7 on the tuning fork. We tested that the
qPlus sensor can survive several hours of Ar+ sputtering which is su�cient for
removing the carbon. The tip on the sensor is more sensitive to the thermal drift
induced by the laser illumination. Inserting a liquid crystal noise eater (Thorlabs
NEL01A/M) in the laser line can stabilize the laser power and reduce the thermal
drift 
uctuations. Operation of the microscope and measuring STM, AFM and
PL or TERS together is possible with low laser intensity below 100� W.

2.5 Sample preparation

Single Ag(111) and Au(111) polished crystals with cylinder shape (diameter
10 mm, height 2 mm) purchased from MaTeck or SPL were used. First, the
crystals were attached to the molybdenum/tantalum Omicron-type sample holder
with thin stripes from the same material (see Fig. 2.8) spot-welded on the sample
plate. After introducing to the UHV, the cleaning procedure consists of repeating
cycles of Ar+ ion sputtering at 8� 10� 6 mbar argon pressure with 1500 eV accel-
eration energy and annealing to 500{550� C. During my PhD, I fully automatized
the cleaning procedure by writing a custom LabVIEW software communicating
with VAT UHV All-Metal Variable Leak Valve, Specs Coscon ion gun controller,
Delta Elektronika voltage source and ion pump controller. It is important to note
that the fresh crystals were always �rst sputtered to remove carbon contaminants
before the degassing as the carbon conglomerates into 3D structures after anneal-
ing and their removal is impossible due to the low carbon sputter yield. After the
last annealing cycle, the sample was partially covered with a shutter and NaCl
was evaporated on half of the sample at sample temperature 80{130� C from a
tantalum crucible heated to 607� C for 3{5 minutes. This leads to the formation
of defect-free 2{4 ML height NaCl(100) islands. Higher sample temperature pro-
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vides extra kinetic energy to overcome the surface's di�usion barrier, leading to
larger islands' growth. On Au(111), the proportion between 2- and 3-ML height
NaCl islands can be eventually tuned by increased annealing temperature up to
190� C [119]. The sample is precooled on the LN cryostat before introducing into

Figure 2.8: a) Image of the Ag sample inserted the manipulator and half-covered with
a shutter, which can be slid with a wobble stick (on right).

the STM head. Cooling down to 7.5 K takes around 1 h during which the head
is clamped. Single molecules are evaporated from a Ta crucible on a cold sam-
ple (< 10 K) to prevent molecular di�usion. The evaporation temperatures are:
331� C (H2Pc), 380� C (MgPc), 415� C (ZnPc), 420� C (CuPc), 360� C (PTCDA)
and 210� C (NTCDA). The phthalocyanine molecules (> 90% purity ) were pur-
chased from Sigma Aldrich and the perylenes were provided by Ruslan Temirov
from FZ Juelich. In chapter 7, we heated up the sample slightly (100{150 K)
to form molecular clusters from PTCDA molecules on purpose. An overview of
such system is shown in Fig. 2.9. The thickness of NaCl layer can be estimated
from � f image. Closer tip-sample distance on NaCl islands at the same tunnel-
ing current setpoint results in a more attractive van der Waals interaction and a
more negative � f (scale towards red). Alternatively, the NaCl thickness can be
determined from the apparent height of a NaCl step [99].
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Figure 2.9: STM and AFM image of a prototypical system PTCDA/NaCl/Ag(111)
used in this thesis acquired in a constant current mode. The sample was annealed to
150 K for 1 minute resulting in the formation of PTCDA aggregates (the number of
PTCDAs in an aggregate is written with green text). The image size is 110� 110 nm2,
mapping bias 1.2 V corresponds to the LUMO energy of PTCDA on NaCl and a low
2 pA tunneling current setpoint prevents the tip from picking up adsorbates from NaCl.
The image was taken with a metal tip.

2.6 Measurement software

The Createc SPM is controlled by Nanonis Control System including both hard-
ware (a stack of electronics) and software (Nanonis V5) running on a Windows
computer. It o�ers a programming interface based on the LabVIEW functions
(VIs) for simultaneous operation with the Nanonis software. Since LabVIEW
graphical programming is not time e�cient, my supervisor Martin �Svec wrote a
LabVIEW program based on a case structure sequentially interpreting custom
commands. Each command can have up to 3 parameters. It was natural to
continue in this scheme and I implemented control of the Andor instruments as
well as other instruments (RF generators, SPADs, Time Tagger electronics, Laser
etc.) in the LabVIEW scripting framework. Unlike Nanonis, Andor Solis software
does not support the simultaneous operation of the software and external com-
mands. In the beginning, when only the CCD camera was remotely controlled,
we used Andor Solis software running on another computer and its programming
interface based on its Basic language. We were able to change basic parameters,
acquire spectra and save them. The communication was based on sending short
commands via the RS232 interface. Post-processing was needed to pair the data
from CCD with its acquisition parameters in Nanonis. Later, Martin �Svec pro-
grammed a socket-based interface for Andor CCD and spectrograph operation
using the Andor software development kit (SDK) and running on a Ubuntu mini
computer. This enabled faster acquisition and real-time browsing through the
data which were transferred using Transmission Control Protocol (TCP). Single
optical spectra are now saved in Nanonis spectroscopy.dat format with a header
containing acquisition parameters from both Andor and Nanonis SPM and the
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