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Abstract

Organic semiconductors are promising materials for future electronic and electroluminescence
applications. A detailed understanding of organic layers and nano-sized crystals down to
single molecules can address fundamental questions of contacting organic semiconductors at
the nanometer limit and obtaining luminescence from them. In this thesis,
electroluminescence spectra from pentacene, a policyclic hydrocarbon (acene), are discussed.
The luminescence is induced by the current from the tip of a scanning tunneling microscope
(STM). Pentacene is an organic semiconductor which gained a lot of attention in technology
because of its electronic properties suitable for applications in thin film devices. Moreover,
recent fundamental studies employed pentacene as a standard to demonstrate sub-molecular
resolution by scanning probe techniques. This work reports the first observation of light
emission from nanometer-sized pentacene crystals grown on an ultrathin insulating layer on
noble metal surfaces. Different STM-techniques are combined to characterize the individual
systems studied with respect to topography, crystal structure, electronic properties and work
function changes.

The initial step of the project was the implementation of an optical system for light collection
from the tunnel-junction of a low-temperature STM. In the set-up, a novel approach based on
the use of in situ adjustable lenses has been realized. Three lenses placed in the vicinity of the
tip-apex alow light collection into three independent channels which can be used for versatile
optical analysis.

An important part in the characterization of the organic system was to clarify the interaction
between adsorbed molecules and substrates. We investigated individual pentacene molecules
on different ultrathin insulator-metal systems. With the STM tip in tunnel contact, the
molecules are situated in a double barrier junction formed by the insulating layer on one side
and the vacuum gap on the other side. The metal surface and the STM-tip form the electrodes.
The electronic properties of pentacene in this configuration have been characterized.
Insulator-metal-systems, which provide a good electronic decoupling for pentacene from the
metal, have been chosen as substrates for the growth of pentacene nanocrystals.

Using the sub-molecular resolution of the STM we resolved the structure of the top-layer of

the pentacene nanocrystals and found that the crystal phase agrees with the pentacene bulk
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structure. Moreover, the comparison of charge injection barriers between individual
molecules and nanocrystals of pentacene indicates a significant change of electronic
properties after the formation of ordered structure from the individual building blocks.

Optical spectroscopy of the emitted light reveals an excitonic emission from the nanocrystals,
which is in very good agreement with photoemission spectra of macroscopic crystals.
Although a highly localized current-injection by the STM tip is used for excitation, it can be
concluded that the source of light emission is delocalized. In contrast to luminescence
measurements reported for other organic materials in STM, the excitation is not localized on
the individual molecule, into which a charge is injected by the STM-tip. Our study indicates
the importance of inter-molecular coupling leading to a high mobility of the excited state
which has to be considered in the framework of STM-induced luminescence.

A further result is the observation of the Stark shift of pentacene luminescence, that has so far
not been measured at large electric fields of the order of 1V/nm. The evaluation of the Stark
shift provides information on dipole and polarizability change during the decay of an exciton.
The measured large dipole change of the lowest singlet exciton in pentacene indicates a
mixing of the Frenkel exciton (FE) with asmall contribution of charge-transfer (CT).

Finally, we developed a set-up for photon correlation measurements in the STM. The
properties of photon statistics is a means which can unambiguously prove that the
luminescence is due to a single-photon source, i.e. a light source which emits no more than
one photon at a time. A typical example of such a source is the emission from a single
molecule. We performed photon correlations measurements of the luminescence from
pentacene and Cgp nanocrystals. While the excitonic bulk emission of pentacene is not
expected to represent a single photon emitter, we also did not observe anticorrelations in the
case of Cgo indicating the importance of the local environment in the STM-junction, e.g.the
short distance to the metal electrodes.

Keywords: STM-induced  luminescence,  pentacene  nanocrystals,  molecular
electroluminescence, Sark effect, ultrathin insulating layer, scanning tunneling microscopy,

ultra high vacuum



Zusammenfassung

Organische Halbleiter sind Materialien, die sich als vielversprechend fiir Anwendungen in der
Elektronik und in der Elektrolumineszenz erweisen. Ein detailliertes Verstéandnis von
organischen Schichten und kleinen Nanometer-Kristallen bis zu einzelnen Molekiilen kann
fundamentale Fragen beziglich Kontaktierung und Lumineszenzanregung von
Nanostrukturen beantworten. In der vorliegenden Arbeit werden Elektrolumineszenzspektren
von Pentazen, einem polycyclischen Kohlenwasserstoff aus der Gruppe der Azene,
untersucht. Die Lumineszenz wird angeregt durch den Strom von der Spitze eines
Rastertunnelmikroskops (engl. Scanning Tunneling Microscope, STM). Der organische
Halbleiter Pentazen hat grofle Aufmerksamkeit im Technologiebereich auf sich gezogen, weil
seine elektronischen Eigenschaften sich sehr gut fir Anwendungen als Dinnschicht-
Bauelementen eignen. Darliber hinaus wurde Pentacen in kirzlich vertffentlichten,
fundamentalen Arbeiten als Standard eingesetzt, um submolekulare Aufldsung in der
Rastersondenmikroskopie zu demonstrieren. Diese Dissertation berichtet tber die erste
Beobachtung von Lichtemission aus Pentazenkristallen auf der Nanometerskala. Die Kristalle
wurden auf ultradiinnen Isolatorschichten auf Edelmetalloberflachen gewachsen.
Verschiedene STM-Techniken wurden kombiniert um die einzelnen Systeme bezlglich
Topographie, Kristallstruktur, elektronischer Eigenschaften und Austrittsarbeitsinderungen zu
charakterisieren.

Die Anfangsphase des Projekts umfasste die Implementierung eines optischen Systems zum
Sammeln des Lichts aus der Tunnelbarriere eines Tieftemperatur-STMs. In dem Aufbau
wurde ein neuartiges Prinzip realisiert, bel dem in situ justierbare Linsen eingesetzt werden.
Drei Linsen sind in der Nahe der STM-Spitze montiert, und ermdglichen die
Lumineszenzsammlung in drei unabhangigen Kanalen, die fur vielfaltige optische Analysen
verwendet werden kénnen.

Ein wichtiger Schritt in der Charakterisierung des organischen Systems war die Aufkérung
der Wechselwirkungen zwischen den adsorbierten Molekilen und der Substrate. Wir
untersuchten einzelne Pentazenmolekiile auf verschiedenen Isolatorschicht-Metall Systemen.
Mit der STM-Spitze in Tunnelkontakt, befinden sich die Molekiile in einer Doppelbarriere,
die durch die diinne Isolatorschicht auf der einen Seite und das Vakuum auf der anderen Seite
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ausgebildet wird. Die Metalloberflache und die STM-Spitze dienen als Elektroden. Die
elektronischen Eigenschaften von Pentazen wurden in dieser Konfiguration charakterisiert.
Substratsysteme, die eine gute elektronische Abkopplung des Pentazen vom Metall
aufweisen, wurden als Unterlage zum Wachstum von Pentazen Nanokristallen eingesetzt.
Unter Verwendung der submolekularen Auflésung des STMs wurde die Struktur der obersten
molekularen Schicht der Nanokristalle aufgeldst. Dadurch zeigte sich, dass die Kristallphase
sehr gut mit der Volumenstruktur von Pentazen Ubereinstimmt. Der Vergleich der
energetischen Barrieren fur die Ladungsinjektion in einzelne Molekille und Nanokristalle,
zeigt eine signifikante Anderung der elektronischen Eigenschaften, sobald eine geordnete
Struktur aus den einzelnen Bausteinen ausgebildet wird.

Optische Spektroskopie des emittierten Lichts zeigt exzitonische Lumineszenz der
Nanokristalle, die sehr gut mit Photoemissionspektren makroskopischer Kristalle
Ubereinstimmt. Obwohl die Ladungsinjektion, die zur Emissionsanregung genutzt wird, auf
ein einzelnes Molekll an der Oberflache beschrankt ist, kann man aus den Ergebnissen
schliefRen, dass die Anregung nicht auf diesem einen Molekdil lokalisiert bleibt. Unsere Studie
deutet auf die wesentliche Bedeutung der inter-molekularen Kopplung, die zu einer hohen
Mobilité des angeregten Zustandes fuhrt, und auf dem Gebiet der STM-induzierten
Lumineszenz beriicksichtigt werden muss.

Ein weiteres Ergebnis der Arbeit ist die Beobachtung der Starkverschiebung der Lumineszenz
von Pentazen, der zuvor nicht bei hohen elektrischen Feldern in der GroRenordnung von
1V/nm gemessen worden war. Die Auswertung der Stark-Verschiebung liefert uns
Information Uber die Dipolénderung bei der Exzitonenrekombination. Die sehr grof3
ausfallende Dipolanderung des niedrigsten Singlet-Exzitons in Pentazen deutet auf eine
Mischung von Frenkel Exziton (FE) mit einem kleinen Beitrag eines Ladungstransferexcitons
(engl. charge transfer exciton, CT) hin.

AbschlieRend haben wir einen experimentellen Aufbau fir Messungen von
Photonenkorrelationen im STM readlisiert. Die Photonenstatistik ist ein Mittel zum
eindeutigen Nachweis von Einzelphotonenemittern, d.h. zur Uberpriifung, ob eine Lichtquelle
nicht mehr als ein Photon zur selben Zeit emittiert. Ein typisches Beispiel solch einer
Lichtquelle ist ein emittierendes Molekil. Wir haben Photonenkorrelationsmessungen an
Pentazen und Cgy Nanokristallen durchgefiihrt. Wahrend nicht zu erwarten ist, dass die
exzitonische Volumen-Emission von Pentazen eine Einzelphotonenquelle darstellt, haben wir

auch im Fall von Cg keine Antikorrelation beobachten kdnnen, was auf den Einfluss der
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lokalen Umgebung in der STM-Tunnelbarriere, insbesondere der nahen Metallelektroden,
hindeutet.

Schlisselbegriffe:  STM-induzierte  Lumineszenz,  Pentazennanokristalle, molekulare
Elektrolumineszenz, Stark Effekt, ultradinne Isolatorschichten, Rastertunnelmikroskopie,
Ultrahochvakuum.
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1 Introduction

Organic semiconductors have made a strong entrance in nanoscale electronics and
optoelectronics during the last decade. These materials emerged as promising candidates for
use in energy-efficient solid-state luminescence devices 2. Organic light emitting diodes
(OLED’s) made it possible to realize light sources even on flexible foils *°. This opened up
the way to a novel display technology. Recently, flexible plastic displays built of OLED-
pixels have been demonstrated to show color videos while the display is being bent, curved or
wrapped ©. Such non-rigid devices cannot be realized by LCD- or plasma- technologies,
which are still the standard for commercial monitors and TV screens today. In flexible
optoelectronics, organic semiconductors are used on one hand as the light-generating (OLED)
material, and on the other hand as organic thin-film transistors (OFETS) which electrically
drive the display-pixels ”. Although OLED devices do not show the same high performance as

8910 3 low cost

silicon or GaAs circuits, they can be easily produced by ink jet printing
technology, which may open up the way to mass production of electronic newspapers,
wearable electronics and displays ™.

In a typical OLED architecture, the organic layer(s) are sandwiched between a transparent
anode and a metal electrode 3, From both electrode-sides, charges of opposite sign are
injected into the organic layer. Then the charges form a bound electron-hole pair, called
exciton, which can emit a photon when it decays. The relative position of molecular levels
with respect to the electrode’ s Fermi levels determine the energy barriers for charge injection.
A lot of effort has been made to tune the interface properties around the emitting organic layer
in order to increase light emission efficiency ***°. Thus, exploring the intrinsic properties of
organic molecules is an important step to improve device performance.

In order to face the technological challenges associated with new and smaller organic devices,
a more profound understanding is needed. As a prime model system for investigating the
properties of organic based devices, the hydrocarbon molecule pentacene has been the subject
of numerous studies in science ®. Thin films and crystals of pentacene have gained
importance in organic electronics as OFETs due to their high charge carrier mobilities and the
progress in growing solids with improved properties 187, The extended conjugation and

strong tendency to form well-ordered crystal polymorphs *° are responsible for its success asa
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semiconductor. Moreover, the functionality of an OFET based on pentacene can be extended
by electroluminescence %, realizing devices for highly integrated organic optoelectronic
systems 2.

Beyond the investigation of device functionalities, a fundamental insight into the underlying
physics at the interface between electrode and molecule is essential. A step from a
macroscopic thin-film device down to the investigation of organic aggregates containing a
much smaller number of molecules has to be made. This will help to better understand the
device behaviour at dimensions on the scale of the individual molecules. On this nanometer
scale, scanning probe techniques are the tools of choice due to their capability to resolve
single organic molecules and their electronic orbitals. Impressive results using STM 22 and
atomic force microscopy AFM 2* demonstrate sub-molecular imaging, revealing structural
and electronic features of single pentacene molecules on a substrate. Unperturbed gas-phase-
like electronic orbitals can, for example, be observed on a molecule adsorbed on an
insulator 2. These studies show that the position and the width of electronic levels are
determined by their environment, which can be a metal, an insulator or an organic layer. Such
microscopic understanding of energy level alignment at interfaces influenced by molecule-
substrate interactions is of utmost importance for the efficiency of an OLED device.

In an STM set-up employed to study materials on the atomic scale, a tip with a curvature of
several tens of nm and atip apex consisting of a few atomsis used as a mobile electrode. The
tip can be positioned precisely over an individual molecule on a surface and current-voltage
spectra can be recorded %. A further great advantage of STM is the possibility to locally
excite luminescence %. Inelastic processes induced by the tunnel current of the STM-tip lead
to light emission from tip-induced surface plasmons of the metal as well as intrinsic molecular
fluoresecence #'?%2°, Optical spectra obtained by charge injection into molecules show
features that are due to electronic transitions of the particular molecule. So far, the number of
chemical substances studied by STM-induced luminescence is still small. However, the
method will be suitable for chemical recognition at the nanoscale due to the obtained
molecule-specific optical spectra %, By the strong localization of the tunnel current from the
STM-tip, charge injection is confined to individual molecules, which can result in sub-
molecular spatial resolution of light spectra >,

The injection of charges by STM into thin organic films realizes an electroluminescence
device in which the current flows perpendicular to the film plane, a configuration similar to
the one of an OLED. An important prerequisite for downscaling to nanometer dimensions is

the electronic decoupling from the metal electrodes. The strong interaction between molecules
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and metal can lead to quenching of fluorescence 3. Thus, buffer layers of ultrathin insulators,
as well as multilayer organic structures have been employed to make the fluorescence
observable 2282, The goal of this work is to combine the capabilities of the STM technique
to characterize the molecular system with respect to topography, electronic properties, local
environment and electroluminescence characteristics. We extend experiments by STM-
induced luminescence to a new class of chemicals, the acenes, taking pentacene as an
example °. An important goal is to study the role of decoupling by different insulators on the
molecul€'s electronic levels. We investigate the conditions of light emission, in particular its
dependence on excitation voltage, current, and organic structure size.

The organization of the thesis is as follows. Chapter 2 is dedicated to the experimental
technique employed in the thesis. In the first part, the principles of scanning tunneling
microscopy and spectroscopy are briefly introduced. The features of the low-temperature
STM, as well as different sample and tip preparation methods are presented at the beginning
of Chapter 3. The main part of Chapter 3 introduces the optical system, which was assembled
and implemented in the STM during the time of this thesis. A detailed description of the
working principle for light collection from the STM-tunnel junction is made together with
examples of various methods of luminescence characterisation.

In chapter 4 we discuss the use of ultrathin insulating layers of KCI and of the BN-nanomesh
in order to obtain electronic decoupling of pentacene from the metal substrates of Au(111),
Cu(111), Rh(111) and Cu(110). A comparison between KCl on close-packed and open metal
surfaces is made. We demonstrate that not only the chemical composition of the insulator
material is important, the buffer layer structure itself can play a decisive role determining its
electrical properties.

At the beginning of Chapter 5, we introduce the growth and structure of pentacene nano-scale
crystals on ultrathin KCI. The main part of the chapter is dedicated to optical spectroscopy of
the STM-induced luminescence on the nanocrystals. A bulk-like excitonic spectrum typical
for macroscopic crystals is observed, which strongly differs compared to single molecule
emission lines reported so far. This contrasts with an assumed single molecular emission from
the molecule into which the charge is directly injected by the STM tip. The study is extended
in Chapter 6 by the evaluation of the Stark shift of the main luminescence peak. The shift is
remarkably large, which, on the one hand, is due to the strong electric field inside the
pentacene layer, but, on the other hand, indicates an unexpectedly large dipole moment of the

exciton.
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Photon correlation measurements of STM-induced luminescence are presented in Chapter 7.
After a short introduction to Hanburry-Brown and Twiss interferrometry and photon statistics,
the experimental set-up for photon correlation analysis in the STM is introduced. Correlation
measurements are shown for pentacene and Cgo. FOr pentacene, an anticorrelation feature is
not observed, as expected, due to the assignment of the emission line to a bulk exciton. The
absence of the feature also for the Cgo layer, which is assumed to exhibit emission from single
molecules requires a detailed discussion.

Finally, the outlook suggests future experiments by STM-induced luminescence. In particular,
conditions for the realization and observation of a single photon source below the STM tip
will be discussed.



2 Principles of STM and STM-induced light

emission
2.1 Scanning Tunneling Microscopy (STM).

The scanning tunneling microscope is a widespread surface science tool capable of achieving
atomic resolution on a clean conductive substrate. A sharp metallic tip is brought to a distance
of 5 A — 20 A from the substrate and a bias voltage is applied between them. Asaresult, aDC
current flows through the vacuum gap between the two electrodes. This process, called
tunneling, is described by quantum mechanics, taking into account the wave-like properties of
the electrons. If an electron with energy E and mass me moves towards a barrier of constant
height U, its wave function inside the barrier has the form *:

w(2)=y(0)e™, (2.1)
with the decay constant

oo V2MU-E) 2.2)
h

The electron wave function at the surface of one of the metal electrodes decays exponentially
into the vacuum region (s. Fig. 2.1 left). When the metal tip is close to the sample, thus z is
sufficiently small, there is a finite probability P to find the electron behind the vacuum barrier
of thickness z.

P o< [y (0)[ e, (2.3)
For a small bias voltage, the effective potential barrier felt by the electron can be roughly
approximated to be equal to the average work function of surface and tip @ = (@s+ @t)/2, i.e.
U - E = @. This approximation implies that the vacuum barrier is described as a square
barrier. In reality, there is, first, asmall tilt of the vacuum potential due to the applied voltage,
and, second, image forces acting on the electrons, which round off the potential edges. At
voltages about 100 mV, the potential tilt can be neglected, since it is small compared to the
barrier height, which is typically several eV 3. However, the rounding of the barrier potential

has to be taken into account for a more accurate modelling of the apparent barrier height in

5
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STM . It turns out that the image potential contribution lowers the effective potential height
compared to the mean work function for tip-sample separations commonly obtained
experimentally.

When a bias voltage is applied, the Fermi levels of tip and sample are shifted with respect to
each other. As a result, a net tunneling current between tip and sample takes place. If, for
example, a negative voltage with respect to the sample is applied, the tunneling current in the
STM results as a product of the filled states of the sample and the empty states of the tip.
However, the tip states are unknown, since the configuration of the tip apex consisting of a
small number of atoms is not defined. In order to evaluate the tunneling current, a smple
model was developed by Tersoff and Hamann *. They approximated the tip geometry as a
sphere and used an s-like wave function to describe its electronic configuration. Thereafter the
current | is proportional to the energy integral over the product of the local density of states
(LDOS) of tip and sample p; and ps, the Fermi distributions f, and the transmission probability
T.

1(V,2)e< ej{pS(E)pt(eV —E)T(E,eV,2)[f(E—eV,T)- f(E,T)]dE, (2.4)

The Fermi functions f(E-eV,T) and f(E, T) describe the Fermi distributions of the tip shifted by
the bias to energy eV and the sample at the Fermi energy. The transition tunneling probability
Treadsas

_27, (ng/hz)-(<1>5+<1>‘—2E+eV)) 25)

T(E\V,2) = e[ ,
with @s and @+ the sample and tip work functions, respectively. If the bias voltage is small
compared to the work function, eq. (2.4) can be smplified. The energy and bias dependence
of T can be neglected. Furthermore, at low temperatures the Fermi-Dirac distribution can be

approximated as a sharp step. Finally, the current takes the form:

—22/(mg 10?)(D -+,

IV, 2 ¢ T (B0, (ev - E)cE. (26)

Equation 2.6 reveals two contributions to the tunneling current and thus to the imaging
process of the STM. The pre-exponential factor takes the exponential current dependence of
the distance z into account. A second contribution comes from the integral, which describes
the influence of the sample- and tip-LDOS.

The experimental realization of an STM is shown in Fig 2.1 on the right. The tip is mounted

on a piezo crystal comprising 4 independent parts. The 2-dimensional scanning motion in the
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Figure 2.1. Principle of STM. Left: Wavefunction of an electron tunneling from sample to tip

upon bias application. Middle: Enlarged view of the tunneling junction. The configuration of
the tip-apex is generally unknown. Right: Schematic configuration of the experimental
realization of an STM *’. The scheme is based on 3* *,

directions x,y is done by applying an alternating high voltage to the corresponding piezo
segments.

An additional piezo crystal controls the displacement of the tip in the direction z towards the
sample. In the constant current mode the tunneling current is kept constant by an electronic
feedback loop, which regulates the tip-sample distance z. The STM-topography image is a
plot of the resulting displacement z necessary to maintain a constant tunnel current at each
scan point (x,y) of the lateral position. In the constant-height mode of operation, the feedback
loop is switched off and the tip scans the sample at a predefined tip-sample distance z In this

case the 2-dimensional plot of the resulting current-signal is used for imaging.
2.2 Scanning Tunneling Spectroscopy (STYS).

According to eqg. (2.6), there are contributions to the tunneling current from the energy range
below eV set by the applied bias voltage V. In order to gain information on the local density of
states at a particular energy, spectroscopy is normally performed using the lock-in technique
as a function of bias. The tip is fixed at a position of interest on the surface and under open
feedback-loop the current is recorded. In our case the bias voltage is modulated by 20 meV
amplitude and 750 Hz frequency and the differential conductance dI/dV is recorded
simultaneously by alock-in amplifier. The di/dV signal can be approximated by

= AP O. (27)
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Equation 2.7 implies that the transmission coefficient T and p; are independent of V if V is
small. Then the di/dV signa is proportional to the LDOS at the particular tip position.
However, in order to obtain the pure LDOS of the sample, the density of states of the tip has
to beflat, i.e. without sharp features.

STS is used to study the electronic properties of adsorbates deposited on an ultrathin
insulator/metal surface like organic molecules 2. In this case, the molecule' s frontier orbitals,
namely, the highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular
orbitals, can be accessed. These orbitals represent localized states, which can be energetically
far away from the metal’s Fermi-level. During a spectroscopic voltage sweep, a resonant
tunnel condition can be passed, which means that the energetic position of the particular
molecular level is equal to the electron energy set by the bias. This gives rise to peaks in the
di/dV signal, as a function of bias. The peak position gives information about the molecular
level alignment on the particular substrate. An interesting effect observed in the spectroscopic
measurement is a negative differential conductance at energies beyond the resonant tunneling
condition into the molecular level *3922 |t arises due to the increase of the tunneling barrier
for tunneling into the molecular orbital when the voltage increases and is not an intrinsic
feature of the molecule-substrate system .

Another type of spectroscopic technique in the STM is used to determine the local barrier
height 3. This is done by fixing the tip-sample distance at a set-point of small voltages and
currents and subsequently opening of the feedback loop. Then the tip-sample distance z is
linearly reduced and the current is recorded. Following (2.5) the transition coefficient can be
defined as the ratio of the current at the tip surface at a vacuum barrier of z and at the sample

surfaceforz=0
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If asmall biasis used according to (2.2) and (2.8), the average work function @ = (@s+ @t)/2
can be expressed as
2 2
_h (dlnl) . 29
8m,\ dz

The average work function is thus obtained from the slope of the logarithm of the current as a
function of the tip-sample distance. A typical value of the work function of 5 eV (e.g. Au tip
on Au(111) surface) gives a decay constant « = 11.4 nmi* *. According to (2.9), the tunnel

current decays by one order of magnitude if zincreases by 0.1 nm.



2 Principles of STM and STM-induced light emission

2.3 STM-induced light emission

The first experimental observation of light emission from a tunneling junction dates back to
1976, the work of Lambe et al. “°. A metal-oxide-metal (MOM) sandwiched structure was
used for this first experiment. Upon biasing the junction with voltages of a few volts, light
emission in the visible range with a broad spectral shape took place. In the proposed model,
an electron tunneling inelastically through the thin insulator from one meta to the other
excites a radiative plasmon mode in the junction with frequency v. A characteristic feature of
emission spectra is the quantum cut-off, provided that 1€VI> ho, where eV is the electron
energy defined by the applied voltage V.

Shortly after the invention of the STM, light emission from its tunnel junction was
demonstrated 2. These results were achieved on polycristalline tantalum and Si(111)7x7, and
their emission line a 9.5 eV has been shown to obtain similar information as inverse
photoemission spectroscopy, however, with the high spatial resolution typical for STM. In the
following years, experimental and theoretical works on STM-induced luminescence from
metal tips and noble metal substrates led to a profound understanding of the excitation
process “+*2* |t was established that the emission is due to the radiative decay of tip-induced
surface plasmons (TIP) excited by inelastic electron tunneling (IET) (Fig. 2.2 a) **. These
plasmons are collective electron oscillations, in which the free electrons of tip and surface are
coupled by electromagnetic interaction in the nanocavity of the STM-tunnel junction. The
emission yield was proposed to be in the order of 10°°-10 photons per tunneling electron *.
Typically, plasmonic spectra are very broad. Apart from their characteristic energy cut-off,
the emission yield and energy distribution further depend on the tip-sample distance, tip and
sample material and tip geometry. The strong localization and spatial resolution achieved by
STM-induced light emission makes the technique a sensitive probe for electromagnetic
interactions on the nano-scale *®. Intrinsic plasmon resonances from metal nanoclusters of Ag
and Au decoupled by an ultrathin insulating layer in the STM-junction have been
observed 4", The investigation of inelastic tunneling processes became possible even on the
atomic scale, visualized by photon-maps, taken simultaneoudly during the scan. Standing
wave patterns in the photon-maps induced by confined electron states on metal surfaces were
reported for Au nanostructures on Au(111) “® and Ag atomic chains on NiAI(110) *.
STM-induced luminescence has proven suitable to study also radiative electronic transitions
in semiconductor materials >, The spatial dependence of the electroluminescence excitation

process was reported recently for GaAs even with a resolution down to the atomic scale .



2 Principles of STM and STM-induced light emission

The first study to use STM for luminescence excitation from molecules has been carried out
on Ceo deposited directly on Au(111) %2 The authors observed a structure in the photon-map
taken during a constant-current-scan over a molecular monolayer. The regions of maximal
intensity correlate with the position of the molecules, which strongly suggests that the
molecules are involved in the emission process. Later on, first optical spectraof STM-induced
luminescence were reported for conjugated polymer films of poly(p-phenylenevinylene)
deposited on glass . However, normally when molecules are adsorbed directly on a bare
metal surface, the fluorescence is strongly reduced due to non-radiative energy dissipation, as
shown by earlier experiments . Thus, the molecules have to be decoupled from the metal
substrate in order to minimize quenching effects. Following this approach, vibrationally
resolved luminescence from ZnEtiol molecules adsorbed on a thin oxide layer on NiAl(110)
surface has been achieved in the STM ?’. The emission was attributed to transitions between
unoccupied orbitals of the molecule, which was negatively charged. Intrinsic luminescence
associated with HOMO-LUMO transitions of Cgo Wwas demonstrated by optical spectroscopy
on Cg nanocrystals 2. The nanocrystals were deposited on an ultrathin insulating layer of
NaCl on Au(111). Another successful approach for decoupling is the usage of multilayers of
the same molecule as decoupling phase for the molecules in the top-layer. In such a
configuration intrinsic luminescence from porphyrins has been demonstrated for thin films of
6 monolayers height 2,

Concerning the mechanism of molecular electroluminescence excitation in the STM-junction,
there are three relevant processes discussed in the literature by now. Resonant tunneling into
the molecular orbitals from both electrodes (s. Fig 2.2. b) leads to a simultaneous injection of
a charge into a higher orbital and a charge extraction from a lower-lying orbital 2% As a
consequence, an electron-hole pair is formed, which can undergo a radiative recombination. A
second channel of fluorescence generation is inelastic tunneling into the metal substrate,
which excites surface plasmons. Since both processes can take place, optical spectra have to
be carefully analyzed in order to distinguish the intrinsic molecular luminescence from the
eventually present plasmonic background. Plasmon modes have been further shown to
enhance molecular fluorescence *. However, this leads to a modification of the fluorescence
spectra depending on the intensity profile of the plasmon resonance and the spectral overlap
between both. Recently, a new type of excitation process, called upconversion luminescence,
has been reported for porphyrin films . It leads to a light emission of higher energy
compared to the excitation energy defined by the bias voltage.
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a) vacuum potential b) vacuum potential
E E
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molecule
Figure 2.2. Mechanism of light emission in the STM junction. Inelastic electron tunneling
(a) givesrise to Plasmon excitation and emission. Blue and red arrows indicate two possible
paths of electron energy-loss, blue: in the vacuum region, red: in the metal (also called hot-
electron tunneling). (b) Resonant tunneling into molecular orbitals placed within the tip-

sample junction initiates an electronic transition and fluorescence excitation %22,

In the above-mentioned works, the emission spectra could be identified and there was a good
agreement with measured photoluminescence spectra of the same molecules. These studies
have shown the ability of STM-induced light emission to obtain chemical identification on a
single molecule scale.

However, there are several issues which have not been addressed in these works. The reported
results on molecular structures of nanocrystals and thin films suggest that individual
molecules in the top-layer addressed by the tip are the source of light emission 2% This
means that the excitation is localized on a particular molecule and no energy transfer to
neighbouring molecules takes place. Such an effect is likely to happen if the molecular
coupling within the aggregate is very weak. An unambiguous proof whether the excitation is
localized is the observation of anticorrelation in the photon statistics of the emitted light .
This effect is discussed in detail in Chapter 7 of the thesis. Photon anticorrelation, so far not
reported for STM-induced luminescence, would demonstrate the presence of a
single-molecule as light-source. In the present work it will be shown that an intermolecular
coupling of high strength can lead to an emission not localized on one particular molecule.
Pentacene is known for the strong intra-molecular interaction within an ordered phase. In
nanocrystals it shows luminescence due to excitons typical for macroscopic crystals, which
can radiate from different sites inside the crystal volume. Thus, the charge-injection site does
not coincide with the radiation site.

Furthermore, the influence of the electric field naturally present within the STM-gap has not

been exploited to obtain information on molecular transitions so far. The energy dependence
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2 Principles of STM and STM-induced light emission

of the emission upon field variation (Stark effect) gives important information on the dipole
strength of the excited state. This issue will be addressed in the present work and discussed in
detail in Chapter 6.

12



3 Experimental set-up

The study of organic molecules presented here involves high resolution imaging in the STM
as well as electronic spectroscopy. For a good signal-to-noise ratio, optical spectroscopy is
performed for an extended period of time (up to hours) at a fixed point of the STM-tip. In
order to be able to do this, high stability during operation of the microscope is necessary.
Furthermore, diffusion of the molecules on the substrate has to be strongly reduced. Such
conditions can be realized by measurements at low temperatures down to 4 K, which provides
thermal stability of the set-up as well as low mobility of the molecules.

As part of the thesis, an optical system was built and implemented into an existing low-
temperature STM. First, the features of the STM and the sample preparation will be shortly
described. In the second part of the chapter, the optical system set-up will be discussed in
detail, followed by examples of different modes of measurements on luminescence from the
STM junction.

3.1 The STM set-up

3.1.1 Low-temperature STM

The experiments in the thesis were performed in a home-built STM (Fig. 3.1), operating at
liquid He temperatures constructed during an earlier PhD thesis %. The entire set-up
comprises two ultra high vacuum (UHV) chambers. The UHV pressure is maintained by
turbomolecular pumps (Leybold Vacuum, Pfeiffer), as well as ion pumps (Varian). The
chamber used for sample preparation is separated from the STM-chamber by a gate-valve.
The STM-chamber has a base pressure lower than 1.10°* mbar.

Mechanical stability is provided by two passive damping stages (Newport) and an active
damping stage (Stacis 2100, TMC, Peabody, USA) (s. Fig. 3.1 @). The system-frame, on
which the UHV-chambers are mounted, is mechanically decoupled by the lower passive
dampers from the actively damped massive base-plate. For an additional vibrational isolation,
the cryostat holding the STM s attached to a platform, which is additionally decoupled from
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3 Experimental set-up

the STM-chamber by the upper passive dampers. The resulting vibrational noise of the tip-

sample junction during operation is in the order of 2 pm.

a) cryostat-platform —,

-

load-lock dampers
STM-chamber

b)

passive

tip-holder plate  STM-housing

preparation chamber

manipulator

system
frame

active dampers base-plate

17777 foor
Figure 3.1. () Illugtration of the set-up. The two UHV-chambers (blue: Preparation chamber;

coarse approach motor

orange: STM chamber) separated by a valve are mounted on a steel frame (green). The
cryostat is mounted on a thick steel plate. The preparation chamber has a load-lock for
transferring samples and tips from the outside, which are transferred to the STM chamber by
the manipulator. (b) Inner view of the STM-head (green).

The bath cryostat of the instrument has a volume of approx. 8 liters enabling continuous
measurements for 3 days. Heat-flow from the environment is reduced by radiation shields
cooled by liquid nitrogen.

The STM configuration is depicted in Fig. 3.1 b. It comprises an exchangeable plate, which
holds the tip (top) and an exchangeable sample mounted in a magnetizable sample holder
(bottom). The sample holder is held in position by a magnet glued to a 8 segment scan piezo
(supplier: Stavely sensors Inc., USA). One ring of 4 segments is employed for horizontal
scanning, and 4 segments are interconnected to control the tip-sample distance (vertical offset
during scanning). The scanning unit is mounted on a home-built coarse approach motor %,

which allows horizontal and vertical positioning over arange of several millimeters.
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3.1.2 Sample and tip preparation

In the present study noble meta single crystals were employed as substrates in the STM.
Their surfaces have a defined lattice face, obtained by an appropriate cut of the crystal
(MaTek GmbH, orientational misfit < 0.1°). Close-packed low index surfaces of Au(111),
Cu(111), Ag(111), Rh(111) as well as Cu(110) were used as templates. In order to achieve
high resolution in STM, atomically flat, well-defined substrate-surfaces are necessary.
Therefore, the metal surfaces have to be cleaned in situ, under UHV conditions prior to the
deposition of the adsorbates. This is done in a dedicated preparation chamber attached to the
STM-chamber. The metal substrates are cleaned by Ar*-sputtering cycles followed by
annealing. Typical parameters are an Ar*-ion energy of 900 V, sputtering time of 20 min and
an ion current of 19 A detected on the sample. In order to avoid impurity diffusion from the
crystal volume towards the surface, the annealing temperature is gradually reduced by 10 K or
20 K from 850 K to 800 K (for Au, Cu and Ag crystals) and from 1130 K to 1100 K (for Rh)
with each cleaning cycle.

Organic molecules were deposited onto an ultrathin insulating layer of KCl or BN-nanomesh
for electronic decoupling from the metal. Except for the BN layer, all the components are
prepared by thermal evaporation. The preparation chamber is equipped with home-built
evaporators, where the effusion cells containing the molecules and the KCI are heated by
electron bombardment. The KCI is deposited onto the freshly cleaned metal surface kept at
room temperature. In this way, an ultrathin layer comprising 1-3 monolayers of crystalline
KCl on the metal surface can be prepared .

The boron nitride layer is prepared by a high-temperature exposure of the Rh(111) surface to
borazine (HBNH); as described in reference ¥. Firgt, the freshly cleaned Rh(111) is heated up
and kept at a temperature of 1100 K. Then borazine is let into the preparation chamber at a
pressure of 3.107 mbar for 30 s. Afterwards the sample is cooled down and transferred to the
STM for analysis. This preparation procedure leads to a complete coverage of the Rh(111)
surface by one monolayer of BN.

Essential for the measurements in the STM is a good metallic tip, free of impurities at the
tip-apex. Thisis usually achieved by tip-preparation on a clean metal substrate. However, the
studied molecular samples comprise an extended layer of an insulator and a high coverage of
molecules, thus there are no free metal regions usualy left. In order to have the opportunity to
reproducibly prepare and recover the tip on a clean metal, we employed a shutter covering
half of the crystal surface during KCI- and molecule-deposition. In this way 50% of the metal
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substrate was left clean and free from adsorbates. Then the tip could be repeatedly prepared
for STM and light emission measurements on the clean metal side by moving thetip only by a
few mm on the same sample. The coarse approach motor moves the sample laterally over
about 3 mm, which allows quick in situ switching between the clean metal and the
molecule/insulator system of interest. As tips we used electrochemically etched W- and Au-
tips ®8. The W-tips were additionally in situ coated with silver in the preparation chamber. A
melting-pot containing silver was heated up to 1150 K, and the W-tip was held directly above

the hot silver-surface for 10 min.
3.2 Introducing a versatile optical access to the STM-tunnel gap

We developed a set-up providing three independent optical access paths to the tunnel junction
of the low-temperature STM. Each path can be individually chosen to couple light in or out,
or to image the tip-sample region. The design comprises in situ adjustable aspheric lenses to
alow tip exchange. The heat input due to therma radiation into the STM is negligible. We
present in detail the beam geometry and the redlization of lens adjustment. Measurements
demongtrate the characterization of a typical light source exemplified by emission from tip-
induced plasmons. We suggest employing the Fourier transforming properties of imaging
lenses and polarization analysis to obtain additional information on the light emission process.

Performance and future potential of the instrument are discussed.
3.2.1 Introduction

The observation of luminescence stimulated by the locaized tunnel current in a scanning
tunneling microscope has become a valuable technique for the characterization of tip-induced

%41 semiconductor quantum  structures ®, and

plasmon emission from metal surfaces
molecules adsorbed on surfaces 2. The combination of light spectroscopy with electronic
tunneling spectroscopy can provide deep insight into excitation mechanisms of adsorbed
molecules®. The experimental technique allows the combination of the high spatial
localization of the injected tunnel current (< 1nm) with the virtues of optical spectroscopy.
The latter provides a performance which is not achieved by STM alone: (1) high relative
energy resolution (MAA > 103) using optical spectrometers, (2) characterization of the light

9

emitting process by light polarization analysis *° and (3) luminescence time correlation

measurements .
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Instrumental designs which serve the previously discussed or similar types of experiments
have been presented by different groups *" %, Our approach to optimize light detection
continues these developments and adds several new perspectives. Polarization analysis and
time correlations of the emitted light can be fully exploited only if free propagating light
beams are used instead of beams guided by optical fibres. In addition, free propagating beams
preserve the angular emission distribution of the light source, which we will discuss in detail
below. Low temperature set-ups have been realized earlier, e.g., by separate cooling of an

618 collecting by optical fibres &, or

externally adjusted lens to liquid nitrogen temperature
the use of a conductive transparent tip attached to a fibre ®. Maintaining the instrument
constantly at liquid He temperature while using free propagating beams requires a new
design, which restricts thermal input into the STM.

The goal of maximized light collection efficiency can be achieved by employing an
ellipsoidal % or parabolic mirror #” surrounding the tip-sample region. Such a solution also
dlows completely eliminating chromatic aberration. Our aim to integrate a highly versatile
optical set-up into an aready operating STM system with the important features of tip and
sample exchange, easy optical adjustment, and high mechanical stability leads us to a

compromise providing till fairly good collection efficiency and achromaticity.

3.2.2 Basic design idea

The set-up presented in this thesis requires a full (3 translational degrees of freedom) in situ
re-adjustment of the collecting optics with respect to the STM-tip over a range of at least
0.3 mm (positional variation of different tips) and a precision of adjustment of about 10 um (a
few times the optical resolution). The optics is cooled to the same temperature as the whole
STM assembly and heat input is very efficiently suppressed by focusing the light from the
tunnel junction through two small holes which serve to confine also the solid angle for

radiation input from the room temperature environment.
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Figure 3.2. (a) Computer aided design (CAD) image ™ of the lens arrangement near the tip-

sample tunnel junction. The optical axes form an angle of 30° with respect to the surface
plane. The acceptance angle of each lensis 50°. (b) Photograph of the assembly of the tip and

the three lenses without a sample.

We chose a geometry (Fig. 3.2 a, b) with three aspheric lenses mounted at azimuths 90° from
one another and their optical axis at 30° elevation angle from the sample plane. Each lens has
anumerical aperture (N.A.) of 0.42 yielding a collecting area of 9,2% of the half sphere per
lens. The total solid angle of light collected from the tunneling gap is, however, not the most
relevant figure because, first, luminescence emission towards the surface normal is not
possible due to blocking by the STM tip itself and second, the emission intensity at grazing
angle tends towards zero. More relevant is, in fact, the collection of light around the elevation
of maximum emission which is situated approximately 60° off the surface normal ®*. From the
light emitted on the 60° cone the three lenses collect 47 % of the light. A higher value would
be achieved if the lens axes were separated by angles smaller than 90°. However, for a better
interpretation of measurements we decided to provide clearly defined parallel (180°) or
orthogonal (90°) observation directions when projected onto the sample surface. Reflection
losses at the uncoated surfaces of lenses and viewports can in total add up to 20%-25%. We
thus estimate a total collection efficiency of 21% and 35% for the two limiting cases of
isotropic radiation and radiation exclusively on the 30° cone, respectively. As will be
discussed in section 3.3.5, the chromatic aberration can lead to additional wavelength-
dependent losses for wavelengths for which the focus is not optimized.

We remark that the exchange of tip and sample requires full access from one side so that one

quarter of the cone cannot be equipped with a light collection unit. The commercial lenses
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(for details, see section 3.2.5) were polished on their sides to obtain a conical shape near the
entrance face (see Fig. 3.2 b) which avoids mechanical collision between adjacent lenses and
collision between lenses and sample surface. In fact, the optical performance is not
remarkably impaired by this treatment and the numerical apertureis not reduced.
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Figure 3.3. CAD images ™ of one of the three lens adjustment units. The individual parts of
the assembly are separately colored. () Side view with tip holder, (b) head-on view in the
direction of light propagation. The principal parts are described in the text.

Fig. 3.3 shows in detail the unit carrying one lens. Each lens is adjustable by + 3 mm along
the beam direction for focusing and £ 1 mm in the perpendicular (x/y) plane. Adjustment is
done by a single four-segment piezo tube operated in slip-stick motion (outer diam. 10 mm,
inner diameter 9 mm, length 18 mm; supplier: Physik Instrumente, Germany). The direction
of motion is controlled in a standard way by sign and amplitude of saw-tooth pulses applied to
the four piezo segments with respect to the grounded inner electrode. The adjustment of the
lenses with respect to the tip is thus simple and can be easily monitored by three low-cost
digital cameras mounted outside the vacuum chamber at the end of each optical path. The
aspherical lenses provide good light collection efficiency over the range of visible
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wavelengths and a sufficient imaging quality with a wavelength-dependent resolution limit of
2-4um. This is an important result, as the manufacturer’ design specification has a
wavelength of 980 nm, which means that the aspheric shape has been optimized for
wavelengths that are longer than those typically used in the types of experiments discussed
here. The use of lenses (instead of mirrors) provides some achromaticity — discussed in the
experimental part below. Moreover, glass lens and glass UHV viewports presently restrict the
detectable light to the visible and near IR range.
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Figure 3.4. (@) Beam geometry of one of the three optical paths. For details of the beam
passing through the two cryostat shields, see text. (b) Schematic cross section of the STM,
the cryostat, and the bottom flange of the UHV chamber. The three beam paths are indicated

by lines with arrows.

The three lenses couple light from the tunnel junction via three flat mirrors into three vertical
light paths with the beams propagating in vacuum (Fig. 3.4 b). After passing through UHV
viewports, the paths end outside the UHV chamber in three independent ports which can be
employed in various combinations. Each port can be equipped with a web-camera (for lens
adjustment), with an intensified camera, with a spectrometer, or with a single channel light
detector (like e.g. a photomultiplier tube or avalanche photodetector). By reversing the
propagation direction, light can aso be coupled into each port providing directional

illumination on the sample e.g. for photoluminescence experiments.
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Most important for the further discussion of the optical set-up is the fact that the STM tip is
fixed and all relative motion between tip and sample during coarse approach and during STM
scanning is made by the sample. The lens units are attached to the same base as the tip holder,
so that the relative adjustment of tip and lenses does not change by sample exchange and
during STM operation.

3.2.3 Thelight path

The detailed geometry of the light paths is shown in Figs. 3.2-3.4. The entrance surface of the
aspheric lensis typically adjusted to a distance of 2.5 mm from the tip apex. The lens focuses
the light to an intermediate focus 170 mm behind the lens. From the lens the light passes
inside the piezo tube (inner diam. 9 mm) and is reflected from an ex situ adjusted commercial
silver mirror. The light exits the cryogenic part of the set-up through holes in the two
radiation shields. The intermediate focus is situated between the inner radiation shield at
liquid He temperature and the outer shield at liquid nitrogen temperature (Fig. 3.4 d). The
focus prevents any blocking of the luminescence light by the holes, which act as apertures
only when awider area of the surface is imaged. The holes in the two radiation shields (diam.
4 mm inthe liquid He shield and 6 mm in the liquid N shield) reduce the thermal background
radiation entering the STM. The negligible heat input into the 4.2 K system is reflected by the
fact that the liquid He consumption remained unchanged comparing the situations before and
after the holes were implemented into the shields. Calculation of the heat input assuming
perfect black body radiation (e=1) from the 300 K environment through a 28 mm? hole at a
solid angle 2 msr yields an upper limit of the input power of 5 uW. The direct radiation on
each lens (solid angle 0.4 msr) isless than 1 uW. This IR radiation is predominantly absorbed
by the lens and only aminor part is transmitted to the tunnel junction.

The STM is firmly mounted on the liquid He tank which, however, is not rigidly attached to
the liquid nitrogen tank, so that the relative alignment of the holes in the two radiation shields
can change. In order to alow for adjustment, rather large holes were drilled into the liquid
nitrogen shield. These holes are each covered by a plate containing a tube with a much
smaller inner diameter (6 mm). Moving plate and tube from the outside of the UHV chamber
by awobble stick allows aligning the holes in the liquid nitrogen shield with the fixed holesin
the liquid He shield (Fig. 3.4 a). After traversing the UHV viewports vertically (Fig. 3.4 b),
the light from the tunnel junction is reflected by 90° to horizontal propagation and focused by

alens on the corresponding optical detector or camera.
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3.2.4 Lens Adjustment by dip-stick motion

The in situ adjustment of the three lenses is a central point for the operation of the set-up.
Lenses and motors are mounted on the liquid He tank and thus operated at 4.2 K in UHV.
Under the standard focusing conditions described above a change of tip position by more than
50 um requires lens re-adjustment to avoid losses at the holes in the cryogenic shields. Ex situ
pre-adjustment of the STM tips on their mounts yields a reproducibility of only =300 um. The
fact that the exchange of an STM tip always requires a re-adjustment of the lenses emphasizes
the importance of an easy-to-use in situ lens adjustment.

Fig. 3.3 shows one lens unit. Focusing of the lens (z-motion) is guided by two sapphire rods
which act as rails. The motion is controlled by applying saw-tooth voltage pulses equally to
the 4 piezo segments with respect to the inner grounded contact. Applying saw-tooth pulses
with opposite signs to opposite segments leads to latera (x, y) motion of the entire lens mount
including the rails. The x/y plane of motion is defined by a sapphire plate whose surface
normal is parallel to the light beam, i.e. tilted by 60° with respect to the direction of gravity.
In order to compensate for the weight in the up/down motion, the lens mount base is pulled
upwards by awire attached to an appropriate counter weight.

Slip-stick motors require a controlled force normal to the contact surface. As the STM set-up
does not feature coils for the generation of high magnetic fields, the normal force can be
implemented by the magnetic force between permanent magnets and magnetizable steel. In
other cases springs may serve the same purpose although the resulting normal force will

change with the operation temperature, which might make operation less reliable.

3.2.5 Materids

The lens adjustment unit is composed of different materials that respond to specific
requirements. The unit is made from UHV-compatible materials such as tantalum, sapphire,
magnetizable and non-magnetizable steel, Al,O5; ceramics and others. In particular, Co;7 Sm;
magnets (supplier: Peter Welter GmbH & Co. KG, Germany) were employed to control
normal forces in the slip-stick motors. The different parts are glued together by UHV-
compatible conductive and non-conductive epoxy glues.

The optical properties of UHV components (e.g. the birefringence of UHV glass viewports)

are rarely specified by manufacturers. Similarly, the UHV compatibility of commercial

22



3 Experimental set-up

optical components is in general not guaranteed and has to be tested prior to usage. We
observed no significant outgassing at 100°C in vacuum for the aspheric lenses (uncoated
precision molded aspheric lens, Corning C0550 glass, Light Path Technologies Inc., USA,
supplier: Edmund Optics) and the plane mirrors (Ag protected coating ER.2 , Newport Corp.).

3.3 Examples of luminescence characterization

3.3.1 Monitoring the luminescence source

We employ low-cost web-cameras to monitor the tip approach. They are, however, not
sensitive enough to detect the weak luminescence from the tunnel junction. This requires an
intensified Peltier-cooled CCD camera to image the luminescence light spot and to picture
immediately afterwards the tip and its reflection under illumination by an external light and at
reduced intensifier voltage.

Fig. 3.5 ¢ shows an overlay of such two images, alowing for an identification of the exact
position of the tip apex. Fig. 3.5 b shows a plot of the CCD raw data without pixel binning
and a cross section (red line above) through the maximum. This image of the luminescence
from tip-induced plasmons demonstrates that the chosen aspheric lens is sufficient to obtain a

spot with the dimension of afew pixels even at visible wavelengths.
3.3.2 Angular distribution of light emission

The use of free propagating beams (in contrast to a glass fiber guided coupling) allows
preserving a maximum of information carried by the light. One such source of information is
the angular distribution of emitted light which is only rarely monitored in STM-induced
luminescence *. When the focus is purposely shifted away from the CCD plane, a broad spot
is observed. This extended distribution represents the 2D Fourier transform of the waves
composing the image of the light emitting point. It can be immediately interpreted as the
angular distribution of the light emitted from the tip-sample region. The principle is illustrated
in Fig. 3.5 a by the dashed and the dotted beam propagating at some angle with respect to the
optical axis. Fig. 3.5d shows the angular distribution obtained in the Fourier-transforming

geometry in one of the light paths.
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Figure 3.5. (a) Schematic geometry of polarization and angular distribution measurements.
Image of tunnel junction and luminescence light source: (b) focal image (below) and cross
section (red line, above) of the intensity distribution of the light emitted by tip-induced
plasmons. (c) Overlay of the luminescence focal image (red) with the shadow image of the
tip and its mirror image illuminated from the back (cyan). (d) Overlay of the angular
distributions of the component polarized along the surface normal (p-polarization, blue) and
the perpendicular component (s-polarization, green). The yellow region indicates roughly

identical intensities of the two polarizations.

Our example maps the anisotropy found in the emission from tip-induced surface plasmons
on a metallic sample (s. Fig. 3.5 d). We discuss the color-coding in this figure in the next
section. The deviation from the circular shape demonstrates that the anisotropy of light
emission in the azimuthal direction is less pronounced than the anisotropy found for different
elevation angles. The tip-sample orientation in Fig. 3.5d is the same as in Fig. 3.5¢. The
measurable azimuthal emission distribution can in principle be extended further by including
the information from the other two lenses. We observed that the intensity from tip-induced
plasmons in the three light paths can vary significantly. As the three paths are almost identical
by design, we ascribe this observation to the irregularity of the tip apex and the resulting
differences in the coupling of tip-induced plasmons to the emitted far field "*. We have not yet
investigated angular information for light sources other than tip-induced plasmons. However,
we suggest that the observation of angular luminescence distributions can contribute to the
characterization of anisotropic emitters like, e.g. quantum wires or luminescent molecules.

The identification of nodes in the angular distribution allows an assignment of the orientation
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of the local transition dipole which has been introduced by far-field microscopy studies of

single molecules 27,

3.3.3 Polarization analysis of luminescence

The information obtained by the angular distribution of luminescence can be supplemented by
polarization analysis. Fig. 3.6 a shows a polar plot of the integrated light intensity from one
lens as a function of polarizer angle. The data (red dots) were fitted (blue line) by a sum of
two components, an isotropic one (green line) and a dipolar one (red line).
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Figure 3.6. () Polar plot of the polarization-dependent spectrally-integrated for emission
from tip-induced plasmons. (b) Simulation of tip-sample geometry for the measurements in
(a). (c) Spectrarecorded along the two principle axes of linear polarization. The color coding
is the same as in the polar plot (). From single photon calibration an estimate of absolute
photon numbersis obtained by dividing the arbitrary units by 50.

The result clearly indicates a dominant direction of the electric field vector in the radiation.
As the direction of observation is not identical to the one in Fig. 3.5c¢, d, the apparent
orientation of the surface normal is different. We employ a realistic visual simulation of the
3D geometry (software: POV-Ray (TM) for Windows, Version 3.5) which reproduces
redigtically the actual view into one of the viewports. The smulated view towards the
aspheric lens (Fig. 3.6 b) allows determining the projection angle of the coordinates in the
STM and proves that the preferential polarization of the tip-induced plasmons is parallel to
the surface normal (p-polarization). This may appear obvious when regarding the electric field
associated with the tip-induced plasmon. It might be more surprising that the component
polarized parallel to the surface (s-polarization) is comparable in intensity to the p-polarized

contribution (red line). The use of a quarter wave plate can additionally determine the
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circularly polarized component. A full polarization analysis has been discussed by
Pierceetal. . The spectra in the direction of maximum intensity (blue) and minimum
intensity (green) are plotted in Fig. 3.6 ¢ together with the difference of the two spectra (red)
with the color coding equivalent to the polar plot in Fig. 3.6 a The two linear polarization
components show no significant spectral difference. Finally, we demonstrate the measurement
of the polarization-resolved angular distribution by combining Fourier imaging (see previous
section) with polarization analysis. Fig. 3.5d is a color coded overlay of the polarized
contribution and the non-polarized contribution (blue and yellow, respectively). It is
remarkable that the s-polarized contribution varies strongly with the azimuth of emission.
This supports the assignment to tip apex irregularities suggested in the previous section.

3.3.4 Spatia luminescence mapping and tunneling excitation spectroscopy

Fig. 3.7 demonstrates the ability to record a map of the total emitted light intensity in STM
scanning mode. The luminescence image was recorded during a 30 minute topography scan
(512 x 512 pixel, current 0.5 nA). The short charge pulses (< 1 us) from the single channel
detector, here a photomultiplier tube (PMT), were integrated by a commercial measuring
amplifier (DC-1000, Alexander Meier Elektronik, Germany) with the band width reduced to
10 Hz. This low pass filtered signal is then fed to a separate input channel of the STM

scanning electronics.

intensity (arb. units)

height o

Figure 3.7. (a) Topographic scan with a simultaneous acquisition of (b) luminescence
intensity. Ag coated W tip on Ag(111), bias U = 3.0V, tunnel current | = 0.5 nA, 512 x 512
data points, scanning speed 1.8 s per line. Band width of luminescence channel 10 Hz. The

plots were made using WSxM ™ software.
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The observed reduction of luminescence intensity near step edges with respect to terraces has
been discussed earlier 7", In our measurement it can be related to an increased tip-sample
distance shown by the bright edges in the topographic image. The tip retraction is not a
dynamic effect from the STMs feed-back a the step-edge because the same behavior is
observed for step edges parallel and perpendicular to the scanning direction. It can be dueto a
reduced tunnel barrier or an increased density of states.

In the same way as in topographic scans one can record bias-dependent luminescence
synchronoudly with the acquisition of tunnel current and differential resistance (di/dV data
from a lock-in amplifier). Fig. 3.8 shows examples for a single forward and backward bias
sweep acquired within 20 s.

Ag-coated W tip on a Ag(111) terrace
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Figure 3.8. Tunneling spectroscopy (I and di/dV: blue traces) with simultaneous recording
of total luminescence intensity using a PMT (red trace) for a Ag coated W tip on Ag(111).
Single forward and backward bias scan at 10 s per sweep. Band width of luminescence
channel 10 Hz. (a) Constant height mode, set point V = 3.6V, | = 0.5nA. (b) Constant
current mode, | = 0.5 nA. Green trace: Height change of the STM tip during bias sweep.

Recording this type of excitation spectrum at a constant height condition (Fig. 3.8 a) yields
the light emission onset at both polarities - here at similar absolute voltages (red arrows). This

is due to the fact that with few exceptions "®%* a photon is not found to carry more energy than
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provided by a single tunneling charge. The photon generation efficiency can be obtained by
dividing the light intensity (red curve in Fig. 3.8 @) by the current (blue curve). Thisratio can
be obtained directly, and with higher precision, in a constant current measurement as in
Fig. 3.8 b. The decrease of the quantum efficiency above 4V may in part be due to the
retraction of the tip from the surface (green curve) which occurs in response to an increased
conductance due to the upcoming first field ionization resonance at 4.5 V. As the tip-induced
light emission requires the proximity of tip and surface, atip retraction leads to a reduction of

the light emission *.

3.3.5 Chromatic aberration in luminescence spectra

An important type of measurement which contains rich information on the studied photon
source is light spectroscopy at a previously characterized surface position. We present as an
example spectra recorded with a W tip on aterrace of a Cu(110) single crystal. In Fig. 3.9, the
light intensity is plotted in a reverse rainbow color scale as a function of bias voltage (y-axis)
and wavelength (x-axis). This plot is overlaid with contour lines of constant light intensity.
The plot is composed of single plasmon spectra with a total accumulation time of 2.7 hours
and provides an overview of the relation between excitation energy (bias voltage) and
emission energy (plasmon wavelength). We note that for the constant current condition the
bias voltage is connected with the tip-sample distance in a monotonic but not linear relation.
For an increasing voltage, the light intensity at a given wavelength does not show a linear
increase, but exhibits subsequent maxima and minima. The reason for that is the non-linear
change in tip-sample distance, which affects the strength of the tip-induced plasmon modes,
aswell as the probability of inelastic tunneling ™.
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Figure 3.9. "Fingerprint" measurement of tip-induced plasmon polaritons for a W tip on an
atomically flat terrace on Cu(110). The 76 separate spectra recorded with a tunnel current
I =1 nA for different bias voltage (y-scale) are presented in a color coded 2D intensity plot
together with white contour lines of equal intensity (the intensities for which the contour

lines are drawn are arbitrarily chosen).

A prerequisite of detailed spectroscopic data is a high resolution of the imaging optics. In
order to reduce losses, we operate the spectrometer with a wide entrance dlit. Fig. 3.10 shows
afalse color (reverse rainbow) representation of the pixel-wise read-out from the CCD chip at
the spectrograph. Such data is the basis for the generation of spectra. The broad spectral
distribution of tip-induced plasmon emission in this example allows the visualization of a
bow-tie shaped pattern in Fig. 3.10. The focus obtained at the center is comparable to the
diameter of the radiation source image in Fig. 3.5 b. The broadening towards the sides of the
spectrum can be attributed to the chromaticity of the aspheric lensin our set-up. Changing the
focus in the spectrometer allows shifting the center of the bow-tie to higher or lower
wavelengths. Conventionally integrated spectra obtained from the CCD array thus achieve the
instruments limiting spectral resolution only over a restricted wavelength range. If a larger
range is to be covered, the spectra have to be measured for every wavelength interval at a
different focal setting of the imaging lens outside the UHV chamber. Alternatively, the data
from the CCD array can be deconvoluted by a wavelength-dependent broadening.
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pixel number
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Figure 3.10. Spectroscopic CCD raw data (1024 x 256 pixels) in false color representation
characterizing the chromatic aberration of the optical system (see text).

3.3.6 Outlook

Further opportunities for other measurements are opened by the simultaneous use of the three
optical ports: Firgt, light can be coupled into the tunnel junction through one port, allowing
for photoluminescence measurements, with the STM tip either removed or in place. Focal
spots down to 3 um may be achievable. The field enhancement in the presence of the metallic
tip will increase the spatial confinement of incoming light to dimensions near the curvature of
the tip apex (10-50 nm) similar as in apertureless near-field optical microscopes (& SNOMS).
Second, one can imagine equipping two optical ports each with a time-resolving photon
detector. Fast processes induced by the STM tunnel current can thus become accessible via

time correlation measurements. This technique will be described in Chapter 7.

30



4 Single pentacene molecules on ultrathin insulator

films

Organic molecules deposited on a metal surface are known to interact through their w-orbitals
with the free electron gas at the metal surface. This can lead to a charge transfer with & or
without ® a chemical reaction between metal and molecule. In order to avoid such
interactions, an insulating spacer layer with alarge band gap (several €V) can be used, which
acts as a tunnel barrier towards the metal. Repp et al. showed in an STM study that 1 to 3
atomic monolayers of NaCl already provide a sufficient electronic decoupling of pentacene
from the metal surface of Cu(111) % The molecule undergoes no reaction with the inert
NaCl, demonstrated by the observation of the unperturbed gas-phase like frontier orbitals of
pentacene on this substrate.

Here we used ultrathin insulating layers of KCI and the h-BN-nanomesh, which have a large
bandgap (8.4 eV for bulk KCl, 5.9 eV for h-BN), in combination with different metal surfaces
as templates for pentacene. The electronic properties and by this the interaction between the
molecules and the substrate are revealed by a combined STM and STS study on individual
pentacene molecules. We find that the insulating properties of the buffer layer are not alone
provided by the material, that is, by its chemical composition. A significant role is played by
the underlying metal and its crystal face, which determine the structure of the insulator & 57
and, as we will show in detail, the electronic properties of the molecule. We obtain a good
electronic decoupling of pentacene on the close packed metal surfaces, i.e. for KCI/Cu(111)
and KCI/Au(111), whereas on KCI/Cu(110) a strong molecule substrate interaction takes
place resulting in a poor electronic decoupling.

4.1 Theinsulators

KCl is thermally evaporated and partially covers the underlying substrate. KCI grows in a
carpet-like mode ® over the step edges (s. Fig 4.1 a). On top of the wetting layer KCI forms
islands with straight edges. The islands are homogeneously distributed and also show a
carpet-like growth over the step edges. The first KCI wetting layer on Au(111) consists of two
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monolayers of KCI. The wetting layer shows a step-height of 4 A being larger by a factor of
two than the step height of the islands formed on top of it (Fig. 4.1 a). The lattice constant of
bulk KCl is 6.29 A 8. The KCl double-layer perpendicular to the (100) plane has thus a
thickness of 3.15 A. In the STM the apparent height of the first step is larger than expected
from the lattice constant. Similar to KCI, the wetting layer of the bilayer of NaCl on Cu(111)
measures a larger step height of 3.2 A %, which agrees well to our results, taking into account
the smaller lattice constant of NaCl (5.65 A). The surface corrugation observed on the KCl
layer results from the Au(111) reconstruction still visible even through the 3" KCI layer
(Fig. 4.1 a).

In the case of KCI deposition on Cu (s. Fig. 4.1 b, ¢, d), the KCl surface exhibits a striped
corrugation due to the formation of a Moire pattern resulting from the lattice mismatch
between KCI and the metal . On Cu(111) a single phase was observed with Moire-stripes
oriented along the three symmetry directions of the (111) surface. Asfor KCl on Au(111), the
KCl wetting layer on Cu(111) is a bilayer, on top of which monolayer-islands form . When
evaporated on Cu(110), KCI exhibits two different phases called type | and type I, both of
them also show a striped Moire structure (s. Fig. 4.1 b, ¢). The stripes of type | are oriented
parallel to the [-110], whereas the type |l stripes are parallel to the [-112] direction of the
Cu(110) surface *°. In contrast to Au(111), the apparent step heights of KCI type | and ||
measure a step height of 2 A (at a bias of -3V) * for the wetting layer, which compares well
with the measured height of the monolayer islands on Au(111). This suggests that the KCI
wetting layer on Cu(110) is a monolayer *. The KCl phases formed on the Cu(110) and
Cu(111) differ substantially with respect to the corrugation height of their Moire-patterns. In
Fig. 4.1 the surface structure is shown. The observed periodicities in comparison to the bulk
lattice constant of KCI indicate that only one chemical species in the KCI layer is imaged by
STM as a protrusion. In analogy to studies of NaCl ultrathin layers, we assume that the Cl
ions appear as protrusions &. The KCl-type | structure forming on Cu(110) exhibits the
strongest corrugation which is 6 times larger than the KCI phase on Cu(111). For a detailed
description of the K Cl-morphology on Cu(110) and Cu(111) the reader is referred to 5 &,
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Figure 4.1. (a) STM-topographs of KCI/Au(111), (-3 V,0.01 nA) and line-profiles showing
the step heights of the first (red) and the second KCl-layer (blue). The green curve shows the
surface corrugation of KCI/Au(111). (b),(c),(d): High-resolution topographs (upper row) and
corresponding line-profile (lower row) of the KCl/metal systems (b): KCl-typel/Cu(110),
(-0.47 V,0.1 nA); (c): KCl-typell/Cu(110),(-1.7 V,0.2 nA), (d): KCI/Cu(111), (2 V,0.05 nA).

The boron nitride monolayer was prepared by a high-temperature exposure of the clean
rhodium surface to borazine (HBNH)3, as described in Chapter 3.1.2. It forms a hexagonal
superstructure with a periodicity of 3.2 nm, a 2 nm pore size and covers the metal surface
continuously. Pore-formation is due to the lattice mismatch of the film and the rhodium

substrate. The pores are periodic depressions of the layer (s. Fig. 4.2 b) and act as traps for
atomic or molecular adsorbates .
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4.2 Electronic properties of pentacene deposited on the insulator-metal
substrates

An STM study on individual pentacene molecules adsorbed in a planar geometry on a NaCl
layer on Cu(111) have been reported by Repp et al. 2. The authors observed the highest
occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of pentacene imaged
by the STM at opposite bias polarities. Tunneling through the HOMO or LUMO results in a
charging of the molecule, thus the observed states are more accurately referred to as the
positive (PIR) and negative (NIR) ion resonances, respectively. The geometries of both
orbitals are clearly distinguishable. The HOMO orbital exhibits 10 lobes of the electron wave
function ordered in two rows separated by a nodal plane along the long axis, whereas the
LUMO shows 7 lobes and no nodal plane along the long axis. The voltage difference between
the PIR and NIR is 3.1, 3.3 and 4.2 eV for a pentacene molecule on a mono-, bi- and triple-
layer of NaCl, respectively 2. The increase of the NIR-PIR-gap from a mono to atriple layer
of NaCl was attributed to the decrease of polarization by the metal surface due to the larger
molecule-metal separation for the thicker layers. In this work we explore different insulator-
metal combinations in order to gain information on the influence of the substrate systems on
the molecular level alignment of pentacene molecules and by this to study the electronic
decoupling introduced by the insulators. We will discuss three different models for a
description of the strong molecule-substrate interactions in the system pentacene-KCl-
Cu(110).

Samples were prepared by thermal evaporation of pentacene on thin insulator films on metal
substrates. When pentacene is deposited on the KCl-covered metal surface held at room
temperature, the molecules accumulated exclusively on those regions which were uncovered
by KCI. A suitable approach to reduce the diffusion path length of pentacene on the KCI was
cooling of the substrate to 90 K during the molecule deposition. Thus we obtained isolated
pentacene molecules with a preferential adsorption site in the channels between the KCI-
stripes (Fig. 4.2 a, ¢). In contrast, isolated molecules are found on the BN-nanomesh even at
room temperature because the areas between the pores act as diffusion barriers (Fig. 4.2 b)
and BN covers the metal surface completely. The molecules are found preferentially at the
edges of the pores. This characteristic adsorption site was aready observed for
CuPc/BN/Rh(111) and has been assigned to the position with the highest in-plane electric
field on the surface %,
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Figure 4.2. STM topography overview, (a) pentacene on bare Cu(110) and on single layers of
KCl type | and Il on Cu(110) (U=-05V, I =5pA, (b) pentacene adsorbed on a BN-
nanomesh (U=-2.15V,| =0.2nA), (c) adsorption geometry of pentacene and lattice
assignment of the ions in KCl-type | (U=-0.1V, | =0.3nA), dg.ci = aa/V2 = 0.45 nm, d)

3-dim representation of the same measurement as c).

The samples were characterized by imaging the topography with the STM and spectroscopy.
The topography measurements were done in the constant current mode of the STM,
current-voltage spectroscopy was performed by measuring the differential conductance by the
lock-in technique with a voltage modulation of 20 mV amplitude and a frequency of 750 Hz.
Differential-conductance maps were taken by recording the lock-in signal during the scan in
the constant current mode.

Spectroscopy measurements on single pentacene molecules reveal one peak at negative and
one at positive bias. In all measurements the bias is the sample potential with respect to the tip
potential. The voltage difference between the peaks ranges from 1.5V to 42V for the
different substrate systems (s. Fig 4.3). Except for the case of pentacene on
KCl-type 1/Cu(110) the voltage gap between the observed peaks are close to the result
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reported for the NaCl/Cu(111) substrate . Topographs of the molecule at hias voltages
corresponding to the peaks reproduce the pattern of the lowest unoccupied (LUMO) and
highest occupied (HOMO) molecular orbital of the free molecule (s. Fig. 4.3 a): KCI/Au(111)
and b): h-BN/Rh(111)). When imaged at a bias voltage within the NIR-PIR gap the molecule
appears featureless and with a low topographic height (see Fig. 4.2 b, scan at -0.6 V). The
orbitals of the free pentacene molecule are preserved when it is deposited on the BN or KCI
on Rh(111) and Au(111) respectively (Fig. 4.3 a,b).

In the case of pentacene on KCl-type | / Cu(110), the bias difference between the STS peaks
is by a factor of 2 smaller than for the other template systems. dl/dV-maps show the same
geometry as the LUMO orbital of the free molecule on both sides of the Fermi-level
(s. Fig. 4.3 ¢). This observation differs from the other insulator/metal systems in Fig. 4.3
where the pentacene LUMO orbital is accessed always at positive bias. The observation of the
LUMO-orbital a an energy below the surface Fermi-level suggests that the LUMO-state
might be populated either partially (by 1 electron) or fully (by 2 electrons). Both indicate that
a charge transfer to the pentacene takes place. STM-topographs of pentacene on the
KCl-type |l phase reveal the geometry of the LUMO orbital at 0.5 V. The orbital shape
appears dightly bent in the direction of its long axis. This indicates that the adsorption site is
not mirror symmetric. Unfortunately, at negative bias (-2.3V) the STM topography of
pentacene on the type Il structure does not show the molecular structure in detail ( Fig. 4.3 d).
High-resolution STM imaging of pentacene in this voltage range was hampered by the
molecules high mobility on the typell phase, which is induced during scanning by the
electric field of the tip. The high mobility of pentacene on both KCI/Cu(110) phases does not
indicate a strong bonding to KCI. However, pentacene is significantly more stable (against
motion by the electric field of the STM tip) on KCl-type I/Cu(110) than on KCI/Cu(111). In
addition, the corrugation of adsorption potential, that is, the diffusion barrier on the type
phase, is higher than for typell. This results in a higher pentacene-coverage on type |
(s. Fig. 4.2), whereas the imaging on type |1 is unstable. The different mobilities of pentacene
might be further related to the topographic corrugation of the KCl (Fig. 4.1), which is the
highest for the KCl-type I-phase.
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Figure 4.3. Scanning Tunneling Spectroscopy STS (center) and bias-dependent imaging
(right, left) of individual pentacene molecules on different insulator/metal systems. The
spectra are offset in vertical axis for clarity. The grey dotted line separates schematically the
systems with good (top) and poor (bottom) electronic decoupling. Images: individual
pentacene molecules on (a):K Cl/Au (yellow, STM-topography), (b): BN/Rh(111) (red, di/dV-
map), (c): KCl-typel/Cu(110) (black, di/dV-map), (d): KCl-type Il/Cu(110) (grey, STM-
topography).

In one case the observation of identical molecular states on both sides of the bias polarity was
reported for CuPc on ultrathin oxide layer on NiAl %. In another case such an observation was
attributed to singly occupied molecular orbital formation by pentacene reacted with a Au
atom *°. We will start the discussion with the first case.

The voltage drops in the double tunneling barrier between the vacuum gap on one side and the
insulator on the other side of the CuPc molecule. The current can flow for different polarities
through the same molecular level, if it can align for one polarity with the Fermi level of the
tip and for the opposite polarity with the Fermi level of the metal substrate. This requires that
the molecular level is not pinned to the metallic substrate, i.e. the insulator provides a

sufficiently large voltage drop .
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In order to obtain information about the shift of the pentacene levels in the double barrier
STM junction between vacuum and the KClI-typel/Cu(110), we performed di/dV
spectroscopy at varying tip-sample separations (s. Fig. 4.4 @). Each spectrum was taken at a
fixed tip-sample distance. A total range of 1.7 A could be covered. In Fig. 4.4 b the
corresponding peak positions of the peak B, at positive bias (blue) and the peak B; at negative
bias (red) are plotted for all spectra as a function of relative tip-sample distance change dz
Both peaks obtain linear shifts S and S, which denote the peak energy change dE as a
function of tip-sample distance change dz. The peaks shift towards smaller absolute energies

with increasing electric field, i.e. at smaller tip-sample separations.
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Figure 4.4. (a) Spectroscopy at varying tip-sample distances on pentacene deposited on
KCl-type 1/Cu(110). (b) Shifts S; and $; of the peaks B (below) and B; (above) with relative
tip-sample distance dz

Wu et al. proposed a model describing the case of bipolar tunneling through the same
molecular level based on electrostatics®. According to this model, the observed peak
positions B; and B, measured in €V and the original position Ey (eV) of the state with respect
to the Fermi level without biasing the junction are related, as follows:

B =E[l+d/e&], (4.1
and

B, =—E,[1+e&z/d]. (4.2)
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Here, ¢ is the dielectric constant of the insulator, d is the insulator thickness and z the tip-
molecule separation. When the tip sample separation z and thus the electric field across the
junction changes, the observed orbital energies shift by the electrostatic voltage drop.
According to the model, the peak-shifts S; and S upon change of z are related by:

% = (g)z >0, (4.3
When the model is applied to the tunneling through a CuPc molecule on Al,Os/NiAl, the
peaks shift in the same direction related to the bias scale, and the shift-direction is defined by
the sign of Eq.
By setting the peak positions of pentacene to B;=-0.45 €V, B,=1.10 eV (read out from the
spectrum for dz=0) and putting it in (4.1) and (4.2)), we obtain Eo=-B;* B,/(B1-B2)=-0.32 eV,
which means that the true position of the state is below the Fermi level of the substrate, thus
the pentacene would be negatively charged. However, for the ratio of the measured peak
shifts we obtain SI/S2=11.3(meV/A)/-28.7(meV/A)=-0.4, a value smaller than 0, because the
peaks of pentacene shift in opposite directions in contrast to the model of Wu et al. Moreover,
the absolute value of the shift S, is expected to be larger than S by a factor of (sz/d)?
(eq. 4.3). With ga) = 4.8 and z=d, the shift S, of peak B, should be one order of magnitude
larger than the measured one. From these results we conclude that our data is incompatible
with the model and that the observed electronic features of pentacene on K Cl-type 1/Cu(110)
do not result from bipolar tunneling through the same level.
If we assume that the LUMO of pentacene is originally filled by one electron, a further
process is possible. By applying a negative bias (-0.5 V), this orbital could be emptied,
whereas a +1.1V a second electron could be injected into the same state. Such a
configuration was reported for a 6-gold-pentacene complex on NaCl/Cu(111) . Due to the
bond formation between a gold atom and a pentacene molecule an electronic configuration
results, for which the complex obtains a singly occupied molecular orbital (SOMO). The
authors observed the same orbital geometry of the SOMO at both bias polarities. In this case
the energy difference between both peaks is a direct measure for the Coulomb energy needed
for an adding/removing an electron to/from the same orbital of the complex. However, the
energy difference between the SOM O peaks of the 6-gold-pentacene complex is substantially
higher (2.7 eV) compared to the gap energy between the peaks B; and B, in Fig. 4.4. In our
case pentacene can interact only with the surface, thus a charge transfer from KCI/Cu(110)
has to take place, which would be energetically unfavourable for a free standing pentacene

molecule. The negative charge on pentacene might be stabilized due to the specific
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4 Single pentacene molecules on ultrathin insulator films

arrangement of the K* and CI” ions at the adsorbtion site (s. Fig 4.2 ¢, d). Thismight also have
an impact on the observed smaller peak distance between B; and B, in comparison to the
SOMO gap of the 6-gold-pentacene complex. In order to describe such charge stabilisation on
the molecule due to the surface, a theoretical model would be required that includes a
description of the electronic properties of the KCl-typel-layer, the strong corrugation
amplitude (s. Fig. 4.1 c) as well as the electrostatic surface potential at the pentacene
adsorption site.

Unlike KCl on Cu(111) and Au(111), typel phase on Cu(110) might have electronic
properties strongly deviating compared to the bulk phase. In Fig. 4.5 a comparison of the
di/dV spectroscopy taken on pentacene and on the KCl-typel on Cu(110) is shown. The
conductivity on KCI vanishes in a very small bias range between -400 mV and 200 mV. We
obtain an increased conductivity at higher voltages, that is strongly pronounced in particular
above 800 mV and extending in the region of the pentacene peak at + 1100 meV.
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Figure 4.5. Scanning Tunneling Spectroscopy (STS). A comparison between
pentacene/K Cl type 1/Cu(110) and KCI type I/Cu(110).

The spectroscopy on KCl type | shows a non-vanishing background of density of electronic
states, indicating that the band gap of the KCI is not fully developed. Thus, the insulating
properties of KCI type | are substantially reduced. This leads to a third model to describe the
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4 Single pentacene molecules on ultrathin insulator films

electronic properties of pentacene/KCl type I/Cu(110). Molecule-substrate interactions might
result in weak hybridization of pentacene states with the states of the metal substrate and the
formation of new molecular states as reported for pentacene on Cu(110) by Yamane et al. *%.
The authors suggest a formation of an interface state deduced from the hybridization of the
molecular orbitals with the Cu(110) surface with a possible modification of the orbital
symmetry. Although the interaction of pentacene with an underlying metal is much stronger
than the interaction with the metal through the type | KCI layer, the increased conductivity
(s. Fig. 4.5) obtained on the KCI suggests that electronic hybridization may have to be taken
into account.

4.3 Work function of the ultrathin insulators

The observation of gas-phase molecular orbitals of pentacene on BN/Rh(111) and KCI on
close-packed noble metals, as well as NaCl/Cu(111) % suggest that the molecule substrate
interaction is low. Repp et al. compares the relative positions of the molecular states to the
corresponding work function of the substrate. It turns out that the molecular levels align
according to a common vacuum level of pentacene and the substrate. It follows that the
NIR/PIR state, i.e. the injection barriers for electrons/holes at the molecule—substrate
interface, are determined by the difference between the work function of the substrate and the
electron affinity/ionization potential EA/IP of the organic molecule. The equivalent situation
for organic solids is known as the Schottky-Mott rule. It is expected to hold if there is no
interaction between the metal and the organic semiconductor . If the work function of the
substrate is comparable or even smaller than the electron affinity of the adsorbate, a charge
transfer to the molecule will occur. In order to investigate how well this rule applies in the
case of pentacene molecules on KCI we measured the work function differences of the metal
substrate and the KCI covered metals.

The measurements are done by recording the current as a function of tip-sample distance z
(described in section 2.2), which is linearly ramped over a range of 3 A. The bias voltage is
kept constant at 0.1 V. Due to the decrease of the tunneling gap, the current increases
exponentially over approximately three orders of magnitude (s. Fig. 4.6). In order to exclude
spurious results due to tip changes we did subsequent measurements on the clean metal
surface and the K Cl-phase. The evaluation of the measurements follows eqg. (2.9), which gives

the mean work function between tip and surface. However, if the difference of work functions
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is taken between the clean and KCl-covered surface for an identical tip, the unknown work

function of the tip cancels out.
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Figure 4.6. Logarithmic plot of the I(z) measurements for (&) KCI/Cu(111), (b)
K Cl-type 1/Cu(110), (c) KCl-type I1/Cu(110). The fits (black) are done according to eg. (2.9)
and yield the difference A® (absolute value) of the mean work function between the metal
and the KCl/metal surface. The smaller absolute slope of 1(z) measured on KCl results in a

smaller mean work function compared to the clean metal surfaces.

In the difference there remains a minor contribution of the image potential difference between
metal and salt layer. As the dielectric constant of the salt is larger than for the metal, the
obtained work function difference is a lower limit compared to the real value. Table 4.1 gives
an overview on the work functions (WF) of the clean and KCl-covered metal surfaces. The
WF-difference A©® measured between the clean and the KCl-covered metal surfaces is
substracted from the known WFy of the corresponding metals from literature. In this way, the
WFkq of the KCl-covered metal surfaces is obtained.

Table 4.1 Work functions of the clean and K Cl-covered metal surfaces.

metal | measured mean WF-difference | WFy (eV) of thebare | calculated WFk¢ (eV)
surface | A® (eV) between metal and metal surface % for KCl/metal
KCl/metal WFkc=WFy- AD®
Au(111) | -1.63+0.50 5.4 3.8
Cu(111) | -2.1740.26 (Fig. 4.63) 4.9 2.7
Cu(110) | -2.07+0.46 (type ) (Fig. 4.6b) 45 2.4
Cu(110) | -2.26140.34 (type 1) (Fig. 4.6¢) 4.5 22

It is apparent that the metal work function is more strongly reduced for the KCI layer
(A® ranging between 1.6 and 2.2 eV) than for the NaCl (approx. 1.1eV) %%, Table 4.2 shows
the data of pentacene spectroscopy (Fig. 4.3) and the substrate work functions (Table 4.1). If
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4 Single pentacene molecules on ultrathin insulator films

the molecule-substrate interaction is negligible, the difference between work function and
NIR level should be constant.

Table 4.2 Work functions and molecular level positions for pentacene/K Cl/metal.

orbital energy (eV) | PIR(V) | NIR (V) WFc —NIR (eV) NIR-PIR (eV)

KCI/Au(111) -24 +2.1 38-21= 17 4.5

KCl/Cu(111) -2.5 +1.8 2.7-1.8= 0.9 4.3

KCl (1) /Cu(110) 05 +1.1 2411= 13 16

KCI (1) /Cu(110) | -1.9 +0.7 22-07= 15 2.6
electron affinity EA (eV) of pentacene ® 1.35

In fact, the difference between the WFxg and NIR of pentacene, shows a reasonable
agreement with the electron affinity (EA) of pentacene. The work function is always larger
than the electron affinity of pentacene and according to the common-vacuum level alignment
this gives the energy needed for charge injection, which is represented by the position of the
NIR. As already discussed above, the measured value of the work function can not explain a
charging of pentacene on the KCl-type I/Cu(110). The observed differences between NIR-PIR
of pentacene KCI/Cu(111) and KCI/Au(111) are in a good agreement with the NIR-PIR gap
observed on a bilayer of NaCl on Cu(111) reported by Repp et al. Additionally, the frontier
orbitals of pentacene on BN as well as KCI on close-packed metal surfaces are well
preserved. The data suggests a description of the electronic properties of pentacene on these
substrate-systems according to molecular level alignment with respect to the common vacuum
level.

In contrast, pentacene on KCI/Cu(110) exhibits an energy difference between both states, that
issignificantly lower than the one of the lowest NIP-PIR gap of 3.1 eV of pentacene observed
on a monolayer NaCl/Cu(111) . Furthermore, the fact that both resonances represent the
same molecular orbital of pentacene on KCI-Type /Cu(110) is a hint that a common vacuum
level alignment is not applicable in this case, thus significant molecule-substrate interactions

are presen.
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5 STM-induced luminescence from individual

pentacene nanocrystals

Pentacene is a promising candidate for use in organic and optoelectronic devices. The
electronic properties and structures of the organic semiconductor have been extensively
studied for thin films and macroscopic crystals. Here, we report the first electroluminescence
measurements from single pentacene nanocrystals using the tip of a scanning tunneling
microscope (STM) as a local electrode. For localized charge injection by the STM tip,
strongly red-shifted luminescence at the bulk exciton energies are observed. The emission
from delocalized excitations and missing features from individua molecules reflects
significant inter-molecular coupling. Excitation and emission mechanism are discussed based

on the observed dependence on electrical and structural parameters.
5.1 Introduction

Organic semiconductors have made a strong entrance in nanoscale electronics and
optoelectronics during the last decade. Pentacene has become the prime model system to
explore the physical principles and the technological challenges associated with organic
devices . The extended conjugation and a favorable crystal structure are responsible for its
success as organic semiconductor. On the single molecule level pentacene has also become
the gold standard of local scanning probe imaging and spectroscopy. Impressive results
through the use of STM %22 and atomic force microscopy (AFM) 2* demonstrate sub-
molecular imaging capabilities on individual molecules. Making the step from the isolated
molecule to a small isolated molecular solid opens up a way to address interactions between
identical molecules. Molecular crystals are bound together by weak Van-der-Waals forces and
can also preserve to a large extent properties of their molecular building blocks. They can be
described in a first approximation by an "oriented gas' model ®. Essential for this study,
however, is the fact that crystalline pentacene exhibits an intermolecular coupling which is

comparatively strong for this class of materials. The resulting electronic dispersion becomes
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largest along the direction of overlap between m-orbitals of neighboring molecules ¥"#9%%,

Pentacene is thus a material well-suited to explore consequences of inter-molecular coupling
on the optical emission from the low energy electronic excitations.

Here we employ scanning tunneling microscopy and spectroscopy at 4.2 K to study charge
carrier excitation and electroluminescence of individual pentacene molecules and nanocrystals
with a submolecular resolution. We report on the first STM-induced luminescence from an
acene. The method allows the local characterization of molecular structure, orientation, and
the identification of the excited species according to their optical spectra. In combination with
electronic spectroscopy and measurements of the electrical parameters for luminescence it can
provide a detailed scheme of excitation and emission processes®. The STM tip injects
charges locally into the molecular top layer. This suggests that luminescence may
predominantly be emitted by a single molecule situated below the tip. This has, in fact, been
confirmed in earlier studies of STM-induced luminescence on organic solids 2%, |n the
present study, in contrast, the emission line is strongly red-shifted with respect to the emission
of matrix-embedded single pentacene molecules. This indicates strong inter-molecular
coupling and emission from a delocalized excitation. As a result, the observed luminescence
spectrum is very robust and becomes independent of the point of charge injection. The
pentacene nanocrystal acts already as a molecular crystal, coupled to its top and bottom
electrodes through tunnel junctions instead of Schottky contacts. It represents a bulk-like light

source at the limit of small dimensions.

5.2 Growth and structure of the nanocrystals

Molecular samples were prepared and studied in ultra high vacuum (UHV). As substrates we
used Au(111), Ag(111) and Cu(111) single crystal surfaces, covered by 1-2 ML of KCI. As
STM tips we employed gold and silver tips prepared as described in section 3.1.2.

Pentacene nanocrystals were grown on top of these substrates in a two-step process. Firdt,
highly purified pentacene was thermally evaporated on the sample held at low temperature
T <90 K. The evaporation rate was low to yield a coverage of about 1 monolayer (ML)
during 5 minutes evaporation time. The result is a dispersed arrangement of pentacene
molecules adsorbed flat on the KCI layer. Subsequently, the substrate was annealed to 220 K
for 1 minute and transferred into the STM operated at 4.2 K. The annealing step leads to
pentacene dewetting on the KCl layer and to the formation of molecularly ordered
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3-dimensional pentacene crystallites with tens of nm lateral dimension and a few nm height.

No pentacene remains in-between the nanocrystals.

e
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Figure 5.1. Experiment and pentacene nanocrystal structure. (a) Principle of the experiment:
The tip of an STM s positioned above a pentacene nanocrystal (colored black — yellow) for
imaging and tunneling spectroscopy. A tunnel current is injected into the nanocrystal
decoupled from the Au(111) substrate by an ultrathin KCI layer. The emitted luminescence
light is detected by an optical spectrometer. (b) Chemical structure (below) of pentacene and
its HOMO orbital (above) imaged by STM for a molecule adsorbed on the KCI layer on
Au(111) (U = -24 V, | = 10 pA). (c) STM topographic image in 3D presentation of a
pentacene nanocrystal on KCI/Cu(111) and detail (right) in top view. The in-plane lattice
vectors aand b are drawn in the topograph. The layer height is indicated in the height profile
(green line). (d) Detail of the nanocrystal with two visible layers and an ad-molecule. (e)
Model of a structure similar to (d) using a cartoon-like presentation of the HOMO orbitals
with different signs of the electronic wavefunction indicated in blue and red. On the left: Top
view of a flat-lying single molecule. The green arrows indicate the orientation of the
transition-dipole vector for an excitation derived from transitions between LUMO and
HOM O orhital. The measurements are presented using the WSxM software .

We find that the molecular nanocrystals nucleate at step edges, which are either due to a step
in the KCI layer or a step of the metal substrate covered in a carpet-like fashion by the KCI
layer. Individual pentacene nanocrystals, 3 - 15 layers thick, with lateral dimensions of a few
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10 nm have been grown on top of an ultrathin KCI layer on a metal substrate. When not
stated otherwise in this chapter, the substrate is a single crystal Au(111) surface. The KCI
layer acts as a tunnel barrier with a high dielectric constant providing only a small voltage
drop in the external electric field of the tunnel junction. The vacuum gap between STM tip
and crystal surface defines a second (tunable) tunnel barrier. In this geometry (Fig. 5.1 @) we
obtained sub-molecular resolution of pentacene molecules on top of the crystal and in some
cases also at the steep sides of the crystals. The nanocrystals exhibit a high molecular order
with translational symmetry in which structural defects are sometimes found. The topography
a the nanocrystal surface and the measured crystal heights allow us to determine the
nanocrystal structure (Fig. 5.1 ¢,d). The lattice parameters with respect to the surface are
listed in Table 5.1:

Table5.1. Structure parameters of the pentacene nanocrystal. Note that the value c
corresponds to twice the measured layer height as successive layers have different molecular

orientations.

lattice vector lengths a=| 0.63nm+ 0.03nm
b=|158nm+0.04nm
c=]062nm=0.1nm
angles angle (ab) = | 69°+3°

angle (long mol.axish) = | 4°+2°

At negative bias voltage the surface molecules are imaged through their highest occupied
molecular orbital (HOMO), identified by its 5 nodes of the electronic wave function parallel
to the intermediate molecular axis (Fig. 5.1 d). For comparison we show the STM topograph
of the HOMO orbital of an isolated pentacene molecule adsorbed flat on the KCI layer
(Fig. 5.1 b). The pentacene molecules in the nanocrystal layers are orientated with their long
axis parallel to the surface and the molecular plane rotated by approximately 26° with respect
to the surface plane. Thisrotation is evidenced by the fact that the node of the HOMO orbital
aong the long axis of the molecule is not seen on the closed layer but only for admolecules
and step edges (Fig. 5.1 c¢,d). The cartoon in Fig. 5.1 e, which models a structure similar to the
one shown in Fig. 5.1d, illustrates that the rotation leads to a short avector between
neighbouring molecules and hides the longitudinal node of the orbital from observation by the
STM tip. We remark that the imaging STM tip is separated from the molecular top layer
through a vacuum tunnel gap of the order of 0.5 nm - 1 nm and thus only the lobes of the
electronic wave function extending into the vacuum become observable. Within experimental

accuracy (see Fig. 5.1 €) the nanocrystals realize the pentacene bulk lattice structure '®. The
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strong local variations do, however, not allow to distinguish between two distinct lattices
obtained by growth from solution or growth by vapor deposition % The nanocrystal is
markedly different from known structures of thin films on insulators on which layers are

formed by molecules standing upright ¥ 1%

5.3 Electroluminescence from pentacene nanocrystals

STM-induced luminescence spectra are plotted in Fig.5.2. The upper row presents
luminescence spectra recorded with the STM tip positioned on a pentacene nanocrystal for
different tip materials and close-packed single crystal surfaces of different metals. The
dominating peak in these spectra is situated at 1.6 €V. Spectra recorded next to these
nanocrystals with the STM tip positioned above the ultra-thin KCI insulator layer are shown
for comparison in the lower row. The features in these spectra are due to tip-induced
plasmons localized between metallic tip and metallic substrate and depend on tip shape and
tip and substrate material **. We emphasize that the two corresponding spectrain each column
exhibit no similar features. Moreover, we find that the nanocrystal spectra in the upper row
are well reproduced and the peak positions do not depend on the underlying plasmonic
spectrum. We conclude that STM-induced luminescence allows to access optical spectra
originating from the pentacene nanocrystals. Comparing the three typical spectrain the upper
row of Fig. 5.2 to pentacene luminescence spectra in the literature we find agreement only
with photoluminescence spectra from macroscopic single crystals measured at 8K ®. There
is no match to the lowest singlet transition of individual pentacene molecules which is
situated at 2.30 eV for the isolated molecule 1** 1%, red-shifted by dielectric screening to
2.03 eV when embedded in p-terphenyl ® and to 1.98 eV for embedding in tetracene .
Pentacene electroluminescence spectra recorded from organic field effect transistor devices
exhibit typically broad spectral features extending to energies above 2 eV . The low
temperature in our study provides sharp features, and the geometry of charge transport along
the shortest crystal dimension suppresses the influence of domain boundaries with respect to
thin film geometries. Optically induced luminescence from organic crystals probes bulk

properties, with surface contributions being negligible.
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Figure 5.2. STM-induced electroluminescence. Top: Schematic drawing of the experiments
shown in the color-coded spectra below. Upper row of spectra: STM-induced luminescence
recorded for the STM tip positioned on the pentacene nanocrystals with the listed crystal
height, spectral measuring time and tunneling parameters. bias voltage (U) and current (1).
Lower row of spectra: STM-induced luminescence due to tip-induced plasmons recorded
with the STM tip positioned on the KCl-covered single crystal surface.

In contrast, nanocrystals provide a high surface-to-volume ratio. The agreement of our data
with single crystal photoluminescence is thus surprisingly good. It concerns peak energy,
peak width, peak asymmetries and the relative peak heights. Apart from the strong peak at
1.59 eV, a shoulder around 1.45 eV is found. In addition, a small peak at 1.76 eV can be
identified, which only sometimes exceeds the noise level in our spectra. Following the
discussions in 1'% we can assign the observed features to the free singlet exciton (1.78 eV),
the self-trapped exciton (1.64 eV), and an impurity related line (ca. 1.4-1.5 eV). The
dominance of the 1.6 eV peak can be regarded as characteristic for crystals in contrast to the
1.8 eV peak dominating for pentacene clusters and thin films'®. Pentacene-related
luminescence could only be observed at negative bias voltage and for crystallites of a
minimum thickness of 1.5 nm. As the reduced dimensions of the crystallites suggest a spatial
exciton confinement, we analyzed the peak position of the 1.6 eV line with respect to crystal

49



5 STM-induced luminescence from individual pentacene nanocrystals

width and height. A shift of the peak energy could, however, not be identified within
experimental accuracy and is estimated to be smaller than ca. 10 meV over the range of
1.5nm - 4.0 nm crystal thickness. While a theoretical estimate on the confinement is not

available, the assignment to a self-trapped Frenkel exciton may rationalize the small effect.
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Figure 5.3. Electronic properties. (a) Tunnel current as a function of bias voltage (Au(111)
substrate with respect to STM Au tip) measured on an isolated molecule (blug) and on a
nanocrystal (yellow). (b) Integrated STM-luminescence intensity from a nanocrystal as a
function of tunnel current for constant bias voltage. (c) Integrated STM-induced
luminescence as a function of bias voltage for constant tunnel current. The luminescence
collection time per point in b and c is 250 s. (d) Schematic electronic level diagram for the
charge-injection geometry employed for the measurements with the bias voltage near the
luminescence onset: Vacuum potential (top line), electronic levels of the metals and
pentacene band structure. The two tunnel barriers are symbolized by the gray (KCl layer) and

the white (vacuum) gap.

A closer inspection of the features in the STM-induced luminescence spectra finds consistent
red-shifts of approximately 40 meV with respect to a 8 K photoluminescence spectrum %,
We find that a significant part of the shift is related to the electric field between tip and
sample which is of the order 1 V/nm. The shift of the peak energy of the strongest spectral
feature between -3 V and —2 V bias voltage reaches amost 10 meV. This shift is remarkable
and challenges the assignment of the feature to a pure Frenkel type exciton. A detailed
discussion of the Stark shift will be presented in detail in Chapter 6.

The dependence of luminescence intensity of the 1.6 eV peak on the electric parameters is

plotted in Fig. 5.3 b, ¢. The emission is linear in tunnel current and shows an onset near 1.8 V
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bias voltage. The small energetic difference between onset and main emission line indicates
only small losses before exciton formation. An onset even below the bulk transport threshold
of pentacene (2.2 eV %) suggests the creation of excitons close to the position of charge
injection. Electron tunneling spectra measured on single pentacene molecules on the KCI
layer (Fig. 5.3 @) yield charge injection potentials of -2.4 eV for the HOMO and +2.0 eV for
the lowest unoccupied molecular orbital (LUMO). The current between the HOMO and
LUMO onsets vanishes already for pentacene in the first layer on the KCI buffer. This
demonstrates the decoupling of the electronic states of metal and molecule. Independent of
this decoupling, the HOMO and LUMO levels shift only weakly with bias voltage and
changing tip-molecule separation %, as the KCL layer is thin and exhibits a high dielectric
constant. The nanocrystal tunnel spectra (Fig. 3.3 @) are offset with respect to single molecule
spectra by about 1 eV to more positive voltages. This shift cannot be due to the STM-related
electric field inside the pentacene because the shift is towards higher energies also at negative
bias. We attribute the offset to band formation in the crystal and a reduction of work function.
Based on the presented results, we propose a scenario leading from charge injection to
luminescence in the pentacene nanocrystals. The observed onset bias of luminescence at
-1.8eV (Fig. 5.3 ¢) suggests that, after extraction of an electron by the tip, an exciton
(1.78 eV) isformed. A weak signature of its decay is observed in the luminescence. At higher
bias voltage additional channels may open up. Following the assignment of transitions in the

literature %3

, the 1.78 eV exciton is mobile within the crystal. By self-trapping, the exciton
immobilizes, losing about 0.2 €V. This exciton provides the dominant signal. Fig.5.3d
sketches an energy diagram of the electronic levels involved in the electroluminescence near
its onset. The Au electrodes inject charge carriers through their respective tunnel junctions.
The electrical conductance required by STM operation is provided by the valence band. A
bulk-like conduction band cannot line up with the substrate Fermi energy. Due to the low
temperature in the experiment, the electrons are injected through an extended tunnel barrier,
which may favor a direct exciton formation from the continuous current of holes in the
valence band.

An important aspect for the understanding of the luminescence mechanism is the absence of
observable molecular luminescence from isolated pentacene molecules on the insulating layer.
Only for nanocrystals reaching a thickness of 1.5 nm, STM-induced intrinsic luminescence
from pentacene was strong enough to become detectable. From the position of electronic
states of the isolated molecule (Fig. 5.3 a) the creation of electron-hole pairs should be
possible also for hole injection into the isolated molecule if we assume its HOMO-LUMO
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transition at or below 2.1 eV. Two mechanisms may be responsible for the different behavior
of crystal and single molecule: First, the generation of luminescence inside the nanocrystal
can provide a relatively large spatial separation of the decaying exciton from the adjacent
metal electrodes. Emission close to metal surfaces is known to lead to efficient non-radiative
quenching e.g. due to electron-hole pair generation in the metal (*** and refs. therein). Second,
single molecules adsorb in a flat-lying geometry while pentacene molecules in the crystal are
rotated around their long axis, as we showed above. The transition dipole of HOMO-LUMO-
derived transitions is oriented along the intermediate molecular principal axis, as indicated by
the double-headed green arrows in Fig. 5.1 e for pentacene on the substrate and in the crystal.
The radiation from aflat-lying molecule is efficiently screened by the metal substrate and can
in addition not couple well to tip-induced plasmonic modes which lead through tip-
enhancement to a more efficient radiation into the detected far field 5* *. As the second
mechanism, however, would not apply for the suppression of luminescence for very thin

crystals, the first mechanism appears to be decisive here.

5.4 Conclusion

In conclusion, our experiments demonstrate STM-induced luminescence from an acene.
Luminescence from delocalized excitons can be obtained even for highly localized injection
of charge carriers from an STM tip. The interaction between neighbouring molecules provides
a sufficient delocalization of the excitation to yield bulk-like emission spectra. The
suppression of luminescence for ultrathin crystals suggests emission from the nanocrystal at a
sufficiently large distance (>1 nm) from the metallic electrodes. The crystal structure can
affect the emission conditions through the orientation of the emitting transition dipole. The
experimental set-up employed in this study realizes an organic light source made of a
homogeneous material with bulk-properties near its lower size limit. The results can provide a
basis for studies to explore new functionalities by employing layered organic structures or

single molecules embedded in host nanocrystals.
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6 Stark Shift of the luminescence from pentacene

In the previous chapter we showed that pentacene nanocrystals emit bulk-like luminescence
spectra. A detailed analysis of the strongest emission line in these spectra shows a continuous
spectral shift with applied bias voltage in the STM which follows a Stark shift behaviour. The
electric field between STM tip and its counter electrode, the substrate, can reach substantial
values and can easily be increased to values three orders of magnitude larger than in typical
solid state Stark shift studies, which apply fields of the order of 10 kV/cm 2%, Stark shifts
in the electric field of an STM are well-known phenomenon and have been reported for

113,114,115

electronic states in semiconductor quantum dots . surface states 6, image potential

states ™, and quantum well states of metals ™8,

In this chapter we measure the Stark shift to access properties of excitons in an organic
material and estimate quantitatively the mixing of different exciton types. Thisis achieved not
only through the strong electric field but also through the high energy resolution easily
achieved by employing optical spectroscopy, and through the characterization of the local
molecular arrangement by STM-topography with sub-molecular resolution. We report a Stark
shift with the electric field vector perpendicular to the long molecular axis of pentacene which
is larger than observed in earlier Stark-shift studies on pentacene molecules and films even in
the direction parallel to the long axis of pentacene. The long molecular axis of acenes is the
direction of their highest polarizability for singly occupied orbitals. We assign the result to a
mixing of the optically active Frenkel exciton with a charge transfer exciton which provides
the static dipole moment required to model the data. The electric field in the experiment can
be determined from the known dimensions and properties of materials in the tunnel gap and
quantitative result can be derived which may even be refined when more detailed theoretical
results for pentacene become available. The study allows thus to investigate bulk properties of
an organic solid at extremely high fields employing STM-induced electroluminescence in
which electric field and excitation are localized on a dimension of the order of the lateral
extension of the nanocrystals of tens of nanometers. The observed bulk like emission spectra

suggest that the luminescence originates inside the organic crystal. We can specifically
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6 Stark Shift of the luminescence from pentacene

exclude its origin at defect states near the interface to the substrate because no molecule-

related luminescence is obtained for crystals thinner than 1.5 nm.

6.1 Results

The Stark shift of an electronic transition is determined by the dipole and polarizability
difference between an excited state and the ground state. This study focuses on the decay of
the lowest singlet exciton in pentacene. The STM is operated to generate electroluminescence
below its tip at potential differences of 2V to 4V over a distance of 0.5 nm - 3 nm. In
contrast to classical Stark shift measurements, the field inside the semiconductor dependsin a
more complicated way on the applied voltage, as will be discussed below. The range of
applicable bias voltages is limited on the high end by the onset of electron field emission and
on the low end by the fact that the energy of each charge carriers must be larger than the
energy of the detectable photon. The preparation of the pentacene crystal on a single crystal
metal surface covered by an ultrathin KCI layer has been described in the previous chapter.

Figure 6.1 shows a typical STM-induced spectrum recorded by charge injection at negative
bias voltage into a pentacene nanocrystal. The spectrum is dominated by a luminescence line
at 1.59 eV which we assigned to the self-trapped singlet exciton in a pentacene crystal. The
luminescence is obtained only at negative bias voltage with an onset at —1.8 V and only for
crystals heights of 1.5nm or more (s. Chapter 5). The arrows in Fig. 6.1 mark the known
transitions energies of the lowest pentacene singlet states for isolated molecules '™ at 2.31 eV,
single molecules embedded in host crystals 1"**° between 2.09 eV and 1.98 eV and finally
three transitions observed for macroscopic single crystals 1®. The latter correspond to the
lines observed in the pentacene nanocrystals. In the following, we will focus on the transition
at 1.59 eV which is red-shifted with respect to literature data on the line assigned to the self-
trapped exciton. The peak energy is obtained by fitting the line with two Gaussians. While the
Gaussian at lower energy models a weak shoulder, the Gaussian at higher energy represents
the main peak (see the inset in Fig. 6.2). A decreasing absolute bias voltage at constant
current results in a blue-shift of the main peak (Fig. 6.2 8. This means that lower electron
energy leads to higher photon energy. The shift would be in the opposite direction if electron

energy and photon emission were connected by a constant energy |oss mechanism.
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Figure 6.1. Typical STM-induced electroluminescence spectrum of a pentacene
nanocrystal with the strongest transition at 1.59 eV. The arrows indicate lowest singlet
transitions of pentacene in different environments, as discussed in the text. Inset:

Schematic experimental set-up of STM tunnel junction and optical detection.

In STM measurements only two of the three parameters, current, voltage, and tunnel gap size,
are independent. As a result, the reduction of the bias at constant current leads to a reduction
of the tunnel gap. From the three parameters which can be kept constant the most stable
experimental situation has been obtained for a constant current. Varying, in contrast, bias and
current at constant distance leads to a drastic breakdown of luminescence at low biasand to a
drastic current increase which can destroy the structure of the crystal or modify the tip at high
bias. It is obvious that even minor modification of the tip during such a ramp will provide
inconsistent data. The whole series in Fig. 6.2 a was accomplished within approximately 30
minutes. The good reproducibility of the data is demonstrated by the three data points at
-3.0 V bias which were measured repeatedly in the series. Finally, the change of tunnel gap as
afunction of voltage was recorded (Fig. 6.2 b).

In order to determine the Stark shift in units which allow a comparison to literature data and
calculations, the applied bias voltage has to be transformed into the electric field strength
inside the pentacene crystal. Fig. 6.3 shows a schematic diagram of the energy levels as a
function of the spatial coordinate from STM tip to metallic substrate. The electric field inside
the pentacene crystal corresponds to the slope of the vacuum level (uppermost line) across the

pentacene crystal thickness d.
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Figure 6.2. Peak energy (a) of the strongest observed transition (Fig. 6.1) as a function of
bias voltage in the STM. Inset: A fit with two Gaussians (red line) is employed to
determine the peak maximum. (b) measured change of the vertical tip position, i.e. tunnel

gap width with bias. (c) Electric field in the pentacene crystal calculated using eg. (6.1)
and the parameters discussed in the text.

Using the model for a plate capacitor made of different plate materials and partially filled with
adielectric, we obtain for the electric field inside the pentacene crystal

£ _ Ubias + Paubstr - dtip - Adkkcl
pentacene e(z+Az)+d

(6.1)

in which ¢substr — tip = 0.2 €V represents the work function difference between a closed-
packed substrate surface (here gold) and the rough, polycrystalline STM tip of the same
material %%, Agkcl = 1.6 eV is the work function change due to the ultrathin KCI layer

(s. section 4.3) which serves as an insulator between the metal single crystal and the
pentacene nanocrystal.
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Figure 6.3. Schematic diagram of energies between STM tip and single crystal substrate.
The symbols and their values are discussed in the text.

The vacuum potential difference between tip and sample is thus 1.4 V smaller than the
applied bias voltage. The crystal thickness d = 2.3 nm is obtained from topographic STM
scans of the crystal, and the dielectric constant of pentacene e = 2.8 is taken from % for an
electric field direction perpendicular to the long molecular axis (c-axis). The known change of
tunnel gap Az in Fig. 6.2 b is added to the assumed minimum tunnelling gap of z = 0.5 nm in
the measurement. The absolute value z cannot be measured precisely in experiment and thus
represents the largest uncertainty in (6.1). Only values between 0.2 nm (atomic contact) and
1 nm appear, however, physically reasonable for the experiment. The uncertainty of z leads to
asystematic error of the calculated electric field of 25 %. Fig. 6.2 c plots the electric field asa
function of bias calculated with (6.1) using the discussed parameters. In Fig. 6.4 we plot the
luminescence energy as a function of the calculated field for the datain Fig. 6.2 (blue) and for
a second data set measured on a pentacene nanocrystal on a KCl-covered Ag(111) single
crystal surface (green).

Parabolic fits to the data provide the parameters listed in Table 6.1. From the two coefficients
B we obtain the polarization difference between the radiating excitonic state and the ground
state Ac. = 900 A3, The systematic error of this value is 50 %. As the electric field is oriented
perpendicular to the metallic substrate surface and the long axis of the pentacene molecule is
oriented parallel to the surface we measure the Stark shift of the singlet exciton decay at
1.6 eV in the direction perpendicular to the long molecular axis.

57



6 Stark Shift of the luminescence from pentacene

1.59 * crystal 18 ™, }

1 d=23nm ™ r

L ] [
> 1 L
o B L
= ] L
= ] B
G Gl crystal 23 % [
1] 4 Eo L
& 457 ] d=1.8 nm g
1.56 ] -

-0.5 | 0.0 0.5
electric field (V/ihm)
Figure 6.4. Experimental peak positions (red markers) plotted as a function of the
calculated electric field inside pentacene for a 2.3 nm high pentacene nanocrystal on
Au(111) (filled circles) and a 1.8 nm high nanocrystal on Ag(111) (open circles). The
solid and dotted curves are parabolic and linear fits, respectively, to the data sets.

Table 6.1. Parameters for the best fit curves in Figure 6.4. The symbol e in the units of

parameter A isthe elementary charge.

Pc crystal linefit uE)=U,-A-E parabolafit uE) =u,-B-E?

no. |height | Up(eV) | A(e-nm) | =y* | Uo(eV) | B (eVI(VInm)2) | =47

18 | 23nm | 1591 0.028 0.38e-05 | 1.586 0.043 0.34e-05

23 | 18nm | 1.583 0.040 1.19e-05| 1.577 0.059 0.63e-05

6.2 Comparison to the literature.

Experimental data in the literature suggest polarizability changes of the lowest singlet
transition in pentacene of approximately Ao = 200 A3 *221% None of the earlier studies,
however, investigate exactly the property which we measure: ref. ?* measures the angular
average in crystallites on the 1.834 eV transition, i.e. the free exciton at an energy 0.2 eV
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106

higher than the transition we measure. The other experiment " investigates single molecules

in p-terphenyl with the electric field along the long molecular axis. A third, deviating
experimental study 2 is not discussed here since it has already been critically commented by
its authors. There is no calculation of Ao available for pentacene. In the following, we use a
calculation of pentacene polarizabilities in different charge states ' to obtain a coarse
estimate of Ao The singly charged cation and anion of pentacene have a much larger
polarizability than the neutral ground state. This applies, however, predominantly for the
polarizabilities along the long molecular axis, LL. The two other diagonal elements
corresponding to the intermediate axis (MM) and the molecular normal (NN) do not change
significantly with charge state. If we approximate the excitonic polarizability change as the
polarizability of the cation plus the polarizability of the anion minus twice the polarizability
of the molecule in the ground state, we obtain for the principle axes. Ao . = 70 A3,
Aoum =1 A%, and Aoy < 1 A2 For comparison, a full calculation of Ao, for tetracene, the
next smaller acene with comparable properties, yields Ao, = 173 A% and Aoy = - 3 A3 122,
As we can exclude the observation of the Ac. . component from the topographic study of the
sample, we conclude that our data cannot be accounted for neither by the experimental
observation nor by theory. Both of the discussed theoretical sets of Aa. apply, however, to
single molecules without taking into account the surrounding solid. The molecular
environment induces non-local effects which have been discussed for polyacenes already
since the 1980s 2'?*. Recent sophisticated calculations have modelled the mixing of Frenkel
and charge transfer (CT) excitons for perylene-based pigments 2>, An experimental study of
pentacene by electron energy loss spectroscopy (EELS) finds a deviation of the singlet
transition from a pure Frenkel state . The calculation of the lowest excitons in pentacene by
Tiago et al. identify a strong charge transfer character of the lowest singlet exciton situated at
1.6 eV/1.7 eV °. While this appears to be in excellent agreement with our data, a detailed
comparison is not possible as both the static dipoles and transition dipole strengths of this
transition are not available. The observation of a pure CT state in our study appears unlikely
as these states decay with a strongly reduced oscillator strength %. If we construct in a
simplified model a static dipole of a CT exciton by elementary charges on nearest neighbors
(at the vertical layer distance of 3 A) we obtain a value of 3 eA (see Fig. 6.5). Then a CT
contribution of about 10 % to the Frenkel exciton would be consistent with the observed
dipole. A constant mixing ratio will, however, yield a linear Stark effect because the CT-
dipole is not induced but only oriented by the electric field. Testing a linear dependence on
the data, we find (Fig. 6.4) that the fit is only little worse (s. Table 6.1) than the parabolic fit
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when judged by the sum of squared errors X 2 We remark that the comparison between
linear and parabolic fit are valid as both have exactly two free parameters. The fact that
luminescence is not observable at or below its onset voltage around 1.8 €V reduces the
sensitivity of the measured data sets to discriminate between a linear and a quadratic Stark
shift. We want to point out that the mixing of Frenkel and CT exciton might be increased by
the strong electric field. This field is, however, not strong enough to overcome the binding of
electron and hole in the excited state. Based on our observation that the luminescence
intensity increases monotonically with increasing absolute bias (at constant current) our data
do not indicate an exciton ionization (or dissociation) up to electric fields of 0.5 V/nm.

STM tip (0V)

charge transfer

Frenkel ql exciton (CT)

exciton

Figure 6.5. Perspective view (with dlightly elevated viewpoint) of the molecular
arrangement of pentacene inside a nanocrystal adsorbed on KCl/closed-packed single
crystal surface. The electric field direction at negative bias is indicated by the yellow
arrows. On the left hand side the separated charges of an excited state localized on a
single molecule (Frenkel exciton) is drawn. The right hand side illustrates a charge

transfer exciton with charges located on neighboring molecules.
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6.3 Conclusion

In conclusion, a Stark shift is observed for the lowest singlet transition of pentacene
nanocrystals in STM-induced electroluminescence. From the nanocrystal structure we
conclude that the electric field is applied in the direction perpendicular to the long molecular
axis of the pentacene molecules. Despite a systematic error coming from the calculation of the
eectric field inside the pentacene crystal, the observed polarizability change in the transition
is clearly larger than expected from earlier experiments and calculations. This suggests a
mixing of Frenkel and CT exciton. A more detailed understanding of the observed Stark shift
would require a sophisticated model also taking into account the strength of the applied
electric field.
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STM - induced luminescence

The study on STM induced luminescence discussed in the earlier chapters is focused on the
spectral properties of the emission. Optical spectroscopy is a means to distinguish the intrinsic
molecular luminescence from the plasmonic “background” emission and to clarify the
excitation mechanism. However, the light spectra give no information on the excitation
dynamics and the spatial localization of the emission. Especially if electroluminescence from
molecular aggregates is studied, the question arises if the light is emitted by only one
particular molecule incorporated in the structure. The tunnel current of the STM tip used for
excitation is highly localized since STM topography reaches sub-molecular spatial resolution.
This suggests that tunneling over a molecule incorporated in the top layer of the structure
leads also to a localization of the excitation on this particular molecule. In order to
unambiguously clarify if the light source is a single molecule, the statistics of the time delays
between the photons has to be investigated. The observation of antibunching in the photon
statistics of emitted light can prove the existence of a single photon source like an individual
molecule. Anti-bunching has not yet been demonstrated experimentally for STM-induced
luminescence. For such studies, a set-up for photon-correlation measurements in the STM was
built and taken into operation during the work on the thesis.

7.1 The Hanburry Brown and Twissinterferometry

In the 1950' s Hanburry Brown and Twiss developed a technique for measuring the correlation
of light intensity fluctuations. The principle was demonstrated in a laboratory experiment with
amercury discharge lamp as a light source *#7. The arrangement is shown in Fig. 7.1 and will
be referred to asa HBT experiment in the following. The filtered 435.8 nm line from the lamp
is split by a half-silvered mirror and fed into two photomultipliers PMT1 and PMT2.
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Figure 7.1. (a) Original set-up for the measurement of intensity correlations '#’. (b) Modified

HBT configuration for the measurement of photon correlations (after *%%).

The photocurrents i; and i, generated by the detectors are amplified by an AC-coupled
amplifier and the output signals are proportional to the fluctuations Ai; and Ai, of these
photocurrents. PMT1 is mounted on a stage movable in the direction normal to the beam. In
this way PMT1 can detect intensity from different points of the source in contrast to PMT2,
which is fixed. The two signals are connected to a correlator, by which they are multiplied
and averaged over time. Finally, the output signal is proportional to <Ai1(t)Ai2(t)>. Since the

photocurrents iy, i, are generated by the incident light intensities Al,, Al,, the signal is also
proportional to <AI1(t)AI 2(t)>. The brackets denote the time averaging. The outcome of the

experiment can be fully explained by classical properties of light and gives a measure for its
coherence. If the distance d is increased (s. Fig. 7.1 &), the spatial coherence of the light
detected by both detectors decreases, i.e. the output signal decreases. Since for d > 0 different
points of the light source are being probed, the corresponding signals Al, and Al, are no
more correlated and for large d the output tends to 0. The original HBT experiment was used
for the measurement of star diameters. The spatial coherence of stellar light as a function of
distance d between the photomultipliers is a measure for the angular spread of the star’s light.
From the angular spread of the emission, the stellar diameter can be deduced, assuming that
the distance to the star is known.

After a slight modification, the HBT experiment can further access the quantum properties of
the analyzed light *. Instead of photomultipliers, single-photon counting detectors can be
used, connected to the start and stop inputs of an electronic counter (timer). One of the
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outputs is delayed by a time zp through the use of a longer cable for the connection, which
causes the output pulse signal of one of the detectors to travel alonger distance to the counter.
This is necessary in order to record shorter time intervals compared to the dead time of the
counter and the detectors. The main consequence of the modification is that single photons
are collected rather than total light intensity integrated over a certain time period. Upon a
photon impingement at the first detector, an electronic pulse is generated, which starts a
clock. The clock is stopped by a pulse generated by the second detector upon photon arrival
and the elapsed time between both events is recorded. In contrast to the original HBT
experiment from 1956, the photon number fluctuations are measured as a function of time and
not as a function of the spatial position of the detector. Typically, the result isrepresented as a
histogram of the number of recorded start-stop pairs for each particular time period. For a
quantitative description of the experiment’s outcome, the second order correlation function
g@(r) isused:

(n Ny (t+7))

@ () —
= O )

(7.1)

where ny ,(t) is the number of detected photons on each detector at timet. It is a measure for

the simultaneous probability for a photon-detection at time t by detector 1 and a photon-
detection at time t+7 by the detector 2. Finally, g®(z)is proportional to the probability to
detect a photon at time t = ¢ after a photon was detected at time t=0. The same probability is
represented by the time histogram of the HBT experiment, which is a direct measure of the
second order correlation function. The value of g® differs from the time histogram, because
of its normalization, which is obtained by assuming that g® () =1 for very long time delays.
The photon dtatistics exhibits a characteristic signature depending on the light source. There
are generally three classes of light sources, distinguished by the form of g®(z) around z =0
(s. Fig. 7.2).
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Figure 7.2. (a) Schematic time histogram of recorded start-stop events of incident photons.
(b) Schematic form of the second order correlation function for the three characteristic types

of light sources.

Perfect laser light shows no intensity fluctuations, i.e. the distribution of time delays between
the photons is random. This results in a constant value of g (z) =1. In contrast, the phase of
the different emitting atoms in a thermal source fluctuates. This type of light sources tends to
emit photons in bunches. This gives rise to the larger value of g®(0)>1, which decreases
within the so-called coherence time z¢, characteristic of the microscopic emission process.
An exponential fit to the time-histogram of photon-pair countsin the form,

N=e'", (7.2
givesthe lifetime 7 of the corresponding radiative or decay process.

7.2 Antibunched light

Systems consisting of an ensemble of light emitters like the atoms in a discharge lamp, in a
star, or the building blocks of the laser active medium, tend to emit photons simultaneously,
which is represented by the value of g‘®(0), being larger or equal to 1. However, if the light
source emits a train of individual photons, well separated from each other in time, the
experiment has a different outcome. In this case, the second order correlation function is zero
a time t = 0, which means that there is no probability to detect more than one photon at the
sametime (s. Fig. 7.2 b, green). Such properties can be explained by quantum mechanics and
are characteristic of two-level systems. An individual atom or molecule undergoing an
electronic transition between two discrete energy levels is not capable of emitting more than
one photon at a time. After an electronic transition to the ground state has taken place, the

two-level system needs time in order to be excited again, i.e. until it emits the next photon.
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The separation of the photons by time delays gives rise to the so-called antibunching effect or
anticorrelation in the photon statistics. It resultsin avalue of g (0) = 0intheideal case. The
effect appears as a dip in the time histogram of the recorded photon-pair times at time zero. It
can be reduced, i.e. the g®(0) does not fall to zero, if there are additional signal
contributions like stray light, dark noise of the detectors or the simultaneous emission of more
than one emitter.

Antibunching was experimentally observed for the first time on an atomic beam of Na atoms
by Kimble et al. . The authors used laser excitation on an atomic beam. The collected
fluorescence signal came from not more than 1 or 2 atoms on average. Later, the preparation
of organic host-guest systems turned out to be a successful approach to isolate individual
organic molecules and to study their emission line. Antibunching was demonstrated by laser
excitation on individual pentacene molecules at low temperatures *® and terrylene molecules
at room temperatures *, both embedded in a p-terphenyl matrix. In the above mentioned
studies, the isolated organic emitters were suspended in a dielectric environment.
Antibunching was also reported for Rhodamine 6G molecules immobilized on a silica
surface ** and for semiconductor quantum dots 2 1%,

A study of the photon statistics on organic molecules on a metal surface was reported by
Perronet et al. . Organic molecules suspended in solution were placed in the tunnel junction
of an STM. In this first experiment employing the HBT technique in the STM, no intrinsic
luminescence was generated. Light emission was due to plasmon excitation modified by the
organic molecules between the metallic tip and sample. The photon correlation measurements
on this plasmonic emission show photon bunching, which was attributed to fluctuations of
the number of molecules in the tunnel junction. By now, there is no report on intrinsic STM-

induced molecular luminescence showing antibunching.
7.3 Experimental details

During the work on the thesis, an experimental setup for time correlation measurements on
the STM-induced luminescence was built and taken into operation (Fig. 7.3). Basically, it
follows the configuration in Fig.7.1 b. The main difference is the separate coupling of two
independent light beams originating from the STM tunnel gap into each of the detectors. By
this approach a higher efficiency of light collection can be achieved in comparison to the
HBT configuration, in which a single light beam is split into two parts by a beam splitter. In
our set-up, the light is detected from two different directions. If a single photon emitter is the
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source of light, the outcome of the experiment is identical to the one of the HBT-
configuration.

Two PerkinElmer silicon avalanche photodiodes (APD) SPCM-AQRH-15 with dark count
rates of 50 counts per second are used. These APD’ s are capable of single photon detection in
the wavelength range of 400 - 1060 nm with a very high efficiency (>65% at 650 nm). The
active area of the photodiodes has a diameter of 180 um. A challenging issue is the coupling
of the point-like source of light emission coming from the STM tunnel junction onto the
active area of the APD’s. In order to enable an in situ adjustment, the detectors were mounted
on high-precision translational stages driven by stepper motors. The adjustment of the optical
system was performed by maximizing the counting rate of plasmonic emission from the STM
in tunneling contact.

For the time correlation measurements the two detectors are connected to the start and stop
inputs of a time-correlated single photon counting module (Becker & Hickl SPC-130). The
response of one of the detectors is delayed by a 20 m long cable, which introduces a time
delay of = 100 ns. In the counter, start-stop events are recorded within time bins of 216 ps. In
Fig. 7.3 b, a measurement of photon-pair events on a clean Au(111) surface using a Au-tip is
shown.

The two peaks of positive correlation in Fig. 7.3 b) are due to light coming from the one APD
and detected by the other APD. The active light emission of the APD results from the delayed
recombination of electrons and holes generated in the avalanche process. Thus, the delay time
of the peak onsets reflects the time that light takes to travel from one APD to the other
through the optical paths with reflection at the STM-tip. The decay of the peak corresponds to
the lifetime of the hot electron-hole pairs in the APD 3. Although at first sight, this is an
unwanted feature, the effect gives the opportunity to calibrate the set-up. First, the upper limit
of the time resolution is estimated to be 0.5 ns. Second, the position of the correlation time
t=0 on the x-axis can be exactly determined, since it is symmetric with respect to the
correlation peaks. This symmetry is provided by the fact that the distances from each detector

to the tunnel junction (the source of light) are equal.

67



7 Photon correlation measurements on STM - induced |uminescence

) b)

counts / channel

<
=05ns e, =1.0ns

T T 1 I .
60 70 80 0 100 110 120
— =7 -

O e e

Figure 7.3. (&) Scheme of the set-up after HBT for measuring photon statistics in the STM.
The light originating in the tunnel junction is coupled over two separate light paths into the
APD’s. (b) Histogram of photon correlation with a Au-tip on Au(111), tunneling parameters:
3V, 1nA, integration time: 2000 s. The arrow denotes the position of the time zero. The
distance in time between both peaks corresponds to the optical path length from APD1 to
APD2 (green solid line in (@)). By fitting the peaks according to eg. (2) the lifetime of the
afterpulsing excitation zg12 and decay p1,2 are determined.

7.4 Photon statistics of the electroluminescence from pentacene

nanocrystals

First measurements of photon correlations were performed on the luminescence from
pentacene nanocrystals grown on Au(111). Photon pair coincidences were recorded on light
emission generated with the tip at a fixed position over the top layer of the crystal. In Fig. 7.4,
the photon statistics is shown, measured on the luminescence from a pentacene crystal of
3 nm height. In the time histogram there is no dip at time t = 0, which can be distinguished
from the noise level. As discussed in the previous chapters, the luminescence from pentacene
in the STM is attributed to a recombination from the self trapped exciton. The absence of the
antibunching dip is consistent with a delocalized exciton recombination.
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Figure 7.4. Time histogram of photon pairs measured on a pentacene nanocrystal. Tunneling
parameters. -3.3V, 1 nA. Integration time: 9.6 h. Counting rate of the APDs: ~2000 counts/s.

This is supported by the measurement shown in Fig. 7.5. We recorded a light map during a
constant current topography scan over a pentacene nanocrystal. The light intensity shows no

modulation related to the moleculesin the top layer.
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Figure 7.5. STM-topography (left) and corresponding light map with color scale (right)
measured on the top-layer of a pentacene nanocrystal of 3 nm height. The light intensity
image represents the amplified signal from APD1. Tunneling parameters: -3.3 V, 8 pA.

This observation demonstrates that the excitation mechanism is not sensitive to the tunneling
position. Charge injection (defined by the constant current during the scan) on a molecule or
between the molecules has no influence on the emission yield. This is consistent with the
picture that excitons, once created, are mobile inside the crystal. Thus, multiple excitons
could form and radiate simultaneously at different sites, and do not localize at the molecule
below the tip. However, it should be noted that the experimental resolution of the photon
statistics measurement is limited to 0.5 ns. If the lifetime of the exciton is much smaller, then

anticorrelation may exist, even though it is not observable.
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7.5 Comparison to Cgy Nnanocrystals

We measured photon statistics on another system, which suggests a different behavior
compared to pentacene. In Fig. 7.6, STM topography and corresponding light map are shown,
taken on a Cgo - nanocrystal of 3 nm height. The crystal is built out of 3 molecular monolayers
of hexagonally ordered Cgo fullerenes and was grown on KCI on Au(111).

©
o
o

Counts per second
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S

Figure 7.6. STM-topography (left) and simultaneous light map (right) from APD1 with color

scale measured on the top-layer of a Cgo nanocrystal of 3 nm height. Tunneling parameters:
-3.3V, 200 pA

In contrast to pentacene, the light emission is spatially modulated by the molecules of the top
layer. STM-induced fluorescence from Cgo has been observed on nanocrystals comprising 3
monolayers of molecules, grown on ultrathin NaCl/Au(111) % %, Structures in the light maps
on Cg monolayer on Au(111) showing correlation to the position of the molecules was
reported by Berndt et al. ®2. The authors suggest that the source of light emission is localized
on the individual molecule below the STM-tip. This motivated us to perform time correlation
measurements on this system (s. Fig. 7.7). However, the photon statistics shows no evidence
of antibunching.

There are a few possible explanations for the missing anticorrelation feature. First, after
charge injection into the top-layer molecule, hopping of the excess charge to neighbouring Ceo
molecules in the underlaying layers may occur. This processis fast and takes place in the time
scale below 2 fs 1%, being 3 orders of magnitude smaller than the excited state lifetime, which
is below 500 ps ™ 1%, Excess charge hopping could thus lead to a simultaneous excitation
and radiation of more than one molecule, which would, of course, strongly reduce the
anticorrelation effect.
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Figure 7.7. Time histogram of photon pairs measured on a Cgy nanocrystal. The statistics
shown is the sum of two independent measurements on nanocrystals of 3 nm height. First:
tunneling parameters: -2.8 V, 0.5 nA, integration time: 8.6 h.; second: tunneling parameters:
-3V, 0.6 nA, integration time: 3.7 h. Counting rate of the APDs: ~ 2500 counts/s.

A second explanation is related to the lifetime of the excited state compared to the time
resolution of the photon-correlation set-up. It is known that near a metal surface the lifetime
of the excited state of Ceo is reduced by an order of magnitude below 0.5 ns ™%, which is the
time resolution of our set-up. For this reason an anticorrelation dip in photon statistics might
be not visible, even if charge hopping does not take place and the light emission comes from a
single molecule. Especially the vicinity of the metallic tip is a strong energy dissipation
source causing fluorescence lifetime reduction. Moreover, a small plasmonic background
accompanying the fluorescence could be present, which may destroy or strongly reduce the
antibunching dip.

7.6 Conclusion and perspectives

When measurements of photon statistics on molecules excited by the STM are performed, two
critical issues have to be considered. These are the emission yield and the lifetime of the
excited state of the molecular luminescence. Both are strongly modified in the STM-tunneling
junction compared to the gas phase or solid state. First, the efficiency of the process
determining the number of detected photons is crucial for obtaining good statistics in the time
histograms. A dip in the photon statistics indicating antibunching can only be identified if it is
considerably stronger compared to the noise level of the number of start-stop events. If a

single photon source is present, it will induce a minimum at time t = 0 with a value smaller
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than 50 % of the mean number of detected events per channel. The signal-to-noise ratio of the
measurements on clusters of pentacene and Ceo presented here is already at the lower limit, at
which an antibunching peak could still be identifiable.

The second important parameter, the lifetime of the radiating state, should be larger than the
time resolution of the set-up. One approach for overcoming the lifetime reduction near the
metal electrodes is to use molecules with intrinsically longer excited state lifetimes.
Phosphorescence emitters might thus be better candidates for timeresolved
electroluminescence studies in the STM. However, one should be aware that the emission
yield of intrinsic luminescence represented by the efficiency » and the radiative lifetime zraq

are inversely proportional:

— krad
Tk tk (7:3)

rad nonrad

n

where k. 1/, The decay rates krag and knonrag Of the radiative and

rad rad and knonradoollr

nonrad *
non-radiative process are inversely proportional to the corresponding lifetimes zraq and znonrad-
This simple relation tells us that an increase in lifetime alone automatically leads to a
reduction in emission yield. Thus, a suitable approach for making a molecular antibunching
effect measureable in the STM implies both the increase in radiative lifetime and additionally
the reduction of quenching effects, which means a reduction of Knonrad (S. €9. 7.3).
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In this thesis, a new design for an optical access to the tunneling region of a low temperature
STM has been introduced and applied. The realized set-up has three independent free
propagating light channels for investigating STM-induced luminescence, giving the
opportunity to efficiently collect the emitted light and to employ versatile analyses. Worth
mentioning is the possibility to do optical spectroscopy and photon correlation measurements
simultaneously.

The properties of pentacene molecules decoupled from metal substrates by ultrathin insulators
have been investigated by STM imaging and spectroscopic measurements. The decoupling of
adsorbed organic molecules does not only depend on the insulator but also on the crystal face
of the metal substrate. While ultrathin layers of KCI on close-packed noble metals of Au(111)
and Cu(111) provide very good electronic decoupling, pentacene on KCI/Cu(110) obtains an
electronic configuration suggesting strong molecule-substrate interactions.

The KCl/metal systems with good electronic decoupling were employed as a template for the
growth of pentacene nano-scale crystals. By high resolution imaging we could identify the
molecular orientation in the nanocrystals and attribute their structure to the pentacene bulk
phase. We observed STM-induced molecular luminescence from pentacene nanocrystals,
whereas luminescence lines from individual molecules directly on the insulator could not be
obtained. At crystal thicknesses where pentacene shows luminescence undisturbed by
plasmonic emission, the spectra are aready bulk-like, which allows the assignment to
excitonic transitions. The strongest luminescence line is found to shift as a function of the
applied bias, in away that is characteristic of the Stark effect. The surprisingly large line shift
with the electric field in the pentacene crystal indicates a large change of the dipole when the
exciton decays. This suggests a mixing of the Frenkel type exciton with a few percent of
charge-transfer character.

Finally, we implemented a set-up alowing to measure photon correlations of the STM-light
emission. So far, we found no anti-correlation dips. While this is consistent with the

delocalisation due to excitons for pentacene nanocrystals, the similar result for Cs indicates
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that other parameters like, e.g. short exciton life times, can also make the anti-correlation

unobservable.

Outlook

Our photon correlation measurements allow us to draw some important conclusions for future
experiments. The question is: for which conditions is it possible to obtain a single photon
emission from molecules in STM near conducting surfaces? To the best of our knowledge,
this question has not been answered so far. As discussed in Chapter 7, the relation between
radiative lifetime and non-radiative quenching of the molecular luminescence is important.
Apart from the choice of molecules with an intrinsically long excited state lifetime, quenching
effects due to the metal electrodes has to be minimized. For this, three different solutions can
be suggested. First, a better decoupling by a thicker insulating layer may be successful. This
has been tried to some degree in this thesis. However, it also strongly affects the stability of
the tunneling conditions, tip geometry, and its electronic properties during an STM-scan. A
solution would require to find a way of stabilizing the tip for extended times, e.g. by the use
of an integrated AFM scanning mode to the STM tip which would make the long topographic
scans on the insulator/organic layer more stable. A second approach to overcome lifetime
reduction of the molecule due to metallic quenching is to substitute metals by semiconductors.
This appliesto both tip and substrate. Materials like n-doped Si or the transparent ITO would
provide the conductivity needed for STM while the quenching of luminescence will be lower
than for metals. A further approach is to increase decoupling of the emitter by a buffer layer
of a different molecule. An extended molecular layer like Cgo On @ metal provides a larger
effective distance to the substrate compared to KCI or BN, with approx. 1 nm for each
Ceo-layer. A guest molecule can be deposited in a low concentration on top of, or even
sandwiched between, multiple layers of the host molecule. By tuning the height of the host
system, quenching may be minimized, which leads to a higher luminescence efficiency and
smaller radiative lifetime reduction. However, the excitation transfer between host and guest
has to be considered. Such a diffusion of excitation can destroy any single photon emission
anticorrelation, unless the luminescent transition occurs only on one guest molecule. A way to
exploit this behaviour would be the doping of a crystal with guest molecules at low
concentration with a red-shifted emission with respect to the host. In such systems an efficient
energy transfer directed from the host to the guest system can be achieved **". Additionally, a
guest molecule with a smaller HOMO-LUMO gap compared to the host matrix, can act as an
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electron or a hole trap **3**°. In this way, charge injection into the host system leads to an
exciton forming preferentially at the guest molecule, which is implemented inside the host-
system volume. The exciton recombination site would be localized at the guest molecule and
should show the properties of a single photon emitter.

Organic structures providing clearly distinguishable spectral features between the host and the
guest molecules would be a suitable playground for probing the localization of luminescence
excitation on individual species. Finally, the unambiguous identification of a single photon
source by STM-induced luminescence is still to be demonstrated. This drives the motivation
to work in that field, which till bears exciting phenomena involving light generation at the
nano-scale.
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