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Abstract

This thesis investigates novel single-molecule luminescence phenomena at their inherent,
sub-molecular length scale. The flexibility afforded by molecular design and the relative
ease of device fabrication by thin films makes organic molecules attractive for optoelectronic
and semiconductor applications. The microscopic understanding of luminescence processes
will be crucial for their continued improvement.

In this work, a scanning tunneling microscope (STM) is combined with optical spec-
troscopy and Hanbury Brown and Twiss interferometry to perform topographic imaging, elec-
tronic characterization, and analysis of vibrational mode excitations and emission statistics
of molecular luminescence, all at the ultimate atomic scale. Moreover, the precise STM tip
positioning allows tuning of the coupling between the molecular exciton and the tip-induced
plasmon with sub-molecular spatial control, which is key to the decay rate enhancement and
thus emission intensity enhancement of molecular phosphors.

A prototypical platinum (II) phthalocyanine (PtPc) molecule, decoupled from a metal
substrate by a thin insulating film of NaCl, provides a model platform for examining STM-
induced bipolar fluorescence, phosphorescence, and energy upconversion electrolumines-
cence (UCEL). First, an STM investigation of only the ionic insulator NaCl demonstrates
that both valence and conduction bands are of anionic Cl~ character. This is relevant for
the coupling between the molecule and the metal substrate. Theoretical considerations re-
veal a dominant contribution from energetically low-lying molecular orbitals under certain
conditions. Surprisingly, these orbitals play a more critical role for tunneling energies in the
molecular transport gap than the frontier orbitals. STM topography imaging of the molecules
at small voltages perfectly confirms the results of this new theoretical description that can
explain tunneling at small voltages, where molecules are nominally not conducting.

Voltage and polarity of fluorescence onsets can be controlled using different metal sub-
strates because their different work functions tune the energy alignment of the molecular
orbitals with respect to the substrate Fermi level. For PtPc atop an Au(111) substrate, fluo-
rescence is observed at both voltage polarities, even under tunneling conditions where UCEL
occurs. This remarkable behavior allows the testing of different emission mechanisms and
reveals new general guidelines for designing future optoelectronic devices. An analysis of
photon emission statistics from a single molecule under UCEL conditions refutes previously
proposed excitation mechanisms. It guides theory towards a novel mechanism, which is
briefly introduced in the thesis.



PtPc atop NaCl on Ag(111) exhibits fluorescence, and in this thesis, its phosphorescence
is also observed by local excitation in the STM. Electronic characterization reveals a simulta-
neous voltage onset of both types of emission. Phosphorescence is moreover detected using
tip-enhanced resonant photoexcitation of the singlet state. Since direct optical excitation
of the triplet state is forbidden, this observation is the first demonstration of intersystem
crossing in a tip-controlled single-molecule experiment. Exciton-plasmon coupling can be
varied by fine positioning the tip in proximity to the molecule. This allows tuning the triplet
emission (phosphorescence) intensity through control of the singlet lifetime. These findings
are directly transferrable to highly topical phosphorescent OLEDs that employ plasmonic
enhancement.

The phenomenon of plasmonic antibunching is discovered for electron tunneling from a
few monolayer thick Cg, film to the STM tip. The layer thickness and the applied voltage
control the sequential tunneling of charges by a Coulomb blockade mechanism. This mecha-
nism eventually causes the emission of one photon at a time. Such a plasmonic source allows
for a higher single-photon emission rate than an individual molecule. A close analysis finds
that the tip-induced static electric field locally distorts the band structure and pulls discrete
states out of the Cgy conduction band, favoring the observed behavior. The design principles
for other semiconducting films are discussed, suggesting a quest for similar nanostructured
single-photon emitters.

Keywords: STM-induced luminescence, single-molecule fluorescence and phosphorescence,
upconversion electroluminescence, exciton-plasmon coupling, bipolar emission, second-ord-
er intensity correlations, single-photon sources, NaCl electronic structure, phthalocyanine,
Ce0
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Zusammenfassung

Diese Doktorarbeit untersucht die Lumineszenz einzelner Molekiile auf der mit ihnen verbun-
denen submolekularen Lingenskala. Organische Molekiile sind aufgrund ihrer Vielseitigkeit
und der mit ihrer Hilfe relativ einfachen Herstellung von Bauelementen fiir optoelektron-
ische und halbleiterbasierte Anwendungen interessant. Das Verstindnis des Lumineszen-
zprozesses auf mikroskopischer Skala ist entscheidend fiir weitere Optimierungen.

In dieser Arbeit werden Rastertunnelmikroskopie (engl. scanning tunneling microscopy,
STM), optische Spektroskopie und Hanbury Brown-Twiss Interferometrie zusammengefiihrt,
um auf der ultimativen atomaren Skala topographische Bilder, elektronische Eigenschaften,
die Anregung von Schwingungsmoden, sowie die Emissionsstatistik eines lumineszierenden
Molekiils zu messen. Dariiber hinaus lasst sich durch die genaue Positionierbarkeit der STM
Spitze die Kopplung zwischen molekularem Exziton und spitzeninduziertem Plasmon ein-
stellen, was entscheidend fiir eine verstarkte Zerfallsrate und damit Emissionsintensitit des
molekularen Phosphors ist.

Ein prototypisches Platin-(II)-Phthalozyanin (PtPc) Molekiil, das durch einen isolieren-
den NaCl Films vom Metallsubstrat entkoppelt wird, stellt die Plattform fiir Untersuchungen
mittels STM-induzierter, bipolarer Fluoreszenz, Phosphoreszenz und energieaufwartskon-
vertierender Elektrolumineszenz (engl. energy up-conversion electroluminescence, UCEL)
dar. Zuerst wird anhand einer STM Untersuchung allein des ionischen Isolator NaCl gezeigt,
dass sowohl Valenz- wie auch Leitungsband anionischen Cl~ Charakter besitzen. Dies ist
fiir die Kopplung zwischen Molekiil und Metallsubstrat mafgeblich. Theoretische Betra-
chtungen offenbaren den unter bestimmten Bedingungen wesentlichen Beitrag energetisch
niedriger Molekiilorbitale. Uberraschenderweise spielen diese Orbitale bei Tunnelenergien
innerhalb der Transportliicke eine entscheidendere Rolle als die Frontorbitale. STM-Topogra-
phiebilder bei niedrigen Spannungen bestétigen exakt die neue theoretische Beschreibung
des Tunnelprozesses bei Spannungen, bei denen die Molekiile eigentlich nicht leiten.

Grofde und Vorzeichen der Spannung, bei der die Fluoreszenz einsetzt, kann durch Ver-
wendung verschiedener Metallsubstrate beeinfluf3t werden, weil ihre unterschiedliche Aus-
trittsarbeit die Energie der Molekiilorbitale gegeniiber der Fermienergie des Substrats ver-
schiebt. Fiir PtPc auf einem Au(111) Substrat wird Fluoreszenz bei beiden Spannungsvorze-
ichen beobachtet, und das sogar unter Tunnelbedingungen, bei denen UCEL auftritt. Dieses
bemerkenswerte Verhalten erlaubt die Uberpriifung verschiedener Emissionsmechanismen
und fihrt zu allgemeinen Leitlinien fiir die zukiinftige Entwicklung optoelektronischer Ele-
mente. Die Photonenemissionsstatistik eines einzelnen Molekiils unter UCEL Bedingungen
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schliel3t bisher vorgeschlagene Anregungsmechanismen aus und fiihrt die Theorie zu einem
neuen Mechanismus, der in der Arbeit kurz eingefiihrt wird.

PtPc auf NaCl bedecktem Ag(111) emittiert Fluoreszenz. In dieser Arbeit wird dariiber-
hinaus auch Phosphoreszenz nach lokaler Anregung mit dem STM beobachtet. Die Un-
tersuchung der elektronischen Eigenschaften zeigt, dass beide Emissionsarten bei dersel-
ben Spannung einsetzen. Dariiberhinaus wird Phosphoreszenz auch nachgewiesen, wenn
eine spitzenverstdrkte optische Anregung in Resonanz mit dem Singlet-Zustand erfolgt. Da
eine direkte optische Anregung des Triplet-Zustands verboten ist, handelt es sich damit um
die erste Beobachtung des Ubergangs vom Singlet- zum Triplet-System (engl. intersystem
crossing) in einem mit einer Spitze gesteuerten Einzelmolekiilexperiment. Die Exzitonen-
Plasmonen Kopplung kann durch kleine Positionsdnderungen der Spitze nahe am Molekiil
verandert werden. Dadurch wird die Intensitat der Triplet-Emission (Phosphoreszenz) iiber
eine Verdnderung der Singlet-Lebensdauer gesteuert. Die Ergebnisse konnen unmittelbar
auf hochaktuelle phosphoreszierende OLEDs {ibertragen werden, die auf plasmonischer Ver-
starkung basieren.

Das Phidnomen plasmonischer Antibiindelung (engl. antibunching) wird im Tunnelpro-
zess zwischen einem mehrlagigen Cg Film und der STM Spitze entdeckt. Die Filmdicke und
die angelegte Spannung bewirken durch eine Coulomb-Blockade ein sequenzielles Tunneln
von Ladungen. Dieser Mechanismus bewirkt schlief3lich die Aussendung von nur einem Pho-
ton zu einem gegebenen Zeitpunkt. Solch eine plasmonische Lichtquelle stellt eine hohere
Einzelphotonenemissionsrate bereit als ein einzelnes Molekiil. Die genaue Analyse zeigt,
dass das statische elektrische Feld der Spitze die Bandstruktur in einem raumlich begren-
zten Bereich verzerrt und einzelne Zustdnde aus dem Cg Leitungsband herauszieht, was
das beschriebene Emissionsverhalten begiinstigt. Das Prinzip wird auch fiir andere Halbleit-
erfilme erortert und eine Suche nach dhnlichen nanostrukturierten Emittern vorgeschlagen.

Stichworter: STM-induzierte Lumineszenz, Einzelmolekiilfluoreszenz und -phosphoreszenz,
energieaufwartskonvertierende Elektrolumineszenz, Exziton-Plasmon Kopplung, bipolare E-
mission, Korrelation zweiter Ordnung, Einzelphotonenquellen, elektronische Struktur von
NacCl, Phthalocyanin, Cg.

viii









Contents

Abstract (English/Deutsch)

List of Figures

Acronyms

Introduction

1

Concepts and techniques

1.1 Scanning tunneling MiCroSCOPY . . « « v v v v v o it e e e e e et e
1.2 Scanning tunneling microscope induced luminescence ..............
1.3 Experimental setup and details . .. .......... ... . ... .. ....

NaCl: more than a decoupling layer
2.1 Anionic character of the conduction band of NaCl . ................
2.2 Role of gap states in tunneling through the molecule ................

Orbital engineering of single molecule STML

3.1 STM electroluminescence from a single molecule . . . . ..............
3.2 Effect of work functionon STML . . . . ... . ...
3.3 Excitation mechanism for asymmetric and symmetric energy alignment

3.4 Spin-triplet mediated up-conversion electroluminescence . . . .. ... ... ..

Single molecule phosphorescence and intersystem crossing

4.1 Fluorescence and phosphorescence from a single molecule . . . . ... ......

4.2 Evidence for intersystem crossing in a single phosphor . ... ..........

4.3 Influence of exciton-plasmon coupling on phosphorescence and intersystem
CIOSSITIZ « .« ¢ v v e e e e e e e e e e e e e e e e e e e e e e

4.4 Single molecule vibrational mapping using STM-PL . .. .............

Xiv

xvi

Coulomb-blockade driven single photon emission from a plasmonic light source 93

5.1 Observation of a discrete charging state atop a Cgo film . . . . .. ... ... ...
5.2 Calculated electronic structure of Cgy under the influence of a localized elec-
tricfield . . . . .. e

5.3 Coulomb blockade driven single photon emission. . . .. .............

Conclusions and outlook

References

Acknowledgements

Curriculum vita

xi

94

105

112

127

129






List of Figures

1.1 Typical STM eXperiment. . . . . . . oo v vttt ittt e ettt e 7
1.2 Energyalignmentin STM. ... ... ... ... ..., 8
1.3 Energy alignment in a double barrier tunnel junction . .............. 12
1.4 Plasmonic emission in STM. . . . .. ... ... .. ..., 15
1.5 Raw and normalized excitonic luminescence. . . . ... .............. 18
1.6 Excitonic emission in scanning tunneling microscopy (STM) . . ......... 19
1.7 Modified Perrin-Jabtoniski diagram of emission processes . . . .......... 22
1.8 Schematic overview of Photon-STM . . ... ... ... ... .. ..., 24
1.9 Aligning SPAD . . . . . . . .. e 25
1.10 Photon train characterizing different emissions . . ................. 26
1.11 Time resolution of thesetup . ... ... ... . .. .. . . ... 27
1.12 SEM image of atypical tip . . . . ... . ..ottt 28
2.1 STM topography images of 2 ML NaCl(100) on Au(111) ............. 33
2.2 STM topography images of 3 ML NaCl(100) on Au(111) . ... ......... 35
2.3 Character of the NaCl gap states including the contribution of Madelung po-
tential . . . ... 36
2.4 Theoretical and experimental comparison of in-gap images of PtPc. . . . . .. 39
2.5 Weights of important molecular orbitals contributing to gap states . . . . . .. 40
3.1 Characterization of PtPc atop 3 ML NaCl on Au(111) . .............. 45
3.2 Effects of local defects on the molecular transition dipole . . . . ... ... ... 48
3.3 Energy shift of molecular orbitals atop NaCl on Au(111) . ............. 51
3.4 Energy alignment of PtPc orbitals atop different substrates . . . ... ...... 52
3.5 Current dependence of S; emission intensity for a single PtPc molecule . . . . 53
3.6 Excitation mechanism involving a one-electron process for asymmetric orbital
alignment . . . ... ... e e 55
3.7 Excitation mechanism involving a one-electron process for symmetric orbital
alignment . . ... ... e e e 56
3.8 Bipolar UCEL on single phthalocyanine molecules . ................ 59
3.9 Current dependence of the up-converted S; emission intensity . ........ 59
3.10 g (A7) correlation measurements for UCEL . . .. ... ............. 62
3.11 UCEL mechanism . . . . . . . oo e e e 64
4.1 STM characterization of PtPc atop 4 ML NaCl on Ag(111) ............ 69
4.2 STM-EL fluorescence and phosphorescence from a single PtPc molecule. . .. 70
4.3 FWHM of the S; and T; emissionpeaks . . . ... .................. 72
4.4 Voltage dependence of fluorescence and phosphorescence . ... ......... 74
4.5 Current dependence of fluorescence and phosphorescence . . . ... ...... 75
4.6 Schematic overview of the 4-Goki STM . . . . .. ... ... 76
4.7 STM-induced resonant photoluminescence . . . . . ... ... ............ 77
4.8 Voltage dependence of the T emission line for STM-EL and STM-PL . . . .. 79
4.9 Extended STM-PL spectra at different voltage polarities. . . ... ........ 80
4.10 X-P coupling for fluorescence and phosphorescence . ............... 82

xiii



4.11 Azimuthal dependence of T; emission . . . . . ... ... ..., 83

4.12 Distance dependence of S; and T; emission . . . ... ............... 85
4.13 Resonant STM-PL as a special case of resonant Raman spectroscopy . . . . . . . 87
4.14 Vibronic satellites for S; and T; emission . . . . .. ................. 88
4.15 STM-PL mapping of vibrational modes . . . ... .................. 90
5.1 Schematic of HBT intensity interferometer combined with an STM . ... ... 94
5.2 Antibunched plasmonic light emission . . . . .. ........ ... ... .... 96
5.3 Change of tip-sample distance and sample voltage dependence of g?(Ar) . . . 97
5.4 Topography, differential conductance, and emission efficiency of C¢q/Ag(111) 98
5.5 Tip-sample distance dependence of split-off states . ... ............. 99
5.6 Calculated projected DOS of 4 ML Cgo/Ag(111) .. ... ..o .. 100
5.7 Calculated electrostatic potential and resultant split-off state potentials . .. .101
5.8 STML of PtOEP atop 3 ML NaClon Au(111) . ... ... .............. 109
5.9 STM of vacancy defects and TMD layers . ...................... 110

Xiv



CB
CCD
DFT
DOS
fce
FWHM
H,Pc
HBT
hep
HOMO
IC
IDOS
IES
IETS
ISC
LUMO
ML
NEGF
OLEDs
PTCDA
PtOEP
PtPc
SEM
SNOM
SOC
SPAD
SPpP
STM
STM-EL

Acronyms

conduction band

charged-couple device

density functional theory

density of states

face-centered cubic

full width at half maximum

free-base phthalocyanine

Hanbury Brown-Twiss

hexagonal close-packed

highest occupied molecular orbital
internal conversion

integrated density of states

inelastic scattering

inelastic electron tunneling spectroscopy
intersystem crossing

lowest unoccupied molecular orbital
monolayer

nonequilibrium Green’s function
organic light emitting diodes
3,4,9,10-perylenetetra-carboxylicdianhydride
platinum octaethylporphyrin
platinum (II) phthalocyanine
scanning electron microscope
scanning near-field optical microscopy
spin-orbit coupling

single photon avalanche diodes
surface plasmon polariton

scanning tunneling microscopy

STM-induced electroluminescence

XV



STM-PL
STML
STS
TCSPC
TD-DFT
TERS
TTA
UCEL
UHV

X-P

STM-induced photoluminescence
STM-induced luminescence

scanning tunneling spectroscopy
time-correlated single photon counting
time-dependent density functional theory
tip-enhanced Raman spectroscopy
triplet-triplet annihilation

up-conversion electroluminescence

ultra high vacuum

valence band

exciton-plasmon

Xvi









Introduction

When a molecule absorbs energy, it moves from its original (ground) state to a higher-energy
(excited) state. Fluorescence and phosphorescence are examples of luminescence phenom-
ena in which a molecule emits light from an electronically excited state. A physical (for
example, absorption of light or electric field), mechanical (friction), or chemical mechanism
can lead to such an excitation. Stokes' and Becquerel?, among others®>*, provided the
first, timescale-related, interpretation suggesting that fluorescence is instantaneous, occur-
ring only as long as the excitation lasts, while phosphorescence is much longer lived. Later,
spectroscopic studies>® combined with the determination of quantum yield” of fluorescent
solutions and dyes allowed a deeper understanding of the phenomena. With the emergence
of quantum theory®? in the early twentieth century, the phenomenological description of the
two emission processes improved. It came to light that phosphorescence involves a change
in the spin-multiplicity of the molecule, typically from the triplet to the singlet or vice versa,
while fluorescence does not %13, Since a spin-flip is forbidden for optical excitation, for a sin-
glet ground state, the lifetime of the lowest excited triplet state is a few orders of magnitude
longer than that of the lowest excited singlet state.

Further developments in the understanding of fluorophores and chemical engineering
enabled tagging of different cell organelles with dyes, thus making them emit light in the
visible range at molecular length scales. This allowed imaging of their distribution, location,
transport characteristics, and interactions with other biomolecules'*, revolutionizing the
field of cell biology. However, better known is their use as light sources. Becquerel’s idea of
applying various luminescent materials as a coating to electric discharge tubes later led to
the development of commercial fluorescent lamps'°. Not too long after, the light emitting
diode, which converts electrical energy to light, was invented. Developments in production
techniques, besides optimization of their composition and structure, transformed lighting
and display technologies'®. Lower power consumption, longer lifetime, improved physical
robustness, smaller size, and faster switching capability than incandescent or fluorescence
lamps make LEDs omnipresent. For example, the brightness achieved (for 800 lumens) by
a 60 watt incandescent light bulb requires an almost ten times lower power of ~ 8 watts for
a LED '/, and this without emission of any toxic mercury vapor associated with recycling of
fluorescent lamps.

LEDs composed of organic molecules as light emitters allow even lower power consump-
tion. The relative ease of producing thin molecular films enables compact design, opening
many avenues. Their further development may make recently developed flexible, transpar-
ent, and wearable technologies mainstream in the near future. Just over the last two decades,
organic light emitting diodes (OLEDs) have been incorporated into billions of commercial
products'®. Nevertheless, they may still be improved in terms of efficiency and stability.



The operation of an OLED involves the formation of excitons in organic molecules when a
voltage is applied. Because of spin-statistics, the energy transfer to the emitting layer leads
to the formation of spin-singlet and spin-triplet excitons in a 1:3 ratio'?. Given that, it is
straightforward that effective use of triplet states for light production is necessary to achieve
high electrical energy to the light conversion efficiency of OLEDs?°. Lowering the operating
voltage can also reduce the power consumption of these devices. As a result of the exchange
interaction, the triplet state typically has lower energy than the singlet, and thus, solely
exciting the triplet emission allows for reducing power consumption?!. However, the triplet
excited state is long-lived > making the device vulnerable to degradation by oxidation. Here
as well, the inherent flexibility afforded by molecular design allows manipulating the excited
state levels to enhance the energy transfer from the triplet to the singlet ground state and
increase its radiative rate at the same time .

Plasmonic enhancement of excitonic emission at a metal-dielectric interface can signifi-
cantly reduce the lifetime of the excitons?*. This typically leads to quenching, a process in
which the excitation is lost to the environment in the form of heat instead of light generation.
However, intelligent control of the spacing between the metal and the molecule, on the or-
der of a few nanometers, allows accelerating the exciton decay in a controlled manner and
has recently been shown to enhance the device lifetime of OLEDs?° greatly. This highlights
the importance of precise characterization at the length scale of a molecule (~ 1 to 2 nm).

Because vibrational frequencies are specific to a molecule’s chemical bonds and symme-
try, optical spectroscopy provides a fingerprint for their identification. For a light source of
a given wavelength, the spatial resolution is diffraction-limited to some fraction of the wave-
length?® (a few hundred nanometers for visible light). Thus, the electronic and optical infor-
mation is averaged over an ensemble. As a result, one must rely on theoretical predictions
and visualizations to assign the spectroscopic data to specific processes or molecules. In the
1990s, Moerner and Orrit?’~??, using isolated molecules in matrices, could achieve single-
molecule sensitivity, paving the way to future single-molecule detection and spectroscopy
techniques. Despite recent developments in super-resolution microscopy techniques?’, their
spatial resolution has been limited to approximately ten nanometers, still about five times
larger than the size of a single molecule. This becomes problematic, especially at dimensions
in the range of one nanometer, where quantum mechanics dominates.

On the other hand, a scanning tunneling microscope (STM) *>?! combined with an opti-
cal detection setup, routinely allows topographic imaging, electronic and optical character-
ization, and electric field control, all with the ultimate, sub-molecular scale resolution32-34.
Combining precise know-how of the electronic structure and the molecular emission allows
scrutiny of the suggested mechanisms behind different emission phenomena and the dis-
covery of new processes. The ability to manipulate the interaction between the molecule
and its nano-environment enables the control of efficiencies and onset voltage of molecular
emitters. The single-molecule nature of these experiments implies that relatively simple the-
oretical models can be used to describe novel emission phenomena. Single-photon sources,

like single molecules or vacancy defects®”, can also be studied at their true length-scale



with second-order correlation measurements of the emitted photon field. The conversion of
electrical excitation to light occurs at a timescale limited by the exciton lifetime (few nanosec-
onds). Thus, the photons are expected to be emitted one by one with a minimum time delay
of the same order>°. Such light sources have applications in quantum key distribution, quan-
tum repeaters, and quantum information science making a detailed study of their electrical
and emission properties imperative.

Organization of the thesis

This thesis reports on the experiments performed to elucidate molecular excitation mecha-
nisms for novel emission processes like STM-induced fluorescence and phosphorescence and
up-conversion electroluminescence. Combining atomic-scale electronic and laser excitation
with optical spectroscopy and photon intensity correlation measurements provides a rich
toolkit for analyzing light emission from a single molecule and tip-induced discrete states in
a molecular thin film.

Chapter 1 briefly introduces the background of scanning tunneling microscopy and its
associated luminescence from the tunneling junction. How the tunneling electron or the
incident light in the tip-sample gap leads to excitation of the molecule and the effect of
material properties is also reported. In addition, the current state-of-the-art in the interpre-
tation of various emission processes observed in single-molecule studies using this technique
is reviewed.

Few monolayer thick NaCl islands are routinely used to limit the interaction between the
system of interest, the molecule, and the underlying metal substrate. This provides access
to the intrinsic optoelectronic properties of the molecule while still allowing smooth STM
operation, which requires at least a weakly conducting substrate. An understanding of the
molecule’s interaction with the metal surface, mediated via NaCl, is thus the key to explain-
ing more complex phenomena. Chapter 2 shows that in contrast to the textbook picture, the
STM topography of the conduction and valence bands suggests that Cl~ anions are mainly
responsible for electron conduction at either voltage polarity. The theoretical consideration®
that the large Madelung potential reverses the order of the C1~ 4s and Na* 3s levels helps to
reconcile the anionic character of the conduction band for the alkali halide. Given that, the
coupling of metal states through Cl~ ions of NaCl affects the tunneling through the molecule
adsorbed on top of NaCl. The idea that molecular orbitals much lower in energy than the
frontier orbitals participate in conduction at voltages in the transport gap of a molecule is
briefly introduced and the consequences for topography imaging at voltages close to the
Fermi energy are discussed. These findings suggest that it is essential to reconsider previ-
ously proposed mechanisms for processes where electron tunneling through the transport
gap plays a central role.

Chapter 3 talks about how the energy level alignment of molecular orbitals with respect

IThe tight-binding calculations were planned and carried out by Olle Gunnarsson, Max Planck Institute for Solid
State Research, Germany.



to tip and sample Fermi energy decides what mechanism leads to the electronic excitation
of the emission. Since the minimum voltage which allows excitation and the associated
emission efficiency rely on the microscopic mechanism at play, such a study provides ways
to tune these parameters. Electronic characterization of a single molecule in a controlled
environment facilitates having a detailed discussion of these mechanisms.

The quantum statistics of the molecular emission at sample voltages lower than the sin-
glet state energy are analyzed using photon intensity correlation measurements. Recent

studies>7-38

suggest that excitation due to electron tunneling through the transport gap of
the molecule may be up-converted by a subsequent tunneling electron. Since the onset of
this process is at the energy of the spin-triplet state, it is proposed that it acts as a relay state
for upconversion. In light of the new interpretation of tunneling through the transport gap
and observations from correlation measurements, a new mechanism based on perturbation
theory arguments', is proposed for UCEL from a single molecule.

Chapter 4 reports on the observation of phosphorescence of a single platinum (II) ph-
thalocyanine (PtPc) molecule using STM-induced electroluminescence (STM-EL). The abil-
ity to precisely position the tip allows atomic-scale control over charge injection and the
interaction between the molecule and the tip. It is shown that a decrease in dipole coupling
increases the amount of intersystem crossing and thus phosphorescence intensity. Using
STM-induced photoluminescence (STM-PL), an energy tunable laser resonantly excites the
spin-singlet state of the molecule, and an intense emission from the vibrations involved in
the transition is observed?. Spectrally-resolved spatial mapping of emission intensity re-
veals different patterns depending on the symmetry of the vibrational modes, showing the
potential of this technique to investigate intrinsic vibrational and electronic properties at a
single-molecule level. In the resonant photoluminescence spectrum, a weak triplet emission
is also observed. Since direct excitation of the spin-triplet state is forbidden for incident light,
intersystem crossing in a tip-controlled single-molecule experiment is reported for the first
time.

Chapter 5 shows that the tip can be used as a probe and as a source of local perturba-
tion. Theoretical calculations! show that for an applied voltage of a few volts, the electric
field generated at the tunneling junction can induce discrete states in a Cg molecular film,
which results in a sharp peak in the differential conductance of the molecule. We suggest
that the discretization of current flow due to a Coulomb blockade triggers the excitation
of nanocavity plasmonic modes, which are themselves excited one at a time. Thus, the as-
sociated photon emission also occurs one by one, which is confirmed by photon intensity
correlation measurements. This design principle of quantum control can be generalized and
applied to other wide bandgap narrowband materials.

In the end, it is concluded that the combination of optics with the versatile capabilities of
the STM provides a unique platform for studying and manipulating the emission properties
of isolated emitters at an atomic scale. The insights gained from these novel experiments

2The experimental work presented in this Chapter was performed in collaboration with Prof. Yousoo Kim at
Surface and Interface Science Laboratory (FH S HAIAZIFZEE), RIKEN FE(LAWFFLF), Japan



now provide new general guidelines for future optoelectronic devices. The effect of exciton-
plasmon coupling of molecular fluorescence and phosphorescence is universal and thus trans-

39,40 41,42 where exciton dynamics

ferable to plasmonic OLEDs %°, bioimaging , and biosensing
play a central role. As an outlook, some suggestions for future work that builds upon the
research presented in this thesis are discussed. First STM-EL measurements of platinum (II)
octaethylporphyrin molecule show great promise for future studies of intersystem crossing
at the sub-molecular level. In addition, molecular-beam epitaxy of molybdenum disulfide **
atop hexagonal-boron nitride on Pt(111) has been successful. Still, further optimization for

the material or the vacancy defects is needed to reveal their intrinsic emission.






Concepts and techniques

This thesis documents the use of scanning tunneling microscopy (STM) to induce and study
luminescence from a single molecule. This chapter introduces the fundamental principles
of STM, scanning tunneling spectroscopy (STS), and STM-induced luminescence (STML)
in metallic tunnel junctions and electronically decoupled single molecules. We further dif-
ferentiate between electronic and optical excitation mechanisms for two-level systems in a
plasmonic nanocavity and highlight how it differs from traditional spectroscopy techniques.
We also briefly introduce our home-built experimental setup, the so-called Photon-STM, and
the sample and tip preparation methods.

1.1 Scanning tunneling microscopy

The STM was invented in 1982 by Gerd Binnig, Heinrich Rohrer, Christoph Gerber, and
Edmund Weibel®%#+%> Based on the quantum mechanical tunneling effect’, it allowed
imaging of surfaces at the atomic scale®*>%’, Binnig and Rohrer shared the 1986 Nobel
Prize in Physics for their design of the STM*5.

The STM comprises a sharp conducting tip and sample which is scanned with respect
to the fixed tip. The sample sits on piezoelectric actuators (piezos), which can position the
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Figure 1.2 — Energy alignment in STM. (A) Before tip and sample are connected in a circuit, their vacuum levels E, .
align, while their Fermi levels E¢; and Egg, are different depending on their respective work functions ¢ and ¢s. ot
and ps are the tip and sample density of states, respectively. (B) In the tunneling regime, charges flow to align the Fermi
levels by rigidly shifting the band structures. (C) Energy alignment at positive and (D) negative sample bias voltage.

sample in x-, y- and z-direction with sub-A resolution. The x- and y-piezos scan the sample
to obtain an image, while the z-piezo controls the tunnel gap. The tip and sample distance
can be brought in the range of a few A using the z-piezo. In this range, the wavefunctions of
the tip and sample overlap and form a metal-vacuum-metal tunnel junction. When a voltage
V is applied to the sample, the electrons can tunnel through the vacuum barrier resulting in a
tunneling current I'+. The tunnel current can be measured as a function of the (x, y) location,
the z-height, and the sample voltage V, enabling topographic imaging and spectroscopy at
unprecedented resolution. Figure 1.1 schematically illustrates a typical STM experiment.
As mentioned earlier, the tip and sample are held a few A from each other to enable
electron tunneling across the vacuum gap. When the tip is further apart from the sample,
their vacuum energy levels (E,,.) are aligned and their respective Fermi levels (tip: Egr
sample: Egg) are distinct by virtue of different tip and sample work functions ¢ and ¢s,
respectively (Fig. 1.2A). As the tip and sample gap approaches a few A, electrical contact is
formed, leading to the Fermi level alignment as shown in Fig. 1.2B. The vacuum levels are
now out of alignment leading to a trapezoidal potential barrier. In the STM employed in this
thesis, the tip is held to virtual ground while the voltage is applied to the sample. When a
positive sample voltage +V is applied with respect to the tip, this raises the tip Fermi level
allowing electrons to tunnel from filled states of the tip to unoccupied states of the sample



(see fig. 1.2C). Inversely, at negative sample bias voltage —V, the tip Fermi level is shifted
below the sample Fermi level allowing electrons to tunnel from the sample to the tip (fig.
1.2D).

Using the framework of time-dependent perturbation theory to treat the current flow
between the tip and the sample for states of energy ¢ for negative sample bias voltage —V,
the tunneling current due to flow of electrons from filled states of the sample to the empty
states of the tip (as in fig. 1.2D) can be written as:
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where the factor 2 is due to the spin of the electron, —e is the electron charge, |M|? is the

tunneling matrix element, and f (&) is the Fermi-Dirac distribution:

1
fle)= 1+exp(e/xgT) (1.2)

Similarly, the small component of tunneling current due to tunneling from tip to sample
across the vacuum barrier can be written as:
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Then the total tunneling current from sample to tip over all energies ¢ is:
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Considering that the base temperature of the STM employed in this thesis is T = 4.3 K,
the Fermi-Dirac function is well approximated by a Heaviside function for bias voltages of
the order greater than few meV. Thus, the only contribution to tunneling current is from the

electrons occupying the states in the energy range —eV < ¢ < 0.
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Thus, the total tunneling current is a convolution of tip and sample density of states in the
energy range given by the sample bias voltage. Additionally, if the tip is assumed to have a
flat density of states in the given energy range, pt(¢ +eV) — p(0).

0
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While treating metal-insulator-metal junctions, John Bardeen introduced the following
formalism to obtain a quantitative expression for the tunneling current*’. In this case, the tip
and the sample are treated such that they can be regarded as separate entities, not influenced



by the tail of the wave function from the other. This assumption suggests that the matrix
element will be a constant, independent of the energy difference between the two sides.
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It should be noted that the above discussion is only valid in the limit of small sample bias
(eV < ¢). For a large bias, comparable to sample and tip work functions, the effective
barrier height for high and low energy electrons to tunnel across the vacuum barrier would
be different, implying that matrix elements will be energy and bias dependent.

In the small applied bias voltage limit, the trapezoidal vacuum barrier can be assumed to
be a square (for ¢ ~ ¢5). Then, approximating the solution using WKB method°° implies
that tunneling matrix element is given by:
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|IM|? = exp(—2az), where a = (1.8)

where m is the mass of the electron, z is the effective width of the potential barrier, # is the
reduced Planck’s constant, and ¢ is the height of the barrier, given by the combined work
function of the tip and sample materials. Thus the tunneling current becomes

=)

I o< exp (—22 (1.9)
and consequently, the slope of InI versus z can be used to determine ¢. For a gold sample
and tip, which is most commonly used in our experiments, ¢ = 5.3 eV°! and thus the decay
constant a ~ 1.2 A_l, suggesting that tunneling current decays roughly an order of mag-
nitude per A increase in the tip-sample gap. The approximately exponential dependence
of tunneling current on z-height plays a pivotal role in atomic resolution achieved by STM.
However, the same exponential decay makes a determination of the absolute tip-sample gap
difficult.

From this discussion it follows that the tunneling current can be well-approximated by
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An extended discussion of STM fundamentals, for example treatment of tip effects using
Tersoff and Hamman approximation®?, can be found in a textbook by Julian Chen®'.

Topography

The sample is scanned at fixed sample bias to determine the sample topography. At the
same time, a feedback loop controls the tip-sample gap z to maintain a constant tunneling
current, the so-called constant current mode. By calibrating the voltage applied to the z piezo
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to traverse over a feature of known dimension, we can record the corresponding applied
voltage to map the topography of the surface. From the discussion above, it follows that in
constant current mode, STM records the contour of the sample density of states (DOS) that
decays exponentially in the vacuum.

Scanning tunneling spectroscopy

From equation 1.10, at a given tip (x, y) position for a constant tip-sample gap 2z at negative
sample bias voltage —V,

0
I=Iof ps(e)de (1.1
—eV
Thus, by varying bias voltage we can acquire integrated density of states (IDOS) in the bias
voltage range. A numerical derivative of IDOS could then be used to obtain DOS. In practice
a lock-in amplifier is used to record DOS. The lock-in amplifier modulates the applied bias
voltage by a small modulation voltage dV, and by measuring the current modulation dI
signal at the same, chosen, frequency we can obtain the quantity dI/dV which corresponds

to DOS,

dI
v o< pg(e) (1.12)

Using lock-in amplifier reduces 1/f noise and does not require spectral purity (for e.g., 50
Hz noise does not influence the results).

dI/dV mapping

Leveraging the scanning ability of STM, one can spatially map the differential conductance
of a distinct resonance, the so-called dI/dV map. With a fixed sample bias voltage corre-
sponding to the energetic position of the resonance, we raster the sample to obtain a spatial
map of the electrons in the resonance state.

Alternatively, the STM can be operated in a constant height mode, where the scanning
occurs with a fixed tip-sample distance. In this mode, the sample IDOS at a fixed distance
from the surface is mapped.

STS in a double barrier junction

STS is a versatile technique and can be used to study the electronic states of metals®?,
molecules®*, and semiconductors®®. For the case of a single molecule, STS allows charac-
terization of their electronic structure by spatially resolving their orbitals. When a molecule
is adsorbed atop a metallic substrate, due to hybridization with the underlying substrate,
the molecular electronic levels are broadened. In 2003, Qiu et al.>® found that ultrathin
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Figure 1.3 — Energy alignment in a double barrier tunnel junction. (A) Direct tunneling at small voltages (in the gap).
(B) Sequential tunneling through an unoccupied molecular state when aligned with the Fermi level of the tip. Electrons
tunnel from the tip into a molecular state (HOMO or LUMO), and are rapidly extracted via tunneling to the sample.

insulating layers (Al,O3) can be used to prevent hybridization between the molecular ad-
sorbates and the metal substrate since they could observe intrinsic emission from a single
molecule. Repp et al.>* further showed that large band gap insulators, like NaCl, may also
be employed to prevent hybridization of molecular frontier orbitals with the metal substrate.
They could map the positive and negative ion resonances of a single Pentacene (CyoH;4)
molecule, which correspond to the structures of the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) of the free molecule in a vacuum.

The energy level diagram of a single molecule decoupled from the metal substrate by
an ultrathin NaCl layer is sketched in fig. 1.3. The vacuum and the insulator isolating the
molecule from the two electrodes form the so-called double barrier tunneling junction. The
frontier molecular orbitals act as two discrete levels. Assuming the same tip and sample
material, when a small positive sample bias voltage is applied, the tip DOS is raised with
respect to the sample density of states. The electrons occupying filled states in the tip can
tunnel through the potential barrier formed by the vacuum and NaCl. In this case, the
unoccupied states of the molecule do not participate in electron transport through the tunnel
junction and the electron tunnels through the energetic gap between the HOMO and LUMO
level, called the in-gap region (see fig. 1.3A). This traditional picture will be revised in
Chapter 2, where tunneling through a bulk insulator like NaCl is discussed.

For a large positive sample bias voltage, the Fermi level of the tip aligns with an unoc-
cupied molecular level. Electrons can then resonantly tunnel from the tip to an unoccupied
molecular level and then to the free states in the sample (fig. 1.3B). The increased tunneling
probability due to resonant tunneling leads to an excess current giving rise to a peak in the
dI/dV spectra at positive bias voltage. Similarly, for a large negative sample voltage, elec-
trons can tunnel from the occupied sample states, via occupied molecular levels, into the
free states in the tip and thus, leading to a peak in dI/dV spectra at negative bias voltage.
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1.2 Scanning tunneling microscope induced luminescence

In 1976 John Lambe and S. L. McCarthy demonstrated broadband optical emission from
tunnel junctions®’. They interpreted the effect in terms of inelastic tunneling excitation of
optically coupled surface plasmon modes present in the metal-oxide-metal tunneling junc-
tion. Using Al-Al,O3-metal tunnel junctions, they observed stronger light emission for tun-
neling junctions with highly roughened top metal electrodes. The enhancement of light
emission brought about by the roughness reinforced their interpretation since roughness is
required for surface plasmons to radiate. The metal-vacuum-metal/semiconductor tunnel-
ing junction formed by the tip and the sample in STM is analogous to the oxide-based planar
tunneling junction. Thus, light emission stimulated by the tunneling current was anticipated.
Gimzewski et al. reported the first experimental observation of light emission in STM>%>?,
kicking off the field known today as STML. The access to light emission characteristics at

sub-wavelength scale provided unparalleled opportunities for studying solid surfaces°®°°,

61,62

metallic adsorbates , and molecular layers®®. Later, the use of ultra thin insulating lay-

ers enabled access to intrinsic properties of adsorbates>*°%%*. In 2003, Qiu et al. observed
fluorescence spectra on an individual porphyrin molecule®®, demonstrating the feasibility of
optical spectroscopy with a nanoprobe for the investigation of single molecules. They later
observed vibrational features corresponding to different molecular conformations and from
different parts of the molecule® confirming that high spatial resolution of STM translates
to sub-molecular resolution in STML.

More recently, STML on isolated single molecules has been used to visualize coherent in-

66,67 68,69

termolecular dipole-dipole coupling , intermolecular energy transfer , single photon

70 exciton-plasmon (X-P) coherent interaction’'~’°, fluorescence from a molecular

, explored mechanism enabling selective creation of singlet and triplet excitons?',

)37,38

emission
ion 38,7677
and help demystify up-conversion electroluminescence (UCEL

Dong et al.”® followed a different route to access intrinsic molecular emission at the
nanoscale, using a multi-monolayer decoupling approach. They observed vibrationally re-
solved fluorescence from porphyrin nanocrystals, where the molecules in the top layers are
electronically isolated by the Schottky-like barrier formed at the molecule-metal interface.

STML on molecular nanocrystals has led to observation of hot electroluminescence ’’

80

, sin-

gle photon emission from defects®® and discrete electronic states®!, bimodal emission®?,

self-trapped excitons®®, and provided a rich playground for studying charge and exciton
dynamics at play®+°°.

Other approaches, such as suspending a molecular wire comprising an emitter between
the tip and sample, have also been proven to provide the necessary isolation for studying
intrinsic molecular emission®®®. In the same way, suspending graphene nanoribbons in the
tunneling junction has also provided access to their optoelectronics®®.

Thus, STML provides sub-nanometer scale access to underlying mechanisms at play for
processes such as light harvesting and photosynthesis, making it an excellent tool to study

different exciton formation mechanisms and dynamics at the nanoscale that are necessary
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for upscaling these technologies. A thorough historical review of STML is also provided by
Gustafsson et al. 7, Rossel et al. °°, and recently by Kuhnke et al. *>.

Following a brief survey of the current state of STML, the different modes of light emission
observed in STM tunneling junctions, namely plasmonic and excitonic emission are summa-

rized.

For a tunneling junction formed of a clean metallic tip and sample surface, the light
emission is due to radiative decay of plasmons, the quantum of plasma oscillation with
respect to the fixed positive ions in metal, on inelastic excitation by the tunneling
current. This mode of light emission is called plasmonic emission.

For an isolated molecule, the light emission corresponds to an excited molecule relax-
ing to its ground state through the emission of a photon. For example, an electron
in the LUMO and an electron-hole in the HOMO, and since they are found within the
same molecular orbital manifold, the electron-hole state is said to be bound. Such a
bound state is called an exciton, and the resulting photon emission upon exciton de-
cay is called excitonic emission. Moreover, if the initial and final states have the same
(different) spin multiplicities, the corresponding emission is known as fluorescence
(phosphorescence).

In the following, plasmonic and excitonic emission from an STML perspective is discussed
in more detail.

Plasmonic emission

In classical optics, the behavior and properties of light, including its interactions with matter
and optical elements, can be explained by applying Maxwell’s equations to the electronic
structure at material interfaces. The characteristics of the optical elements rely on their
macroscopic properties. However, the tip-sample junction in an STM forms a sub-wavelength

21=97 " The electro-

gap where the optical properties depend on the local atomic structure
magnetic eigenmodes of the tip-sample cavity are well-described within the framework of
classical electrodynamics. Besides the dielectric properties of the tip and sample material,
they depend strongly on the local geometry of the tip and sample surface®®. For STML,
the tip-sample tunneling junction is electromagnetically strongly coupled. This formalism is
distinct from conventional STM experiments where the tip and sample are considered essen-
tially electronically decoupled from each other®?. The inelastic component of the tunneling
current in STM can lose its energy as an excitation of the plasmonic mode, which then decays
as a photon ®%?%199 " Since the electrons can lose energy, given by the applied voltage, to a
continuum of states, the plasmon exhibits a broad energy distribution (see fig. 1.4C). Figure
1.4B shows a schematic of the light emission process in the vacuum gap of the tunnel junc-
tion. The exact composition of the tunnel junction then becomes important since different
electronic states involved in the excitation can tune the inelastic tunneling probability.
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Figure 1.4 — Plasmonic emission in STM. (A) Schematic diagram of plasmonic excitation at the tunneling junction.
Adapted from Johansson et al. *°*. The tip is biased positively with respect to the sample, which leads to polarization
of the junction as shown, with excess negative charges at the tip and excess positive charges at the sample. (B) Energy
diagram showing plasmon excitation due to an inelastic tunneling event. (C) STML characteristics of the tip-sample
nanocavity on a clean area on the Au(111) substrate using Au wire as tip (set point: I = 60pA,V = —-2.6V,t = 10s).

Solving Maxwell’s equation at the metal-vacuum interface, one finds that the oscillating
plasma leads to an electric field that propagates along the interface'%?. The electric field
extends in the vacuum and the metal with an amplitude maximum at the interface. The
plasma oscillations at the surface of the metal resonantly couple to the electric field in the
vacuum, forming a surface plasmon polariton (SPP). Because their dispersion relations do
not cross, the free-space photons cannot directly couple to the SPP, which implies that they
cannot decay as free-space photons. For an SPP to decay radiatively, this momentum mis-
match needs to be overcome. Kretschmann '°® and Otto !°* showed that a prism can be used
to match the photon and SPP wave vectors, and thus, to couple photons into SPPs. The
momentum matching can also be achieved using a grating coupler to increase the parallel
wave vector component of the SPP. Similarly, surface roughness allows SPP and free-space

photons to couple by breaking the translational invariance parallel to the surface '°°.

In case of STM, the tip and sample are in close proximity. The resulting electric field
from their respective SPPs overlap, leading to formation of a new plasmonic mode, called
the gap plasmon (fig. 1.4A). For a sphere in front of a metal surface, Johansson showed that
the cavity features resonances «w; if half a wavelength of the coupled mode equals the gap
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distance '°!. Considering a junction formed by a tip and sample composed of same material

(¢r = &), in the tunneling regime, i.e., at gap distance d < 10 A, Rendell et al. 1°%1%7 showed
that the frequency-dependent dielectric function e(¢w;) is described by
1 1 d
=—(1l+= —, [=0,1,... 1.13
e(w;) ( 2 ) 2R ( )

where w; are the distinct resonances of the tip-sample cavity when half a wavelength of the

01

coupled mode equals the tip-sample separation'’!. Then, following the Drude model for

metal with plasmon frequency wp in the limit d < R, results in a series of plasmon modes

W N wp (z+%)\2‘1—R, [=0,1,... (1.14)

From the above equation, it directly follows that cavity resonance frequency depends on the

tip radius. This effect was indeed experimentally observed by Meguro et al. }°®

using a scan-
ning electron microscope to image the tip apex and correlate the tip radii with STML spec-
tra. Additionally, shrinking the tip-sample gap would red-shift the gap resonance. Record-
ing STML spectra in parallel to approaching the tip towards the sample, Aizpurua et al. °°
recorded a red-shift of few-nm in mean wavelength of the plasmon frequency corroborating

electromagnetic coupling between a metal tip and sample.

The plasmon — the SPP related to the tip and sample surface, and the gap plasmon —
can be excited by both electrons and photons. In the tunneling regime, the excitation is
created by inelastic tunneling excitation of the plasmons (1.4B). Theoretical studies'%%!1°
showed that for a sample voltage larger than the energy of the plasmon mode, most of the
emitted light is due to inelastic tunneling, estimating the maximum yield to be ~ 1074—1073
photons per electron. The estimated yield is in good agreement with the first STML experi-
ments'!!. Berndt et al. °° verified the suggested mechanism experimentally. They obtained
no qualitative difference between STML spectra obtained for positive and negative sample
voltage polarities, ruling out hot electroluminescence as a probable mechanism. The hot
electrons would be fired into the bulk of the metal, scatter, and transfer energy into the bulk
plasma leading to the formation of SPP. This would imply that for a distinct tip (W) and sam-
ple (Ag(111)) material, the STML spectra would depend on the direction of the tunneling
current, i.e., applied voltage polarity. In addition, the light intensity exhibits the same oscil-
latory behavior as the constructive-destructive interference of electron standing waves in a
triangular potential barrier'>!!3 for constant current. In other words, it relies on the local
DOS, affirming the inelastic tunneling excitation mechanism. Consequently, material selec-
tion for the tip and sample is an important aspect of experimental design in STML studies.
In the visible spectrum, Al, Ag, Au, or Cu provide the desired large enhancement?80:114-117,

Laser light focused on the tip-sample cavity can also be used to excite the plasmonic
emission. Similar to electronic excitation, the broken translational invariance due to the tip

allows out-coupling of the SPP to free-space photon %119,
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Besides the spatial variation of light intensity, the emission from the tunneling junction
can also be analyzed in time domain. The energy-time uncertainty,

h h
AE-At>—- = AE=—, (1.15)
2 27T

implies that for a state with a short lifetime 7, the energy distribution AE will be significant.
For a typical linewidth of few hundreds of meV we obtain plasmon lifetime of few fs which

agree with previous studies 120121

. In a realistic STM tunneling junction the tip comprises
of several nanoprotrusions'°® forming distinct resonances as shown in fig. 1.4C (smooth
Gaussians). Theoretical analysis of field enhancement as a function of tip radius and opening
angle by Aizpurua et al. '*? showed that sharper tips provide stronger intensity enhancement.
In contrast, the energy distribution of the emission depends on the tip aperture. Thus, close
attention is paid to tip etching to obtain a tip radius in the range of 10-50 nm and with an

acute opening angle of ~ 20-40° 1123124 "Tip etching is further discussed in section 1.3.

Excitonic emission

The excitonic emission from single-molecule species or local defects in molecular crystals
is the central theme of this thesis. As discussed in section 1.1, molecular adsorbates ad-
sorbed on a metal substrate hybridize strongly, exhibit broadened molecular levels, and
thus, short-lived excited states in which the electron from the excited state of the molecule
is efficiently transferred to the substrate. Such molecules only modify the local DOS, and thus
local plasmonic emission intensity®®. As the fluorophore-substrate spacing is increased, the
molecule-substrate hybridization decreases, and the intrinsic optoelectronic properties of the
molecules become accessible”®. Isolated molecules or clusters atop thin insulator films, 2-4
monolayer (ML) Al,05°°, NaCl>%%6:68:125 " or KC18® have also shown intrinsic fluorescence
and phosphorescence. Figure 1.6A shows the experimental scheme that allows excitation of
the molecular dipole u by a tunneling electron, leading to STM-induced electroluminescence
(STM-EL). Alternatively, laser light focussed at the tunnel junction can also be used to drive
the excitation (fig. 1.6B).

The high light emission intensities observed in excitonic STML from single molecules too
are by virtue of the tip enhancement effect. The plasmon modes at the tunnel junction lead
to an increased local photonic DOS p,,. Using dipole approximation, the spontaneous decay

rate y of a two-level system can be written as 2%,

TW | 9
— 1.16
3fieg lul®ppu(r, w) (1.16)

’}/ =
where u is the transition dipole moment. Since y is directly proportional to p,,, the drastic in-

crease in photonic DOS leads to decay rate enhancement, known as the Purcell effect 127-128,

From equation 1.15, the linewidth in the excitonic spectrum gives a lower estimate of the
excited state lifetime. The typical STM-EL depict a sub-ps (&~ 200 fs in fig. 1.6F) lifetime

9

as compared to few ns for molecules in solutions'?” or isolated molecules in frozen host
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crystalline lattices '**13!, The factors leading to broadening the spectral linewidth are vibra-
tional dephasing (homogeneous broadening) — which is weak at low temperatures, inhomo-
geneous broadening due to interaction with its environment — which is absent for a single
molecule. Within this framework, coherent interaction of adjacent molecular dipoles can
also lead to an increase in decay rate, and thus light emission intensity (superradiance)’*.
It is important to note that Purcell enhancement leads to an increase in both radiative and
non-radiative decay rates of a molecular excitation®'. The coupling to the plasmon and in-
creased radiative and non-radiative decay rates also lead to broadening spectral linewidth
(discussed in more detail in Chapter 4). The interplay between the two rates also plays a

9192 " Experimentally, the plasmon influences

vital role in the observed emission intensity
the intensity distribution of excitonic spectra. Figure 1.5 shows the effect of plasmonic en-
hancement on the relative intensity of the vibronic peaks. Therefore, only on normalization
using the plasmon observed for the same tip can the relative intensities of different emission

processes can be compared.

STM induced electroluminescence

For an isolated molecule adsorbed atop a spacer on a metal substrate, at sample voltage
—V, for which the tip Fermi energy is aligned with the HOMO level of the molecule, an elec-
tron of either spin can be extracted from the HOMO (hole creation) (see fig. 1.6C). Next, a
charge is injected into the LUMO orbital from the substrate through the spacer layer. Since
the two orbitals exist in the same molecular orbital manifold, the electron-hole pair can be
said to be bound and be described as an exciton. Depending on the spin-multiplicity of the
extracted electron, a singlet S; or triplet T; exciton could be created leading to fluorescence

22,132,133 " The molecule returns to its ground state upon photon emis-

or phosphorescence
sion°%7%87 which is detected in the far-field spectrum. The above so-called carrier-injection
mechanism is also valid for a positive voltage where LUMO is aligned with the tip Fermi level.

Another debated mechanism for electronic excitation of the molecule is through interaction
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Figure 1.6 — Excitonic emission in STM. Schematic diagram of excitonic emission due to (A) electronic and (B) pho-
toexcitation at the junction. (C) Energy diagram showing @ charge extraction from HOMO, @ charge refilling from
substrate to LUMO leading to exciton creation. (D) Plasmonic emission due to inelastic tunneling is adsorbed by the
molecule, leading to an excitation where the molecule returns to the ground state on the emission of a photon. (E) Pho-
toexcitation by laser where the molecule returns to the ground state upon photoemission. (F) Typical excitonic STM-EL
and (G) STM-PL spectrum.
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with the plasmonic emission that occurs due to inelastic tunneling at the tunneling junction
(discussed in the previous section). The coupling to the plasmon can lead to an excitation
via energy transfer, after which the molecule returns to the ground state upon photon emis-
sion 34, For such a process, the voltage onset of the excitonic emission matches the energy
of the exciton.

Vibronic spectroscopy — For both excitation mechanisms, the peaks in emission intensity below
the 0 — 0 line of the fluorescence (fig. 1.6F) are in qualitative agreement with the ones ob-

130 and Raman spectra from molecular powder. The

tained for molecules in frozen matrices
peaks are thus assigned to the vibrational modes of the molecule. Utilizing the scanning abil-
ity of the STM, spatially resolved isochromatic intensity maps of each peak can be obtained.
Such an analysis of single-molecule STML showed that the intensity maps corresponding to
the 0 — 0 line and the vibrations of distinct symmetries are uncorrelated ®>*413° allowing
for scrutiny of vibronic coupling '*® mechanism at the single-molecule scale. In the Franck-

137,138 ' the stationary nuclear framework does not modify the wavefunctions

Condon picture
of the excited or ground states when the molecule undergoes an electronic transition. That
would imply that all the vibronic peaks have the same symmetry as the 0—0 transition. Their
relative intensities are given by the square of the overlap integral between the vibrational
wavefunctions of the excited and ground states. However, the findings from STML 5134135
conclusively show that molecular vibrations can modify the electronic wavefunctions of the
excited or ground states strong enough to induce vibrational emission that is forbidden based
on the Franck-Condon principle. The intensity maps depicting symmetry of the vibrational

139 where the vibronic

modes can be understood based on the Herzberg-Teller contributions
transitions depend on the admixture of higher-lying electronic states that contribute to low-
est energy transitions '*’. Single-molecule studies of vibronic coupling are discussed further

in Chapter 4.

Exciton-plasmon coupling — In STM, the tip position (plasmon) can be controlled precisely
relative to the molecule (exciton) to manipulate the exciton-plasmon (X-P) coupling at pi-
coscale lengths. For a sufficiently long distance from the molecule, the STML spectrum ex-
hibits broadband emission characteristic of the plasmon. As the tip reaches ~ 3 nm from the

center of the molecule, an asymmetric dip appears in the broadband plasmonic emission”’'~73.

141 lineshape, is due to a co-

This asymmetric structure in the spectrum, described by a Fano
herent interaction between the continuum of states, i.e., plasmon, and the discrete states
of the molecule. This experimental scheme allows one to study how X-P coupling affects
not only fluorescence but also other radiative and non-radiative processes, like intersystem

crossing (ISC) and phosphorescence. See Chapter 4 for more details.

Emission from a charged molecule — The redox state of an atom or molecule is controlled by
its chemical environment. STM can be used to control and probe the charge state of atoms
and molecules'*>'%3, Energy level alignment at the tunneling junction can be manipulated
using a substrate with appropriate work function '** to control the redox state of a molecule.
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An anionic or cationic state of a single molecule can be prepared for STML studies using this
strategy. For such a molecule, besides the emission from a neutral molecule (X°), a sharp
emission line corresponding to the radical cation (X*) or anion (X~) of the molecule can
be observed®®7%77. Due to the decoupling from NaCl, upon charge extraction (injection)
the radical can be stabilized long enough for the excitation followed by emission to occur.
The relative intensity of the lines associated with X° or X* relates to the time spent by the
molecule in the corresponding redox state.

Up-conversion electroluminescence — UCEL is a phenomena where the intrinsic emission has a
higher energy than that of the excitation. Such light emission has been observed in molecu-
lar films and isolated molecules in STM-EL37-7%:145.146 " Since multiples of energy quanta are
necessary for excitation, mechanism revolving around an intermediate relay state have been
proposed. In molecular layers, it was suggested that triplet-triplet annihilation (TTA) be-
tween molecules in their excited states could occur'#*14¢. In TTA, one molecule transfers its
excited state energy to the second molecule and relaxes to its ground state, and the second
molecule is promoted to a higher excited state. Recently, observation of UCEL at the single-
molecule level has ruled out the TTA mechanism®’. Another proposed mechanism includes
molecular vibration-assisted energy transfer to the molecule’?. In that case, a short average
time between tunneling events is necessary to promote energy transfer. The observation of
UCEL at only a few pA current rules out vibration-assisted energy transfer as a mechanism
as well. The voltage onset of UCEL corresponding to the triplet emission from the molecule
and a quadratic dependence of the intensity on the tunneling current suggests that T; state
of the molecule could be acting as the relay state, from where the excitation is promoted
to the S; state due to another inelastic excitation or by the subsequent charge injection®’.
However, the mechanism for UCEL is far from settled. In Chapter 3, we study UCEL from a
single molecule and scrutinize the proposed mechanism.

STM induced photoluminescence

The Purcell enhancement in the tip-sample cavity not only allows breaking the Abbe limit2°,

33,56,66,68,134

at sub-nanometer length scales, it can be done with both electrons and pho-

tons %% 116:147-150 " Eor comparison, even though techniques like scanning near-field optical

) 1°1-15% routinely reaches ~ 10 nm resolution, atomic-scale resolution

microscopy (SNOM
has stayed out of reach. The resolution in near-field microscopy relies on the degree of opti-
cal confinement. The probes used for SNOM do not allow as high a confinement as that of
the atomically sharp tip characteristic of STM that is just few A away from the substrate *>°4,
Moreover, for molecules directly adsorbed atop metal substrate the tip-molecule distance
can be further reduced to just a few A enabling tip-enhanced Raman spectroscopy (TERS) at

156,157 gllows form-

atomic length scales 116155 The ability to alter the tip at an atomic scale
ing a so-called picocavity”* which enables the study of atomic scale effects on the Purcell
enhancement %8, Fluorescence of isolated molecules could then be probed in a double

barrier tunneling junction scheme similar to STM-EL experiments. In this thesis the term
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Figure 1.7 — Modified Perrin-Jabtonski diagram of emission processes. Rates of different transitions evaluated from
STML peak FWHM are indicated along with the average rates (bracketed) obtained for the transitions for molecules in
liquid or frozen solutions. 27

STM-induced photoluminescence (STM-PL) is used to describe the emission from isolated
molecules upon photoexcitation by a laser focused at the tunneling junction.

Recently, Yang et al. °°

showed the first observation of tip-enhanced photoluminescence
in a single molecule STM experiment. Using 532 nm laser light confined between the tip and
sample, they detected emission at ~ 653 nm, related to the molecular fluorescence, when the
tip is brought on top of a molecule. Since the sample voltage is set to —1 V (electron energy
is less than optical band gap of 1.89 eV), the tunneling electrons cannot lead to fluorescence,
thus establishing that they indeed observe photoluminescence. Scanning the tip over the
molecule, they observed sub-nanometer resolved fluorescence from single molecules, and
how the tip-sample gap distance alters this resolution. Characterizing the spatial distribution

of fluorescence spectra also enables studying effects of X-P coupling on STM-PL.

Resonant photoexcitation — Another advantage of using photoexcitation over electronic excita-
tion by tunneling current is the energy distribution of the two excitation sources. The broad
energy distribution of the tunneling electrons leads to a poor state selectivity in excitation
and thus cannot be used to address single quantum states selectively (see fig. 1.7). However,
wavelength-tunable lasers enable monochromatic coherent excitation with precise selection
of the state to be excited '°°. Imada et al. implemented such a tunable laser excitation in an
STM junction, exciting the S; to S transition resonantly and observing the vibrational finger-
prints in resonant STM-PL from a single molecule. The high energy resolution (u.eV range)
that this technique offers allowed them to probe subtle changes in vibronic peak positions
of a molecule and its deuterated species. In addition to unprecedented resolution in optical
spectroscopy at the nanoscale, this technique also allows the study of processes like ISC, the
radiation-less energy transfer from S; to T; state, since the T; cannot be directly excited by
a photon. Since the decay of T; to S, involves a spin-flip, phosphorescence is electric dipole
forbidden. In the case of electronic excitation, T; can be directly excited and thus does not
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allow distinguishing between ISC or direct excitation as the source of phosphorescence. We
use resonant STM-PL in Chapter 4 to study how X-P coupling affects phosphorescence and
ISC at single-molecule level.

Figure 1.7 outlines the differences between electronic and photo-excitation using a Perrin-
Jabtoniski diagram '©!. The rates indicated for each transition, naively evaluated from FWHM
of the STML spectrum, highlight the decay rate enhancement due to the Purcell effect in
the tunneling junction. Here, it is important to note that processes like internal conversion
(IC), which usually face no competition from fluorescence due to their long lifetime, maybe
suppressed in STML’?, making studies of molecular emission at high resolution possible.

1.3 Experimental setup and details

All experiments presented in this thesis (except for Chapter 4!) are performed using an in-
house built low temperature (4.3 K) UHV STM %13, The microscope is located in one of
the experimental rooms of the Precision Laboratory at Max Planck Institute for Solid State
Research, Stuttgart. The experimental rooms are closed metal shells yielding 60 dB acoustic
shielding from the immediate lab environment. Inside, the UHV chamber setup that houses
the microscope is attached firmly to a massive 120 t fiberglass reinforced concrete block.
The concrete block is suspended on an air spring system (Bilz Vibration Technology AG) to
reduce further the floor vibration level below 10 nm s~!. The experimental facility ensures
seismic, acoustic, and electromagnetic shielding and enables the extreme stability necessary
for highly-sensitive STM studies. The microscope and optical setup are described in more
detail in the following.

Photon-STM

The experimental setup, namely Photon-STM, comprises two UHV chambers: preparation
and STM, separated by a vacuum gate valve. Additionally, a load-lock chamber is installed
on the preparation chamber, enabling tip and sample transfer from ambient to UHV envi-
ronment. The preparation chamber is equipped with a manipulator with a sample heating
and evaporation stage, a sputter gun, two molecular beam evaporators, and a metal evap-
orator. The chamber maintains a base pressure of ~ 2 x 107! mbar. The STM chamber
with a base pressure <107'! mbar houses the microscope head and the lens system. The
microscope head is mounted on the liquid helium bath cryostat (10 1) that hangs on passive
air springs, providing additional vibrational isolation. A nitrogen cryostat (40 1) provides
radiation shielding, allowing for a standing time of about 48 h.

Figure 1.8 presents a view inside the cryostat showing the microscope head and the three
optical lenses (L1, L2, L3). The microscope head comprises a fixed tip stage where an ex-

!The experiments presented in Chapter 4 were conducted at a low temperature (4.7 K) ultra high vacuum (UHV)
STM, 4-Goki, at Nanoscience Joint Laboratory, in collaboration with Prof. Yousoo Kim, Surface and Interface
Science Laboratory, at RIKEN ({22052, Wako-shi.
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Figure 1.8 — Schematic overview of Photon-STM showing the arrangement of optics inside the liquid helium cryostat
and the peripheral optics. An inside view of the STM showing optical lenses (described in text) and components of the
STM head.

changeable tip holder is mounted. The movable sample (with the tip position fixed) allows
utilizing different areas of the crystal for experiments while retaining good optical align-
ment to the tip apex. Distinct from most STM head designs, the sample stage is mounted on
a piezo tube (scanner) that controls the tip-sample gap and horizontal scanning of the sam-
ple with respect to the tip. A second slip-stick coarse motor allows for vertical and horizontal
positioning of the sample on a millimeter scale.

The instrument control and data acquisition are conducted using control electronics and
software Nanonis Mimea (SPECS Surface Nano Analysis GmbH) in conjunction with self-
written LabVIEW VIs. The data were processed and plotted using Igor Pro or self-written
MATLAB or Python code.

Optical access

The light emitted at the tunneling junction is collected by three aspheric lenses (NA = 0.42),
marked L1, L2, and L3 in fig. 1.8, located only a few millimeters away from the tip. Since
the lenses are housed inside the cryostat, they too are cooled down to 4.3 K. Each lens is
placed on a piezo stage that enables in situ adjustments of the focal points of each lens
separately with respect to the tip apex. The lenses are mounted at 30° to the surface to
optimize light collection, in line with theoretical findings of Aizpurua et al.'?? and are at
an azimuthal angle of 90° to each other. The slightly convergent beam is next reflected off
a mirror along the surface normal. The beams exit the UHV chamber through the holes
in liquid helium (4 mm) and liquid nitrogen (6 mm) cryogenic shields and UHV viewports.
The distance of the lenses from the tip is adjusted such that the beam forms an intermediate
focus between the liquid helium and liquid nitrogen shields. This allows keeping the beam
diameter below a few millimeters throughout the propagation path to avoid any losses. Just
outside the UHV viewports, steering mirrors allow guiding the beams towards the detectors.
Accounting for the transmission losses at the lenses and viewports, the estimated collection
efficiency of each lens is between 7-12% '°2. In this thesis, the detectors used are two single
photon avalanche diodes (SPAD) (Micro Photon Devices PDM-R, time resolution: <30 ps,

24



250

A B
200 — 47
2]
3 S
2 150 8 37
g =
g “o —
3 = 5| $40 pm
2 100 > 2 FAT MY
I>, z’ H |
2
50 £ 1 : ; .
——100 im —,
0 0 L i |"4|.“| T 1 T |||||
0 50 100 150 200 250 0 50 100 150 200
x-distance (um) x-distance (um)

Figure 1.9 — Aligning SPAD. (A) Spatial distribution of light intensity obtained at the SPAD (set point: I = 1 nA,V =
—2.7 V). (B) Horizontal and vertical line cut through the map compared to SPAD chip dimensions. The dotted Gaussian
line shape is the approximated line profile.

sensitive area diameter: 100 um?, dark counts: <13-18 counts s™) and a spectrograph
(Acton Research SP 300i, 150 grooves mm ' 500 nm blazed grating or 1200 grooves mm ™!
holographic grating) with a Peltier-cooled electron-multiplying charged-couple device (CCD)

(Teledyne Princeton Instruments PI-MAX 4).

We use plasmonic emission from the tunneling junction as the light source to perform the
optics alignment. The SPADs are installed on motorized x-, y-, and z-stage (Standa) that
allows fine adjustment of the detection chip to the refocused beam. A LabVIEW program
sweeps the x-y, y-z, and z-x planes to find the maximum intensity iteratively. Figure 1.9A
shows an intensity map obtained for a sweep in the x-y plane where the lens has been
focused on the tip apex. The line profile of the intensity map in the horizontal and vertical
directions is shown in fig. 1.9B. The focus spot at the SPAD, obtained from deconvoluting a
Gaussian peak at the edge of a square-shaped profile, occupies an area of about ~ 50x 50 pm?.
For the sensitive area diameter: 100 um?, almost all of the emission intensity is detected at
the SPAD. For adjustment to the spectrometer, an adjustable mirror is used to manually sweep
the beam in the x-y plane to find the maximum intensity at the CCD.

Hanbury Brown-Twiss STM

The Hanbury Brown-Twiss (HBT) effect for photons allows distinguishing between different
sources of light by measuring temporal coherence properties of the source by measuring the
second-order autocorrelation function g®(7)%6154-167  For number of single photons n(t)
detected at the SPAD, the fluctuation using the second-order correlation function g (A7)
over all time 7 can be written as

(n(t)n(t + AT))
(n(T))(n(7 + A1)

@A) = (1.17)
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Figure 1.10 — Photon train as a function of time t for top - anti-bunching from a single photon source, center - coherent
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where A7 is the time spanned until detection at the second detector once an event had been
detected at the first.

The light sources can also be classified on basis of the photon number fluctuation per time in-
terval Ty;,. For a perfectly coherent beam of light, for example from a laser, the photon num-
ber fluctuation is described by a Poisson distribution '°® (pink dots in fig. 1.10). Different
light sources can then be benchmarked against such a light source. The intensity-intensity
correlation g®®(A) for a laser would result in g®(AT =0) = 1.

For the case of thermal radiation, for example, from a hot glowing filament, the photons
display a tendency to be clustered (blue dots in fig. 1.10). The photon number fluctuation
would then exhibit a larger variance than the Poisson distribution (super-Poissonian statis-
tics). Larger number of fluctuations than a coherent state result in g (A7 =0) > 1'%, a
manifestation of so-called bunching of photons.

A molecule on the other hand has a tendency to emit photons one at a time '%° (see yellow
dots fig. 1.10). The emission intensity in this case has smaller number of fluctuations than
a coherent state resulting in antibunching in the detection events and thus, g®(0) < 1°°. In
this case, the photon number fluctuations exhibit a smaller variance than Poisson distribu-
tion'7? (sub-Poissonian statistics).

However, these are not the only possible outcomes for g(®(0). For the particular case of
photon pair production, for example, from a tunneling junction at a large bias'”?, g®(0)
can take arbitrarily high values.

HBT-STM combines high spatial resolution with the ability to probe quantum states, which
70,74 172 crys-

or organic semiconductors®’. The STM can not

enables the study of single photon sources like single molecules , color centers

tallographic defects in 2-D materials /3174
only be used to probe the quantum states but also manipulate electronic states by using the
tip electric field gradient to discretize the flow of electrons through Cgq thin films that man-
ifests as single photon emission as shown in Chapter 5. The HBT-STM enables studies of a
vast range of systems and processes as proposed in the Perspective article by Rostawska et
al.'”®.

Using two SPADs in conjunction with a time-to-digital converter (TimeTagger, Swabian In-
struments) enables time-correlated single photon counting (TCSPC) (see fig. 1.8). Theoreti-
cal details and modelling of dynamics in HBT-STM are discussed in more detail in a previous
PhD thesis by Anna Rostawska 7°.

In studies of single-photon emission from molecules, it is essential to know the time reso-
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Figure 1.11 — Time resolution of the setup measured using a pulsed laser as the light source.

lution of the intensity interferometer. A laser source (Fianium WhiteLase WL-SC-400-40)
with a few tens of picosecond pulse width at 800 nm wavelength is used. Due to the pulsed
nature of the laser light, a positive correlation is expected at At = 0. As shown in fig. 1.11,
a laser autocorrelation width of ~ 48 ps (FWHM) is obtained. This indicates that the setup
allows probing dynamics at a few tens of picosecond timescale (see Chapter 3 and 5).

Sample preparation

This section outlines preparation conditions for different samples used in this thesis. The
specified parameters are specific to the equipment used.

Single crystals — The Au(111), Ag(111), Cu(111), and Pt(111) single crystals (>99.999%,
Suppliers: MaTeck Material-Technologie & Kristalle GmbH or Surface Preparation Labora-
tory) are prepared in the UHV by repeated cycles of Ar* ion sputtering at 10~° mbar range
argon pressure with 600 eV acceleration energy. Following the sputtering, the crystals are
annealed up to 870 K (Au), 830 K (Ag), 780 K (Cu), and 1170 K (Pt). Pt(111) was addition-
ally exposed to oxygen (10~8 mbar) while annealing to get rid of C contaminants. The usual
sample heating and cooling rate is about 1 Ks™! to avoid any roughening of the surface due
to thermal stress.

Single molecules atop few ML NaCl — NaCl (= 99%, Merck KGaA) is thermally evaporated
from a Knudsen cell (Dodecon Nanotechnology GmbH) via molecular beam epitaxy held
at 890-900 K with substrate held at 300 K. For evaporation time of 5 minutes we obtain a
sample partially covered in 2-4 ML thick (100)-terminated NaCl islands. Next, the sample
manipulator is cooled down to 65 K using He integrated liquid Helium flow cryostat. Next,
the free-base phthalocyanine (H,Pc), platinum (II) phthalocyanine (PtPc) (= 99%, Lumines-
cence Technology Corporation), and platinum octaethylporphyrin (PtOEP) (= 99%, Merck
KGaA) molecules are thermally evaporated at 668 K, 708, and 608 K, respectively. The
sample is then transferred to the STM for characterization using a pre-cooled wobble stick.

At the STM instrument at RIKEN (Scienta Omicron), H,Pc and PtPc were deposited onto
the NaCl covered Ag(111) surface directly at the STM head at 4.7-10 K using a homemade
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evaporator heated to 575 K and 638 K, respectively.

Cep thin films — Cgq molecules (>99.5%, Merck KGaA) are thermally evaporated at 820-840
K for 45 minutes to obtain multiple layers of Cg thin films. The Au(111) substrate is kept at
room temperature during evaporation. A shutter, located 2 mm in front of the evaporation
stage where the sample is placed, allows partial blocking of the molecular beam from the
evaporator. This allows only partial coverage of the sample. For the study presented in
Chapter 5, the Ag(111) substrate was kept at a temperature between 213 and 253 K to
favor rough island growth. The side free of adsorbates can then be used for tip preparation
and characterization without moving to a different crystal.

h-BN monolayer — A closed monolayer of h-BN grown by chemical vapour deposition on a
Pt(111) single crystal heated to 1025 K and exposing it to 2 L of borazine (HBNHj3) gas
(Katchem spol s.r.o.) for 1 min followed by increase in partial pressure to 18 L for 4 mins.

h-BN grows in a self-terminating growth process'”’.

Tip preparation

We use an electrochemically etched Au wire (99.999%, Thermo Fisher Scientific) as a tip
for all experiments. The wire is etched using a three-electrode etching system developed by
Yang et al. '?*. The etching system is briefly described in the following.

The system comprises of a 0.25 mm diameter Au wire as the working electrode, a 1 cm
diameter ring of 0.5 mm diameter Au wire ring as the control electrode, and an Ag/AgCl/
saturated KCl electrode (Thermo Fisher Scientific) as the reference electrode. A 2.79 mol/L
KCl (Merck KGaA) aqueous solution is used as the electrolyte. The Au wire is immersed ~
1 mm deep in the electrolyte in the center of the ring for tip etching. A DC voltage of 1.25
V is applied to the working electrode, which is controlled against the reference electrode,
while the current at the anode is monitored using a potentiostat (AUTOLAB, Metrohm AG).
The etching process is automatically cut off when the anode current drops below the preset
limit of 0.1 mA for 1 ms (typical starting anode current ~ 10 mA). Next, the etched wire
is carefully washed in ultrapure water and installed on a tip holder. Figure 1.12 shows an
scanning electron microscope (SEM) image of a typical tip etched using this method. The
tips are typically 3-6 mm long, with apex radii in the range of a few tens of nanometers and
an opening angle of 30-50° which are ideal for a large Purcell enhancement '??. If the tip

Figure 1.12 — SEM image of a
typical tip with scale bars indicated
(high voltage = 5 kV).
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is found to be smooth and sharp under an optical microscope, it is transferred to the STM
using the UHV load-lock of the instrument.

A freshly transferred tip usually requires further preparation in-situ. For tuning the plas-
mon energy distribution to the molecular emission, the tip is repeatedly indented 3-5 nm
into the metal surface at sample voltage on the order of -1 V until the required energy dis-
tribution is achieved. In case the cavity exhibits low emission intensity, as measured by the
SPAD, the tip is indented ~ 1 nm into the sample with sample voltage on the order of 100
mV. Afterward, the light intensity is monitored. For a prepared tip, typical intensities exceed
40 kets s™! for -2.5 V, 100 pA. Additionally, we perform dI/dV spectroscopy to verify that
the tip exhibits a flat DOS around the Fermi energy. Occasionally, voltage pulses (£10 V,
10-50 ms) must be applied to the sample to remove NaCl or molecules that spontaneously

attach to the tip while measuring.
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Partial results of the presented work have been published in: C. C. Leon*, A. Grewal*, K. Kuhnke, K. Kern, and
O. Gunnarsson, Nat Commun 13, 981 (2022).

NaCl: more than a decoupling layer

This chapter reports on the findings that ultrathin, insulating NaCl films, regularly used
as a decoupling layer in STM and STML experiments, act as more than just an electroni-
cally uninteresting buffer to preserve intrinsic electronic properties of adsorbates. A careful
investigation of tunneling through the NaCl film, an ionic insulator, for negative and posi-
tive sample voltages, shows that tunneling is more efficient through Cl than Na sites. This
suggests that both conduction band (CB) and valence band (VB) are mainly of Cl charac-
ter, strongly contrasting with the widespread textbook picture of the electronic structure of
NaCl. Tight-binding calculations' show that the topographic features for sample voltages in
the gap are located on the same ions as the voltages corresponding to the bands. Given that,
assigning topography features related to the ions for voltages in the bandgap, just below
the CB and above the VB, is sufficient for understanding the tunneling through the conduc-
tion and valence bands themselves. Simple electrostatic considerations show that the large
Madelung potential can lead to a reversal in the order of the Cl~ 4s and the Na* 3s levels,
leading to a CB, which is mainly of anionic character. Moreover, for a molecule adsorbed
atop NaCl, tunneling through the HOMO-LUMO energy gap where there is no appreciable
DOS (see section 1.1), we find that the electronic structure of the molecule still determines
the STM image. Experimental observations, supported by theoretical considerations, sug-
gest that the molecule’s presence typically leads to a considerable increase in the tunneling
current through the gap. Theoretical modeling infers that the tunneling, and thus the to-
pography image, is determined by linear combinations of the bound states extending well
below the HOMO, even for energies close to Fermi energy. These findings imply that the
NaCl substantially influences the tunneling process through the molecule, especially at ener-
gies in the gap. This finding helps reconcile other complex observations, like, up-conversion

electroluminescence (discussed in section 3.4) and negative differential resistivity'”®.

*Equal contribution.
IThe tight-binding calculations were planned and carried out by Olle Gunnarsson, Max Planck Institute for Solid
State Research, Germany.
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2.1 Anionic character of the conduction band of NaCl

NaCl, a prototypical alkali halide, is an ionic insulator with both alkali and halogen ions
having full shells. The textbook picture of alkali halides dictates that a significant charge
transfer from the alkali atoms to the halogen atoms leads to the formation of positively and
negatively charged ions. This results in a VB which is primarily of halogen p character, while
the CB involves an empty alkali s level outside a full shell'!”*183, Slater and Shockley '®*
were the first to suggest a contrasting picture for NaCl, where the CB and VB both exhibit
a substantial Cl 4s character. Later, various band structure calculations of NaCl came to the
same conclusion, that the CB is mainly located on the CI~ ions'®>~18°, However, due to the
lack of experimental evidence and rationale behind the proposed electronic structure, these
theoretical findings seem to have been overlooked.

An experimental investigation of the CB of NaCl using STM, provides solid proof of its
anionic character (see fig. 2.1 and 2.2). A detailed description of the findings is discussed
in the following. Additionally, an empirical calculation reveals that a Madelung potential of
roughly 9 eV can result in a reversed ordering of the Cl~ 4s (above the vacuum level) and
Na* 3s (at —5 eV) levels, implying that CB is mainly of Cl character. This justifies the anionic
character of NaCl CB and is discussed later.

STM topography of NaCl over the entire band gap

Despite many STM studies characterizing the growth and structure of NaCl films '8%-194,

a
detailed study of the CB has been inaccessible, primarily due to spontaneous defect creation
at large positive voltages (V > 1 V) which produces a high electric field at the tunneling

192,195 The combination of comparatively large tunneling current (small tip-sample

junction
gap) necessary to obtain atomic resolution imaging and large voltage results in instabilities
at the tunneling junction, which prevent smooth raster scanning of the tip over the surface.
We ensure that the integrity of the tip apex is maintained during measurements by repeating
topography scans for several voltages. Additionally, the piezo drift over the total measure-
ment time is monitored and corrected.

Figure 2.1 and 2.2 summarize the STM characterization of 2 ML and 3 ML NaCl for
sample voltages between —3 V and +3.5 V, thus spanning the entire band gap. An overview
image of a NaCl-covered Au(111) region is shown in fig. 2.1A. The apparent height of the
NacCl film is 309 &+ 3 pm, as obtained from fitting a sigmoid function to the profile of the salt
step, which is consistent with earlier studies of 2 ML NaCl on Au(111) '°4. Atop Au(111)
(gray ring in fig. 2.1A), the dI/dV spectrum (inset fig. 2.1B) for a small voltage range close
to the Fermi energy exhibits a pronounced step with an onset at &~ —500 mV corresponding
to the surface state'®, For dI/dV spectra acquired atop NaCl, this onset shifts to ~ —250
mV due to the Pauli interaction at the NaCl-Au interface. The image potential arising from
the bare Au(111) surface is polarized and weakened by the presence of NaCl which acts as a
dielectric'7-198. Extending the voltage range for dI/dV spectra, we obtain the DOS of NaCl

shown in fig. 2.1 B. The arrows indicate the onset of VB (—3 V) and CB (3.6 V).
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® of A 136 B —— 2MLNaCl/Au(111) —— Au(111)

Au(111)

hcp

2 ML NaCl

d//dV (arb. units)

VB CB

-4 2 0 2 4

sample voltage (V)

100 pA, -3V 70 pA, -2V 30 pA, -1V 30 pA, +1V 100 pA, +2V 100 pA, +2.5V

Figure 2.1 — STM topography images of 2 ML NaCl(100) on Au(111). (A) Overview topography image showing the
area characterized (set point: I= 8 pA, V= —50mV, size: 150 x 140 A?). 25 x 25 A? region marked by the white box is
investigated at sample voltages between —3.0 V and 2.5 V in panels C-H. Inset: Fourier transform of panel F centered
over a8 nm 'x8 nm™! region in the reciprocal space. (B) Large voltage range dl/dV spectra atop 2 ML NaCl(100)/
Au(111) (marked by the black ring in A). The arrows indicate onset of VB and CB. Inset. Au(111) surface state and the
related interface state atop 2 ML NaCl(100)/Au(111) measured at the gray ring and a black ring in A, respectively. (C-H)
Raw STM topography data showing grayscale topography. The current and the voltage indicated in the figure. The red
and blue dots indicate the positions of Na and Cl ions of the NaCI(100) lattice, respectively. Adapted from Leon et al. 2°°.

The white box in the face-centered cubic (fcc) area of NaCl/Au(111) (fig. 2.1A) is char-
acterized with high stability for applied voltages in the range of —3 Vand 2.5V (fig. 2.1C-H).
First, topographical features close to the VB edge at V= —3 V are analyzed in constant cur-
rent mode. The grayscale image representing the z-height in fig. 2.1C shows a square lattice
of protrusions which is replicated in the Fourier transform image (see inset fig. 2.1A). Each
protrusion is assigned to a Cl ion based on earlier studies'8%19%1%°_ For other negative ap-
plied voltages (fig. 2.1C-E), no shift in the position of the square lattice is observed.

At positive voltages, the protrusions remain centered over Cl. In principle, electron ex-
traction at negative voltage is helped at electron-rich Cl~ positions. Naively, electron injec-
tion at positive voltage would be helped at electron-poor Na* positions. The latter argument
suggests that at positive voltages, the contrast in the grayscale image (fig. 2.1F-H) should
be inverted due to Na™ ions leading to the maxima instead of C1~. A cationic CB would have
led to such a contrast inversion, but its absence proves that this cannot be the case. Both VB
and CB are anionic in character, with Cl acting as an electron donor and acceptor in NaCl.

On a 3 ML NaCl film (apparent height: 484 =5 pm, from sigmoid function fit to NaCl
step), the voltage range of topography measurements are extended to 3.5 V, close to the
CB edge, as shown in fig. 2.2. In contrast to the data presented above, for 3 ML NaCl, the
hexagonal close-packed (hcp) region is studied. This allows excluding differences arising
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from the patterned crystal structure of Au(111). Lauwaet et al. ?°' reported that both Na
and Cl lattice sites are resolved in the local DOS map in the hcp region of 2 ML NaCl on
Au(111) using a Cl terminated tip. However, in contrast to the experiments, the computed
STM images show Cl atoms in both fcc and hcp regions, even when the enhanced electron
density in the hcp region is accounted for. Their findings highlight the role of significant
electrostatic interactions due to Cl termination of the tip and the small tip-sample distance
(I=1600 pA, V=0.6 V) used. Even though a metallic termination of the tip employed in the
experiments cannot be guaranteed, the much smaller set point used (I = 8 pA) rules out any
substantial tip effects.

Again, the tip stability is significantly reduced under large positive voltages resulting in
an increased number of streaks in the topography images due to tip changes while scanning.
Still, the atomic resolution is retained throughout the data set. We use Fourier filtering to
remove low and high-frequency noise. Filtered topography images are shown in fig. 2.2H-N
with Na lattice positions marked by white dashed lines. During the short data acquisition
time of ~ 10 min, the absolute piezo drift along the x- and y- axis is less than 0.14 A min™"
and significantly smaller than the Cl~-Na* ion spacing of ~ 3 A.

Topography imaging close to VB, at —3 V, reproduces the square lattice of protrusions
assigned to the Cl~ ions. Repeating the measurement at positive voltages ranging from 3 V to
3.5V, close to the CB edge at ~ 3.6 V, reveals no evidence for a shift from Cl~ to Na™. Thus,
it can be concluded that this holds for NaCl film thickness, hcp and fcc areas of Au(111), and
differently prepared tips (fig. 2.1 and 2.2).

The experiments show that tunneling through NaCl is indeed on Cl at both the valence
and conduction band. The electronic structure of NaCl can be visualized as bystander Na*
cations which bind Cl~ anions that are mainly responsible for electron conduction.

Tight-binding calculations

Tight-binding calculations? have been performed for 3 ML NaCl(100) on Au(111) using two
different sets of parameters for either CB mainly of Na 3s (fig. 2.3A) or Cl 4s character
(fig. 2.3B). The first set of parameters theoretically reproduces the naive picture of the NaCl
electronic structure, where CB is of Na character. Beside including 3s and 3p states on the
Cl atoms '®!, the Madelung potential is neglected. As the energy is increased through the
bandgap, the character of the state shifts from being mainly of Cl character close to the VB
to having a significant Na character close to the CB. However, this picture contradicts the
experimental findings presented earlier.

The second set of parameters includes 3p and 4s states of the Cl atoms, along with
Madelung potential, and yields a CB of mainly Cl character. Not only are the VB and CB
of Cl character, but also throughout the bandgap, the gap states® are of Cl character in line
with the experimental findings shown in fig. 2.1.

2A detailed discussion of tight-binding calculations and parameters employed can be found in the supplementary
information available online at: https://doi.org/10.1038/s41467-022-28392-8.
SMetal states of the Au(111) support that are transferred through the ions in NaCl buffer.
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Raw data

Fourier filtered

Figure 2.2 — STM topography images of 3 ML NaCl(100) on Au(111) at voltages close to the band edges. (A-G) Raw
(grayscale) and (H-N) Fourier filtered (colored) STM topography images at the voltages indicated (set point: [= 15 pA,

size: 24 x 24 A?). The white dashed lines in panels H-N mark the position of Na ion rows of the NaCl(100) lattice.

Adapted from Leon et al. 2.

Since tunneling through the bandgap of the insulator proceeds via the electronic states of
the nearest neighboring bands, a Cl~ based VB and a Na* based CB would result in contrast
inversion at a specific voltage within the bandgap as shown in fig. 2.3A. As discussed earlier,
such an inversion is absent in the experiments. The tight-binding calculations for the second
set of parameters thus corroborate the notion that CB and VB have most of their weight on
the CI~ in NaCl (fig. 2.3B).

A two-pronged argument based on classical electrostatics and higher energetic cost due
to having to accommodate the extra tunneling electron in a 4s orbital, with Cl~ being neg-
atively charged and having a full shell electron configuration [Ne]3s23p°®, it would predict
that an electron greatly favors tunneling through positively charged Na™. In the following,
we argue how a Madelung potential of a few eV could flip the order of Na 3s and Cl 4s states,
leading to a CB of mainly Cl character.

Role of Madelung potential

In an ionic crystal, formed of an equal amount of cations and anions, the positive ions experi-
ence attraction and repulsion from ions of opposite charge and ions of the same charge. The
potential at any ionic position in such a crystal due to the combined electrostatic potential
of the infinite number of ions in the crystal is called Madelung constant?°?, Thus, it is re-
lated to the crystal structure and depends on the lattice parameters, anion-cation distances,
and molecular volume of the crystal. For bulk NaCl composed of fully ionized atoms, the

Madelung potential is given by 2%

62

V =1.7476
4meyd

=8.92V,

where d = ay,q/2 = 2.82 A is the separation between nearest neighbor Cl and Na atoms®*,
€o is the vacuum electric permeability and we assume full positive and negative elementary

“The calculated reduced lattice parameter ay,q = 5.54 A for 3 ML NaCl on Au is used instead of ay,g = 5.63
A for bulk NaCl>*4.
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Figure 2.3 — Character of the gap states of
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0.0 I I I | | | | I I I band obtained from di/dV spectra. Adapted
4 2 0 2 4 4 2 0 2 4 from Leon et al. >,
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charges on Na and Cl, respectively. Tight-binding calculations for bulk NaCl give the net
charge of 0.805 of the ions, which reduces the Madelung potential to 7.18 V. Nevertheless, a
large Madelung potential may lead to a significant upward shift of the Na 3s level of a neutral
atom from —5.1 eV2%° to above the vacuum level. Then the question arises if the Madelung
potential could pull down the 4s level of a free Cl~ ion below the Na 3s level. To work it
out, we use a gedanken experiment where Cl nuclear charge is increased by two. The Cl~ is
turned into K™, for which 4s level is determined to be at —4.1 eV?°>. Using Slater’s rules '8
the 4s state of K* can be approximated as

Gas ~ 127 exp(—2.2r/3.7),

where 2.2 is the effective nuclear charge, and n = 3.7 is the effective principal quantum
number. The resultant attractive potential on the 4s state due to the increased nuclear charge
of Cl by AZ=2 corresponds to the Madelung potential of 8.9 eV. Thus rationalizing the
reversed order of the Cl~ 4s level and the Na* 3s level due to Madelung potential, resulting in
a CB of mainly Cl character in NaCl. Here, it is essential to note that the atoms in NaCl are not
fully ionized, which would lead to a smaller Madelung potential. However, the qualitative
discussion is robust since the STM measurements show well-defined topographical features
over Cl ions.

Tight-binding calculations show that the interpretation of the NaCl electronic structure
presented here for NaCl on Au(111) is also valid for bulk NaCl. The charge transfer to the
substrate, evidenced by the work function reduction, results in an increased potential of the
outer layers of NaCl. However, the effect on the potential difference between Na and Cl
sites in the outermost layer is negligible. The assumed lattice parameter of the NaCl film on
Au(111) (smaller) and its finite thickness affect the Madelung potential inversely. Adding
up all effects, differences of tens of meV are found between bulk NaCl and NaCl film on
Au(111), implying applicability of the effects observed here also for bulk NaCl.

In summary, it is found that the CB of NaCl is of mainly Cl character. A large Madelung
potential pushes the Na 3s level upwards and pulls the Cl 4s level downwards from above the
vacuum level. An empirical calculation suggests that the Madelung potential could reverse
the order of C1~ 4s and Na* 3s levels, making a CB mainly anionic in character plausible.
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2.2 Role of gap states in tunneling through the molecule

Thin films of NaCl are routinely used as a buffer layer to electronically decouple molecules
from metallic substrate for STM°*2% and STML studies?!:°>7%125 The voltage range em-
ployed in these experiments is —3 V to 3 V so that the electrons tunnel through the NaCl
bandgap. The interpretation that CB has an anionic character has consequences for how the
molecule couples to the substrate. Since the electrons mainly tunnel through Cl~ states for
either voltage polarity, the electrons have wave functions of mainly Cl character. The arising
modifications for coupling of an adsorbed molecule to the NaCl are found to favor specific
molecular orbitals, which play an essential role in tunneling through the molecule through
the HOMO-LUMO gap.

Model calculations® of tunneling through the gap show that the HOMO-LUMO gap states
can be described as linear combinations of bound molecular orbitals. Moreover, the molecu-
lar orbitals at energies far from the gap can play an essential role. Guided by these theoretical
findings, we perform experiments on a prototypical single PtPc molecule adsorbed atop 3 ML
NacCl for voltages in the HOMO-LUMO gap (see fig. 2.4) and discuss them in the following.
A tight-binding calculation for PtPc adsorbed atop 3 ML NaCl on Au(111), accounting for
the role of energetically lower-lying orbitals, reproduces the experimental results well and
is briefly presented later.

STM topography of a decoupled molecule in the HOMO-LUMO gap

Structurally, the PtPc molecule comprises a Pt atom at the center of four isoindole units linked
by a ring of nitrogen atoms (see the ball and stick model in fig. 2.4A). In the optimized geom-
etry for the PtPc obtained using the density functional theory (DFT) (B3LYP), the Pt atom is
in the molecular plane, indicating a planar structure. The geometry optimization calculation
was performed with the initial geometry, where the Pt atom is moved out of the molecular
plane by 0.5 A. The result indicates that the released geometry obtained by this calculation
is, in fact, planar. PtPc has a D,;, symmetry, thus having a fourfold rotational symmetry axis
through the center of the molecule and four twofold symmetry axes going through the inner
lying or the outer lying N atoms, respectively (see fig. 2.4A). Experimentally, atomic resolu-
tion STM imaging of the molecule atop 3 ML NaCl shows that the PtPc adsorbs on top of Na
and is aligned along the [010] and [100] axis of the NaCl (fig. 3.1A). These observations
are taken into consideration for the tight-binding calculation.

PtPc adsorbed atop 3 ML NaCl on Au(111) is characterized by dI/dV spectroscopy (fig.
2.4C) and STM imaging (fig. 2.4B). In the dI/dV spectrum for a decoupled PtPc molecule
the two differential conductance maxima observed at ~ —1.35 V and ~ 2.1 V are assigned
to HOMO and LUMO, respectively. Constant height dI/dV maps at voltages close to these
peaks show the two orbitals. The eight-lobed structure of both HOMO and LUMO is in line

>The calculations were planned and carried out by Olle Gunnarsson, Max Planck Institute for Solid State Re-
search, Germany.
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54207 and DFT calculations for PtPc presented in

with previous experimental studies of H,Pc
section 3.1.

For the voltages V = —0.5 V and 0.5 V in the HOMO-LUMO gap, the STM topography
images shown in fig. 2.4D and E differ strongly from the images of either HOMO or LUMO,
as it shows a four-lobed structure centered over the isoindole group of the molecule. An
STM topography image represents approximately the contour of constant DOS or the local
DOS itself (constant height map), both for a selected potential defined by the applied voltage
(see discussion in section 1.1). However, it is not straightforward to reconcile the topography
imaged by STM inside the gap, where the DOS of a molecule is nominally zero (fig. 2.4C).
Repp et al. °* rationalized the in-gap image, which instead of being transparent, appears as
a featureless protrusion based on extended tails of the molecular levels which contribute to
local DOS at energies close to Fermi level. The orbitals are broadened from a theoretical
width of a few tens of peV to ~ 100 meV (see fig. 2.4C) due to phonon interaction with
the substrate thus resulting in a minute, but non-zero, DOS in the gap. The calculations
presented later show that the picture is more complicated, involving states much below the
HOMO level that substantially contribute to the tunneling near Fermi energy.

6 account-

The theoretical images of the PtPc obtained from the tight-binding calculations
ing for the anionic character of the CB (discussed in section 2.1) and considering contribu-
tions from energetically lower-lying orbitals are shown in fig. 2.4D and E. The images are
in excellent agreement with the STM topography image of the molecule at the same volt-
ages (fig. 2.4D and E), suggesting that the structure in the gap is more than a “featureless
protrusion”>* and can now be explained by theory.

A calculation of their contribution elucidates the role of particular orbitals of PtPc for a

theoretical image obtained in the gap region and is presented in the following.

Contributions of low energy orbitals to in-gap imaging of molecules

The wave function of the combined system used for calculations of the in-gap image was
expanded in terms of the PtPc molecular orbitals to understand the shape of the theoretical
images in figs. 2.4D and E. The wave function inside the molecule can be written as

182
) = > cl), 2.1)
j=1

where the sum is over 182 eigenfunctions of the free molecule. The weights can then be

calculated as
fi= D, IR 2.2)

—0.9<¢,;<1.3

adding up the weight of the PtPc jth molecular orbital over states in the energy range —0.9 <
£; < 1.3 eV, in the gap. Figure 2.5 shows f; for important molecular orbitals of r-character,
pointing out the molecular plane and a o state in the molecular plane. The n-states are

SHere, only the resulting images from the said calculations are presented.
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Figure 2.4 — Theoretical and experimental comparison of in-gap images of PtPc. (A). Ball and stick model top view of
the PtPc molecule and its side view. Schematic illustration of PtPc adsorbed atop Na lattice site. (B) STM topography of
PtPc adsorbed atop 3 ML NaCl on Au(111) (set point: | = 1 pA, V = —1V,size: 30 x 10 nm?). Height profile along the
dashed line marked in B. (C) Constant height dI/dV spectra of PtPc molecule (set point: 20 pA). The insets show HOMO,
in-gap, and LUMO images of the molecule at the sample voltages —1.25,—0.5, and 1.85 V, respectively (set point: 600
fA, size: 32 x 32 A2). (D, E). Theoretical images (16 x 16 A%) and STM topography images (23 x 23 A2, | = 500 fA) of
PtPc for energies ¢ = —0.5 eV and 0.5 eV for z = 7 A, tip distance similar to experimental distance of the tip.
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Table 2.1 — Contributions to the weights in the interval —0.9 < & < 1.3 eV from some 7t-orbitals with different n,,-
values, one o -orbital, the HOMO and LUMO orbitals. “Other” shows the contributions in Fig. 2.4 from orbitals which
were not assigned an n, value and “Rest” shows the many small contributions not shown in the figure.

n,=0 n,=1 n,=2 o HOMO LUMO Other Rest

0.27 0.17 0.05 0.04 0.01 0.09 0.07 0.30

labeled by the number of angular nodal planes n,, i.e., planes through the center of and

perpendicular to the molecule and the surface. Iri cases where such nodal planes are not
well defined, the corresponding state is labeled as “Undef”. States with a given value of n,
have different numbers of “radial” nodes, assuring orthogonality. Although the ends of this
interval are only 0.4 eV from the HOMO (at —1.3 eV) or LUMO (at 1.7 eV), these states only
contribute 1% and 9%, respectively, to the total weight in this interval suggesting that the gap
states are not merely linear combinations of the frontier orbitals either. The contributions
from states with a well-defined n,-value are summed up. These results are presented in
Table 2.1. Interestingly, three n, = 0 states and six (including degeneracy) n, = 1 states
contribute almost half the weight. The n, = 2 states and the o-state contribute little. States
with less well-defined angular nodes shown in fig. 2.5 contributions are of the same order.
Many other states, each with a small contribution and not shown in the figure, contribute

around one-third of the weights.

The symmetries of these states, and thus their contributions to the DOS, result in the
theoretical image of the PtPc in the HOMO-LUMO gap, which is in excellent agreement with
the STM topography images. Figure 2.5 illustrates that the Au-PtPc coupling via NaCl is
far from trivial and that the coupling to specific molecular orbitals is greatly favored. NaCl
provides a buffer between the Au substrate and the PtPc molecule and influences the coupling
in non-uniform ways, favoring the coupling to specific molecular orbitals.

Figure 2.5 — Weights fj of important molec-
0 ular orbitals summed over gap states in PtPc
=1 between £ = —0.9 eV and 1.3 eV, where the
=2 energy range is marked by the arrow “Mea-
sured”. The T states are labeled by their m
values. We also show one o state, with a
strong coupling to Pt. States with more com-
— plicated pattern where the nodal planes are
not well-defined are labeled “Undef”. The
states shown in the figure contribute 69%
of the total weight. The remaining contri-
bution comes from many molecular orbitals
T T with rather small weights. The m = 1 states
are doubly degenerate, and the weights of
the degenerate states were added.

¢ (eV)
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Conclusion

In summary, the findings presented in this chapter demonstrate that the CB of a prototypi-
cal alkali halide, NaCl, is of anionic (Cl) character. Tight-binding calculations reconcile the
experimental findings of STM topography images that involve tunneling through NaCl at
either voltage polarity by showing that it predominantly occurs through Cl~ ions. It is pro-
posed that a large Madelung potential flips the order of Na 3s and Cl 4s levels, making a CB
of mainly Cl character plausible. These findings suggest taking a closer look at other ionic
compounds or other materials whose VB and CB take on unusual combinations of cationic
or anionic character208:20%,

The new interpretation of the electronic structure of NaCl, along with including contri-
butions from molecular orbitals at energies well below the HOMO-LUMO gap, allows, for
the first time, to understand the molecular in-gap structure. The experiments show that the
STM topography image is mainly determined by the electronic structure of the adsorbed
molecule, even when the tunneling is through the gap. These findings explain why the
molecule’s orientation atop NaCl influences tunneling through it substantially. Given these
findings, we reconsider mechanisms that involve tunneling through the HOMO-LUMO gap
of the molecule, like up-conversion electroluminescence®’ (see discussion in section 3.4).
Because of the modified electronic coupling between PtPc-Au via NaCl may also require re-

analyzing the proposed role of the dielectric in the plasmonic gap?'%-2!!,
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Orbital engineering of single molecule STML

This chapter reports on the control of STM-induced luminescence efficiency and onset volt-
age of a single PtPc molecule. Using substrates with different work functions, the energy of
the PtPc orbitals can be engineered to enable bipolar emission and control the associated
emission efficiency. Energy level alignment of molecular orbitals plays a central role in gov-
erning the excitation mechanism, whether it be carrier injection or energy transfer from the
plasmon (see section 1.2). These two mechanisms compete such that one or the other exci-
tation mechanism is dominant at a given applied voltage. We show that local atomic-scale
electronic structure influences the PtPc dipole orientation and its excitonic energy due to
defect-induced lifting of the degeneracy of the LUMO and LUMO+1 states. The alignment
of the orbitals with respect to the Fermi level also controls the voltage onset of S; emission.
Moreover, related emission phenomena such as up-conversion electroluminescence (UCEL)
are also observed at both positive and negative sample voltage polarities. The proposed ex-
citation mechanisms in the literature are discussed based on second-order autocorrelation
measurements. A modified mechanism for UCEL based on perturbation theory is also pro-
posed. These findings refine existing design principles to obtain higher emission efficiencies
and lower turn-on voltages for molecular optoelectronic devices.

3.1 STM electroluminescence from a single molecule

A comprehensive understanding of the electronic excitation mechanism at the single-molecule
level is central for a variety of novel luminescence phenomena observed in STML?!7%134,
Due to the incipient instability of single molecules on the substrates, few studies have re-
ported bipolar luminescence, and even fewer have studied the STML of the molecule in
detail. An ultrathin layer of NaCl on Au(111) provides one such platform where molecular
emission can be excited over a large voltage range, and the emission mechanism can be
investigated. In the following, substrate and survey measurements are discussed.
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Description of PtPc atop 3 ML NaCl on Au(111)

An isolated PtPc molecule decoupled from an Au(111) substrate by a 3 ML thick NaCl island
is studied in this section. Figure 3.1A shows three PtPc molecules, each adsorbed atop a Na
site of the underlying NaCl lattice, similar to the discussion in the previous chapter. The blue
and red dots indicate the CI and Na lattice sites. Differential conductance spectra obtained
for the three molecules (on the positions marked by X) are shown in fig. 3.1D. The spectra
exhibit resonance peaks corresponding to the HOMO—1/HOMO-2 (—2.8 V), HOMO (—1.35
V), and LUMO/LUMO+1 (2 V). The black arrows in spectrum II of fig. 3.1D point to the
sample voltage used to acquire the topography images presented in fig. 3.1B. Figure 3.1B
shows a topography image of molecule II at sample voltages corresponding to the degenerate
HOMO—1/HOMO—2, the HOMO, and degenerate LUMO,/LUMO+1 which are in agreement
with the orbital maps in fig. 3.1C!. Note that the calculated DOS is typically represented
in the plane of the atoms of a molecule. In contrast, the STM probes ~ 4 to 7 A above
the molecular plane. This may result in a distortion of the orbital lobes. A more detailed
discussion of this difference is provided in section 4.1.

The light emitted at the tunnel junction is recorded simultaneously with dI/dV spectra.
To suppress any unwanted contribution of plasmonic light emitted from the tunnel junction
(see fig. 1.5), the light is spectrally filtered using a bandpass filter (637 £ 7 nm, Semrock
BrightLine). The filter allows only the S; emission from the molecule to arrive at the SPAD.
The resulting light intensity as a function of sample voltage (filled circles) is shown along
with the dI/dV spectra (solid line) in fig. 3.1D. For the voltage range ~ —2.4 V to 1.8 V, no
light intensity is detected by the SPAD, indicating that molecular emission is not excited even
though electron transport for V < —1.3 V occurs through a molecular orbital (HOMO). Below
—2.4V, the onset of S; emission can be observed. The excitonic nature of this light emission
is confirmed by STML spectra recorded at —2.8 V (fig. 3.1E). Similarly, for positive sample
voltages above 1.9 V, S; emission can also be observed — which is a notable demonstration
of bipolar emission. The voltage-dependent rise in intensity shows two steps due to different
excitation mechanisms: direct charge injection from the tip to LUMO and, at higher voltages,
to LUMO+1°8 (inset in fig. 3.1D).

Figure 3.1E shows the STML spectra for the three molecules at —2.8 V and 2.2V, exhibit-
ing a sharp excitonic peak at ~ 1.95 eV. Based on earlier work>® and time-dependent density
functional theory (TD-DFT) calculations (see section 4.1) this emission line is assigned to an
electronic transition from the lowest singlet excited state S; to the singlet ground state S,.
It is important to note that HOMO—1 to LUMO transition is dipole forbidden for PtPc, and
thus, no intensity for the corresponding emission is expected. The gray dashed line in fig.
3.1E marks the wavelength 635 nm (1.952 eV), the emission line for STML spectra obtained
atop the molecules shown in fig. 3.1A. The almost identical emission energy obtained for
the same sample voltage and tunneling current setpoint for molecules II and IIT compared to

IThe theoretical calculations were performed by Asst. Prof. Kuniyuki Miwa, Institute for Molecular Science (7
TRIZEBTZ2AT), National Institutes of Natural Sciences (AR ZERTFEHEHE), Japan.
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Figure 3.1 — Characterization of PtPc atop 3 ML NaCl on Au(111). (A) Overview topography image of PtPc molecules
physiosorbed atop 3 ML NaCl on Au(111) (set point: | = 20 pA, V = —1.23 V, size: 10 x 10 nm?). The white dashed
lines are guides to the eye indicating absorption atop Na site. (B) Topography images of the molecule (Il) at V corre-
sponding to HOMO—1/HOMO—2, HOMO, and LUMO/LUMO+1 (black arrows in D) of the PtPc (set point: | = 800
fA, size: 3.6 x 3.6 nm?). (C) Plots of molecular orbitals as obtained from DFT calculations. (D) di/dV spectra (line) and
spectrally-filtered (637 £ 7 nm) S; emission intensity (circles) obtained on each molecule (on the position marked by X)
(set point: | = 50 pA, V,.¢ = 20 mV). The gray dotted lines mark the onset of molecular orbitals for Il. Inset. Blow up
of 11l showing two different emission regimes (gray and red, see section 3.1). (E) STML spectra obtained for the three
molecules|, Il,and I11,and plasmon background (gray) on top of NaCl. Sample voltages are indicated next to the spectrum
(set point: | = 50 pA, t = 50 s, plasmon: t = 1's). The smooth gray line is the plasmon background used to normalize
the excitonic spectra.
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molecule I indicate that the modification of excitonic spectra due to tip effects is similar for
different molecules. Small shifts, on the order of ~2 meV (1.952 €V to 1.950 €V), are often
observed for STML spectra of a molecule at different voltage polarities. These line shifts can
be assigned to the Stark and Lamb effect due to different tip heights that result from constant
current operation at a fixed tunneling current set point?'?. However, the emission line for
molecular emission corresponding to molecule I at the same sample voltage and tunneling
current setpoint appears at 639 nm (1.940 eV), exhibiting a shift of ~ 12 meV (1.952 eV to
1.940 eV) compared to molecule IT and III. The rigid peak shift of molecular orbital energies
is evidenced by the different LUMO and HOMO onset for molecules I and II (see fig. 3.1D).
A similar shift of emission line has been reported by Doppagne et al.??” for a free-base
phthalocyanine (H,Pc) molecule atop NaCl on Ag(111). NaCl on Ag(111) forms a Moiré
pattern such that different absorption positions of H,Pc molecule lead to differences in the
local electronic environment of a molecule. Minor changes (~ 20 to 30 mV) in molecular
orbital peak positions are reflected in modified peak energies of the H,Pc emission line. If
the degeneracy of the molecular transition (see fig. 3.2E) is lifted, two emission lines are
observed. The herringbone reconstruction of Au(111)2!® leads to an apparent height modu-
lation of ~ 15 pm which can be observed atop NaCl islands '°*. This results in a perturbation
of the local electronic environment of the molecule similar to the Moiré pattern of NaCl on
Ag(111) and thus, gives rise to the observed shift of molecular orbitals and S; emission.

Probing the local nano-environment

Changes in molecular emission can conversely be used to probe local electronic structure. Fig-
ure 3.2 shows the effect of Cl vacancies on the optoelectronic properties of a single molecule.
The influence of a defect on the transition dipole moment is reflected in the observed STML
spectra.

Figure 3.2A shows a topography image of an isolated molecule atop 3 ML NaCl island on
Au(111) at a sample voltage V = —1.7 V. The HOMO of the molecule is imaged along with
the atomically-resolved Cl lattice of the NaCl. As in fig. 3.1, it is straightforward to infer
that the molecule is adsorbed atop a Na lattice site. This absorption position holds for the
observations and discussion that follows. For a fixed tunneling current, differential conduc-
tance spectra are recorded on different lobes of the HOMO (I-V in fig. 3.2A). Experimentally,
the tip height is defined by set point: I=4 pA, —1.6 V at tip position I. Employing the atom
tracking module of the measurement software Nanonis>'4, the highest position atop each
lobe is determined and employed for data acquisition. In brief, in constant current mode,
the tip moves along a circle with a radius of 50 pm. The tip height along the orbit is eval-
uated. Then, the center of the circle follows the gradient for about 1 min until the highest
z-position is found. The piezo-drift for the measurement time of ~ 3 mins is negligible. The
dI/dV spectra obtained in this manner exhibit resonances at —1.4 and 1.9 V corresponding
to the HOMO and LUMO of the molecule, respectively. For all tip positions, the HOMO onset
is at —1.22'V, although an energy shift smaller than the amplitude of the Lock-in modulation
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(Vimoa = 20 meV) cannot be ruled out. At tip positions I, ITI, IV, and V, the LUMO onset is at
~ 1.6 V compared to 1.65 eV at tip position II, indicating an upward shift of the LUMO by
~ 47 meV (inset in fig. 3.2D).

STML spectra obtained at the same tip positions as dI/dV measurements are shown in
fig. 3.2E. At tip position II, the emission from the molecule appears at ~ 1.92 eV, redshifted
from its energy of 1.95 eV. This opposite shift of the emission line and the HOMO-LUMO
energy gap is counterintuitive and will be discussed later. At tip position I, the emission
energy is 1.91 eV. This is because it involves excitation of the same molecular transition
along the x-axis as position V, which exhibits an upward shift of LUMO (fig. 3.2F). For tip
positions III and IV, a second peak is observed at 1.96 eV, which is the unperturbed transition
of the molecule. Determining peak positions using Lorentzian peak fittings yields an energy
difference of 42 meV, which is close to the upward shift of the LUMO level at position II
(~ 47 meV).

In the case of an unperturbed molecule, the two orthogonal molecular transition dipole
moments are of the same magnitude as is evidenced by a single S; emission line (fig. 3.1E).
Assuming that the dipole along the x-axis (yellow) is perturbed while the dipole along the
y-axis (blue) is not, one would expect emission energy at tip position V to be 1.96 eV. The
STML spectrum for tip position V reveals precisely that. Only a weak intensity is observed
at the energy of the perturbed transition (1.91 eV) compared to the unperturbed transition.

Figure 3.2G presents a polar plot of the normalized intensities for the two emission lines,
integrated over a width of 10 meV around the peak maxima. A sinusoidal fit to the data
unambiguously reveals a phase shift of &~ 15° in emission intensity maxima for the emission
at 1.91 eV from the molecular axis, corresponding to the perturbed transition.

To analyze the nature of perturbation, we remove the molecule using tip manipulation
and analyze the NaCl area on which the molecule had been adsorbed. Figure 3.2B presents
the topography image of the area after the molecule has been removed. The blue halo marks
the position of the molecule with respect to two blue dots, which are positioned on pre-
existing Cl vacancy defects®'®. The molecule’s ball and stick model shows roughly the ben-
zene ring’s position and isoindole unit over the Cl vacancies. Figure 3.2C illustrates the po-
sition of the adsorbed PtPc molecule with respect to the position of the vacancies, which are
~ 2.8 and 8.4 A away from the center of the molecule. Cl vacancies in the NaCl lattice imply
that previously occupied Cl-derived states are now unoccupied and have now been moved
above Ep 5. Assuming that the energy of the new, unoccupied states is between Ey g and
the energy of the LUMO E| ;0 may explain the upward shift of LUMO because of Coulomb
interaction. The role of Cl-derived states is supported by the highly localized spatial position
of the degeneracy lifting, precisely above the vacancies (see fig. 3.2B and D). Here, it is
essential to note that the above argument would also result in a downward shift of HOMO,
which is not observed in the experiments.

On a detailed analysis of the topography (fig. 3.2A), a slight rotation of the molecule
by 3° with respect to the [010] axis of the NaCl is observed. We propose that the defects
change the local energy minimum and result in the rotation of the molecule from asymmet-
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Figure 3.2 — Effects of local defects on the molecular transition dipole at the single molecule level. (A) STM topography
image of PtPc adsorbed atop 3 ML NaCl on Au(111) (set point: I = 2 pA, V = —1.7 V, size: 5 x 5 nm?). The blue dots
mark positions of Cl vacancies. (B) STM topography image of the same area with the molecule moved away after the
STML measurements had been performed (set point: | = 1 pA, V = —1.3 V). The blue halo, along with the ball and stick
model of the molecule, marks the position of PtPc relative to the idealized defects (blue dots). (C) Schematic of PtPc
adsorption atop a Na lattice position and the Cl vacancy defects (black dashed circles). (D) dI/dV spectra obtained atop
the molecule at the positions |-V indicated in A (set point: | = 4pA,V = —1.6V,V, .4 = 20mV). Gray dashed lines mark
the position of HOMO and LUMO onset. Inset - Blow up of LUMO onset showing a difference of ~ 47 meV as obtained
from fit using error function. (E) STML spectra showing two distinct excitonic lines at & 1.96 eV and 1.92 eV obtained
at the same positions atop PtPc as data shown in D (set point: | = 100 pA, V = 2.2V, t = 60 s). The top three spectra
are scaled by a factor of 2 for clarity. (F) Schematic showing the labeling of different parameters indicating tip position
with respect to the molecular symmetry axes. (G) Polar plot of normalized intensities at the two peak positions 1.92 eV
(yellow) and 1.96 eV (blue) obtained using Lorentzian peak fitting. The dotted lines are sinusoidal fits to the data.
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ric absorption geometry (see fig. 3.1A). The rotation leads to the mixing of the previously
degenerate LUMO and LUMO+1, leading to enhanced interaction between them (weak hop-
ping element directly between the two orbitals or through NaCl). Besides the electrostatic
effect of the vacancies, the hopping between the two LUMOs may amplify their rotation.
The above arguments help rationalize the significant rotation of the transition even though
a comparatively small rotation of the molecule.

The lifting of the degeneracy of the transition dipole moments may also be due to the
strain induced in the molecule due to the tilting of the molecular plane induced by the va-
cancies. It has been shown that a strain of 5% along the molecular axis for H,Pc can induce
an energy difference of a few tens of meV2°” using TD-DFT calculations. PtPc being almost
identical to H,Pc except for the central Pt atom, is expected to behave similarly. This argu-
ment would also explain the change in transport gap at tip position II, above the Cl vacancies.
In line with the discussion presented here, the DFT calculations show that for molecules of a
size ranging from 1-2 nm, an upward shift of the LUMO is expected for increasing strain?'°.

A degeneracy lifting of similar energy due to a nearby Cl vacancy (14 A away) has been
observed for an optical transition using STML”°. One could speculate that this strain may
also result in a rotation of the transition dipole moment and shift the energy of the molec-
ular emission. The combined spatially-resolved electronic and optical characterization of
PtPc allows probing minute perturbations in electronic structure due to local influences of
vacancy defects on molecular transitions. However, further theoretical studies are necessary
to elucidate the exact relationship between molecular orientation, molecular environment,
and molecular dipole transitions on surfaces.

3.2 Effect of work function on STML

Differential conductance and STML voltage onset measurements show that orbital positions
for PtPc atop NaCl on Au(111) span a large voltage range, for example, from ~ —2.5 V to
—1.2 V for HOMO and ~ 0.7 V to 2.1 V for LUMO (see fig. 3.3). Since the charge injection
into the molecule is necessary for its excitation, the S; emission onset depends on the energy
level alignment of the HOMO with respect to the Fermi energy and the optical gap of the
molecule®>%887 (see discussion in section 1.2). Thus, the large voltage range of the orbital
energies enables examining varying conditions where different emission mechanisms can be
at play.

For the majority of molecules analyzed, the orbital energies of HOMO and LUMO lie in
the ranges —1.6 V< Eyomo < —1.2Vand 1.8 V < Ejyumo < 2.2V, respectively. However, a few
molecules exhibit a rigid shift of their molecular orbitals, probably because of a sizeable local
perturbation due to unidentified defects, with Eygpo at much lower energies (—2.2 Vto —2.6
V). The LUMO energies, too, are shifted down accordingly. In fig. 3.3A, the energy positions
of the orbitals, along with the voltage onset of S; emission, are summarized. For the typical
case with the symmetric alignment of the orbitals, bipolar electroluminescence is observed as
reported in section 3.1. UCEL is observed at both voltage polarities for PtPc, whose orbitals

49



are shifted to ~ —2.2 V. A detailed analysis of bipolar UCEL will be presented later in section
3.4. For further lowering of orbitals Eyyopo = —2.6 V, comparatively intense S; emission sets
in at V = Eyomo- Then, no S; emission is observed for positive sample voltages up to 2.5
V, even at high tunneling currents. In the following section, we rationalize different voltage
onsets and efficiencies observed for STML. A new framework is introduced in section 3.4 to
capture the role of orbital alignment in UCEL.

Since the measurements were performed for different sample preparations over a year,
varying defect densities could play a role in these observations. Since the energy of HOMO
and LUMO with respect to the Fermi energy is due to the substrate’s work function, a shift in
molecular orbital energy most likely stems from a work function variation at the nanoscale.
It was shown earlier that defects in the top layer of NaCl (fig. 3.2) or herringbone reconstruc-
tion (fig. 3.1) can lead to a shift in orbital energy of about 100 meV. However, the origin
of large shifts (&~ 1 eV) seen in fig. 3.3 could not be experimentally clarified. We assume
that a high concentration of defects hidden underneath the molecule in the topmost or lower
layers of NaCl or at the NaCl/Au(111) interface may be responsible for a significant local
work function variation.

Figure 3.3B and D show typical dI/dV spectra for, respectively, asymmetric and symmet-
ric energy alignment of molecular orbitals. Since the orbital positions in the asymmetric case
are similar to the one of a molecule atop NaCl on Ag(111)/Ag(100), the corresponding emis-
sion exhibits properties similar to prior studies®”-3%:56:68:134 The linear current dependence
of the S; intensity at negative voltage V < Eyyomo shown in fig. 3.3E reflects a single electron
transfer to the tip (hole transfer to HOMO), followed by electron hopping from the substrate
through the NaCl barrier into the LUMO of the molecule. Electron-hole recombination re-
sults in the observed S; emission. This excitation mechanism is discussed in more detail in
the next section. On the other hand, for very positive voltages (V>3 V), the S; emission is
rarely observed®®. The alignment of Eygyo with the sample Fermi level, necessary for elec-
tron extraction from HOMO, is only achieved at large voltages where the constant current
tunneling condition is unstable.

For the case of symmetric alignment of the orbitals around the Fermi energy (fig. 3.3D),
the S; emission from PtPc is bipolar (as discussed earlier in section 3.1). Studies on ZnPc
atop NaCl on Au(111), where the molecular orbitals are similarly aligned, exhibit S; emis-
sion only from the neutral molecule at positive voltages’®?!7. However, an electronic char-
acterization of the emission, which is central to clarifying the emission mechanism, has not
been reported. This calls for a detailed electronic characterization of S; emission from PtPc
at positive voltages. Figures 3.3D, F, and G show the voltage and current dependence of S;
emission from the neutral molecule (see discussion for fig. 3.8D) at sample voltages V= —3
Vand 2.5 V. As reported earlier in fig. 3.1, for symmetric alignment of molecular orbitals, at
negative voltage —2.4 V, the S; emission starts at the onset of the HOMO—1 state, indicating
that electron extraction from HOMO—1 is the first step in molecular emission. Again, a linear
dependence of the emission intensity on the current implies that only one charge transfers
to the tip. The data shown in fig. 3.3F suggests that the intensity increases superlinearly as
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Figure 3.3 — Energy shift of molecular orbitals atop NaCl on Au(111). (A) Positions of HOMO (yellow) and LUMO (blue)
obtained from fitting error functions to the onsets of conductance and valence resonance peaks. The dashed, lighter
shaded areas represent the same for HOMO—1 and LUMO+1. Red dashes mark the voltage onset of S; emission. The
black dashed lines mark the energy of S;. The gray solid line indicates the center of the HOMO-LUMO gap. (B) dI/
dV spectra for asymmetric energy alignment of PtPc orbitals, (C) for bare Au(111) substrate, and (D) for symmetric
energy alignment of PtPc orbitals (set point: | = 50 pA, V.4 = 20 mV, 5 mV, and 20 mV). (E-F) Current dependence of
spectrally-filtered S, intensities from PtPc atop 3 ML NaCl on Au(111) for the indicated sample voltages (integration
time per point: t = 50 ms).
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the current is increased. This may be due to an additional contribution from the plasmonic
emission. Section 3.3 discusses the excitation mechanism through HOMO—1 in more detail.

For positive voltage polarity, the S; emission sets in at ~ 1.9 eV, close to the onset of
LUMO. This observation indicates electron injection from the tip to the LUMO as the first step
in the excitation process. Since injection of only one charge is required for excitation, the S;
intensity is expected to depend linearly on the current. Surprisingly, a quadratic dependence
is observed (see fig. 3.3G), even in a regime in which the sample voltage V > Eg , where the
energy from one charge injection event should be sufficient for S; excitation. In literature,
a quadratic dependence of emission on the current has only been reported for UCEL (see
section 1.2), where the applied voltage is below the S; energy and thus the excitation is
mediated by the T; acting as a relay state®”-3%. The persistence of quadratic dependence
calls for a deeper analysis of the emission mechanism. Under these tunneling conditions,
even though there may be a linear contribution, the quadratic one remains dominant.

To explore different emission mechanisms without the unknown element that leads to
work function variations for NaCl on Au(111) (fig. 3.3A), different metallic substrates were
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Figure 3.5 — Current dependence of S; emission intensity (spectrally filtered) for a single PtPc molecule atop 3 ML NaCl
on the metal substrates indicated. The black solid line is a power law fit to the raw data with the respective power (and
its error) indicated at the bottom right of each panel.

Table 3.1 — Work function ¢ values determined by I(z) spectroscopy (see discussion in section 1.1) at V= —0.2 V
for 3 ML NaCl atop different substrates. The decay constants from exponential fit current versus tip-sample gap atop
bare substrate ks and 3 ML NaCl k¢ convert to a work function change (A¢) as: A¢ = 0.01905(1/x% ., — 1/K2 )
(nm?eV). The work function change with respect to ¢ from literature 2*® is reported.

NaCl/Ag(111) NaCl/Cu(111) NaCl/Au(111) NaCl/h-BN/Pt(111)
3.5+0.1eV  3.8+0.1eV 4.3+0.1 eV 4.6+£0.1 eV

employed. Using NaCl on Ag(111), Cu(111), Au(111), and h-BN/Pt(111), the energy of
the orbitals can be tuned in a well-defined manner from the asymmetric case as defined in
fig. 3.3B, close to a symmetric alignment in fig. 3.3D. The data presented for PtPc atop 3
ML NaCl on Cu(111) is evaluated using intensities obtained from Lorentzian fitting of the
optical spectrum for increasing currents. Interestingly, for PtPc atop NaCl on h-BN/Pt(111),
the orbital alignment is asymmetric in favor of the excitation for positive voltages. Figure
3.4 shows a schematic of orbital energy alignment for the different substrates. Table 3.1 lists
the work functions of the substrates covered with NaCl. On 2 ML NaCl/h-BN/Pt(111), the
LUMO is higher in energy than on 2 ML NaCl/Au(111), at ~ 2.4 V as compared to 1.9 V (fig.
3.4). Correspondingly, the S; emission sets in at the energy of LUMO. However, differently
from PtPc atop NaCl on Au(111), the S; emission intensity shows a linear dependence on
current (fig. 3.5C). This finding indicates that the S; excitation by electron injection from
the tip to the LUMO involves a one-electron process. No molecular emission is observed at
negative voltages between 0 and —2.7 V. The energy alignment on Cu(111) is still asymmet-
ric, with the HOMO energy at ~ —2.2 V. A voltage for which an electron may resonantly
tunnel through HOMO would be larger than the energy of S;. Qualitatively, the voltage
dependence of the emission onset (fig. 3.4), and the current dependence of the S; intensity
(fig. 3.5A and B) for PtPc atop NaCl on Cu(111) follow the same trends as PtPc atop NaCl
on Ag(111). This indicates that the same S; excitation mechanism is at play.
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3.3 Excitation mechanism for asymmetric and symmetric energy
alignment

In the following, the excitation mechanism at play for the different energy alignments of the
molecular orbitals with respect to the Fermi energy is discussed.

Excitation mechanism for asymmetric orbital alignment in favor of HOMO

The voltage dependence of the S; intensity shows an onset corresponding to the energy
of the HOMO (fig. 3.3B), indicating that electron extraction from HOMO is the first step
in molecular excitation. A schematic of the mechanism proposed by Miwa et al. ?!° for S;
excitation of HyPc atop NaCl on Ag(111) is shown in fig. 3.6A-D. For voltages, 0 > V > Eyomo
(energy position of the HOMO), the molecule is in its ground electronic state with the singlet
spin state of the molecule |N, S,), where N is the number of electrons in the molecule. For
V < Enomo, the electron can tunnel from the molecule to the tip. The formed electronic
cationic doublet spin state |N—1, D,) means that the previously Coulomb blocked injection
of electrons from the substrate to the LUMO is now possible. The neutral molecule is then in
its excited state |N, S;), with the decay of the exciton leading to the observed light emission
and the molecule returning to the ground state |N, S).

Between electron extraction from the molecule to the tip and electron injection from
the substrate, only the former can be directly probed by the tunneling current. The process
described above results in a linear increase in S; intensity as the current increases. This is
indeed what is observed for PtPc atop NaCl on Ag(111) and Cu(111) (see fig. 3.5A and B).

Excitation mechanism for asymmetric orbital alignment in favor of LUMO

The mechanism explained above can be easily modified to explain the S; excitation mecha-
nism for PtPc atop NaCl on h-BN/Pt(111) for both voltage polarities by invoking particle-hole
symmetry. Figure 3.6E-F illustrates the schematic for S; excitation involving a one-electron
process. For a sample voltage 0 > V > Ejyvo, €lectron injection from the tip to the molecule
(LUMO) is inhibited. For V > Ejyuo, the tip Fermi energy aligns with the LUMO promoting
resonant tunneling into the orbital. When an electron tunnels to the LUMO, an anionic dou-
blet state [N+1, D) is realized allowing previously blocked tunneling of an electron (hole)
from the HOMO (substrate) to the substrate (HOMO). The neutral molecule is now in its
excited state |N, S;) and returns to the ground state |N, S;) by electron-hole recombina-
tion. The one-electron process directly monitored in the tunneling current is the injection of
electrons from the tip to the molecule.

Excitation mechanism for symmetric orbital alignment at negative voltage

For PtPc atop NaCl on Au(111), we typically observe S; emission from the neutral molecule
at both positive and negative voltages (see fig. 3.1E). ZnPc and H,Pc atop the same substrate
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Figure 3.6 — Schematic of the excitation mechanism involving a one-electron process for an isolated single molecule at
negative (A-D) and positive (E-H) sample voltage. The electronic states of the molecule are indicated as |N, Sm), where
N and S, denote the number of electrons and the electronic state of the molecule, respectively.

exhibit S; emission from the cationic state of the molecule at negative sample voltage’%””

(see fig. 3.8D). However, for PtPc only the S; emission of the neutral state is observed (see
discussion in section 3.4). The excitation mechanism for S; emission at negative voltage
involving the HOMO—1 is discussed below. Even though the electron can be extracted out
of HOMO at V < Eyomp, N0 S; emission is observed, even for [V| > Eg (see fig. 3.1 and
3.4). The lowering of orbital levels upon creation of |[N—1, D) state (fig. 3.6B) is not
large enough to align the LUMO with the substrate Fermi energy. The carrier injection is
thus Coulomb blocked. The above discussion helps reconcile the low efficiency of the S;
excitation due to the energy alignment of PtPc orbitals atop NaCl on Au(111). As seen in fig.
3.3F, the S; emission sets in at V < Eyomo—; and exhibits a linear dependence on current. For
V < Egomo—1, the electron can be extracted out of the HOMO—1, which upon fast internal
conversion from HOMO to HOMO—1 leads to the formation of a cationic doublet state |N—1,
Dy) (see fig. 3.7). The doublet state makes electron injection from the substrate feasible,
which results in the formation of the S; excited state of the neutral molecule. The molecule
returns to its ground state |N, Sy) by photon emission.

The above arguments explain the different emission onsets and efficiencies correspond-
ing to the participating orbitals’ wide range of energy alignments. However, the quadratic
current dependence of S; intensity for voltages larger than the S; energy is not captured
within this framework. So far, the quadratic dependence of S; intensity for a neutral molecule
has only been reported for voltage V less than Eg energy. Both, Chen et al. 37 and Farrukh
et al. 8, propose that the triplet state acts as a relay state, making available the energies of
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Figure 3.7 — Schematic of the excitation mechanism involving a one-electron process for an isolated single molecule
and symmetric position of the HOMO and LUMO with respect to the Fermi level (Au(111) substrate) at large negative
sample voltage where resonance tunneling happens through the HOMO—1.

two consecutive tunneling electrons, thus leading to up-conversion. Thereby, the S; state
can be excited, although the energy conservation does not allow direct S; excitation. In
the following, a study of UCEL from PtPc atop NaCl on Au(111) is presented using STML
and, distinctly, HBT-STM enabled correlation measurements. Guided by these results, Olle
Gunnarsson suggested a framework that describes the emission and lower efficiency for S;
emission at +V > Eg . The key arguments are presented in the following section. Addi-
tionally, the implications of energy level alignment for the observed UCEL intensities are
discussed, and a new mechanism is proposed which captures these details.

3.4 Spin-triplet mediated up-conversion electroluminescence

In a recent work, Chen et al.®” studied UCEL from an isolated H,Pc atop NaCl on Ag(100)
ruling out a range of previously assigned mechanisms. An intermediate relay state must
be invoked to explain the capture of multiples of the electron energy. Observation of UCEL
from a single molecule rules out the intermolecular triplet-triplet annihilation'*>'4°. Since
the emission is observed at low currents in the picoampere range, which is at least two orders
of magnitude lower than up-conversion in metallic tunneling junctions, also up-conversion

97,220 cannot be the dominating excitation mechanism. Based

due to co-tunneling of carriers
on the observation that S; emission sets in at the energy of the T; state and a quadratic
current dependence of the emission intensity, Chen et al. ®” suggest that it is the spin-triplet
state that acts as the relay state for up-conversion.

The mechanism involves a two-step process. First, the electron is excited into the T;
state via energy transfer from inelastic scattering (IES). Next, the metastable T; state can
be promoted to the S; state by a similar energy transfer, resulting in the formation of the

excited singlet state of the neutral molecule. The mechanism can be summarized as

IES 1IES
|N> SO) - |N, Tl) - |N, Sl) - |NJ SO)

Alternatively, the metastable T; state could now lead to the decay of the cationic doublet state
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|N—1, D) as described in fig. 3.6B. The doublet state enables the next electron injection to
occur directly into the LUMO, forming the singlet excited state of the neutral molecule |N,
S;), and leading to S; emission. This mechanism can be summarized as

S
IN, So) = |N, T;) = [N—1,Dg) = |N, S1) = |N, So)

Theoretical simulations show that the latter process, involving inelastic excitation and
two sequential carrier injections, is ~ 16 times more efficient than the former process, involv-
ing two inelastic excitation steps®’. However, no experimental evidence for the dominance
of the latter process has been reported.

The physical difference between the two excitation mechanisms proposed for UCEL is
that the state |N—1, D) is only realized in the mechanism involving sequential carrier in-
jection steps. The formation of such an intermediate charged state exhibits antibunching in
the intensity correlation measurements using HBT-STM’?. Suppose the time constant for
creating the doublet state followed by an electron capture process is larger than the time-
resolution of the correlation measurement setup. In that case, the resulting photon emission
will be detected one at a time. Given that, the observation of antibunching for UCEL may
suggest carrier injection rather than two inelastic scattering or energy transfer events as the

leading mechanism.

For an Ag(111) substrate, the energy alignment of the orbitals is asymmetric in favor
of emission by charge extraction out of the HOMO, and UCEL is observed only at negative
voltages. Using symmetric energy alignment of the orbitals enabled by an Au(111) substrate,
we obtain UCEL at both voltage polarities for PtPc atop 2 ML NaCl. Such a study allows
scrutiny of the proposed mechanism over a wide range of experimental conditions. HBT-
STM measurements under UCEL conditions provide evidence for the dominance of a carrier
injection process over the one requiring two IES events (see fig. 3.10).

For the mechanism proposed in the literature, excitation to the T; state via a spin-flip of
the electron in HOMO of the ground state is essential. Chen et al. suggest that IES enables
both the electronic excitation and the change in spin-multiplicity necessary for the proposed
mechanism. Earlier inelastic electron tunneling spectroscopy (IETS) studies of molecular
layers in a metal-insulator-metal tunneling junction have observed triplet excitation of H,Pc
but only for very high currents in the range of few mA 221222, Moreover, spin-orbit coupling
(SOC) could also provide the required spin-flip. The low currents employed in the single
molecule study®”>® (in pA range) and a very small SOC for the molecules used '°?, suggests
a very low efficiency for either of these spin-flip mechanisms. We propose a modified mech-
anism for UCEL (see fig. 3.11) invoking a fourth-order perturbation argument that allows
spontaneous carrier extraction from HOMO to the tip (at negative voltages), eliminating the
need for spin-flip.
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Bipolar up-conversion electroluminescence

Figure 3.8 outlines the observation of UCEL for PtPc atop 2 ML NaCl on Au(111) using STML.
An overview topography image is shown in fig. 3.8A. Both H,Pc and PtPc molecules are
found on the same NaCl island physisorbed at slightly different locations of the Au(111) her-
ringbone reconstruction. As discussed in section 3.1, the different local nano-environment
affects the energy of the orbitals (fig. 3.8B) and leads to observation of both unipolar and
bipolar UCEL (fig. 3.8C). The STML spectra at the voltage V = —1.84 V evidences that the
electron energy is indeed smaller than the observed S; emission energy. The dashed lines
mark the quantum cutoff energy given by the applied voltage, and S; emission from PtPc
(at 1.95 eV) is clearly observed. For the PtPc molecule marked by a blue dot, S; emission is
still observed at sample voltages of —1.52 V and +1.6 V. However, S; emission is observed
only at positive voltage polarity > 1.67 V for the molecule marked by a green dot. Chen
et al.®” showed that S; emission sets in at the energy of T; emission Er,, in line with the
conclusion that the T, state acts as a relay state. However, in our experiments, S; emission
could not be observed at voltages below the ones reported in fig. 3.8C. Note that for the
two PtPc molecules atop NaCl on Au(111), the HOMOs are at —1.3 V (green) and —1.6 V
(blue), whereas, for the H,Pc molecule atop NaCl on Ag(100), the HOMO is at —2.45 V. The
reduced intensity of UCEL atop NaCl on Au(111) as compared to Ag(111) may be due to an
upward shift of molecular orbitals based on the UCEL mechanism discussed later.

Based on previous studies”%””

, emission from the cationic state is expected at negative
voltages for a Au(111) substrate. However, for the PtPc molecule studied here, no electroflu-
orochromism is observed at voltages up to —2.7 V (fig. 3.8D). This observation suggests that
the molecule is not charged at negative voltages, and the analysis of the UCEL mechanism
is free of any contribution from a cationic state of the molecule. The top (black) STML spec-
trum shown in fig. 3.8D exhibits emission lines corresponding to both a neutral (X°) and a
cationic state (X*) of PtPc atop 3 ML NaCl on Ag(111). Here, proximity to a vacancy in NaCl
lifts the degeneracy of LUMO and LUMO+1 and leads to formation of a charged state. The
emission line corresponding to X* is at 1.38 eV for PtPc, close to the X* emission observed
for HyPc at 1.40 eV. The low quantum efficiency of the CCD detector at energies around 1.4
eV (less than 2%) makes it hard to probe the X" emission for PtPc atop NaCl on Au(111)
hard. In the voltage range relevant for UCEL —1.95 V> V > 1.95V, electrofluorochromism
is not significant, and thus its role in UCEL is not considered in the following discussion.

The high stability of PtPc atop NaCl on Au(111) enables electronic characterization of
the S; emission at comparatively high tunneling currents (nA range). Figure 3.8E shows a
constant height dI/dV measurement for PtPc in the voltage range from 1 V to 2.4 V. The dI/
dV spectrum exhibits the expected LUMO/LUMO+1 and LUMO+2 peaks at 1.7 V and 2.4
V, respectively. An additional peak at 1.16 V is observed, which cannot be easily assigned.
For an additional inelastic electronic excitation channel, an increase in conduction of a few
percent at the energy of the state (T; ~ 1.27 eV) is expected >*>. However, it should result in
a step and not a peak in the dI/dV spectrum (or a peak in the d2I/dV? spectrum). Expectedly,
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Figure 3.8 — Bipolar UCEL on single phthalocyanine molecules. (A) STM topography image of the overview area showing
PtPc and H,Pc molecules atop 2 ML NaCl on Au(111) (set point: | = 800 fA,V = —1.8V, scale bar: 5 nm). Thered, blue,
and green dots color-code the position of measurements in panel B-D. (B) dI/dV spectra (set point: | = 5pA,V = —2.3V,
Vimod = 20 mV). (C) STML spectra obtained on the PtPc molecules exhibiting UCEL at either sample voltage polarity (set
point: | = 80 pA, top to bottom: t = 5, 10, 5, and 3 mins). The dotted lines indicate the energy cutoff of the tunneling
electrons given by the applied sample voltage. (D) STML spectra showing emission lines for the neutral (X°) and cationic
(X™) state of the molecule. The gray spectrum (top) shows the emission line of the cationic PtPc molecule atop NaCl on
Ag(111) (set point: 1 = 60 pA,V=—2.7V,t = 60 s). (E) Voltage dependence of dI/dV, current, and S, intensity (set
point: | = 4 nA,V = 2.5V). Inset. d?1/dV? curve obtained from numerical derivation of the dI/dV spectrum. The black
dashed lines mark the energies of T, and S;.

A PtPc/NaCl/Au(111), V=-1.7V B PtPc/NaCl/Au(111), V=+1.8V

25 — f
- 4 —
‘v 20 - |2_. |2_.
@
E |3
8 15—
k<]
E -
S 10 2
‘B
g 1 —
E 57
0 [ B — 0 T T T
0 200 400 600 800 1000 O 50 100 150 200
current (pA) current (pA)

Figure 3.9 — Current dependence of the up-converted S; emission intensity (spectrally filtered) for a single PtPc
molecule atop 2 ML NaCl on Au(111) at negative (left) and positive (right) sample voltage (t = 50 ms). The black solid
line is a guide to the eye for intensity scaling quadratically with tunneling current.
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for an isolated perylene tetracarboxylic di-imide (PTCDI) molecular layer, a peak in d2I/dV?
spectra has been reported at ~ 1.1 V. The peak energy exhibits a shift from the observed T,
emission at 1.24 eV, surprisingly similar to the energy mismatch observed between the peak
in dI/dV at 1.16 V and T, emission for a single PtPc molecule. In conclusion, the appearance
of the peak, which could not be rationalized, necessitates a more precise characterization
to clarify this observation. The simultaneously recorded S; emission intensity turns on at
~ 1.5V, clearly exhibiting UCEL.

Characterization of the current dependence of the S; emission for UCEL, shown in fig.
3.9, exhibits the expected quadratic dependence corresponding to two sequential carrier
injection steps. Extending this measurement to currents of a few hundred picoamperes re-
veals saturation, followed by quenching, of the up-converted S; emission (fig. 3.9A). At
these currents, the decreasing electron injection interval competes with the time scale of the
up-conversion process. Additionally, the change in tip-sample distance results in a stronger
plasmonic enhancement leading to deviations from the quadratic dependence.

HBT-STM at UCEL conditions

As discussed earlier in this section, the S; intensity autocorrelation provides additional evi-
dence for the dominance of a carrier injection mechanism for UCEL in single-molecule STML.
The basic principle of HBT-STM is described in section 1.3. A schematic of the experimen-
tal setup is shown in fig. 3.10A. The light emission from the tunneling junction is passed
through bandpass filters (637+7 nm) before it is focused on the SPADs. The filters substan-
tially reduce the plasmonic emission, but its remaining contribution adds a constant offset
in the correlation measurement.

Figure 3.10B shows second-order correlation measurements for a voltage V= 2.2 V and
tunneling currents 120 pA, 250 pA, and 400 pA (bottom to top). Antibunching dips at zero
time delay exhibit g (0) < 0.5, indicating single-photon emission?**. The measurements
qualitatively reproduce the findings of single-photon emission at negative voltages from sin-
gle ZnPc molecules in STML reported by Zhang et al.”®. As shown schematically in fig. 3.6,
the S; excitation mechanism at both voltage polarities is qualitatively identical. The time
constant, obtained from fitting exponential functions, decreases with increasing tunneling
current. The time constant T = 0.77 ns at =120 pA, V=2.2 V is similar to the one reported
by Zhang et al. at the same tunneling current but at V.= —2.5 V indicating that the excitation
mechanisms at both voltage polarities (discussed in fig. 3.6) are qualitatively similar. Out
of the different steps in the excitation mechanism, only the doublet state (fig. 3.6B) may
introduce a time constant in the range of 2 ns. For the emission mechanism illustrated in fig.
3.5, the time constant of the doublet state 7, is estimated by

1 1\
Tresw(___) > (31)

T e

where 7 is the time constant obtained from the g®* (A7) measurement, I is the tunneling
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current, and e is the elementary charge. The estimated 7, for the tunneling currents used in
the correlation measurements (shown in fig. 3.10B) are summarized in Table 3.2. Absence
of an antibunching dip in g*(A7) measurements for STM-PL?® which does not involve a
transiently charged state suggests that the exciton lifetime is shorter than the time-resolution
of the HBT setup (& 50 ps).

A second-order correlation measurement under UCEL conditions, V=1.85 V, at a volt-
age ~ 100 meV lower than the S; emission energy, exhibiting g*(0) < 0.5 is shown in fig.
3.10C. A small tunneling current I = 30 pA is used for this measurement to rule out any
contributions from competing mechanisms that lead to intensity saturation at higher tunnel-
ing currents (fig. 3.9B). Given the quadratic dependence of emission intensity on tunneling
current and the low intensity (~ 3000 photons s™!), a long integration time (up to 6 h) is
necessary to obtain a good signal-to-noise ratio in g*(A ). The piezo drift over a few hours
is compensated by employing atom tracking atop a LUMO lobe similar to the experiments
presented in section 3.1. Due to the smaller tip-sample distance for UCEL (V < E;yvo), the
plasmonic contribution is significant, and thus, filtering the S; line becomes crucial. Observ-
ing an apparent antibunching dip in UCEL confirms that the carrier injection mechanism is
the dominant mechanism. This finding is considered for the UCEL mechanism proposed in
the next section.

Even though a comparatively small tunneling current /=30 pA (average time interval
between tunneling electrons ~ 5.3 ns) is employed, the time constant obtained for UCEL
(exponential fitting) is similar to that obtained for tunneling currents more than an order
of magnitude larger for conventional STM-EL. Using equation 3.1, a residence time of ~
0.3 ns is obtained for the doublet state, which is an order of magnitude shorter than the one
obtained for conventional STM-EL (~ 2 ns). This can be explained by the reduced tip-sample
distance for tunneling conditions used for UCEL (V < Eg ) as compared to conventional STM-
EL (V > Eg ). For voltages in the HOMO-LUMO gap, the tip-sample distance is reduced by at
least 2 A at the same current, as estimated from the z-height values in constant current dI/dV
measurements. Besides a larger plasmonic enhancement, the reduced tip-sample distance
also increases the tip-induced electric field. This may alter the residence time of the doublet
state formed prior to exciton formation in the UCEL process discussed in section 3.4.

This observation is supported by constant height light emission efficiency maps for the
PtPc molecule employing sample voltages smaller (fig. 3.10D-F) and larger (fig. 3.10G-I)

Table 3.2 — Residence time of the doublet state 7, as given by equation 3.1, for the time constant T obtained from
second order correlation measurements, and the tunneling current I.

I (nA) 7 (ns) T (DS)

0.12 0.77 1.89
0.25 0.49 2.08
0.40 0.33 1.89
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Figure 3.10 — Excitation mechanism for UCEL. (A) Schematic of the HBT-STM setup used for correlation measure-
ments of filtered excitonic light. The SPAD1 acts as timer-start and SPAD2 as timer-stop for TCSPC. (B) Second-order
correlation function g(z)(AT) (pink) measured for the currents indicated (V = 2.2V, t = 15 mins). The curves are ver-
tically shifted for clarity. Blue solid lines are exponential fits to the data. The values of time constants (7) and g(z)(O)
are obtained from the corresponding fits. The blue dashed lines mark g@(0) = 0.5. (C) g?(AT) (yellow) measured
for UCEL (V= 1.85V,t =6 h). (D, E, G, H) Constant-height STM tunneling current and light intensity map of a PtPc
molecule atop 2 ML NaCl on Au(111) at V=1.85V and 2.05 V, respectively (set point: I=15 pA, V=1.85V; atop LUMO
lobe of the molecule, size: 3.2 X 3.2 nm?). (F, ) Emission efficiency map calculated by dividing intensity by current.
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than the S; energy. The tip-sample gap is fixed for both sample voltages, defined by the set
point: I =15 pA, V= 1.85V atop the highest point of the LUMO lobe. The tunneling current
map of the molecule represents the symmetry of the degenerate LUMO/LUMO+1 structure
and rises from 15 pA for a voltage corresponding to UCEL (1.85 V) to ~ 75 pA at 2.05 V.
The high-resolution reveals that the S; intensity exhibits the same spatial distribution as the
LUMO due to carrier injection into the orbital resulting in S; excitation (see fig. 3.6). The
extreme confinement of the plasmon in the tip-sample cavity, the lower residence time of the
doublet state, and atomically resolved carrier injection result in the high spatial resolution
of the molecular fluorescence. A detailed discussion of hyper-resolved fluorescence can be
found in the PhD thesis of Benjamin Doppagne ?%°.

The emission efficiency is obtained by dividing the S; intensity by the current. Figure
3.10F and I show efficiency maps for sample voltages corresponding to both UCEL and con-
ventional STM-EL at V > Eg exhibiting a higher efficiency for UCEL at tunneling currents
up to 75 pA. The saturation of the UCEL intensity above 100 pA suggests that a reversal of
efficiency for the two cases is expected for high currents.

Mechanism for UCEL

The experimental findings for UCEL for PtPc atop NaCl on Au(111) (bipolar UCEL) can be
rationalized by the mechanism discussed in the following. Since up-conversion involves
electronic excitation from carriers tunneling through the HOMO-LUMO gap, the gap states,
discussed in section 2.2, play an essential role in the S; intensities observed. For a com-
paratively inefficient process (quadratic instead of linear), the slight increase in tunneling
probability through the HOMO-LUMO gap can considerably modify the observed UCEL in-
tensities. A preliminary tight-binding simulation of the up-conversion for PtPc atop NaCl
on Au(111) (symmetric alignment) suggests that for a voltage V < Eg,, a tenfold increase
in UCEL intensity is expected for an energy Eyomo < —1.95 V (S; energy) compared to
Enomo = —1.3 V. A further lowering of the orbital energy does not change the observed
intensity considerably. The energy Ejymo = 1.7 V is favorable for UCEL due to an enhanced
tunneling probability at positive voltage, and thus, a larger intensity is expected. Experimen-
tally obtained UCEL spectra reported in fig. 3.8C reproduce exactly these predictions. For
the PtPc molecule marked with a green dot (Eyopo = —1.3 V and Ejyo = 1.9 V), no UCEL
is obtained at negative voltages. In contrast, at positive voltage (|Eg| < Eg,) a clear peak cor-
responding to the S; emission emerges. The second PtPc molecule, marked with a blue dot,
exhibits slightly lower energy of the orbitals Eyoyo = —1.5 V and Ejyyo = 1.7 V. Even for
such a minor shift in orbital energies, a significant increase of in-gap tunneling current leads
to an increased intensity for UCEL. The simulations thus suggest that for H,Pc atop NaCl on
Ag(100), Eyomo = —2.45 V37, much larger UCEL intensities are expected. The observation
of UCEL down to the T; energy thus becomes more plausible for Ag(100) as substrate. These
arguments demonstrate that tunneling through the HOMO-LUMO gap indeed plays a vital
role for UCEL and manifests itself in increased emission intensity as the molecular levels are
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Figure 3.11 — UCEL mechanism. (A-F) Schematic of proposed mechanism for UCEL involving a two-electron process
for an isolated molecule at negative sample voltage V < Eg, showing that sequential carrier injection leading to excita-
tion of the singlet state. Perturbation theory requires energy conservation for the initial A and final F state but not for
intermediate B-E states. (G) Labels for different energy states used in the text. E; and Eg are energies of the tip and
sample states occupied by the electron. Electrons in tip and the holes in the sample are at some finite energy above Eg;

and below E g, respectively.

shifted in the direction of the applied voltage (lower in energy for the negative voltage and
higher in energy for positive voltage).

Next, a mechanism that rationalizes the quadratic power-law dependence of the UCEL
intensity with respect to the tunneling current is discussed. Figure 3.11 shows a schematic
illustration of the mechanism for asymmetric energy alignment of the molecular orbitals.
The energies of different states used in the following discussion are labeled in fig. 3.11G.
Eg, and Er, are singlet and triplet energy levels, and Eg and Er are electron states in the
sample and the tip. The different processes in perturbation theory for PtPc atop NaCl on
Ag(111) at the voltage —V are described in the following. The energy of the state described
in fig. 3.11A is defined as zero. In the first step an electron tunnels from PtPc HOMO to the
tip (fig. 3.11B). A spontaneous electron extraction by the tip violates energy conservation
but is allowed in a fourth-order perturbation consideration. Next, the doublet spin state of
the cationic charge state of the molecule |N—1, D) is formed with energy: —Eyomo + V+Er
(fig. 3.11B). The generation of the doublet state enables tunneling of an electron from the
substrate to the LUMO leading to the formation of the triplet state of the neutral molecule |
N, T;) with energy: Er, +V +Ep—Eg (fig. 3.11C). Again, the state |N-1, D) is formed for
which a second sequential electron injection from the substrate to the LUMO can occur (fig.
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Table 3.3 — Energy for different steps of the excitation mechanism described in fig. 3.11 for UCEL at negative sample
voltage (V = —1.5V). Energy of the triplet and singlet state are 1.27 eV and 1.95 eV, respectively. Eg and E;, and E; and
E; are energies of the sample and tip states, respectively. In both cases the energies are measured relative the Fermi
energies of the sample (Es = 0) and the tip (Er = V). Note that the energy of the neutral ground state [N, So) = 0.

Epomo  |N-1, Do) IN, Ty) IN-1, Dy) IN, Sy1)

—~13  —02+E; —023—Eg+Er —17—Eg+Er+E, —1.05—Eg—E}+Ep+E;
-15 Er —0.23—Eg+Er —1.5—Eg+Er+E, —1.05—Eg—E}+Er+E"
—2.45 0.95+Er —0.23—Eg+E; —0.55—Eg+Er+E; —1.05—Eg—E;+Ep+E;

3.11D). The energy of this state is —Es—Eyowno +2V+Er +Er, where Et and E. correspond to
tip states with different energies. Finally, an electron hops from the substrate to the LUMO.
Together with the hole in the HOMO, it forms an exciton of the neutral molecule with the
energy S, (fig. 3.11E). The energy of this state is —Eg — Eg + 2V + Ey + E}. + Eg . The energy
estimates discussed above are presented in Table 3.3 for an applied voltage V = —1.5V
and three different energy positions of HOMO: at —1.3 V and —1.5 V for PtPc atop NaCl on
Au(111), and at —2.45 V for H,Pc atop NaCl on Ag(100).

Energy conservation only comes in at the final state of the excitation mechanism and
requires that —Eg—Eg +Ey +Er = 1.05 €V. Then, for —Eg > 0 (Egg = 0), —Eg +Er +E} < 1.05
eV. In a time-dependent perturbation theory of UCEL, the energies in the second to fourth
columns of Table 3.3 enter in the energy denominators. Given that, the energy of the state |
N—1, D) plays an important role. As the absolute value of this energy is reduced, the UCEL
rapidly increases in intensity. Perturbation theory breaks down when the energy denomina-
tor is minimal, while a nonperturbative treatment shows how UCEL keeps increasing but is
finite. For Eyopmo = —1.3 Vand —1.5V, the first two cases shown in Table 3.3, the energy of
the doublet state is smaller than zero, which implies that the probability of singlet formation
is greatly reduced. This explains the low UCEL intensities for PtPc atop NaCl on Au(111) at
negative voltages. However, for Eyonmo < —1.95 'V, the energy denominator can vanish, and
UCEL becomes prominent. This establishes why the UCEL for H,Pc on Ag(100) is strong
for negative voltages. Invoking electron-hole symmetry for the mechanism described above
would suggest a large UCEL at positive voltages for Ejymo ~ 1.95 V. The amplitude for UCEL
is proportional to Viz, since it involves the hopping of two electrons from the molecule to
the tip. Here Wyt is the hopping matrix element from the molecule to the tip. The photon
emission probability is then proportional to Vl\‘}IT. The current is determined by processes
of the type shown in the top three panels of fig. 3.11, except that the substrate electron in
fig. 3.11C tunnels into the HOMO instead of the LUMO. This results in the current being
proportional to Vi2... As the tip is moved towards the surface and Vy;r grows, the UCEL then
grows quadratically with the current.

The mechanism involving a small perturbation enabling carrier injection from the molecule
to the tip reconciles the vast differences in emission intensity and voltage onset observed for
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UCEL from PtPc atop NaCl on Au versus Ag. The importance of energetically lower-lying
molecular orbitals discussed in section 2.2 may be expected to introduce an asymmetry in
UCEL intensities for positive and negative voltages. Moreover, two sequential carrier injec-
tion steps explain the quadratic dependence of UCEL intensity on current. We had earlier re-
ported that the current dependence of S; emission at voltage V = 2.5 V also shows a quadratic
power-law dependence (fig. 3.3G). The competition between large UCEL intensities and low
efficiency of conventional STM-EL observed at low positive voltage could potentially lead to
the observed quadratic dependence at V> Eg, .

Conclusion

A wide range of emission phenomena, from bipolar electroluminescence to UCEL, is observed
for STML of PtPc atop a few ML NaCl on Au(111). Significant work function variations due
to the morphology of the substrate allow shifting the energies of molecular orbitals on the
order of a few hundred meV, which qualitatively alter the excitation properties of PtPc elec-
troluminescence. The rich molecular emission phenomena corresponding to different energy
alignments of the orbitals are characterized using STML and rationalized by theory. The pre-
cise optoelectronic characterization enabled by STML and HBT-STM allows for rationalizing
different emission efficiencies for unipolar and bipolar STML and UCEL based on different
excitation mechanisms. Especially for UCEL, the proposed mechanism captures almost all
aspects of the emission and significantly furthers the understanding of spin-triplet mediated
energy up-conversion. Some of the proposed tunneling mechanisms in this chapter invoked
electron-hole symmetry. This symmetry is broken due to the influence of the NaCl buffer. A
deeper theoretical analysis is required to understand its consequences. Nevertheless, argu-
ments based on electron-hole symmetry appear to be reasonable. The insights gained from
single-molecule STML studies are crucial for the future design of novel molecular optoelec-
tronic devices. The findings of this chapter could, in principle, be applied to manipulate
the efficiencies and energy management of existing molecular emitters by controlling their
nano-environment.
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The experimental work presented in this Chapter was performed in collaboration with Prof. Yousoo Kim at
Surface and Interface Science Laboratory (R S HEHEIFSEE), RIKEN (B{LEIFSEAT), Japan

Single molecule phosphorescence and
intersystem crossing

This chapter reports on the observation of phosphorescence from a single PtPc molecule cou-
pled to the nanocavity plasmon. The T; state can be excited by direct charge injection and

intersystem crossing from the S; state. Using a recently developed resonant STM-PL>°,

we
selectively excite the S; state and observe phosphorescence. Since the T, state can only be
excited through ISC in this case, the observation of phosphorescence evidences that obser-
vation of ISC at the single-molecule level is possible. The effect of X-P (exciton-plasmon)
coupling on phosphorescence is probed using the ability to precisely position the STM tip.
Even though resonant excitation of the S; state in STM-PL does not allow for studying the
fluorescence of PtPc, the high intensities obtained for vibronic peaks allow their spatial map-
ping. The theoretical simulation of the emission using quantum master equation methods
combined with first-principle calculations based on DFT and TD-DFT calculations help ratio-
nalize the experimental results'. The details of the theoretical methods are briefly discussed

alongside the experimental discussion.

4.1 Fluorescence and phosphorescence from a single molecule

Even though most phthalocyanines exhibit phosphorescence in the near infrared range '2%-22

its detection, and thus, characterization at a single molecule level has remained a chal-
lenge 2>, Recently, Kimura et al.?! reported selective T; emission in a charged 3,4,9,10-
perylenetetra-carboxylicdianhydride (PTCDA) molecule. Owing to the exchange interaction
in the charged molecule, electron extraction from the molecule is spin-selective, which leads
to a formation of excitons corresponding to the T; state. Their findings inspire a deeper
STML investigation of the emission mechanism in prototypical phosphors.

!The theoretical calculations were performed by Asst. Prof. Kuniyuki Miwa, Institute for Molecular Science (7
FRIZEBTZ2AT), National Institutes of Natural Sciences ([ ZARIZERTFZHEHE), Japan.
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Due to the heavy atom effect of the central Pt metal atom (Z = 78), PtPc exhibits
stronger SOC!°%?27:228 than other metallophthalocyanines studied by STML °6:68,69,229,230,
In addition, the paramagnetic nature of the Pt atom leads to an increase in radiative and

159 In

non-radiative rates, thus, boosting phosphorescence and total luminescence yields
line with theoretical expectations, previous experimental work on PtPc molecules in solu-
tions 12159231 " embedded in Shpol’skii matrix'*%!3! and OLEDs??°, and their molecular

crystals 232233

show comparatively higher phosphorescence yields with respect to other met-
allophthalocyanines. Temperature dependence of the phosphorescence quantum efficiencies
has been reported?**. The quantum efficiency of phosphorescence drops by two orders of
magnitude with decreasing temperature (~ 10~! at 80 K to ~ 1072 at 4.5 K when normal-
ized to efficiency at room temperature), which presents a challenge for single-molecule STML
studies at 4.3 K. Moreover, in STML the picture can be considerably different from earlier
studies due to the strong interaction with the underlying substrate as shown in section 2.2
or due to the different coupling strengths of the singlet and triplet excitons to the nanocavity
plasmon modes. A brief description of the system and a detailed analysis of the STML signal

is given below.

Description of PtPc atop 4 ML NaCl on Ag(111)

A single PtPc molecule adsorbed atop 4 ML thin NaCl island on Ag(111) surface is used as
the system for this study. Figure 4.1A shows a large scale 40 x 10 nm? STM topography
image. The 4 ML thickness of the NaCl is verified by the step height of the island 589.4+0.6
pm at sample voltage V = 1 V as determined by fitting a sigmoid function to the linecut
presented in fig. 4.1B. The reported error is the standard deviation obtained from the fit.
The measured layer thickness of the NaCl is in line with previous reports %44,

The dI/dV spectrum shown in fig. 4.1C exhibits the HOMO and LUMO orbitals with
onsets corresponding to the energy positions —2.3 V and 0.8 V, respectively. The apparent
electronic transport gap of ~ 3.1 eV is in agreement with other studies on few ML NaCl on
Ag(100)°® and theoretical simulations (gray curve in fig. 4.1C). The details of the spatial
characteristics of the molecular orbitals are presented in section 3.1.

Theoretical simulations are performed using a Hubbard nonequilibrium Green’s function
(NEGF) to describe the transport and optical response of the single PtPc molecule atop NaCl
on Ag(111) in proximity to a plasmonic tip. The details of the model can be found in an
article by Miwa et al. '°. Molecular many-body states calculated by DFT for the equilibrium
isolated molecule are utilized in the Hubbard NEGF calculations as a basis set.

STM-induced electroluminescence of a single phosphor

The previous chapter discussed tunneling current-induced fluorescence from a single isolated
PtPc molecule. For molecular emission induced by charge injection, either of the singlet or
triplet states can be directly excited depending on the electron spin (see schematic in fig.
4.2A). For a negative sample voltage that allows for an energy alignment of the tip Fermi level
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Figure 4.1 — STM characterization of PtPc atop 4 ML NaCl on Ag(111). (A) Overview topography image of one PtPc
molecule atop4 MLNaClon Ag(111) surface (set point: | = 3pA,V = 1V).(B) Linecut profile along the dashed white line
in(A). (C) Experimental dI/dV spectrum (black) showing the transport gap, and theoretical simulation (gray) showing the
position of orbitals used for further calculations of an isolated PtPc molecule. The experimental spectrum is obtained
for tip position at the center of the molecule (set point: | = 10 pA,V = 1V).

with the HOMO, depending on the spin of the electron extracted (see (1) in fig. 4.2B), and the
spin injected from the sample side to the LUMO (see (2) in fig. 4.2B), they form either a spin
singlet or triplet state. Unlike optical excitation where absorption by the T; state is forbidden,
for electronic excitations spin statistics implies that the S; and T; states are formedina1l:3
ratio. However, as illustrated in fig. 4.2B, not only the spin multiplicity but also the different
potential barrier for injection into the two states has to be accounted for. The higher potential
barrier for charge injection into the triplet state implies that the T; emission intensity would
be suppressed in favor of S;. Figure 4.2C shows a typical STM-EL spectrum obtained for a
sample voltage of -2.6 V with the tip placed atop the HOMO lobe of the molecule (gray dot
marked in the inset showing STM topography image). The sharp emission lines between
1.95 eV and 1.7 eV are assigned to the electronic transition of fluorescence (S;—S;) and the
corresponding vibronic satellites based on gas-phase calculations and Raman spectroscopy of
PtPc powder samples (discussed in more detail in section 4.1 and 4.4, respectively). Here, it
is essential to note the large bandwidth of the plasmon employed in the experiment (gray plot
in fig. 4.2C). Given that plasmonic enhancement in the tip-sample gap is central to higher
intensities observed for molecular emission (see fig. 1.5), the energy overlap between the
plasmon mode and the excitons is necessary for the observation of S; and T; emission.

The emission around 1.272 eV, not reported in the previous Chapter for PtPc atop NaCl
on Au(111), is assigned to the 0 — 0 transition of phosphorescence (T;—S). Prior spectro-

scopic studies on PtPc in form of a molecular crystal?>>*233 dissolved in solution '2%15%:234,

31 and as an emitter material in OLEDss?®

in Shpol’skif matrix' report phosphorescence
energies between 1.276 and 1.313 eV. The emission line is distinct from luminescence cor-
responding to the anionic species of the molecule (1.36 eV) reported by Farrukh et al.>®.
For a PtPc molecule adsorbed atop 3 ML NaCl on Ag(100), at positive sample voltages, they
observe luminescence from the anionic species. However, at negative sample voltages, only

the fluorescence from the neutral specie (at 1.95 eV) is observed, similar to the findings
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Figure 4.2 — STM-EL fluorescence and phosphorescence from a single PtPc molecule. (A) Schematic of the experiment
showing excitonic emission (S, and T, emission) from a molecule decoupled from the metal substrate. (B) Energy level
diagram showing the proposed mechanism for creation of S; and T, exciton (1) on removal of electron from the HOMO
followed by@ﬁlling of LUMO from the substrate. (C) Typical STM-EL spectrum of PtPc molecule (set point: | = 80 pA,
V =—2.6V,t = 60 s) using a tip where the nanocavity plasmon (shown in gray) spans the energy range from 2 eV to at
least 1.1eV (set point: | = 250 pA,V = —2.6V,t = 1s). The emission lines corresponding to the 0-O transition of the S,
(blue) and T, (red) are also indicated. A second spectrum shows a blow up of the T, spectrum with a longer integration
time (set point: | =80 pA,V = —2.6 V,t = 1200 s). The inset shows a STM topography image of the molecule shown
in overview image with tip position indicated (set point: | = 3 pA, V = —2.6 V, size: 3.5 x 3.5 nm?). The excitonic spec-
trum has been divided by the purely plasmonic spectrum, shown in gray, thus accounting for both spectral enhancement
variations and wavelength-dependent detector sensitivity.
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reported in Chapter 3.

The TD-DFT calculations substantiate the claim that the emission at 1.272 eV indeed
corresponds to phosphorescence. The energy estimates for S; and T; excitons are 2.02 eV
and 1.03 eV, respectively, are in fair agreement with the experiment.

The transition dipole moment pg g for the S; — S, transition is evaluated at the opti-
mized structure for the S; state and is obtained as 2.93 (a. u.). For the T; — S, transition,
wr,-s, = 0.069 (a. u.) was obtained at the optimized structure for the T; state. The flu-
orescence and phosphorescence rates are estimated using the formula k = 4/3h(w/c)?|u|?,
with fiw being the optical transition energy, i the reduced Planck constant, ¢ the speed of
light in vacuum, and p the transition dipole moment>*°. The rates kg _,s, =5 x 107 s™' and
KT, 58, = 5 X 10 s7! are utilized for the fluorescence and phosphorescence processes in the
gas phase, that are on the same order of magnitude as calculated with the values of ug g
and pr, g, reported above.

Based on the theoretically calculated transition dipole moments, the pr, g :bg s, in-
tensity ratio is ~ 1:40. Experimentally, in STM-EL, when accounting for both spectral en-
hancement variations and wavelength-dependent detector sensitivities, the T;:S; intensity
ratio is &~ 1:4 (see fig. 4.2C). The phosphorescence intensities observed are almost an order
of magnitude larger than the theoretical estimate, thus suggesting a much larger population
of the T; than that of the S; state.

Timescale of excited states from linewidth

Besides the emission energies of the excited states, another way to characterize the emission
is through the excited state lifetime, which can be estimated from the emission linewidth.
Phosphorescence requiring a change in spin multiplicity '3? typically exhibits a lifetime two
orders of magnitude longer than fluorescence '%1%°,

Figure 4.3 shows high energy resolution S; (left) and T; (right) emission spectra ob-
tained using a grating with 1200 grooves mm™!. The S; emission line exhibits an asymmetric
shape, requiring more than one Lorentzian peak to be fit accurately. Thus, the spectrum com-
prises several superimposed electronic transitions from vibrationally excited states rather
than only a 0-0 transition. Such a breakdown of Kasha’s rule is due to a large plasmonic
enhancement of radiative and non-radiative transition rates’%23%2%’  leading to comparable
electronic transition and vibrational relaxation rates. Nevertheless, a longer lifetime would
lead to a sharper line even if the linewidth is composed of several transitions. A longer
lifetime also allows vibrational relaxation to the lower-lying vibrational states and lead to a
sharper linewidth, even if there is no complete relaxation to the vibrational ground state.

On the other hand, the T; emission line is fit well by a single Lorentzian peak, suggesting
that the peak corresponds to the 0-0 transition of phosphorescence. As obtained from fitting
a Lorentzian line shape to the data, the full width at half maximum (FWHM) of the S;
emission is 3.25 meV and of the T; emission is 0.23 meV. The significantly sharper linewidth
of the peak at 1.272 eV further supports its assignment to the phosphorescence.
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Figure 4.3 — FWHM of the S; and T, emission peaks. Lorentzian line shape (centered at the gray lines) (black) fitting of
the S, (left) and T, (right) emission line. The grey lines mark the peak position of the Lorentzian line shape. Inset (right).
Blow up of the T, emission line showing intensity distribution in terms of energy shift from the peak position (1.272 eV)
as estimated from the fit (set point: | = 80 pA,V = —2.6 V,S;: t = 5min, T;: t = 50 min).

As shown in section 3.4, for PtPc adsorbed atop 3 ML NaCl on Au(111), a time constant
of ~ 300 ps is obtained in second-order correlation measurements. This time constant is
similar to previous HBT experiments on single ZnPc molecule’’. Using tip-enhanced pho-

toluminescence, Yang et al. °°

recently reported a linewidth of ~ 10 meV for ZnPc adsorbed
atop 3 ML NaCl on Ag(100). The linewidth suggests a lifetime on the order of tens of fem-
toseconds. Then, it is not surprising that using an HBT set up with a time resolution of ~ 80

ps, no antibunching dip is observed

. The single photon emission due to a finite exciton
lifetime is too fast to detect. A 532 nm (2.33 €V) laser is used in photoluminescence ex-
periments”®. This leads to excitation to a higher-lying excited state than the lowest singlet
excited state at ~ 1.89 eV. Given that Kasha’s rule does not hold in a plasmonic nanocavity,

it is plausible that the S; line reported by Yang et al. %

is composed of several transitions.
Thus, care has to be taken when STML spectra is evaluated to provide the lifetime of an
exciton.

Recent measurements from Imada et al. '°°

, who used a tunable laser to resonantly ex-
cite an H,Pc molecule to its lowest singlet excited state, find a much sharper linewidth of
0.5 meV for the S; excitation. The calculated lifetime (7 ~ 700 fs) is in reasonable agree-
ment with fluorescence lifetime studies of molecules in the proximity of plasmonic bow tie
nanoantennas '“’. The findings from Imada et al. '°° further substantiate the argument that
the time constant obtained for antibunching in single-molecule HBT-STM is related to the
lifetime of a different process, for example, an intermediate charged state prior to exciton

creation (see section 3.3).

It is important to note that the phenomenological difference between electronic- and
photo-excitation mechanisms is the transient charged state involved in the three-state model.
In this case, two opposite charges need to be injected into the molecule to observe radiative
decay (see section 3.3). In contrast, photoluminescence is a two-state process involving only
an excitation by photon absorption and radiative (or non-radiative) decay to the ground
state (for example, in photoluminescence from nitrogen-vacancy centers in diamond mem-
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brane'”?). Thus, the time constant reported in the previous chapter for PtPc atop 3 ML
NaCl on Au(111) of ~ 300 ps is most probably related to a transient charged state rather
than to the exciton lifetime. The understanding of lifetime measurements in STML is not
yet complete and thus commands further experimental and theoretical investigations.

Electronic characterization

The sample voltage and tunneling current dependencies of the fluorescence and phospho-
rescence allow an analysis of the exciton formation mechanism at the single-molecule level.
Figure 4.4 shows the S; (fig. 4.4A) and T, (fig. 4.4B) intensities when the tip is placed atop
the molecule (lobe) at constant current. For a sample voltage of —2.1 V, a purely plasmonic
spectrum is observed (lowest spectrum in fig. 4.4A). As the sample voltage is decreased to
—2.15 V and further, sharp peaks corresponding to the intrinsic molecular emission from the
S; (@t 1.95 eV) and T, (at 1.272 eV) state emerge simultaneously. The emission intensity
saturates for sample voltages lower than —2.5 V (not shown). The intensity corresponding
to the two transitions can be evaluated using Lorentzian peak fitting. A linear fit of the
emission efficiency (evaluated by normalizing the intensity with tunneling current and in-
tegration time) versus sample voltage (fig. 4.4C) indicates a voltage cutoff at ~ —2.15 V.
An empirical simulation of the luminescence intensity for parameters: coupling of the S;-S;
transition with plasmon = 5 meV and coupling of the S,-T; transition with plasmon = 50
ueV, show that both fluorescence and phosphorescence are predicted to occur for sample
voltages < —2.3 V (see fig. 4.4D). The estimate of the coupling strength for the S; transition
is in accordance with the value reported in a previous work?'?.

The cutoff voltages of the emission intensity for both experiment (~ —2.15V) and theory
(—2.3 V) match well with the sample voltage (~ —2.3 V) for which the tip Fermi energy is
aligned with the lower edge of the HOMO (see fig. 4.1C). This finding indicates that the
charge extraction from the HOMO is the first process in the excitation mechanism. Given
that the energy of the electron is larger than both S; and T; emission, both transitions set
on simultaneously (see section 3.3 for a detailed discussion of the excitation mechanism).
The different heights of the potential barrier for charge injection from the substrate into the
S; or T; state can also affect the relative emission intensities. As illustrated in fig. 4.4, the
generation of a triplet state requires an electron injection through a higher potential barrier
than the generation of a singlet state. This suggests that the energy alignment could be
changed to suppress the relative intensity of the lower energy triplet state in favor of the
higher energy singlet emission, providing an alternative path to tune the intensity of organic
emitters 23S,

Recording the fluorescence and phosphorescence intensity at a fixed sample voltage
while the tunneling current is increased, allows further analysis of the emission dynam-
ics. For higher currents, i.e., the shorter average time between tunneling events which may
quench the intrinsic emission, a reduced emission lifetime is expected®. With a fixed sample
voltage V = —2.6V, the tunneling current is increased from 1 to 100 pA (the tip moves closer
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Figure 4.4 — Voltage dependence of fluorescence and phosphorescence. (A) S; and (B) T, intensities for sample voltages
indicated (set point: | = 200 pA, t = 30 s). The plasmonic spectrum corresponding to sample voltage V=—2.1Vis
multiplied by a factor of 25 for visualization (t = 15s). (C) Sample voltage cut-off evaluated by linear fit of S, and T, peak
intensities obtained from Lorentzian peak fitting. (D) Theoretical simulation of S; and T, emission intensities using the
quantum master equation method to describe the transitions.

by ~ 2 A). For a current higher than 100 pA, spontaneous development of defects in the
NacCl layer or hopping of a PtPc molecule to the next Cl lattice site becomes highly probable.
This defines the upper limit in the current dependence measurement.

Experimentally, a path-switching mirror behind the spectrometer is used to direct the
light to an SPAD (Excelitas SPCM-AQRH). The TTL pulses corresponding to photon detection
events from the SPAD are counted using a multi-channel data acquisition device (National
Instruments). For voltage V =—2.6V, the observed spectrum is purely excitonic, as seen in
fig. 4.2C, with almost no plasmonic contribution. To filter the S; and T, light emission, a
grating with 1200 grooves mm™! centered at the emission energy of each transition is used.
Thus, the S; and T; intensities reported in fig. 4.5 are spectrally integrated over 610-660
nm and 950-1000 nm, respectively.

Both fluorescence and phosphorescence set on linearly as the current is increased. This
indicates that the excitation involves a one-electron process which is the electron extraction
from HOMO, as discussed above. The charge refilling to the LUMO happens from the sub-
strate side and thus, does not contribute to the tunneling current. The T; emission intensity
starts to become sub-linear at tunneling currents above ~ 40 pA as seen in fig. 4.5. A similar
behavior for S; emission intensity for defects in Cg films has been reported by Merino et
al.8°. They suggest that the sub-linear behavior arises when an exciton can get quenched

74



tunneling current (pA)
0 20 40 60 80 100
| | | |

o T

Figure 4.5 — Current dependence of fluores-
cence and phosphorescence at a fixed voltage
V=-—2.6 V.S, and T, peak intensities for cur-
rent range from 1 to 100 pA (S; : t = 200 ms,
T, :t=1s). The S, data is fit with 1> and
T, data is fit with the three-state model ®°. The
00 041 02 03 04 05 06 dashed gray line is a linear fit for data corre-
sponding to | range: 0-40 pA.

intensity (arb. units)

1t (ns)

by the subsequent tunneling charge. The sub-linear behavior setting on at ~ 40 pA would
suggest an excited state lifetime of ~ 4 ns. However, the lifetime estimate from T; linewidth
(FWHM: 0.23 meV) is ~ 3 ps. A deviation from strictly linear behavior would then start
at a higher current (~ 500 pA). The lower onset of the sub-linearity instead suggests an
increase in non-radiative decay rate as the tip approaches the molecule’’. For the current
range probed, the increase in non-radiative decay rate does not seem to affect the shorter
living S; state significantly.

4.2 Evidence for intersystem crossing in a single phosphor

Along with the direct electronic excitation of the T; state, ISC from the S; to the T, state
also contributes to the phosphorescence intensity. As mentioned earlier, the PtPc molecule
exhibits large SOC due to the heavy atom effect and thus, promotes ISC. However, using
STM-EL there is no direct way to obtain evidence for ISC at the single-molecule level or its
contribution to the phosphorescence intensity since direct charge injection to form a triplet
state and ISC cannot be decoupled.

To study the role of ISC in single-molecule phosphorescence a wavelength-tunable laser
is employed to resonantly excite the S; state, and the corresponding photoluminescence is
recorded. No direct charge excitation of T; is possible because, in dipole approximation, light
cannot induce a spin-flip. Figure 4.6 shows the experimental scheme used to illuminate the
STM junction with laser light. In the following, we discuss the details of the experimental
setup, the so-called 4-Goki, that enables resonant STM-PL.

The 4-Goki STM

The experimental setup consists of two branches, namely illumination, and detection. The
optical access to the tunneling junction is enabled by two optical lenses, L2 and L3, each
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covering a solid angle of ~ 0.5 sr, installed on the STM stage (see fig. 4.6).

Illumination — The laser light from a 637 nm, temperature-stabilized laser diode (Thorlabs,
Inc.), thermally tuned to 635.52 nm (fig. 4.7C) is used for excitation. The laser power
(1-2 uW) is feedback-controlled using a neutral density filter ND installed on a translation
stage. The laser light is then coupled to a polarization-maintaining single-mode fiber PM-
SMF (Thorlabs, Inc.). Next, a lens L1 collimates the beam, followed by spectral filtering
through a short-pass filter SPF (Semrock, Inc.). At this stage, the energy distribution of
the excitation line is monitored using a spectrometer (Acton Research IsoPlane-320 with
a grating with 1800 grooves mm™!) coupled with a liquid nitrogen-cooled CCD (Teledyne
Princeton Instruments Spec10) (not shown in fig. 4.6). A polarizer (P) and a half-wave
plate (1/2) define the beam’s polarization. In this work, a polarization along the tip axis
(p-polarization) is used to maximally utilize the tip enhancement?>°. Finally, the laser beam
enters the UHV chamber and is focused on the tip-sample nanocavity by lens L2.

Detection — The emitted light is collected and collimated by lens L3 and directed out of the
UHV chamber. A long-pass filter LPF (Semrock, Inc.) with the edge at 650 nm blocks the
scattered light from the excitation laser?. The beam is then focused onto a grating spectrom-
eter (Acton Research SpectraPro 2300i with gratings with 50, 300, and 1200 grooves mm™ )
and detected with a CCD (Teledyne Princeton Instruments PyLoN:100). A path switching
mirror directs the light towards a SPAD to record the emission intensity integrated over a
narrow wavelength range.

STM-induced resonant photoluminescence of a single phosphor

Figure 4.7A shows a schematic of the primary measurement principle for STM-PL. The inci-
dent laser excites the molecule, which radiatively decays back to its ground state. A long-
pass filter blocks the scattered laser light on the detection end, and only the STM-PL signal
reaches the detectors. The excitation laser line profile (635.52 nm) is shown in fig. 4.7C
(blue). The line exhibits a FWHM of ~ 50 peV which is at the resolution limit of the spec-
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Figure 4.6 — Schematic overview of the 4-Goki STM including the arrangement of optics components.

2The LPF was removed for STM-EL measurements.
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Figure 4.7 — STM-induced resonant photoluminescence. (A) Schematic depiction of the STM-PL principle. The inci-
dent laser is suppressed by long-pass filter LPF on the detection side. (B) STM topography image of the PtPc molecule
adsorbed atop 4 ML NaClon Ag(111) (set point: | = 3pA,V = —2.6 V). (C) Laser line (635.52 nm) used for photoexcita-
tion. STM-PL spectrum obtained at indicated distances from the center of the molecule depicted by the white dots with
colored rings (laser power: 1 uW, t = 605, grating: 300 grooves mm1). The dashed line marks the 650 nm edge of the
long-pass filter LPF. Inset. Zoom-in on the phosphorescence region of the STM-PL spectrum (set point: | = 3pA,V =1
V; laser power: 1 uW, t = 60 min, grating: 1200 grooves mm™2). Lorentzian fit of the T, line with FWHM indicated.
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trometer (68 x 68 mm? grating with 1800 grooves mm~')?*°, When the tip is placed ~ 5
nm away from the center of the molecule (brown ring in fig. 4.7B), almost no light emission
is observed (see fig. 4.7C). As the tip moves closer (gray ring), a series of vibronic peaks
corresponding to the PtPc molecule appears in the STM-PL spectrum. The peak positions
match almost perfectly the vibronic peaks observed for STM-EL measurements. A detailed
comparison of theoretical and experimentally obtained vibronic peaks is presented in sec-
tion 4.4. Even though both STM-PL and STM-EL spectra presented here are obtained for the
same molecule, the vibronic peaks in STM-PL are much sharper, allowing precise analysis
of the vibrational modes. Spatial mapping of these modes allows symmetry analysis of the

vibrations similar to TERS mapping in a picocavity ”>!>°

or by utilizing the resonance Raman
effect for a decoupled single molecule?*!. The findings of the vibrational mode mapping are
discussed in section 4.4.

In addition to the vibrational modes, a weak peak is observed at 1.264 eV. The peak is
assigned to the 0-0 transition of phosphorescence because of the reasons discussed earlier
in section 4.1. The inset in fig. 4.7C shows a blowup of the T; emission line with longer
integration time. The width of the 0-0 peak (0.21 meV) is comparable to the one obtained
for STM-EL (0.23 meV) and suggests similar lifetimes for the T; state upon excitation via
ISC and direct charge injection. The T; emission intensity for STM-PL, on the other hand,
is very different from the one obtained for STM-EL. Since the Sy—S; transition is used for
excitation, it leads to a strong background intensity at the S; line and must be suppressed
by a long-pass filter. Thus, the respective integrated photon intensity of the S; vibrational
progressions (1.9-1.75 eV) has to be used to normalize the T; line for both STM-EL and
STM-PL. Following this protocol, the T; intensity is about two orders of magnitude weaker
in STM-PL than in STM-EL.

Considering that only the lowest vibrational ground state of S; is excited in resonant
STM-PL, and no ISC can occur from the higher-lying vibrational states, the T; intensity in
STM-PL provides only a lower bound on the contribution of ISC in STM-EL. The excitation
using a plasmon with broad energy distribution (~ 0.8 eV) or with direct charge injection
at a sample voltage of —2.6 V implies that the excitation extends to energies well above
the S; energy. The ISC rate would be increased when occurring from vibrationally excited
states?4%?43 leading to a larger ISC contribution to T; emission intensity for STM-EL.

The observed T, : S; intensity ratio ~ 1 : 30 in STM-PL is in fair agreement with the
ratio of calculated transition dipole moment of the T; and S; state pr, g, : Mg, s, ~ 1 :
40. This finding suggests that the ISC rate is not significantly perturbed (in comparison to
radiative decay rates) upon absorption of PtPc atop NaCl or the proximity to the plasmonic
tip compared to PtPc in the gas-phase. The above inference is central to the discussion of
how X-P coupling can be used to control the T; intensity in section 4.3.

Besides a different excitation mode, photo- versus electronic excitation, different sample
voltages were used to stabilize the tip position using the feedback loop in the two measure-
ments, —2.6 V for STM-EL and 1 V for STM-PL. Figure 4.8 shows the T; emission spectra for
STM-EL (bottom) and STM-PL (top) spectra at the two sample voltages. For STM-EL the T;
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line is at 1.273 eV for a sample voltage of —2.6 V, whereas, for 1 V no T; emission is observed.
This is because, at 1V, neither the plasmon nor the charge injection through the LUMO has
enough energy to excite the molecule. Note that the tip is placed atop the molecule, on the
HOMO lobe, for the STM-EL measurement. For STM-PL, with the tip placed ~ 1.9 nm from
the center of the molecule, the T; line is at 1.272 eV for —2.6 V, identical to the T; energy
in STM-EL. In contrast, at 1 V, the T; line in STM-PL is redshifted to 1.264 eV (peak shift
~ 8 meV). Figure 4.9 shows extended STM-PL spectra obtained for voltages —2.6 V and 1 V.
The vibronic peak positions are identical, whereas the T; emission shows a considerable shift
(~ 8 meV), implying that sample voltage affects S; and T, differently. The redshift of the T;
peak at the sub-molecular length scale suggests that the STM tip applies a highly localized
electric field that shifts the quantum states in the nanocavity.

A similar peak shift in resonant STM-PL was observed by Imada et al. 1°° for the S; line
of H,Pc, although four times smaller in magnitude. Based on the dependence of the S; peak
energy on the sample voltage and the lateral distance from the molecule, they attributed the
shift to the Stark effect?#*. For constant voltage, as the tip is moved away from the molecule,
a combination of both Stark effect and X-P-coupling lead to a shift of the peak position?!”. A
similar redshift of the S; peak energy for STM-PL (532 nm laser) of ZnPc (S;: 655 nm) was
reported by Yang et al. °°. Spatially mapping the peak position at constant height roughly 2
A above the molecule, they observe a redshift by ~ 7 meV, which is quite close to the redshift
of the T, peak energy observed for PtPc. Rostawska et al. ?!? too reported a redshift of the
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Figure 4.9 — Extended STM-PL spectra at different voltage polarities. STM-PL spectra at sample voltage of —2.6 V
(top) and 1 V (bottom) showing vibronic peaks and T, emission line (laser power: 1uW, | = 3 pA, t = 5 min, grating:
300 grooves mm™1). The blowups (x 10) of T, emission line showing voltage dependent redshift. Inset (top left). STM
topography image of the molecule with gray dot marking the tip position (set point: | = 3pA,V = —2.6V,size: 3.5 X 3.5
nm?).

S, peak energy as the STM tip vertically approaches (z-height) an H,Pc molecule. For a
z-distance sweep of 300 pm, they report a redshift of ~ 5 meV, which they attribute to the
Stark effect due to the electrostatic field and the Lamb shift?4°.

The tip is stabilized at a different tip height in the constant current mode for different
voltages. This changes the X-P coupling and the effect of the tip-induced electric field on
the molecule underneath and thus leads to a peak shift as discussed above. The laser line
used for resonantly exciting the S; state has FWHM of 50 ueV. Given that, a peak shift
on the order of a few meV could potentially detune the resonant excitation and reduce the
observed emission intensities. As seen in fig. 4.8, an almost tenfold difference in T; intensity
is observed for the two voltages (—2.6 V and 1 V). For this reason, a sample voltage of 1 V
is used for measurements in this chapter. In contrast, the intensity of the vibronic modes is
almost identical for the two voltages (fig. 4.9), indicating that the laser line is comparatively
well aligned to the S; energy. These seemingly contradicting findings show that the effect
of X-P coupling and the Stark shift on the T; state and ISC are more involved. Further
experimental and theoretical considerations are thus needed to elucidate this observation.
The next section presents an analysis of this complex tip-molecule interaction (X-P coupling)
using STM-EL.
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4.3 Influence of exciton-plasmon coupling on phosphorescence
and intersystem crossing

The ability to precisely position the STM tip with respect to the molecular transition dipole
axes allows investigation of X-P interaction and addressing the question how it affects differ-
ent emission processes’'~’2. In the previous section, the tip acted as a highly localized source
of perturbation for the electronic states due to the Stark, Lamb, and Purcell effects®!2. Here,
it enables probing the effect of X-P coupling on ISC and phosphorescence while keeping the
charge injection into the molecular orbital constant. Figure 4.11B schematically shows the
path along which the tip is placed at a distance r from the center of the molecule. The az-
imuthal angle 6 is defined with respect to the x-axis of the molecular skeleton. In constant
current mode, for the tip position at r = 1.1 nm, and azimuthal angles 6 = 0° and 45°, an
almost identical emission intensity for the S; line is observed (see fig. 4.10 — bottom). This
finding suggests that the electronic excitation of the singlet state through injection into the
same orbital (LUMO) does not differ considerably for the two tip positions. In contrast, the
emission intensity of the T; line exhibits more than a threefold increase at 6 = 45° in com-
parison to 8 = 0°. Considering that STM-PL measurements (low T; intensity) suggest that
the ISC from the S; to the T; state accounts for only a few percent of the observed STM-EL
phosphorescence intensity, a threefold modulation in T; intensity is probably unrelated to
the modulation of the ISC rate for different tip positions.

As discussed earlier in section 3.1, the molecular transition dipole axes are in the direc-
tion of the isoindole units of the PtPc molecule. Thus, for a fixed distance r = 1.1 nm from
the center of the molecule but still atop the HOMO, the tip positioned at 6§ = 0° would ex-
hibit stronger X-P coupling than when it is positioned at 6 = 45°. Corresponding to 8 = 0°
— stronger X-P coupling — the peak position of the S; line is observed at 1.948 eV (see fig.
4.10 — bottom). The line blueshifts to 1.953 eV (~ 5 meV) for 6 = 45° — weaker X-P cou-
pling. Accordingly, the vibronic peaks are also blueshifted. This observation is in line with
previous works reporting peak shifts of S; emission atop the molecule using STM-EL 34212
and STM-PL°®. Next, with the tip placed at a distance r = 1.9 nm to avoid charge injection
into the HOMO, STM-PL spectra are recorded for 8 = 0° and 45°. For the two tip positions
corresponding to different X-P coupling strength, almost no shift in vibronic peak positions
is observed (see fig. 4.10 — top). The local perturbation due to the tip field in the tip-sample
cavity, resulting in Lamb shift, is confined to picometer length scales?37->4®, As the tip moves
away from the molecule, the effects due to X-P coupling is strongly reduced, and thus, no
detectable shifts in vibronic peak positions are observed.

For T; emission in both STM-EL and STM-PL, a blueshift of the emission peak of ~ 2 meV
and ~ 4 meV, respectively, is observed. This suggests that X-P coupling affects the singlet and
triplet coupling differently, similar to the discussion in the previous section. The opposite
trend for the peak shift for T; and S; lines may be due to the Stark effect. The dipole moment
is negligible for a centrosymmetric molecule like PtPc, and thus, so is the Stark effect due to
the dipole in the electric field of the tip. However, a tip-induced electric field gradient over
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Figure 4.10 — X-P coupling for fluorescence and phosphorescence. Bottom - STM-EL spectra showing S, (left) and
T, emission (right) obtained for azimuths 8 = 0° and 8 = 45°, and distance from the molecule r = 1.1 nm (set point:
I=80pA V=—2.6V,S;:t=30s,and T;: t =120 s). Top - STM-PL spectra showing vibronic peaks (left) and T,
emission (right) for r = 1.9 nm, i.e., off the molecular orbital (set point: | =3 pA,V=1V,t=300s). Thedropin T,
intensity in STM-PL indicates modulation of ISC by change in tip-position.

the molecule’s quadrupole moment also leads to a Stark shift. Then, depending on the sign
of the coupling, a redshift or a blueshift may occur.

Furthermore, the phase of the constant that couples the involved oscillators, here the
S; and T; excitons, to the plasmon may also explain the opposite shift of the S; and T,
emission lines. For a complex coupling constant, the two interacting modes (X-P) could en-
ergetically attract, repel, or move in phase with each other.?*”. An example for the principle
is the difference between J- and H-aggregates?*®-2°0_ In that case, the direction of energy
shift with respect to the single-molecule transition depends on the phase of the intermolecu-
lar dynamic dipole coupling, which is determined by the relative orientation of the coupled
molecules’#?%%2°! | For a polyatomic molecule, the perturbation due to the SOC effect would
lead to singlet-triplet mixing and is behind the observed ISC'*3. We speculate that S; and
T, excitons might couple with a different phase to the plasmon. A deeper theoretical inves-
tigation would be required to elucidate this point.

As mentioned earlier, the change in azimuthal angle coincides with a significant drop
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Figure 4.11 — Azimuthal dependence of T, emission. (A) lllustration of the interaction between the plasmonic field at
the nanocavity and molecule. (B) Schematic defining polar coordinates r and 6 with respect to the molecular geometry.
(C) Azimuthal dependence of normalized T, intensity (set point: | = 50 pA,V=—2.6 V,S;: t =5s,and T;: t = 30,
grating: 300 grooves mm™2). The intensities were approximated by the area under a Lorentzian peak fit. Error bars
represent standard deviation of the peak height from the fit. (D, E) Azimuthal dependence of S, (blue) and T, (red)
FWHM. (F, G) Azimuthal dependence of S; and T, peak position. The azimuthal dependencies are fit by sine functions
(dashed lines in C-G).

(~ 2/3) in T; emission intensity, while the S; emission intensity stays almost constant. A
similar drop in T; intensity is obtained at 6 = 0°, compared to 6 = 45°, for STM-PL spectra.
Since only ISC results in T; excitation for STM-PL, the drop in intensity indicates modulation
of ISC magnitude by the change in X-P coupling. It is not straightforward to isolate the reason
for the modulation of T; intensity. The FWHM and the peak energy of S; and T; emission is
analyzed as a function of the X-P coupling strength in more detail (fig. 4.11).

STM-EL spectra are recorded by placing the tip next to the molecule at r = 1.1 nm
and azimuths corresponding to 8 = nmw/4, where n is an integer (fig. 4.11B). The relative
phosphorescence intensity (T;:S; intensity ratio), position, and FWHM of the emission lines
are obtained using Lorentzian fitting. In line with earlier observations (reported in fig. 4.10),
the higher phosphorescence intensity corresponds to azimuths 8 = (2n + 1)7t/4 and lower
intensity to 6 = nn/2 (fig. 4.11C). The variation of T;:S; is in anti-phase with the width of
the S; and Ty lines, both of which broaden due to stronger X-P coupling?'>2!%2°2, In the
following, the origin of this correlation is discussed.

Firstly, the decrease in T; intensity might be related to the observation in fig. 4.5 that
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stronger X-P coupling to T, reduces its emission efficiency via a stronger non-radiative decay
as the tunneling current increases. This is supported by the increase in linewidth as the T,
intensity diminishes (see fig. 4.11C and E).

Since a grating with only 300 grooves mm™! is used to acquire the spectra, we observe
considerably broadened spectral lines. Using a grating with 1200 grooves mm™! in fig. 4.3
we observe a FWHM of 0.23 meV, whereas, in fig. 4.11E a FWHM of 0.85 meV is measured.
Considering that broadening would affect all spectra similarly, the FWHM obtained with a
lower resolution grating can be corrected. On deconvolution® of the values in fig. 4.11, the
reported variation would range from 0.23 to 0.75 meV (instead of the measured 0.85 meV
and 1.1 meV). Thus, the change in FWHM is more significant (x3) than indicated by the
raw data values (20%) in fig. 4.11E.

Secondly, the S; linewidth increases at 6 = n7/2 because of the stronger X-P coupling
(fig. 4.11D). The broadening of the linewidth implies that the lifetime is reduced. If we
assume that the ISC rate stays approximately constant and is unaffected by the tip posi-
tion, shortening the S; lifetime will reduce the amount of ISC in STM-EL, decreasing the
T, population. This is in line with the relative T; intensity and is in fair agreement with
the calculated transition dipole moment ratio (see section 4.1). The argument that ISC rate
is approximately constant is also supported by the fact that the SOC facilitates ISC due to
the central Pt atom?3!. For comparison, the heavy atoms of the tip (Au or Ag) are at least

5 A away as measured in point-contact experiments?*!

. Once more, deconvoluting the
FWHM of the S; line (see fig. 4.3), we obtain a variation from 3.9 meV to 5 meV (instead of
4 meV to 5.1 meV in the raw data). The resulting change of S; lifetime by nominally 28%
must be regarded with caution since the line is composed of several transitions as discussed
above (see section 4.1) Still, the modulation of non-radiative decay and the magnitude of
ISC cannot entirely account for a threefold modulation in T;:S; ratio, as seen in fig. 4.11C.

To further analyze the role of X-P coupling and Stark effect, the radial distance depen-
dence of the T;:S; ratio is studied (shown in fig. 4.12). For a fixed tunneling current setpoint,
the tip is placed at an increasing distance from the molecule’s center, and fluorescence and
phosphorescence are recorded. An increase in relative T, intensity is observed as the tip is
moved away from the molecule instead of a decrease, as would be expected for the increase
in length of the tunneling barrier as discussed above. FWHM and peak position analysis of
the spectra shows that for both S; and T; emission lines, the FWHM decreases with increas-
ing distance from the molecule, indicating a decrease in X-P coupling strength. Similar to the
angular dependence, a longer S, lifetime (weaker coupling) would increase the magnitude
of ISC (assuming constant ISC rate as discussed in the previous section) from the S; state,
resulting in a larger T; population.

The S; peak position shows a blueshift with decreasing X-P coupling strength in line
with earlier studies”!7%?'2, However, the T; peak shows the opposite trend (fig. 4.12C). It
redshifts as the tip moves away from the molecule, similar to the observation of its azimuthal

SFWHM_,,, = 1/ FWHM; — FWHM?

observed grating
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Figure 4.12 — Distance dependence of S; and T, emission. (A) STM topography of the molecule with tip positions
marked for data presented in B-F (set point: | = 4 pA, V = —2.6 V). (B) T,/S; intensity ratio as a function of radial dis-
tance from the molecule (set point: | = 50 pA,V = —2.6 V,S,: t = 10s,and T,: t = 120, grating: 300 grooves mm™2).
(C, D) Peak position and FWHM evaluated using a Lorentzian lineshape fit to the S; and (E, F) T, emission lines for the
tip positions in A. All solid lines are exponential fits to guide the eye.
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dependence (4.11G). Moreover, in both cases, the shift of the T; line is roughly one-third of
the shift of the S; line. This finding hints at a weaker plasmon coupling for the T, state than
for S;. This is in qualitative agreement with the theoretically calculated ratio of the T; and
S, transition dipole moments (see section 4.1).

In summary, as the tip moves away from a molecule, a weaker X-P coupling leads to a
larger ISC magnitude and, thus, higher intensity of T; emission. This also leads to narrowing
of the S; and T; lines. Figure 4.12 corroborates the mechanism of non-radiative quenching
by tip proximity and is in line with the behavior discussed for fig. 4.5 and fig. 4.11E. Thus,
the substantial variation of T; intensity with azimuths (fig. 4.11C) is a combination of vary-
ing S; lifetime and varying non-radiative quenching induced by the proximity of the tip.

4.4 Single molecule vibrational mapping using STM-PL

The chemical fingerprint of a molecule can be routinely obtained via nuclear magnetic res-

onance >3, infrared>°4, Raman?®

>, and fluorescence spectroscopies?>®. However, to assign
the spectroscopic data to specific chemical bonds in a molecule, one must rely on theoretical
predictions and visualizations. Combining Raman spectroscopy, which provides rich chem-
ical information, with local probe microscopy offers sub-A spatial resolution in the form of
tip-enhanced Raman spectroscopy (TERS), allowing mapping of the vibrational modes of
a single molecule''%257-2%8  Similar to STM-EL'3* and STM-PL°®, the high spatial resolu-
tion translates to sub-nanometer resolution in TERS mapping due to the strong confinement
of the nanocavity plasmon®>°#. Recently, spatial maps of individual vibrational modes al-

95,155 "reaching atomic spatial

lowed assignment of atoms involved in the respective vibration
resolution in chemical sensitivity. However, the experimental conditions that enable these
measurements lead to a significant distortion of the geometric and electronic structure of
the molecule. The significant plasmonic enhancement of the Raman signals, necessary for
atomic-scale spatial mapping, requires that the probe (a single atom at the tip apex) and its
distance from the molecule are comparable in size (~ 2A). Considering that the tip enhance-
ment exhibits a dominant component along the tip axis (z-component), the Raman modes
parallel to the tip axis are strongly enhanced compared to the modes along the molecular
plane. The Raman intensity in the picocavity is further enhanced by chemisorption of the
molecule on a metal substrate?>>?°°, The moiety chemically bonded to the metal forms dy-
namic charge transfer states. When the excitation energy matches the intermediate charge
transfer states of the chemisorbed molecule-metal complex, the vibrational mode exhibits

261, However, chemisorption on the metal surface leads to

resonant Raman enhancemen
distortion of the geometric and electronic structure of the molecule, which also alters its
vibrational characteristics.

As discussed in section 1.1, the coupling to the metal substrates can be greatly reduced
using a few layers of NaCl. Using this strategy to isolate a copper naphthalocyanine molecule,

241

Jaculbia et al. “** recently reported Raman maps that correspond to the symmetry of the vi-

brational modes imaged. They propose that resonant excitation conditions and a significant
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contribution of the lateral (x and y) components to the overall enhancement enable map-
ping of the symmetries of the vibrational modes. In contrast to the studies by Lee et al. °> and
Zhang et al. '°°, they perform the spatial mapping at a tip sample distance of ~ 6A (instead
of 2 A) which rules out chemical enhancement due to charge transfer to the tip2°2.

In principle, resonant photoluminescence is a particular case of resonant Raman spec-
troscopy in which the excitation laser energy is tuned to the S; line. The decay to the vibra-
tional ground state happens directly from the S; state and not from the virtual states as in
a non-resonant Raman process. Figure 4.13 shows a schematic diagram of the underlying
measurement principle. For STM-EL spectra recorded with the tip placed at r=1.4 nm from
the center of the molecule, a Fano lineshape is observed at ~ 635.6 nm related to the broad-
band plasmonic emission and the excitonic molecular transition is observed (fig. 4.13). The
plasmon acts as a local excitation source for single molecule absorbance spectroscopy’'~>.
Figure 4.14 (left) shows the vibronic satellites of the S; emission from a single PtPc molecule
adsorbed atop 4 ML NaCl on Ag(111) using STM-EL and STM-PL. A Raman spectrum ob-
tained for PtPc powder is shown for comparison. The vibrational peak positions for the
three measurements are almost identical, demonstrating the viability of chemical character-
ization in the plasmonic nano junction. Finally, the spectra are compared with theoretical
simulations based on gas-phase DFT calculations for the optimized geometry of the molecule.
Besides a slight discrepancy for the peak at 1526 cm™!, the agreement with the experimental
data for vibrations belonging to the singlet ground state is striking.

Since PtPc belongs to the D,y point symmetry group, vibrational modes with A ¢, B,,, and
B,, symmetries are Raman active. Table 4.1 lists vibrational modes of various symmetries
and their assignments for Raman, STM-EL, and STM-PL spectra. The vibronic structure of
the resonant STM-PL spectrum is rich in features, and a few peaks could not be assigned
to vibrational modes. A theoretical calculation taking into account resonant excitation, tip
enhancement, and surface effects may overcome the observed discrepancies but is out of
scope for the current study. In light of the findings reported in Chapter 2, we envision that
the molecule’s interaction with Cl ions might affect the vibrational modes.

energy (eV)
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10 | | |
0.9 N MMAWW Figure 4.13 — Resonant STM-PL as a special
= - case of resonant Raman spectroscopy. Top -
- o8 ] / STML spectrum showing a Fano lineshape due
0.7 — to the interaction between the plasmon and
6:|32 6\’;4 6:|’>6 6:|’>8 64|10 the molecular transition (setc point.: I.= 60 pA,
wavelength (nm) V = —2.8pA,t = 60s). Theintensity is normal-
ized to 1. Bottom - Schematic of the Raman
virtual state non-resonant resonant process at different excitation energies demon-
Sy — strating excitation of virtual levels and resonant
____________________________ energy condition at which S; is directly excited.
vib. state
So

87



S1— So STM-PL Raman STM-EL

Raman W % § W
SN0 et
SN0 SN0 NG OO
= STM-PL T = S
'c
5 STM-PL
=
&
2
B
§ STM-EL
£
STM-EL
Calculation
Calculation
S AN A \/ A ~—
I O s e B B B B T T T T T T T T T [ T T T T[T
0 500 1000 1500 0 500 1000 1500
shift from 0-0 transition (cm'1) shift from 0-0 transition (cm_1)

Figure 4.14 — Comparison of vibronic satellites for S; —S;, (Left) and T, —S, (Right). Left - (Top to bottom) Raman
spectrum for PtPc powder using a 532 nm laser (grating: 600 grooves mm™ 1), STM-PL spectrum next to a PtPc molecule
atop 4 ML NaCl on Ag(111) (set point: | = 3 pA,V = 1V, laser power: 1 uwW, t = 30 s, grating: 1200 grooves mm™1),
STM-EL spectrum for the PtPc molecule obtained with the tip placed atop aHOMO lobe (set point: | = 60pA,V = —2.6
V,t = 120, grating: 300 grooves mm™ %), and calculated vibronic spectrum of a neutral PtPc molecule in the gas phase
for the S; —S, transition. Right - (Top to bottom) STM-PL (t = 120 s), STM-EL, and calculated optical spectrum of a
neutral PtPc molecule for T; —S, transition.

Surprisingly, for the T; emission almost no vibrational satellites are observed (fig. 4.14 —
right). In an earlier study, vibronic peaks of the T; transition for a PTCDA molecule could be
observed and assigned to modes obtained from gas-phase calculations?!. The discrepancy
may be due to the lack of plasmonic enhancement as the tail of the plasmon barely reaches
~ 1000 nm as observed from STM-EL spectra (see fig. 4.2). A drop in detector quantum
efficiency from > 90% at 750 nm to < 10% above 980 nm contributes to the difficulty in
detecting the vibrational peaks of the T; transition. Using tips that exhibit enhancement in
the near-infrared (larger tip radii ~ 100 nm?2°%) and near-infrared sensitive CCD may relax
some of these limitations.

Figure 4.10 shows that vibrational peaks in STM-PL show no shift for different angular
positions of the tip. It was proposed that due to the larger distance from the molecule r = 1.9
nm compared to the STM-EL measurement for r = 1.1 nm (where a shift of vibrational peaks
is observed), the change in X-P coupling is negligible. STM-PL spectra for azimuths 6 = 0°
(blue), 22.5° (gray), and 45° (red) show for some modes, a modulation in intensity (see fig.
4.15). For example, the vibrational mode at 476.3 cm™! is absent for tip position § = 0° but
its intensity increases sharply at 6 = 22.5° and further at 8 = 45°. The vibrational peak at
1528.5 cm™! shows the opposite trend, exhibiting maximum intensity at 6 = 0°. Remark-
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ably, the mode at 605.2 cm™! shows no intensity modulation. Considering that the tip is
placed far from the molecule and the plasmonic enhancement is constant over the displayed
energy range, the X-P coupling would play only a minor role, if any, in the azimuthal de-
pendence. The intensity modulation of specific vibrational modes is thus assigned to their
spatial symmetry, similar to the resonant Raman measurements?*!.

Next, spatial mapping of the resonant STM-PL (resonance Raman) intensity for repre-
sentative vibrational peaks is performed. For the parameters: I = 3 pA, V = 1V, the tip is
scanned over the surface at 6 nm s~!. The grating with 300 grooves mm™! is for each scan
centered on the selected mode to deflect the light into the SPAD (see discussion on 4goki).
These maps are shown in fig. 4.15B-D with vibrational modes assigned to each of the spatial
maps. The symmetry is determined by the azimuthal angle at which the intensity maximum
occurs. The obtained patterns in the spatial maps resemble the mode symmetries perfectly
and support the notion that the intensity modulation of vibronic peaks is indeed related to
the symmetry of the vibrational modes?*!.

The intensity of each vibrational mode is governed by its Raman tensors a,, where p
and o represent the cartesian coordinate axes x, y and z. For the symmetries in fig. 4.15,

@, is given by

a 0 0 c 0 0 0 d 0
Aig:[0 a 0| Big:|0 — 0| By:|ld 0 0 4.1)
0 0 b 0 0 0 0 0 0

Since By, and By, modes do not have any component along the tip axis, they are not ex-
pected to exhibit large intensities, in line with the observations reported above. A molecule
adsorbed atop a few ML NaCl on Ag(111) is closer to the tip than to the metal surface?*'.
Thus, the image charges do not compensate each other, suggesting an increased lateral
plasmonic enhancement. Since resonant Raman spectroscopy relies on light absorption, the
Laporte rule* plays a central role. For PtPc, HOMO and LUMO exhibit odd parity along the
z-axis, and thus the electronic transition between them is Laporte forbidden (see fig. 4.15F).
However, in the x-y plane, the two orbitals exhibit different parities, and the HOMO-LUMO
transitions are parity allowed for excitation in the molecular plane.

The three different patterns for resonant STM-PL images can be assigned within the
above framework. For the A;, mode, the induced dipole due to the vibrations can be any-
where in the molecular plane since the tensor is diagonal and a,, = a,,. Then the lateral
component of the plasmonic enhancement would be parallel to the induced dipole and thus
detectable for all azimuths around the molecule, as in fig. 4.15C. When the tip is placed
along the molecular axes 6 = n/2, the dipole induced due to the B;, mode would be paral-

“The Laporte Rule is a selection rule in electron absorption spectroscopy that applies to centrosymmetric
molecules. It says that transitions between states of the same symmetry with respect to inversion are forbidden.
A detailed derivation of the Laporte rule can be found in the following textbook 2°¢.
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Figure 4.15 — STM-PL mapping of vibrational modes. (A) High resolution STM-PL spectra at angular positions indicated
inthe STM images on the right (r = 1.9 nm, laser power: 1 uW, set point: | = 3pA,V =—2.6 V,t = 1205s). A vertically
shifted blow up of the spectra (X 7) is shown for clarity. The color-coding highlights the specific modes whose intensities
are modulated by tip position at 8 = 0° (blue), @ = 22.5° (gray), and 6 = 45° (red). (B-D) Maps of STM-PL intensity
for modes at wavenumbers 476.3 cm_i, 605.2 cm_i, and 1528.5cm™! showing distinct patterns representative of the
vibrational modes and their respective symmetries (size: 6 x 6 nm?). (E) Grayscale STM image (size: 3.5 x 3.5 nm?)
overlaid with the B,, STM-PL map showing the light intensity distribution with respect to the HOMO. (F) Calculated
maps of the electronic molecular frontier orbitals of PtPc along x-y (top) and x-z (bottom) planes. HOMO-LUMO tran-
sitions with excitation along the x-y plane are parity allowed, while the ones with excitation along the z-axis are parity
forbidden.
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lel to the lateral enhancement and thus leads to high intensity along the molecular axes with
nodes along with the diagonals (fig. 4.15D). For the B,, mode, the induced dipole is paral-
lel to the lateral enhancement only for 6 = (2n + 1)7t/4 and thus detected at the azimuths
60 =45°,135°,.... Thus, the selection rules enforced by the Raman tensors — taking into ac-
count the lateral component of the plasmonic enhancement — are valid for a single decoupled
molecule. These findings prove that resonant STM-PL (Raman) allows non-invasive mapping
of the symmetry of the observed vibrational modes at a sub-molecular level. The electronic
decoupling provided by the ultrathin NaCl film provides an unperturbed playground to study
photoluminescence and Raman spectroscopy at the ultimate limit of a single molecule.

Conclusion

The results presented in this chapter provide a comprehensive picture of nanoscale processes
at play in plasmon-enhanced fluorescence and phosphorescence. The unique combination of
STM-EL and STM-PL allows the analysis of triplet emission and, for the first time, the obser-
vation of singlet-triplet ISC of excitons at the single-molecule scale. The S; and T; exciton
coupling to the nanocavity plasmon are studied with sub-A precision, providing insight into
dynamic processes that control the emission intensity, like radiative and non-radiative decay.
From distance dependence measurements, it is found that the strong non-radiative damp-
ing by the tip quenches the phosphorescence much more efficiently than the fluorescence.
A large modulation in phosphorescence intensity is observed with the change in exciton-
plasmon coupling for the tip position at different azimuthal angles around the molecule.
Thus coupling to plasmonic nanostructures can be used to tune the relative T;:S; intensi-
ties of emitters for intelligent control of the emission color?*®. The T; emission lifetime, as
estimated from the FWHM of the 0-0 transition peak, is in the range of a few picoseconds

as compared to microseconds??®

, in the absence of plasmonic enhancement. This shows
promise for future phosphorescent OLEDs, which use decay rate enhancement of plasmonic
nanostructures to boost their emission intensities. A lower steady-state exciton density also
helps prevent oxidation of the emitting layer, thus allowing for a longer device lifetime. De-
spite the novel character of the experiment, the findings of this chapter are transferable to
a wide range of systems where exciton dynamics play a central role like plasmonic-OLED

39,40 41,42

devices?>2%°, bioimaging®?*°, and biosensing
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Table 4.1 — Vibrational modes for the Sy ground state of the PtPc molecule.

Irreducible representation Theory (cm™!) Raman (cm™!) STM-EL (cm™!) STM-PL (cm™)

By, 218.2531 221.53 457.6100
A 270.2882 230.18 498.4740
By, 569.7727 271.34 216.138 583.1511
Aqg 601.4807 291.08 229.407 656.5677
A 672.7821 480.39 395.439 733.7030
By, 755.7018 605.91 398.780 789.3000
By, 809.0600 675.96 603.762 859.2470
Aqg 869.0328 713.98 617.818 934.6550
By, 1015.273 752.02 655.035 989.1100
Aqg 1016.074 804.91 679.562 1124.140
Aqg 1135.702 845.88 755.463 1145.410
By, 1135.828 1006.2 811.073 1176.440
Aqg 1168.702 1108.3 879.086 1201.930
By, 1195.629 1191.1 1025.30 1293.710
By, 1335.332 1213.7 1143.15 1319.980
A 1366.718 1307.9 1222.12 1339.740
By, 1377.022 1335.2 1366.79 1405.830
Aqg 1400.646 1348.2 1449.41 1435.140
A 1431.611 1427.5 1462.79 1511.944
By, 1448.847 1453.8 1509.81 1558.645
A 1532.383 1517.5 1534.64 1594.704
By, 1566.739 1608.5 1567.29 1635.037
A 1606.378 1742.4 1574.10 1740.823
By, 1606.582 2121.9 1907.65 2123.838
By, 3129.543 2269.7 2139.48 2198.555
Aqg 3129.626 2326.1 2215.51 2277.870
By, 3145.889 2866.6 2289.29 2332.678
A 3146.104 2968.4 2686.63 2666.663
3038.1 3066.47 2718.688

3070.9 2847.034

3123.6 2873.290

2976.600

3052.357

3084.641
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Partial results of the presented work have been published in: C. C. Leon, O. Gunnarsson, D. G. de Oteyza, A.
Rostawska, P. Merino, A. Grewal, K. Kuhnke, and K. Kern, ACS Nano 14, 4216 (2020).

Coulomb-blockade driven single photon
emission from a plasmonic light source

This chapter reports on the observation of single photon emission in the tip-sample gap atop
a few monolayer thick molecular films of Cgy deposited on an Ag(111) surface. Single pho-
ton emitters produce a stream of photons such that precisely one photon is emitted at a time.
Since an atom-like two-level system requires a finite time for the excitation to relax, the
decay rate gives the average time delay between photons. Such light sources play an essen-
tial role in a range of proposed quantum technologies, like quantum simulations, precision
measurements, and secure communication schemes, among others®®. Fluorescent atomic
defects (vacancy centers in diamond, silicon carbide, or hexagonal-boron nitride) and quan-
tum dots show great promise as single photon sources. However, here we show that at large
negative voltages, the STM tip-induced electric field results in split-off states below the Cg,
LUMO band in the bandgap of the Cg film, similar to defect states due to atomic vacancies
or substitutional defects. The localization of the split-off state on the Cg, molecule directly
beneath the tip leads to significant Coulomb repulsion. The Coulomb blockade encountered
by consecutive tunneling charges hopping into these states leads to decay of plasmons one at
a time, resulting in single photon emission. We characterize the light emission from the tun-
neling junction using Hanbury Brown and Twiss STM (HBT-STM) measurements (see section
1.3) and observe quantum emission as evidenced by an antibunching dip (g®*(0) < 0.5) in
second-order photon correlations. Since there is no two-level system involved, the associated
finite emission lifetime (&~ 1 ns®%%%) does not limit the single photon emission rate, which,
for the proposed mechanism, can be controlled by the tip-sample gap. The experimental
findings are rationalized with the help of theoretical modeling of the coupled tunneling gap-
Cgo film system!. Further design considerations based on theoretical findings, for example,
for choosing molecules comprising the molecular semiconductor, are also proposed for the

IThe tight-binding calculations were planned and carried out by Olle Gunnarsson, Max Planck Institute for Solid
State Research, Germany.
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Figure 5.1 — Schematic of HBT intensity interferometer combined with an STM. The light collected at the tunneling
junction is guided towards a pair of SPADs which perform time-correlated single photon counting (TCSPC). A third op-
tical path to an optical spectrometer is not shown.

on-demand creation of split-off states in wide bandgap semiconductors. Lastly, we discuss
different competing processes which reduce the nominal depth of the photon correlation dip
and propose strategies to overcome them.

5.1 Observation of a discrete charging state atop a Cgq, film

Typically, STML spectra acquired atop a few ML thick Cgq terraces exhibit only broadband
plasmonic emission due to the inelastic excitation of plasmonic modes in the tunneling junc-

films 80:8485.267 any contribution to the emission

tion®?. In the absence of local defects in Cg
spectrum from the corresponding excitonic emission of Cg (sharp, few meV broad emission
line) is absent. Thus, the observed single photon emission is distinct from that reported for a
defect charge trap in a few ML Cg, films by Merino et al. 8°. The average time delay between
consecutive photons arises from the Coulomb blockade and is not due to a finite exciton life-
time. The plasmonic origin of single photon emission reported here is further evidenced by
an almost an order of magnitude shorter antibunching time constant than the one reported
for exciton decay in Cg films. The details of the C¢ on Ag(111) system and its experimental

characterization are presented below.

Description of Cg, on Ag(111)

Figure 5.1 schematically shows the experimental setup used for time-correlated single pho-
ton counting (TCSPC) using a pair of SPADs as a photon intensity interferometer in a Han-
bury Brown and Twiss configuration'®”, which allows measuring g (A1) as discussed in
section 1.3. A spectrometer coupled to a CCD (not shown) allows simultaneous spectral
analysis of the light emitted by the tunneling junction. A representative spectrum acquired
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atop a 5 ML thick Cg film on Ag(111) is shown in fig. 5.2A. The ~ 100 nm wide spectral
band in the visible-infrared region is characteristic of plasmonic emission (see discussion in
section 1.2). An energy level diagram of the emission mechanism is shown in fig. 5.2C.
The nanocavity plasmon modes in the tunneling junction are excited by subsequent inelastic
tunneling events, similar to one comprising purely metal-metal electrodes (see discussion in
section 1.2). Tunneling between the tip and sample occurs through an isolated electronic
state which has been split off from the LUMO band, in contrast to a metal-metal tunneling
junction where the electron tunnels simply through the vacuum, for the tunneling parame-
ters allowing for light emission from the Cg( film.

The g (A1) measured atop a Cg, terrace for sample voltages V < —3.3 V exhibits an
antibunching dip (g®(0) = 0.42) at time delay At = 0 (fig. 5.2B). A control g (A7) mea-
surement performed over a bare Ag(111) surface shows that g® (A7) = 1, for all Az, in
line with the uncorrelated nature of electron tunneling. The time constant obtained from
the Laplace fit yields an antibunching recovery time of At = 0.13 ns and is related to the
electrons tunneling from Ag(111) to the top Cg( layer. This time is about an order of magni-
tude shorter than the average time interval between tunneling electrons in the measurement,
which is ~ 1.3 ns for [ = 125 pA.

Figure 5.3A and B show the tip-sample gap and sample voltage dependence of g (A7)
at the same tip position as the data presented in 5.2B. For the correlation measurements
presented in fig. 5.3A, the sample voltage is fixed at V = —3.5 V. The tip-sample gap corre-
sponding to the set point I = 125 pA, V = —3.5 V is defined as Az = 0 and the tip is vertically
translated by the z-displacements indicated in fig. 5.3A. This results in an exponential in-
crease in tunneling current and a weak linear increase in the tip-induced electric field. The
associated antibunching time constant T decreases monotonically because the increasing
field leads to a decrease in tunneling time from the Ag(111) to the topmost Cg, layer. The
sample voltage dependence of g® (A1) exhibits antibunching only for voltages V < —3.3 V
because of the large voltage required to split-off states from the LUMO continuum and pull
them below the sample Fermi level Eg ¢ (fig. 5.3B). At V=—2.7V, there is no split-off state
visible because it is not yet below Ey, g, and thus, no single photon emission is observed.

The photon statistics presented above can be rationalized by the electronic properties of
the substrate. Figure 5.4A depicts the STM topography image of a 5 ML thick Cg, molecu-
lar island with labels indicating the terrace height. The simultaneously recorded emission
efficiency map is shown in fig. 5.4B. Characterization of dI/dV on the Cg( film reveals the
bandgap of the Cgo nanocrystal for 2 ML and 3 ML Cg, while for the 1 ML terrace, only
a small gap is seen due to charge transfer and hybridization with the metal substrate. For
4 ML and 5 ML, a pronounced peak close to —3 V becomes visible. The sharpness of the
peak (FWHM~: 50 meV) hints at an additional tunneling channel through a single electronic
state %8, Based on theoretical calculations discussed in section 5.3, we assigned it to a state
split-off from the LUMO and pulled down below Eg g by the localized electric field of the tip.
This is made possible by the significant negative voltages and small tip-sample gap used in
these experiments. If the states were split-off from the HOMO continuum, an expansion in
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Figure 5.2 — Antibunched plasmonic light emission on 5 ML C4, on Ag(111). (A) STML spectrum measured on a Cy
terrace (set point: | = 125 pA,V = —3.5V, t = 20 min). (B) Second-order correlations measured bottom - at the same
tip position as the spectrum in A (t = 125 min, time bin width: 24.4 ps) and top - atop bare Ag(111) surface (set point:
| = 250 pA, V= —3.5 V). The black curve is a least-squares Poisson-weighted fit to the data, using a constant back-
ground, and the detector response time convolved with a Laplace distribution: 1 —nexp(-|AT|/7), whose decay pa-
rameter T is defined as the antibunching recovery time. (C) Schematic illustration of tunneling through the lowest
LUMO split-off state and the resulting light emission process. Figure adapted from Leon et al. .

the apparent bandgap from 4 to 5 ML Cg, would shift it to lower potentials. However, for
dI/dV spectra atop 5 ML Cg island in fig. 5.4D, the split-off state is at higher potential than
atop 4 ML, indicating that the state is indeed pulled down from the LUMO continuum.

Next, the emission efficiency of 2-5 Cg, layers is characterized at sample voltages for
which antibunching is (—4 V) and is not (—2.78 V) observed (fig. 5.4F and G, respectively).
The green contours mark the Cg, terraces obtained from the topography image in fig. 5.4E.
This analysis reveals a twofold increase in emission efficiency when antibunching is observed.
The additional tunneling channel signified by the sharp peak observed in dI/dV spectra ex-
hibits increased emission efficiency. A series of dI/dV spectra as a function of tip-sample
distance are recorded (fig. 5.5A). The dI/dV spectra show two peaks close to the HOMO on-
set. As the tip-sample distance decreases, which is directly proportional to the tip-induced
electric field, the electronic states in the gap shift to lower energies, as seen in fig. 5.5B. Thus,
the onset of quantum emission in Cg, can be tuned by controlling the tip-sample distance.
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Figure 5.3 — Change of tip-sample distance Az and sample voltage dependence of g P (AT). (A) g?(AT) for z-
displacements indicated from initial tunneling current set point | = 125 pA (Az = 0) shown in fig. 5.2B at fixed voltage
V = —3.5 V. Resulting depth of the antibunching dipd = 1— g(2)(0) and the recovery time constants 7 for each Az.
(B) g(Z)(AT) as a function of sample voltage at fixed | = 2 nA. The traces are vertically offset for clarity.

5.2 Calculated electronic structure of C¢, under the influence of
a localized electric field

The electronic structure of a Cg, film on Ag(111) is theoretically modeled using a tight-
binding model that includes the five HOMO (H,) and three LUMO (T;,) states on each
Cgo molecule. The nanocrystal is modeled based on a tight-binding parameterization of 4n,
where n is the number of layers, molecules per unit cell volume, which is then periodically
continued to construct an infinite film of Cq, arranged as a (111) surface, with layers stacked
in an fcc crystal structure. The factor of 4 accounts for the four different orientations of the
Cgo molecules in the unit cell?*”. The tip-induced electric potential is modeled in the form of
image charges, satisfying electrostatic boundary conditions at the tip and the Ag(111)-Cg,
(metal-dielectric) and Cgy-vacuum (dielectric-vacuum) interfaces. The electronic structure
of the system is calculated in Green’s function formalism. It is assumed that for a typical tip
radius of a few tens of nm, only a few hundred molecules are affected by the tip potential.

Figure 5.6 shows the projected DOS of the topmost layer of a 4 ML Cg film on a metal
substrate. The LUMO band ranges from 0.27 eV to 1.02 eV, with a first moment 0.73 eV (“No
tip” in fig. 5.6). When a small voltage V = —0.68 V is applied to the tip, the electrostatic
and image potential lead to a shift of the first moment of the local DOS on the C¢y molecule
directly below the tip towards Ep g. For a critical applied voltage V, discrete split-off states
are pulled down from the LUMO continuum. The bandwidth of the LUMO band gives the
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Figure 5.4 — Topography, differential conductance, and emission efficiency of C,,/Ag(111). (A) Topography image and
(B) Light emission efficiency map (photon counts divided by tunneling current) of 5 ML C,, on Ag(111) (set point: | = 20
pA,V = —3.5V).(C) Line profile of topography (black) and emission efficiency (red) along the black line marked in A and
B. The gray dashed line follows the average efficiency obtained for each C,, terrace. (D) dI/dV spectra of 1-5 ML C,, 0n
Ag(111) (set point: | = 100 pA,V = —3.5V,V,, .4 = 20mV). The spectra are vertically shifted for clarity. (E) Topography
image and (F) emission efficiency of the area marked by the black dashed square in A (| = 100 pA, V = —2.86 V). (G)
Emission efficiency at voltage for which the split-off state and antibunchingin g(z)(AT) isobserved (V = —4 V). Figure
adapted from Leon et al. .
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critical voltage. A split-off state may be pulled out of the continuum when the first moment
of the DOS on the Cgq below the tip has moved about half the LUMO bandwidth. For a
voltage V = —3.3 V, the split-off states are pulled down just below Ep g, opening up an
additional tunneling channel to the tip. Tunneling through the first split-off state from the
LUMO explains the sharp peak in fig. 5.4D for 4 ML and 5 ML Cg, films. Calculations reveal
that the experimentally observed states in fig. 5.5 are split-off states having most of their
weight on the first three LUMO states on the Cg, below the tip. Their difference in peak
height is due to the double degeneracy of the first state at ~ —3 V, well-reproducing the
spectral weights in fig. 5.5A. The calculated DOS also shows HOMO split-off states, whose
role is discussed later.

Next, the shift of split-off features as a function of tip-sample distance and Cg layer
distance to the Cgy/Ag(111) interface is studied. Figure 5.7A and B show the electrostatic
potential for tip voltage —3.3 V, and 2 ML, 3 ML, and 4 ML thick Cg film with a fixed tip-
sample distance of 0.4 nm. For a 4 ML thick Cg films, the electrostatic potential is evaluated
using tip-sample distances d = 0.4 and 0.35 nm. Because of the large relative permittivity of
Ceo (epux = 4.4)%7°, the potential drop occurs mostly over the vacuum gap. However, there
is still a considerable potential drop over the Cg film, proportional to the layer thickness.
Figure 5.7C shows the shift of the lowest split-off state with applied voltage. The blow up
of the shaded area in fig. 5.7C shows the V and d dependence of split-off states near Eg
for 4 ML thick Cg film (fig. 5.7D). For —3.32 V, close to the experimental value of —3.26
V, the lowest split-off state moves below Egg. The additional voltage required to move the
second-lowest split-off state 0.22 V (fig. 5.7D) is also comparable to the energy difference
between the two peaks observed in the experiment (see fig. 5.5A). Decreasing the tip-sample
distance from d = 0.4 nm to 0.35 nm while keeping the peak position fixed requires an
energy shift of 0.17 and 0.19 V for the lowest and second-lowest states, respectively. The
calculated derivative is —3.5 (—3.8) V/nm in qualitative agreement with the experimental
electric field —1.95 (—2.16) V/nm for the lowest (second-lowest) peak. The discrepancy (x2)
is expected considering the approximations used in the calculation. Significantly, the radius
of the spherical tip (1 nm) in the calculation is sharper than a realistic tip resulting in a
stronger electric field dependence.
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Figure 5.6 — Calculated projected DOS of 4 ML C,,/Ag(111) substrate as a function of applied voltage V. Gray-shaded

areas mark the energy range and the onsets of the bands. The sharp peaks in “C,, under tip” correspond to discrete

states split-off from the LUMO band continuum for the C,, molecule directly under the tip position. Features overlap-

ping with the bands are the so-called resonances. Gray lines mark the first moment of the LUMO bands. “Neighbors”

marks the average DOS of all six nearest-neighbor C,, molecules. All features have been broadened with a Lorentzian

with FWHM of 0.02 eV. The topmost layer’s projected DOS in the absence of any tip-induced perturbation of the elec-
tronic structure is signified by “No tip”. Figure adapted from Leon et al.®*.

5.3 Coulomb blockade driven single photon emission

The antibunching dip observed in photon intensity correlations can be rationalized based
on a resulting Coulomb blockade on the split-off states. This interpretation is similar to the
one reported in section 3.4 for single PtPc molecules adsorbed atop NaCl. The lifetime of
the intermediate charged state formed upon electron hopping from the tip to the LUMO
(at negative voltages) prevents another electron from being injected into the orbital due
to Coulomb interaction. The charged state then either decays back to the ground state or
upgrades to an exciton. However, the antibunching is probably due to the lifetime of the
charged state and not the exciton decay. Coulomb blockade for tunneling through the split-
off state on Cg film manifests itself similarly to the transient charging of the single-molecule
prior to excitation. The light emission, however, is plasmonic and due to inelastic tunneling.

As discussed earlier, for V = —3.33 V the lowest LUMO split-off state is just below Egg
(magenta curve in fig. 5.6) and thus, can become occupied by an electron. The resulting
Coulomb interaction is substantial because the DOS is mainly localized on the Cg, directly
under the tip. The electron in the split-off state locally increases the electrostatic potential
by 1.02 eV, resulting in an upward shift by 1.14 eV of the DOS of the Cg directly underneath
the tip. The increase in potential on the neighboring molecules is lower in magnitude (0.34
eV), and thus, the DOS is shifted to higher energies (purple curve in fig. 5.6). Since the split-
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Figure 5.7 — Calculated electrostatic potential and potential energies of the resultant split-off state. The colored solid
lines show calculated electrostatic potential U(z) as a function of C, thickness and a tip-Cy, vacuum gap of d = 0.4
nm. For 4 ML thick Cyq, U(z) is evaluated using d = 0.40 and 0.35 nm. The sample and tip Fermi levels (Egs and Egy),
work functions (¢s, @) and vacuum levels (Vs, V7) satisfy Vs = Egs + ¢s and V; = Egr + ¢1. (A) The potential directly
underneath the tip at voltage V = 3.33 V. The Ag(111)-C,, interface is defined as 2 = 0. The C,y-vacuum interface
is marked by the solid circles. (B) Blow up of the shaded region shown in A. (C) Voltage V dependence of lowest LUMO
split-off state energy. (D) Blow up of the shaded region in C. The dashed lines show the second lowest singly degenerate
LUMO split-off state. The differences betweeen the voltages at which this state crosses Er¢ for the film thicknesses 3,
4, and 5 are indicated. Figure adapted from Leon et al. .

off state is now above Ej g, tunneling through the LUMO is prohibited. Inelastic tunneling
of an electron from such a split-off state to an empty tip state above Ep g leads to a single
photon being emitted and to the observation of antibunching (fig. 5.2B).

However, the upward energy shift of the split-off states associated with the HOMO band
also contributes to the tunneling process. On electron occupancy of the LUMO derived split-
off state, a resonant feature at —1.74 eV, above the top of the HOMO band appears (purple
curve in fig. 5.6). Such a state has a substantially higher tunneling rate than a typical elec-
tron in the HOMO band since the electron sees a lower tunneling barrier. The sharp feature
in the dI/dV spectrum for 4 ML Cg,, reported in fig. 5.4D, is then related to both tunnel-
ing through the LUMO split-off state and an increased tunneling probability through HOMO
split-off states. Concomitant tunneling through the HOMO states results in an additional
tunneling channel which may reduce the antibunching minimum and destroy single photon
emission. The energy difference between the resonance state and Eg g (1.59 eV) suggests
that photon emission from this channel may be detected by the SPADs, which are sensitive
down to 1.4 eV, however, with lower detection efficiency. Such a mechanism could poten-
tially result in the g®(0) = 0.42 observed in the correlation experiments. Typically, the
energy of the resulting photon emission due to tunneling through the HOMO split-off state
would be lower in energy than from tunneling through the split-off state derived from the
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LUMO band. Given that, a spectrally filtered photon intensity correlation may discern the
effect of two tunneling components on the observed depth of the antibunching dip.

The calculations predict that for an applied voltage V < —6.2'V, the tip potential is large
enough that even an occupied LUMO split-off state remains below Ej g. It would be inter-
esting to systematically find ways to explore tunneling in this regime.

In an earlier work!”!, Leon et al. reported photon pair emission from the tunneling
electron, which results in the so-called photon superbunching (g (0) > 1), for large tip-
sample distances. No bunching peak is observed in the g®?(At) measurements presented
here. This effect is negligible probably because of the smaller tip-sample distance used.

Design guidelines for developing plasmonic antibunching emitters

The above-introduced theoretical calculations using varied parameters provide general de-
sign guidelines for developing plasmonic single photon emitting systems beyond the Cg,
films. Doubling the HOMO and LUMO bandwidths and keeping their energetic positions
fixed relative to Eg g, twice as large a voltage is required to align the LUMO split-off state
with Eg g. This favors the use of materials with narrow bandwidths. The tunneling contri-
bution from the HOMO needs to be suppressed to reduce the unwanted effect of tunneling
through a resonant HOMO state. This can be achieved by reducing the high HOMO degen-
eracy or lowering the HOMO energy using a larger bandgap material and would reduce the
HOMO tunneling component because of the increased potential barrier.

Similarly, using a metal substrate with a low work function could also improve the energy
position of the bands in favor of antibunching. The proximity of the LUMO band to Ep, g
would require a lower voltage for aligning the split-off state to Er g and reduce the tunneling
rate through the resonant HOMO states.

Another path to reduce the HOMO split-off state energy is the use of large molecules
for which the effective Coulomb interaction tends to be smaller than for Cgy. Then electron
occupancy of the LUMO split-off state under the tip would result in a lower HOMO split-off
state energy, which again leads to a smaller HOMO tunneling component and, thus, poten-
tially favor antibunching. A material with a large dielectric function would also lower the
effective Coulomb interaction through screening effects. However, this would also lower the
potential drop over the molecular layers and thus increase the voltage required for pulling
down split-off states.

Conclusion

The experiments presented in this chapter show that a tip-induced electric field can induce
discrete split-off states localized over a single molecule in a Cgy, molecular film on a metal
substrate. This leads to a Coulomb blockade for tunneling charges, resulting in antibunching
in the photon intensity correlation measurements. As for metal-metal tunneling junctions,
the plasmon modes in the tip-sample cavity are excited due to inelastic tunneling resulting
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in broadband light emission. The single photon emission rate is not fundamentally limited
since the emission process is fast (few tens of fs) compared to exciton lifetimes in two-level
systems (few hundreds of ps). The tip-induced electric field, inversely proportional to the tip-
sample distance, can control the recovery time constant — enabling single photon emission
at high rates. The tunneling of electrons from the substrate to a split-off state in the topmost
layer gives the recovery time and, thus, can be tuned by controlling the thickness of the
molecular layer.

The alignment of split-off states with the substrate Fermi level is tuned by the applied
voltage, thus suggesting the future realization of a single-photon-on-demand light source.
These considerations highlight the tunability of a plasmonic antibunching light source. Com-
peting tunneling processes result in more than one photon emission, thus lowering the single
photon emission purity. The theoretical findings reveal design strategies to suppress the un-
wanted tunneling channel and induce split-off states in various materials, spurring a search
for new concepts that can be leveraged to design purer quantum emitters.
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Conclusions and outlook

This work reports on studies of molecular optoelectronic properties at sub-molecular length
scales performed using a scanning tunneling microscope (STM). Different operation modes
of an STM, like topography imaging and local electronic spectroscopy, combined with op-
tical spectroscopy techniques and time-resolved detection of photons emitted in the tunnel
junction affords a range of tools for detailed analysis of luminescence processes, all with
atomic-scale resolution. The ability to not only probe, but also manipulate the interaction
between adsorbates and the STM tip allows precise control of the nano-environment and
localized electronic states, which directly influences the quantum efficiency, onset voltage,
and quantum statistics of the molecular emission.

Thin films of sodium chloride are routinely used to decouple electronic properties of
molecules from the metal substrate. Thus, a thorough understanding of the electronic and
optical effect of the film on the adsorbates is important. Based on electronic characterization
of NaCl at large voltages close to the conduction and valence band edges, it is found that,
surprisingly, both bands are of anionic Cl character. Given that NaCl, an alkali halide, is an
ionic crystal, textbooks suggest that its conduction band should be of cationic Na character.
Cl~ being negatively charged, and a full shell electronic configuration of Na ([Ne]3s23p®)
may naively suggest that tunneling of electrons at positive sample voltages should be fa-
vored through a positively charged Na*. Topography imaging shows that this is not the case.
Tight-binding calculations of the conduction band accounting for the hypothesis that a large
Madelung potential flips the order of C1~ 4s and Na* 3s levels are performed. These findings
may also be applicable to other I-VII and II-VI compounds, and prompt a search for materials
whose conduction and valence bands take on unusual combinations of cationic and anionic
character.

In view of the new interpretation of the NaCl band structure, the electronic coupling
of adsorbed molecules to the metal substrate which occurs through the Cl~ ions of NaCl,
the so called gap states, is also reconsidered. It is found that the gap states are not merely
extensions of broad frontier molecular orbitals allowing for tunneling through the HOMO-
LUMO gap of the molecule. Orbitals well below the energy of the HOMO participate in
electron tunneling at energies inside the gap. This considerably modifies the topography of
molecules when imaged at voltages close to the Fermi level. A tight-binding simulation of
the tunneling accounting for relative weights of the gap states and their symmetries is, for
the first time, able to reproduce the STM topography images in the HOMO-LUMO gap.

Intrinsic STM-induced electroluminescence (STM-EL) and up-conversion electrolumines-
cence (UCEL) of a single platinum (II) phthalocyanine (PtPc) molecule, a prototypical phos-
phor, atop NaCl on Au(111) is characterized. It is found that the quantum efficiency, degen-
eracy of the transition dipole moment, and onset voltage for fluorescence change consider-
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ably for varying energy alignment of the PtPc orbitals.

To tune the energy position of the molecular orbitals in a well-defined manner, metal
substrates with different work functions are used. Different energy alignment of the orbitals
with respect to tip and sample Fermi levels, in principle, controls the electron injection into
the molecule which is key to electron-hole recombination and thus, photon emission. These
findings refine principles for control of onset voltage, which is essential for the design of
low power molecular electronics. At voltages larger than the fluorescence energy, but within
the HOMO-LUMO gap, energy transfer from the tip plasmon may also excite the molecule.
However, we observe that the associated intensities are much lower than for resonant charge
injection into the orbitals.

Hanbury Brown and Twiss interferometry (HBT) is used to analyze the quantum statis-
tics of PtPc fluorescence. An antibunching dip in the g¥(A7) measurement suggests that
the single molecule emits photons one at a time, with a time constant of ~ 300 ps. Recently,
it was shown that no such antibunching dip is found in g®(A 1) when the molecule is excited
by incident light“®. The key difference between the electronic- and photo-excitation is the
transient spin-doublet state of the cationic state as a first step in exciton generation. Based
on these arguments, it is proposed that the antibunching observed for single molecules is
associated with the existence of this transient charged state.

UCEL is observed for PtPc at sample voltages lower than the fluorescence energy. Emit-
ting a higher energy photon than available by electron energy seems to conflict with energy
conservation. A quadratic dependence of UCEL intensity on the current, and an onset voltage
close to the phosphorescence energy suggest that the excitation energy is up-converted to
the singlet energy by two tunneling electrons with the triplet acting as a relay state. The fact
that only one molecule is involved in the experiment, allows ruling out other mechanisms
that may explain energy up-conversion like triplet-triplet annihilation.

Single photon emission under UCEL conditions indicates the existence of a transient
charged state in the excitation mechanism. This finding indicates that the excitation from
the ground state to the triplet, and then to the singlet, can occur only due to carrier injection
since such a process would involve formation of a charged state of the molecule. Moreover,
UCEL is observed at both positive and negative voltages for PtPc atop NaCl on Au(111).
To explain the intensities and onset voltages for different orbital energy alignment, a new
mechanism based on perturbation theory arguments is proposed. This study significantly
furthers the understanding of spin-triplet mediated energy up-conversion.

It is surprising that a quadratic current dependence, naturally explained under UCEL
conditions, persists even at higher positive voltages where emission by a single electron
process would energetically be possible. It is suggested that the linear process remains weak,
and is dominated by a highly efficient two electron process.

Besides the role of the triplet state in UCEL, the resultant phosphorescence from its elec-
tronic excitation is also observed. In fact, there have not been many reports of STM-induced
phosphorescence probably because the triplet emission from phthalocyanines is in the near-
infrared range. For PtPc atop NaCl on Ag(111), singlet and triplet emission is observed only
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at negative voltages, when resonant tunneling from HOMO to the tip is allowed. The phos-
phorescence intensities are low in comparison to fluorescence despite the 3:1 ratio in their
theoretical excitation probability upon random spin injection. TD-DFT calculations suggest
that the transition dipole moment for phosphorescence T; — S is more than an order of
magnitude smaller than that for fluorescence S; — Sj.

A tip distance dependent study of relative phosphorescence intensity (T; : S;) shows that
the coupling to the singlet allows control of magnitude of intersystem crossing to the triplet
state. As the tip is moved away from the molecule, the plasmon-exciton coupling decreases,
resulting in an increase in the lifetime of the singlet state. It is found that the triplet emission
is more sensitive to non-radiative quenching than singlet emission due to its longer lifetime.
A combination of these effects leads to an increase in the population of the triplet state, and
thus phosphorescence intensities.

Using a wavelength-tunable laser to resonantly excite the molecule to its singlet state, in-
trinsic photofluorescence of the molecule is observed. A high-resolution photoluminescence
spectrum shows a larger number of sharper vibrational modes than electroluminescence.
Energy resolved spatial mapping exhibits patterns which can be assigned to modes with dif-
ferent symmetry. Some of these modes are perpendicular to the tip axis, with their transition
dipole moment in the plane of the molecule. The plasmonic enhancement is mostly along
the tip axis which should mean that these modes have negligible intensities. The observed
high intensities can be rationalized by invoking a horizontal component of the tip dipole
moment, introducing a lateral plasmonic enhancement, and selection rules enforced by the
Raman tensors.

A weak triplet emission is observed for STM-induced resonant photofluorescence even
when the tip is placed ~ 2 nm away from the center of the molecule, where direct excitation
of the triplet state due to the tunneling electrons can be ruled out. This is the first observation
of intersystem crossing in a tip-controlled experiment and opens new avenues for future
analysis with sub-molecular precision.

Lastly, the tip-induced electric field is employed to create discrete electronic states in the
band gap of a molecular semiconductor, a thin film of Cg, molecules. Differential conduc-
tance measurements reveal sharp peaks at negative voltages above the HOMO band. Tight-
binding calculations suggest that discrete states are split-off from the LUMO band continuum
of the C¢, layer and localized in a few Cg molecules on top of the film, directly under the
tip. The electron tunneling through the split-off states dominates at large negative voltages
V < —3 V. A large Coulomb repulsion on these states results in a blockade for consecutive
tunneling electrons. The electrons hopping one by one through one of these states may
inelastically tunnel and lead to single photon emission. g*)(At) measurements show an
antibunching dip for plasmonic emission corresponding to the inelastic tunneling. The cre-
ation of split-off states is a general scheme that may be realized also on thin films of other
materials. Design principles for optimized systems are derived from theory. In combination
with the photon pair production in the metal-metal tunneling junction at large voltages'”!,
the discretization of the tunneling current may allow creation of heralded single photons.
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Outlook

Some considerations for future work continuing the research of this thesis are presented in
the following.

Tip-enhanced photoluminescence from a single phosphor: In this thesis, the photoexcitation
is tuned to the energy of the S; state, leading to a resonant transition to the lowest singlet
excited state. Given the role of vibrational states in intersystem crossing, phosphorescence
intensities observed for resonant STM-PL provide only a lower bound on its magnitude. Using
higher energy excitation, for example a 532 nm laser, or a tunable laser with its wavelength
tuned to the second lowest singlet excited state might allow a direct comparison of T;:S;
ratio. Such an analysis may provide a more accurate estimate of the intersystem crossing
magnitude and a comprehensive picture of the influence of exciton-plasmon coupling on T,

emission.

A phosphor that emits in the visible range: Even though the triplet emission from PtPc could
be detected, its energy in the near-infrared range (1.275 eV) is ~ 680 meV below the singlet
emission (1.952 eV). A poor overlap between the vibrational states of the lowest excited
singlet state and the excited triplet state implies that intersystem crossing is unfavorable.
In addition, the quantum efficiency of the detector drops by almost an order of magnitude
from the red region of the visible spectrum to the near-infrared. Tuning the plasmonic modes
of the Au tips such that significant enhancement can be attained both for S; and T; emis-
sion requires considerable tip preparation. These difficulties do not allow a straight-forward
study of intersystem crossing and photon correlations of the T; emission by HBT and thus,
necessitate using a different emitter.

A flat geometry of the molecule is essential for smooth scanning in STM. However, design
requirements, like large spin-orbit coupling, or substantial overlap between the vibrational
states of singlet and triplet excited states are best satisfied for electron donor-acceptor com-
plexes with a three-dimensional structure. Thus, few efficient, commercially available, and
technologically relevant phosphors are suitable for STML studies. Platinum (II) octaethy-
porphyrin (PtOEP), one of the first phosphorescent complexes which, when embedded in
OLEDs, results in high internal quantum efficiency?’, is a promising candidate.

Figure 5.8 shows first results of the PtOEP topography in the HOMO-LUMO gap (fig.
5.8B) and phosphorescence emission (fig. 5.8C). The in-gap image of PtOEP is more complex
than the one for PtPc which is presented in Chapter 2 and which only shows topography
features at the isoindole units of its molecular frame. The topography image in fig. 5.8B
shows a dark halo around the edge of the molecule, and a broken mirror symmetry leading
to a chiral pattern. It would then be interesting to compare this with the theoretical tunneling
probability through PtOEP.

A sharp T; peak is observed by STML at 652 nm wavelength (fig. 5.8C), similar to
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earlier studies of PtOEP islands on graphene on SiO,“’". No S; emission line is observed

in the STML spectrum on an Au substrate, probably due to absence of plasmonic modes

108



T Figure 5.8 — STML of PtOEP atop 3ML

PtOEP on 3 ML NaCl on Au(111). (A) Ball-and-stick
NaCl/Au(111) model of PtOEP. (B) Topography im-
age of PtOEP at sample voltage in the
HOMO-LUMO gap (set point: =2
pA, V=250 mV, scale bar: 1 nm).
S, White dashed lines indicate symmetry
PtOEP on Gr/SiO, axes along N atoms. (C) STM-EL spec-

trum of PtOEP showing T, emission
line (set point: =30 pA, V=-3YV,
t =60 s). Photoluminescence spec-

intensity (arb. units)

Aexc = 405 nm

T
! PL trum of PtOEP islands on graphene

layer showing both singlet and triplet
emission (adapted from Kim et al. >’%).
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at high energies (above 2.2 eV) for Au. However, two lower intensity peaks at about 570
nm and 630 nm are observed. The peak at 570 nm was recently assigned to the transition
from the second lowest excited triplet state to the singlet ground state of PtOEP?72, Already
this preliminary study of PtOEP thus shows a variety of emission phenomena. Since the
energy difference between the singlet and the triplet state is of the order of only 50 meV,
strong intersystem crossing is expected. Using a Ag tip or Ag substrate, plasmon modes at
higher energies may allow the observation of the S; emission simultaneously with the T;
emission and allow a comprehensive characterization of exciton-plasmon coupling and its
role in phosphorescence.

Using PtOEP on a Cu(111) substrate, the HOMO energy level may be tuned to ~ —2.2 V.
Such a configuration may cause the T; emission to occur already at a sample voltage around
—2.2V, still below the energy of the S; state, thus avoiding the complication of Chapter 4,
where S; and T, have the same onset voltage. Analyzing photon statistics of the T; emission
under these conditions, may provide more information on the role of a transient charged
state that is created prior to formation of the T; state.

Atomic-scale analysis of emission from atomic defects: In the last decade two dimensional
materials with a direct bandgap, transition metal dichalcogenide, have emerged as promis-
ing light sources?’%. Besides the intrinsic emission from the layers, single photon emission
has been observed from vacancies and carbon defects, for example in h-BN>>'73, However,
due to absence of a study using a probe which offers simultaneous atomic-resolution opto-
electronic characterization, most studies rely on assignment of the emission to the vacancy
defects based on theoretical simulations?’4. An STML study of such defects, and TMD layers
in general, would allow a detailed optoelectronic characterization of the defects and their
quantum emission (using HBT-STM).

A conductive substrate is necessary for STM to operate. Thus, an analysis of typical sam-
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ples like TMDs on SiO, is not possible. However, recent studies show that epitaxially

grown TMD monolayers on graphene on an Ir(111) substrate, exhibit sharp emission peaks
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A B
Figure 5.9 — STML of vacancy defects and
36A] HOMe 13 p (VYT Lo 136 A TMDlayers. (A, B) Cartoon showing sepa-
NaCl 18-9 A ration between different substrate layers
and the tip for A a molecule atop NaCl on
Ag(111) " Au(111), and B MoS, layer on graphene/
Ir(111). (C) Topography image of 1 ML
D MoS, on h-BN/Pt(111) (set point: I =1

pA, V= 1.6V, scale bar: 10 nm). (D)
Differential conductance spectrum atop
MoS, (set point: | =20pA, V=—-2.5Y,
Vinod = 20 mV).

-
O h-BN/Pt(111)
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in photoluminescence. A naive analysis of the separation distances between the different
layers shows that the distance of the TMD layer, specifically MoS,, is roughly the same as a
molecule adsorbed atop 3 ML NaCl on Au(111) (see fig. 5.9A and B).

First attempts to grow MoS, atop h-BN on Pt(111) by molecular beam epitaxy using co-
evaporation of sulfur from pyrite (FeS,), and molybdenum by metal evaporation, are shown
in fig. 5.9C and D. Large (few 100 nm?) islands of h-BN with a bandgap of ~ 6 eV can be
obtained on Pt(111)27°. A dI/dV spectrum of MoS, (at the black dot in fig. 5.9C) reveals a
bandgap of ~ 2.5 eV, close to the theoretical expectation?®’” (2.7 to 2.9 eV). However, for most
islands a bandgap smaller than 2.5 eV is observed (not shown) due to edge effects resulting
from a small size of the MoS, islands (few tens of nm?). This may be the reason why, the
light emission observed atop these islands is exclusively plasmonic in nature. Nevertheless,
with further optimization of the molecular-beam epitaxy growth parameters, larger islands
of TMD materials can be grown, which may then exhibit intrinsic optical properties.

In addition, the coupling to the tip may be used to control the lifetime of single photon
emission. Since the time difference between emission events is limited by exciton decay
time, decay rate enhancement resulting from coupling to the tip plasmon may be used to
manipulate its time constant. Despite the challenging growth conditions, this study shows a
lot of promise for future solid state quantum emitters.

The interaction of molecules with TMD layers is also of interest because of charge-transfer
excitons which can form at heterointerfaces®’®. In these systems, the exciton generated in
one material may dissociate into a spatially separated electron-hole pair across the interface
resulting in conversion of light into electricity. A microscopic understanding of charge trans-
fer at TMD-molecular layer interface is imperative for future applications in photovoltaics
and photodetectors. Besides that, an efficient coupling between dark and bright TMD exci-
tons, and adsorbed molecules with a large dipole moment has been proposed as a path to

110



turn dark excitons bright?’?. This would lead to the appearance of a dark exciton peak in
presence of a molecule, and thus will be of great interest for chemical sensing applications.
The single molecule sensitivity of STM, combined with optical spectroscopy and coherence
measurements may elucidate the mechanism behind these, and other so-far undiscovered,

processes.
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