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The perfect square seems cornerless,

the great vessel is shapeless,

the most beautiful music sounds silent,

the greatest image is formless.

—— Lao Zi, Tao Te Ching

(Translated by T. Yang, in Beijing)
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Abstract

Understanding light�matter interactions is essential for light engineering in science

and technology. In particular, the interaction between photons and quasiparticles,

such as plasmons in metallic nanostructures and excitons in semiconductors, is of

great interest in light emission, photon detection, and quantum information. As

the size of optoelectronic devices continues to become smaller, quasiparticles can

be confined on the nanometer scale, while the wavelength of visible light is several

hundred nanometers. Thus, mediating the length mismatch and characterizing the

light�matter interaction with a nanometer-scale spatial resolution are crucial for

the development of optical devices.

Scanning tunneling microscope (STM) is known to be a tool which utilizes the

quantum tunneling effect to image surfaces of metallic or semiconducting materials

at the atomic level. Over the past years, STM-induced light emission (STM-LE)

has been applied for optical characterizations. Furthermore, scanning field emis-

sion (SFEM), as an extension of STM, shows advantages when investigating optical

materials. For example, SFEM holds higher excitation energy but is less affected

from the optical field-enhancement of the tip. In this thesis, we use STM-LE and

SFEM-LE as techniques to investigate the electronic and optical properties of low-

dimensional semiconductors and metallic nanostructures.

Firstly, we introduce the design of our homemade STM/SFEM-LE setup, which

operates at room temperature in high vacuum. Operation of the setup in tunnel-

ing mode and field emission mode is illustrated, and the performance of the setup

is characterized with standard specimens. Our microscope is designed to provide

flexibility in tip and sample exchange, sample locating, and light detection.

Secondly, we investigate the mechanical, electronic, and optical properties of

monolayer molybdenum disulfide (MoS2) with STM-LE. The electronic decoupling

by a thin water spacer between the metal substrate and the monolayer MoS2 enables

us to study the properties of MoS2 directly. We observe that the STM-LE spectra

contain information about the local strain of MoS2 and show a lateral resolution on
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a length scale of 10 nm. Moreover, the tunneling-current-dependent excitonic lumi-

nescence of MoS2 provides valuable information for understanding exciton dynamics

and improving device performance.

Thirdly, we study the radiative plasmonic properties of short gold nanorods

with STM-LE. Gap plasmons are avoided by using a non-plasmonic tip and a non-

metallic conductive substrate. This allows us to characterize the plasmons on Au

nanorods. Up to three longitudinal multipolar plasmon modes are selectively excited

by inelastic tunneling electrons, and these plasmon modes decay radiatively and are

probed in the far field. The measured spatial intensity distributions of the plasmons

agree well with the radiative electromagnetic local density of states (EM-LDOS)

calculated with numerical simulation and show a lateral resolution on a scale of 10

to 20 nm.

In summary, this thesis presents experimental characterizations of optical semi-

conductors and plasmonic nanostructures on nanometer scale. The results provide a

better understanding of light�matter interactions in the measured materials. Fur-

thermore, our work shows the advantages of STM electrons as a local probe to study

optical nanomaterials and may pave the way for photon engineering on nanometer

scale.
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Zusammenfassung

Das Verständnis der Wechselwirkung zwischen Licht und Materie ist von entschei-

dender Bedeutung für das Photonen-Engineering sowohl aus wissenschaftlicher Sicht

als auch punkto technischer Anwendungen. Besonders interessant für Lichtemissi-

on, Photonendetektion und Quanteninformation ist dabei die Wechselwirkung zwi-

schen Photonen und Quasiteilchen, wie zum Beispiel Plasmonen in metallischen

Nanostrukturen oder Exzitonen in Halbleitern. Optoelektronische Geräte werden

zunehmend kleiner. Quasiteilchen lassen sich auf einer Skala einzugrenzen, die weit

unter der Wellenlänge von sichtbarem Licht liegt, welche mehrere hundert Nanome-

ter beträgt. Für die Entwicklung neuer optischer Geräte ist es daher wichtig, diesen

Längenunterschied zu überbrücken und die Licht-Materie-Wechselwirkung auf der

Nanometerskala zu charakterisieren.

Das Rastertunnelmikroskop (scanning tunneling microscope, STM) nutzt den

Quanten-Tunnel-Effekt, um Oberflächen von metallischen oder halbleitenden Mate-

rialien auf atomarer Ebene abzubilden. In den letzten Jahren wurde STM-induzierte

Lichtemission (LE) zur optischen Charakterisierung eingesetzt. Das Rasterfeldemis-

sionsmikroskop (scanning field emission microscope, SFEM) ist eine Erweiterung

vom STM und bietet Vorteile gegenüber dem STM bei der Untersuchung optischer

Materialien. Gründe dafür sind die höhere Anregungsenergie und der geringere Ein-

fluss der optischen Feldverstärkung durch die Spitze. In dieser Arbeit verwenden

wir STM-LE und SFEM-LE, um die elektronischen und optischen Eigenschaften

von niedrig-dimensionalen Halbleitern und metallischen Nanostrukturen zu unter-

suchen.

Zunächst stellen wir das Design unseres selbstgebauten STM/SFEM-LE-Aufbaus

vor, der bei Raumtemperatur im Hochvakuum betrieben wird. Wir beschreiben den

Betrieb im Tunnel- und Feldemissionsmodus und charakterisieren den Aufbau mit-

tels Standardproben. Unser Mikroskop ist so konzipiert, dass es Flexibilität beim

Spitzen- und Probenwechsel bietet und eine einfache Probenortung und Lichtdetek-

tion ermöglicht.

iii



Als Zweites untersuchen wir die mechanischen, elektronischen und optischen Ei-

genschaften von Monolayer-Molybdändisulfid (MoS2) mittels STM-LE. Die elektro-

nische Entkopplung durch einen dünnen Wasserfilm zwischen dem Metallsubstrat

und dem Monolayer-MoS2 ermöglicht es uns, die Eigenschaften von MoS2 direkt zu

untersuchen. Wir zeigen, dass die gemessenen STM-LE-Spektren Informationen zur

lokalen Dehnung von MoS2 enthalten und eine laterale Auflösung von 10 nm aufwei-

sen. Darüber hinaus liefert die vom Tunnelstrom abhängige exzitonische Lumines-

zenz von MoS2 wertvolle Informationen zum Verständnis der Exzitonendynamik.

Als Drittes untersuchen wir die radiativen plasmonischen Eigenschaften von

Gold-Nanodrähten mittels STM-LE. Spaltplasmonen (gap plasmon) werden durch

die Verwendung einer nicht-plasmonischen Spitze und eines nicht-metallischen, lei-

tenden Substrats vermieden. Das ermöglicht uns, Plasmonen auf den Gold-Nanodräh-

ten zu charakterisieren. Durch inelastische Tunnelelektronen regen wir selektiv drei

longitudinale multipolare Plasmonenmoden an und untersuchen deren radiativen

Zerfall im Fernfeld. Die gemessenen Intensitätsverteilungen der Plasmonen stimmen

gut mit numerischen Simulationen der radiativen elektromagnetischen Zustands-

dichte (electromagnetic local density of states, EM-LDOS) überein und weisen eine

laterale Auflösung von 10 bis 20 nm auf.

Die vorliegende Arbeit stellt Techniken zur experimentellen Charakterisierung

von optischen Halbleitern und plasmonischen Nanostrukturen im Nanometerbereich

vor. Die damit erhaltenen Ergebnisse ermöglichen ein besseres Verständnis der Licht-

Materie-Wechselwirkung für die von uns untersuchten Materialien. Zudem streicht

unsere Arbeit die Vorteile von STM-Elektronen als lokale Sonden zur Untersuchung

optischer Eigenschaften in Nanomaterialien heraus. Die Entwicklung solcher opti-

schen Sonden ist ein bedeutsamer Schritt auf dem Weg zum Photonen-Engineering

im Nanobereich.
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Chapter 1

Introduction

`If, in some cataclysm, all of scienti�c knowledge were to be destroyed, and only one

sentence passed on to the next generations of creatures, what statement would contain

the most information in the fewest words? I believe it is the atomic hypothesis that

all things are made of atoms|little particles that move around in perpetual motion,

attracting each other when they are a little distance apart, but repelling upon being

squeezed into one another.'

The Feynman Lectures on Physics, Volume I

1.1 From atoms to nanotechnology

The word `atom' can date back to ancient Greece, where two philosophers, Leucippus

and Democritus, proposed that all matters consist of atoms that are too small to

detect by human sense [1]. Furthermore, the word `atom' means indivisible [2]. For

thousands of years, the `atom' was only a philosophic concept until the early 19th.

In order to explain chemical reactions quantitatively, John Dalton put forward the

atomic theory based on experimental work and empirical evidence [3, 4]. In 1827,

Robert Brown observed that dust particles inside pollen grains 
oating in water

moved about erratically. This is the so-called `Brownian motion' where the dust

particles are knocked about by water molecules. In the late 19th century, without

direct evidence of atoms, physicists, such as James Maxwell and Ludwig Boltzmann,

developed the statistic mechanism [5{7]. Finally, in 1905, Albert Einstein proved

the reality of the water molecules by producing the �rst statistical physics analysis

of Brownian motions [8]. Very soon after it, Jean Perrin succeeded in providing

physical evidence for the particle nature of matter, an extension of atomic theory

[9]. Up to then, the concept of `atom', the indivisible particle that matter consist

1



Chapter 1. Introduction

of, had been widely accepted.

However, this concept was challenged by the further development of modern

physics. The discovery of natural radioactivity, electrons, X-ray, and many more

sub-atomic particles showed that there were still �ner structures inside of an atom,

i.e., atoms were divisible [10{15]. The research in atomic physics opened the door

to quantum physics. In the 20th century, the development of quantum physics

explained the electrons in atoms as waves and broadened the knowledge of matter

[16, 17]. The physical picture inside a single atom became clearer and clearer, but

detecting a single atom in real space was still challenging.

In 1955, Erwin M•uller and Kanwar Bahadur used a �eld ion microscope (FIM)

to image the arrangement of atoms on a sharp tungsten tip [18]. They were the

�rst people who observed individual atoms directly [18]. In 1970, Albert Crewe was

able to image atoms with a scanning transmission electron microscope (STEM) [19].

However, FIM and STEM require high technology to obtain a vacuum condition,

to control the �eld emission, to shield the electromagnetic �led and to maintain the

mechanical stability. Quickly after that, scanning tunneling microscope (STM) and

atomic force microscope (AFM) were developed. STM, invented by Gerd Binning

and Heinrich Rohrer in 1981, can image the surface of metals, semiconductors, and

thin insulators with a resolution even smaller than atomic scale based on quantum

tunneling [20{23]. STM earned their inventors the Nobel prize in physics in 1986.

AFM, invented by Gerd Binning, Christoph Gerber, and Calvin Quate in 1986, can

probe the surface of insulators and image individual atoms and molecules [24{27].

STM and AFM are called scanning probe microscopes (SPMs) for the utilization of

ultra-sharp probes. Compared with FIM and STEM, SPM also enables manipulating

atoms or molecules at the nanoscale [28{31]. With an e�ort of more than thousands

of years, human beings can �nally `see' a single atom.

Because of the huge development of the microscopies, the length scale of 10� 1000

atoms becomes a regime capturing more and more attention. People have de�ned

a new length unit, `nanometer' (nm, 1 nm = 10� 9 m), to describe the structure,

physics, and chemistry on this length scale. Then, more and more research directions

appear, such as nanophysics, nanochemistry, and nanomaterials. Nanotechnology is

the engineering of matter with at least one dimension con�ned into nano-scale. In

this work, we focus on the optical properties of nanomaterials. Optical nanomaterials

have unique electro-optical properties due to quantum con�nement e�ects [32]. They

are widely used to emit [33] and detect photons [34]. Characterization of the electro-

optical properties has been performed with conventional optical systems such as

2



1.2. Scanning tunneling microscope

ultraviolet, visible and near-infrared spectroscopy [35, 36] and Raman spectroscopy

[37{39]. Compared with these conventional systems, scanning near �eld optical

microscopy overcomes the light di�raction limit and enhances the lateral resolution

of optical images by local �eld enhancement [40, 41]. However, the resolution is

still limited to a few tens of nanometers. In this work, we introduce the STM-

induced light emission (STM-LE), which has achieved molecular resolution [42].

Scanning �eld emission microscope (SFEM), as an extension of STM [43], will also

be discussed.

In the following sections of this chapter, we will introduce the theoretical prin-

ciples of STM and SFEM. Finally, the principle of STM-LE will be described.

1.2 Scanning tunneling microscope

STM is a type of imaging technique that obtains the surface structure and the

electronic properties of conductive or semiconducting samples on the atomic scale

[21, 22]. STM is based on the quantum tunneling e�ect [20, 44, 45]. In the following,

a theoretical summary of quantum tunneling of electrons in STM will be given.

1.2.1 Quantum tunneling in a potential barrier

In a quantum tunneling process, electrons can tunnel through the classical-forbidden

regions. Here, we start with a simpli�ed model of quantum tunneling through a

one-dimensional (1D) rectangular potential barrier with a potential ofU0 and a

width of w (Figure 1.1 (a)). The behavior of an electron with an energyE < U 0

encountering this potential barrier is described as a wave function satisfying the 1D

time-independent Schr•odinger's equation [46]

�
~2

2me

@2 (z)
@z2

+ U(z) (z) = E (z); (1.1)

where~ is the reduced Planck's constant,me is the mass of electron in vacuum,z

is the position,  (z) is the wave function of the electron, andU(z) is the potential

energy.

Now, we solve the Equation 1.1. When the electron is on the left side of the

potential barrier, the wave function is:

 (z) = Ae+ ikz + Re� ikz (z � 0); (1.2)

3



Chapter 1. Introduction

Figure 1.1: Schematic representation of quantum tunneling in one dimension. (a) Elec-

tron tunnels in a rectangular potential barrier. U0 is the height of the potential barrier.

w is the width of the barrier. z is the one-dimensional distance.E is the kinetic energy

of the electron. The wave function of the electron is represented with the red curve. (b)

Electron tunnels in the tip � sample junction in STM. A positive bias voltage Vbias is ap-

plied to the tip. Assuming the same metallic material for the tip and the sample, � is the

work function, and the Fermi levels (EF for the sample and (EF � eVbias) for the tip) at

0 kelvin are labeled. e is the absolute elementary charge of the electron. The red arrow

marks the movement of the tunneling electrons.

where k =
p

2meE
~ . The electron on the left of the barrier behaves like travelling

waves. A is the coe�cient for the incident wave, and R is the coe�cient for the

re
ected wave. When the electron is inside the potential barrier, the wave function

is

 (z) =  (0)e� �z (0 < z < w ); (1.3)

where � =
p

2me(U0 � E )
~ . Instead of being an oscillating wave, the wave function of

the electron inside the potential barrier experiences an exponential decay. When

the electron moves to the right of the potential barrier, the wave function is

 (z) = Te+ ikz (z � w); (1.4)

where T is a constant representing the tunneling propability. The energy of the

electron does not change after tunneling through the barrier, while the probability

(proportional to j (z)j2) decreases. When the potential barrier is very high or wide,

electrons have a negligible probability of tunneling from the left side of the potential

to the right side, which agrees with the classical limit.
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1.2.2 Quantum tunneling in STM

Now, we move on to the quantum tunneling between the STM tip and the sample

through a vacuum gap. When the tip� sample distance is small enough, the wave

functions of electrons transmitted from the tip and the sample can overlap with each

other. A small voltage applied between the tip and the sample allows electrons to

tunnel through the barrier from occupied states in the tip into unoccupied states in

the sample or vice versa. In Figure 1.1 (b), when a positive bias voltage is applied

to the STM tip, the Fermi levels of the tip and the sample are separated relatively

from each other by an amount ofeVbias (e is the absolute value of the charge of

the electron, andVbias is the absolute value of the bias voltage). Then, electrons

tunnel from the sample to the tip. In order to calculate the tunneling current, an

s-wave tip model is proposed to approximate the tip as a spherical potential well. In

this simple approximation, the tunneling current can be calculated by Terso� and

Hamann's approach, which is written as [47, 48]

I (Vbias) /
Z 1

�1
� s(� )� t (� � eVbias)( f (� � eVbias; T) � f (�; T )) � (�; z; Vbias)d�: (1.5)

Here, � t (� ) and � s(� ) are the electronic density of states (DOS) as a function of

energy� of the tip and the sample, respectively. The Fermi energy of the sample is

de�ned as EF = 0. The number of electrons follows the Fermi� Dirac distribution

with a function f (�; T ) = (1+ e�=k B T )� 1, wherekB is the Boltzmann constant, andT

is the temperature. � (�; z; Vbias) is the transmission coe�cient of the tunneling gap.

When kB T � eVbias � � t ; � s (where � t and � s are the work function of the tip and

the sample, respectively), the tunneling current is simpli�ed with the expression [49]

I (Vbias) / � (z)
Z eVbias

0
� s(� )� t (� � eVbias)d�; (1.6)

where the transmission coe�cient is simpli�ed as [49]

� (z) = exp( � 2z

r
me

~2
(� s + � t )) : (1.7)

Then we see that the tunneling current is a function of the DOS of the tip and the

sample and depends exponentially on the tip� sample distance. On a 
at metal sur-

face, the tunneling current decreases by one order of magnitude when the tip� sample

distance increases by 0.1 nm. Over a distance of a single atomic diameter, the cur-

rent changes by� 1000-fold. Thus, this enables STM to achieve atomic resolution
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when the current tunnels between the sample and a single frontmost atom on the

tip [22].

The surface of the sample can be obtained by scanning the tip in a constant

current mode. A bias voltage is applied between the tip and the sample, and a

feedback loop is used to maintain a constant tunneling current by adjusting the

height of the tip. Then, a topography image will be obtained when the tip scans

over the sample surface. In contrast, a constant height mode can also be performed.

In constant height mode, the height of the tip is kept constant when scanning the

tip on the sample surface. Then, a current image is recorded. The constant height

mode is only suitable for atomically 
at surface. In this thesis, all STM images are

obtained in constant current mode.

1.2.3 Scanning tunneling spectroscopy

As demonstrated previously, the tunneling current depends on the tip� sample dis-

tance and the DOS of the tip and the sample. Thus, the topography information

obtained in STM contains the physical geometry and the DOS of the sample. Scan-

ning tunneling spectroscopy (STS) is an extension of STM to acquire information

about the DOS of the sample. In STS, the tip� sample distance is kept constant,

and the tunneling current I or the di�erential conductance dI=dVbias is obtained

with varying bias voltageVbias. The di�erential conductance is a function of the tip

bias as the following

dI
dVbias

/ � s(eVbias)� t (0): (1.8)

Here, we assume that� t (� ) and � (z) are independent on bias voltageVbias. The

dI=dVbias is only proportional to the DOS of the sample, assuming that the DOS of

the tip has no strong features. However, in experiments, the shape of thedI=dVbias

depends on the selected tip� sample distance (determined by the setpoints for the

tunneling current and the bias voltage) due to the distance dependency of the trans-

mission coe�cient. Mapping the DOS across a large wide energy range can be

achieved by using several di�erent tip� sample distances [50].

1.2.4 Lateral resolution

From Equations 1.6 and 1.7, we know that the exponential dependence of the tunnel-

ing current on the tip� sample distance (d) enables us to achieve atomic resolution
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1.3. Scanning �eld emission microscope

on atomic 
at surface. However, the lateral resolution is also determined by other

parameters, e.g., the radius of the tip apex (R). According to the model by N.

Garcia [51], the lateral resolution (i.e., the spatial width of the tunneling current

beam � STM ) in STM is

� STM �
�
2

�

r
�
2�

� (d + R): (1.9)

In this equation,

� =

s
h2

2me�
; (1.10)

and � is the e�ective energy barrier. In this model, the lateral resolution of STM

depends on the tip radius. However, in real experiments, the e�ective tip radius

instead of the geometric tip radius determines the resolution. For instance, using

functionalized tips reduces the e�ective tip radius and enhances the resolution [52].

1.3 Scanning �eld emission microscope

SFEM is a technical extension of STM. When the tip is lifted from the sample

surface and a large negative bias is applied to the tip, electrons tunnel through

the potential barrier and are �eld emitted to the sample. The �eld emission (FE)

current is a function of the bias voltage and the tip� sample distance. Due to the

larger energy of electrons, a less conductive sample can be studied in SFEM, which

is more di�cult in STM.

1.3.1 Field emission in SFEM

In SFEM, electrons are �eld emitted from a metallic tip. Compared with the tip

in STM, the tip in SFEM is biased with a negative voltage of typically� 10 V to

� 100 V, and eVbias is larger than the work function of the tip material. Then, a

high electric �eld is generated in the region of the tip apex. Electrons in the tip

can tunnel through the potential barrier and escape from the tip to the sample. In

Figure 1.2, the FE process in SFEM can be described by Fowler-Nordheim tunneling

process, where a 1D rounded triangular potential barrier model is used. According

to Fowler-Nordheim type equation [44, 53, 54], the FE current densityJ at the tip

apex can be expressed as
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J (F ) =
e3

8�h
F 2

�
exp(�

4
3

r
8� 2me

h2

�
3
2

eF
); (1.11)

where h is the Plank constant, F is the absolute value of the electrical �eld, and

� is the work function of the tip. For a given SFEM tip, the FE current density

J is determined by the electric �eld at the tip apex. However, in experiments, the

FE current I and the tip bias voltageVbias are adjusted, but J and F cannot be

controlled quantitatively. Thus, the relation betweenI and Vbias must be established

before measuring a sample.

An experimental relation of I and Vbias is [55]

I (Vbias) / exp(� �
�

eVbias
); (1.12)

where � is a dimensionless constant which can be obtained by �tting theI � Vbias

characteristics.

Figure 1.2: Schematic representation of the one-dimensional potential barrier model

used in �eld emission. � is the work function of the tip. z1 is the width of the barrier

where the potential energy equals the Fermi energyEF of the tip. F is the absolute value

of the electric �eld.

1.3.2 Lateral resolution

Similar to the lateral resolution in STM, the FE electron beam width is used to

describe the spatial resolution in SFEM. According to D. Zanin [43], the width of

FE beam (� SFEM ) is
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1.4. Scanning tunneling/�eld emission microscope induced light emission

� SFEM �
2

1
4

p
� � a

�

s
e � F (0)

� =�
� (d + R) �

s
d

� � (R + d) + d
; (1.13)

wherea is a dimensionless number that depends on the exact shape of the potential

barrier in the tip � sample junction. Whend � R, � SFEM linearly depends ond,

which is in a good agreement with simulations by Xanthakis [56].

1.4 Scanning tunneling/�eld emission microscope

induced light emission

Previously, we have mentioned that the resolution of the conventional and near-�eld

light microscope is limited to tens of nanometers when investigating the electro-

optical properties of nanomaterials. An electron microscope can improve the resolu-

tion because the wavelength of electrons is much shorter than light. In an electron

microscope, electrons work as the source which excites the samples and generates

photons [57{59]. This technique is called cathodoluminescence (CL). CL, which

was abandoned for a couple of decades, gains attention recently again to study the

luminescence of semiconductors [60, 61], vibronic states of molecules [62, 63], and

plasmonic properties of metallic nanostructures [59, 64, 65].

CL is often used in scanning electron microscope (SEM), STEM, and STM. The

resolution of the CL in SEM reaches a few nanometers to tens of nanometers [66]. In

STEM, nanometer-sized structures have been resolved, too [67]. However, the sam-

ples for STEM are limited to electron-transparent materials. Furthermore, the high

energy of SEM or STEM electrons (� keV) can also damage the nanoscale samples.

In contrast to CL in SEM and STEM, another low-energy electron microscopy, CL

combined with STM, uses the quantum tunneling electrons in the energy range of

few eV. We call the CL in STM `STM-induced light emission (STM-LE)'. STM-LE

has achieved molecular resolutions because of the smaller interaction volume [42].

Recently, SFEM-induced light emission (SFEM-LE) has gained interest, where

�eld emission electrons in the energy range of 10� 1000 eV are used [68, 69]. In

contrast to SEM and STEM, SFEM is a magnetic-lens-free electron microscope.

Compared with STM, the higher electron intensity (up to microamperes) and the

higher electron energy improve the luminescence signal without a substantially in-

creased interaction volume. Meanwhile, lifting the SFEM tip above the sample

surface eliminates the e�ects of the optical �eld enhancement and then probes the

intrinsic optical properties of the samples.
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Figure 1.3: Schematic drawing of a tunneling junction between a tip and a metallic

substrate. A negative bias with the absolute value ofVbias is applied to the tip. A

red dot represents an electron, which can tunnel to the metal substrate through elastic

tunneling (ET) or inelastic tunneling (IET). Plasmons are excited by IET electrons and

emit photons.

In this project, we use STM-LE and SFEM-LE to study the electronic and op-

tical properties of plasmonic nanostructures and semiconductors, e.g., plasmonic

gold nanorods, cadmium selenide quantum dots, and monolayer molybdenum disul-

�de (MoS2). In the following, we will describe how the plasmonic materials and

semiconductors are excited and emit photons in STM-LE.

1.4.1 Plasmonic samples in STM-LE

Plasmons are collective oscillations of conduction electrons in metallic materials, e.g.,

gold and silver [70]. More details about plasmons will be discussed in Chapter 4.

Here we focus on the excitation of plasmons in STM. Plasmons can be excited when

using a plasmonic tip or measuring plasmonic samples, such as gap plasmons between

the tip and sample, and surface plasmons on the sample. Figure 1.3 illustrates

the photon emission from plasmons. In general, electrons tunnel between the tip

and sample through two processes: elastic tunneling (ET) and inelastic tunneling

(IET). Most electrons tunnel elastically, i.e., electrons maintain their energy during

the tunneling process. However, electrons may also tunnel inelastically, where the

energy of the electrons is transferred to other states, e.g., plasmons [59]. The rates

of ET, wEL , and IET, wIEL , are given by Fermi's golden rules as [71]
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wET =
2�
~

Z EF

EF � eVbias

� s(� )� t (� )MEL (� )d�

�
2�
~

MEL � s(EF )� t (EF )eVbias;

(1.14)

and

wIET =
2�
~

Z EF

EF � eVbias + h�
� s(� + eVbias)� t (� )M IEL (� )d�

�
2�
~

M IEL � s(EF )� t (EF )(eVbias � h� ):

(1.15)

Here, h� is the photon energy, andMEL and M IEL are the matrix elements for

elastic and inelastic tunneling, respectively. The excitation e�ciency of plasmons,

P, is then

P =
wIET

wIET + wET
�

wIET

wET
=

M IEL

MEL
(
eVbias � h�

eVbias
): (1.16)

Thus, the excitation e�ciency P depends on the energy di�erence between the

tunneling electrons and the photons. In Chapter 4, we will discuss the excitation

mechanism of the plasmonic modes on Au nanorods in STM.

1.4.2 Semiconductor samples in STM-LE

A semiconductor is a kind of material that shows unique electric conductive be-

havior, which is between that of a conductor and an insulator [72]. Considering

the electronic band structure of the materials, an intrinsic semiconductor shows a

bandgap, and the Fermi level sits at the middle of the bandgap. In contrast to an

insulator with a wide bandgap, the bandgap of a semiconductor is smaller, and thus

electrons can be excited through the bandgap.

Figure 1.4 illustrates light emission from a direct-bandgap semiconductor in

STM-LE via two di�erent excitation mechanisms: (a) resonance energy transfer

through a virtual photon coupling [73] and (b) diodelike excitation through charge

carrier injection [62, 74]. For resonance energy transfer, the tunneling current works

like an oscillating dipole and generates an electric �eld in the tip� sample junc-

tion. The energy of tunneling electrons is then transferred to the semiconductor

through the virtual photon coupling, and excites the electron in the valence band

(VB) to the conduction band (CB). A hole is left in the valence band. Then, the

electron� hole pair, called exciton, recombines radiatively and emits a photon. The

requirement for resonance energy transfer is that the bias voltage, which corresponds
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Figure 1.4: Schematic drawing of a double barrier tunneling junction between a tip and a

semiconductor sample on a conducting substrate. A negative bias with the absolute value

of Vbias is applied to the tip. Red dots represent electrons, and yellow circles represent

holes. Two light emission processes are displayed. (a) Light emission from resonance en-

ergy transfer by virtual photon coupling with two steps: 1O A tunneling electron transfers

its energy to the sample and excites the electron from the valence band (VB) into the

conduction band (CB) of sample; 2O The electron� hole pair then recombines radiatively

and emits a photon. (b) Light emission from diodelike excitation through charge carrier

injection with 3 steps: 1O an electron is injected from the tip to the CB of the semicon-

ductor sample; 2O an electron tunnels from the VB of the sample into the substrate and

leaves a hole; 3O the electron� hole pair recombines radiatively and emits a photon.

to the tunneling electron energy, exceeds the optical gap (electronic bandgap minus

exciton binding energy) of the semiconductor. For the charge carrier injection, exci-

tons are formed by injecting electrons into the CB and holes into the VB from two

electrodes. Then, the excitons recombine radiatively. In contrast to the resonance

energy transfer, the required electron energy for charge carrier injection is generally

higher than the electronic bandgap. Thus, the bias-dependent photon emission can

help to distinguish these two excitation mechanisms. In Chapter 3, we will provide

some experimental STM-LE data on monolayer MoS2 and discuss the corresponding

excitation mechanism.

For semiconductors in SFEM-LE, the samples are excited by a process similar

to resonance energy transfer. The electrons in the VB are excited into the CB by

absorbing the energy from the �eld emission electrons. From there, excited electrons

in the CB recombine with holes in the VB radiatively and generate photons.
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Plasmons can be involved in STM if the tip or the substrate is made of plasmonic

materials. Because of Purcell e�ect [75], the interaction between excitons and plas-

mons might enhance the light emission in STM [76, 77]. This is because the energy

of the electromagnetic �eld of the plasmons is transferred to the excitonic dipoles via

coherent dipole� dipole coupling. However, if the semiconductors directly contact

the metal substrate, the luminescent signal can be quenched [78]. This quenching

is because the fast channel of charges transferring to the substrate dominates the

process, compared with the slow channel of luminescence in semiconductors. Thus,

an electronic decoupling layer between the semiconductor and substrate is needed,

such as molecular bu�ers, thin oxides, and salts [77, 79, 80].

1.5 Thesis overview

Above, we have introduced the theoretical background of STM/SFEM-LE. STM-LE

has now been widely used to study the electronic and optical properties of molecules

on atomic scale. Typically, an STM-LE has a meV-resolution in both electron en-

ergy and photon energy [81]. To this end, however, most of the LE experiments are

conducted at cryogenic temperature and in ultra-high vacuum. Thus, the technical

requirement to build such an STM-LE setup is very high. Beside the environment

with a low temperature and a high vacuum, the extremely low light emission e�-

ciency of samples also requires optics with large numerical apertures and low losses.

In many cases, many lenses [82] or optical �bers [83, 84], and parabolic or ellipsoidal

mirrors [85, 86] are used to collect the emitted light. However, these lenses occupy a

large space, and the focus of mirrors and �bers is not easy to adjust. An alternative

way to achieve an easy adjustment is to integrate optics on the tip, as shown in the

work of Edelmannet al. [87]. However, this special tip requires sophisticated fab-

rication work in cleanroom. As a result, it is still challenging to build an STM-LE

setup with all aspects being optimized, and a trade-o� is not avoidable.

In this thesis, we present a homemade room-temperature STM/SFEM-LE setup

for measurements in high vacuum. Room temperature is a condition in which most

industrial devices work. High vacuum is adequate to perform �eld emission but

requires lower technology compared to ultra-high vacuum. This STM/SFEM-LE

setup is equipped with a single-lens photon detection system and an optical micro-

scope. The compact photon detection system, which occupies a smaller space, gives

more space for the optical microscope. Furthermore, the focus of the detection lens

can be adjusted with a PCB camera. The integration of the optical microscope en-
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ables us to monitor the position of the tip and to quickly align the tip to the sample

location that we are interested in. Thus, the time spent on searching the sample

area of interest will be signi�cantly reduced.

The high spatial resolution of STM-LE is another advantage of this technique,

compared with optical microscopy. Though an atomic resolution of the luminescence

on single molecules has been achieved, it is still not possible to distinguish individual

molecules within a �lm which contains a mixture of di�erent molecules [88]. This

is because the charges or excitons can di�use from the excitation location and get

trapped at the area with a lower energy level. Thus, the radiation of trapped exci-

tons from a larger spatial region contributes to the STM-LE spectra. In addition to

molecular materials, other nanomaterials also show advanced electronic and optical

properties which need an in-depth investigation, such as two-dimensional (2D) tran-

sition metal dichalcogenides (TMDCs). Excitons in 2D TMDCs can also di�use and

get trapped at locations away from the excitation location [73]. Furthermore, the

optical enhancement by the STM tip is extended spatially due to the nonnegligible

dimension of the tip apex. Thus, we need to address that the resolution of STM-LE

is a�ected by the type of samples and the shape of tips.

Our setup enables us to map the local mechanical strain in 2D materials, such

as monolayer MoS2 
akes, and a remarkable resolution is shown in this experiment.

The local strain of an area with a size of 10� 10 nm2 in MoS2 can be distinguished

by analyzing the STM-LE spectra. We have also studied the plasmonic modes of Au

nanorods by measuring the STM-LE spectra. The length of the nanorods we studied

is only � 100 nm, and we successfully resolved the high-order (up to the 4th mode)

multipolar plasmonic modes on them. To the best of our knowledge, the achieved

resolution is the highest to probe the local strain in 2D semiconductors and the

plasmonic modes in nanorods reported so far. Our research is expected to contribute

to the development of STM-LE technology and its application in nanoscience.

In Chapter 2, we will introduce the working principle of STM/SFEM-LE and

the construction of our homemade microscope setup. The fabrication methods for

tungsten and platinum/iridium tips will be presented. Then, using these tips, the

performance of the microscope will be tested with standard specimens.

In Chapter 3, we will use STM-LE to study the optoelectronic properties of

monolayer MoS2 on the nanometer scale. We �nd that the luminescence spectra

acquired on MoS2 depend on the tunneling current due to exciton� exciton interac-

tion. Furthermore, the peak wavelength of the exciton emission varies with the local

strain in monolayer MoS2 induced by the rough Au substrate. Thus, the STM-LE
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spectra can work as indicators to probe the local strain in monolayer MoS2.

In Chapter 4, we will move on to investigate the optical properties of plasmonic

Au nanorods which are as short as� 100 nm. The far-�eld radiation of the Au

nanorods excited by STM electrons is simulated numerically and probed experimen-

tally. We �nd that the multipolar longitudinal plasmon modes, which are excited by

IET electrons, depend on the position of the tip. The measured spatial intensity dis-

tributions of these plasmon modes correspond to the radiative electromagnetic local

density of states (EM-LDOS) of the nanorods. And, the measurements are in good

agreement with the numerical calculations. Furthermore, the radiative EM-LDOS

are spatially resolved on a scale of 10 to 20 nm.

Finally, in Chapter 5, we will present a summary of this thesis and provide an

outlook of the STM/SFEM-LE for further investigations.

15



Chapter 1. Introduction

16



Chapter 2

Experimental techniques

In this chapter, we describe the design of our homemade microscope with two oper-

ation modes: tunneling mode and �eld emission (FE) mode. The setup with a high

vacuum (HV) chamber is operated at room temperature. This homemade micro-

scope is also combined with an optical microscope and a photon detection system.

The optical microscope allows for fast sample positioning, and the photon detection

system records the emitted photons from samples. Furthermore, the preparation of

tungsten tips and platinum/iridium tips is discussed as well as the basic character-

ization of their performances.

The operation of the tunneling mode and the FE mode is tested with our home-

made tips. To this end, three di�erent samples are scanned, graphite, ultra
at Au

�lm, and 
uorescent quantum dots. In the FE mode, the current� voltage charac-

teristics are measured. Additionally, the light emission from 
uorescent quantum

dots is investigated in the FE mode.

Finally, to complement the scanning probe techniques, conventional optical meth-

ods, photoluminescence spectroscopy and Raman spectroscopy are introduced for

optical characterization.

2.1 Principle of scanning tunneling/�eld emission

microscope

Similar to any scanning probe microscope (SPM), a feedback loop is required when

scanning the tip on the sample surface. It is achieved here by a commercial Nanonis

SPM controller (SPECS, Nanonis SC4, RC4). The scanning inxyz-directions is

achieved by a piezo scanner, which is controlled by a high-voltage ampli�er and
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Figure 2.1: Schematic sketch of the operation in (a) tunneling and (b) �eld emission

(FE) modes. The surface of the sample is acquired in the tunneling mode and replayed

with a lift height in the FE mode.

a closed-loop controller (MadCityLabs, Nano-Driver). Figure 2.1 illustrates the

experimental protocol to operate the system in the tunneling and FE modes.

In the tunneling mode (Figure 2.1 (a)), the distance between the tip and the sam-

ple is generally in the sub-nm range. A bias voltageVbias is applied to the STM tip

with the sample grounded. When the tip approaches the sample surface, quantum

tunneling occurs between the tip apex and the sample, and the tunneling current

I is measured with a preampli�er made by B. Veselaj in our group. The measured

tunneling current I is fed to a proportional-integral-derivative (PID) controller, and

the feedback loop maintains a constant current by changing the tip height in the

z-direction. Then the sample topography is obtained by scanning the tip on the

sample surface in thexy-plane.

Scanning tunneling spectroscopy (STS) can also be performed to obtain the elec-

tronic properties (i.e., the electronic density of states) of the samples. In our work,

we measure the di�erential conductancedI=dVbias, which is directly proportional to

the local density of states of the tip and sample [49]. To this end, the STM tip

is placed above the surface of the sample at a �xed height with the feedback loop

o�. The tip � sample distance is determined by the initial setpoints of the tip bias

and the tunneling current. Then, a voltage source, consisting of a direct-current

(DC) voltage, VDC , and a small sinusoidal alternating-current (AC) voltage,VAC , is

applied to the tip and sample. The frequency of the AC voltage in our experiments

is the range of 450� 500 Hz. The DC component of the voltage is swept, while

the AC component is kept constant. The AC component of the tunneling current is
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simultaneously recorded by a look-in ampli�er (Zurich Instruments, HF2) and the

AC current in-phase with the AC voltage is proportional todI=dVbias. Then the

dI=dVbias � Vbias characteristic can be obtained.

When operating the system in the FE mode, the surface of the sample topography

needs to be acquired in the tunneling mode �rst. This is because the current in FE

mode is less sensitive to the tip� sample distance change compared to the current in

tunneling mode. Thus, the resolution of the image acquired in FE mode is smaller

than that in tunneling mode. After acquiring the surface topography, the feedback

loop is switched o�, and the tip is lifted from the sample surface by a constant

height. The surface topography obtained in tunneling mode is reperformed at this

height, as shown in Figure 2.1 (b). A more negative tip bias is then applied to the

tip to generate the FE electrons.

During both the tunneling and the FE processes, the sample can be excited by

the electrons and radiate light into the far �eld. So, in addition to acquiring the

topography and the electronic properties, the emitted light can be simultaneously

recorded either by a photon counter or a spectrometer. Thus, the optical properties

of the sample can be studied.

2.2 Optical system

Our scanning probe microscope is integrated with two independent optical systems,

i.e., optical microscope and photon detection. Figure 2.2 illustrates a schematic

sketch of the complete optical setup. The optical microscope provides an overview

of the sample and allows for fast sample positioning. The photon detection system

collects the far-�eld light emitted from the tip and the sample and counts the photon

numbers or analyzes the spectral information.

2.2.1 Optical microscope

In STM/SFEM, most samples are generally on the micrometer to the nanometer

scale and quite often are scattered on the supporting substrate. Thus, locating the

sample of interest is necessary and achieved here by the optical microscope, which

views the sample with a millimeter-range size compared with the micrometer-range

size in STM/SFEM scans. To this end, as shown in Figure 2.2 (a), a re
ected-light

optical microscope with critical illumination is implemented. An LED light source

6O (CoolLED, pe-100wht) is connected to an illuminator 8O (Olympus, U-KMAS),
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Figure 2.2: (a) Optical design of the photon detection (red path) and the optical mi-

croscope (yellow path), which consists of LED illuminator, optical �ber, spectrometer,

photon counter, camera 1, camera 2,1O aspheric lens, 2O beamsplitter, 3O �ber collima-

tor, 4O tube lens, 5O achromatic lens pair, 6O LED collector lens, 7O 20� objective lens,

8O beamsplitter and 9O tube lens. (b) and (c) Images captured by camera 1 and camera

2, respectively. (d) Photon detection e�ciency when using the spectrometer (EMCCD).

The e�ciency is normalized to its maximum.

where a beamsplitter is installed. The light re
ected by the beamsplitter is guided

to an in�nity-corrected 20� microscope objective 7O (Olympus, LMPLFLN 20Ö,

f = 9 mm, NA = 0.4, working distance = 12 mm) and focused on the sample

surface. The light re
ected by the sample is collected by the objective7O and

projected to the CMOS sensor of the digital camera 2 (Sony,� 5100) through a

tube lens 9O (Olympus, U-TLU). A real image of the sample is recorded by camera

2. An optical image of a monolayer cadmium selenide@zinc sul�de (CdSe@ZnS)

nanoparticles (Sigma-Aldrich, luminescence wavelength: 630 nm, diameter: around

6 nm) on an ultra
at Au surface is presented in Figure 2.2 (c). The shadow of

the STM tip appears in the image and helps to align the tip to the sample area of

interest.

20


	Title
	Abstract
	Zusammenfassung
	摘要
	Table of Contents
	Constants, abbreviations and symbols
	Introduction
	From atoms to nanotechnology
	Scanning tunneling microscope
	Quantum tunneling in a potential barrier
	Quantum tunneling in STM
	Scanning tunneling spectroscopy
	Lateral resolution

	Scanning field emission microscope
	Field emission in SFEM
	Lateral resolution

	Scanning tunneling/field emission microscope induced light emission
	Plasmonic samples in STM-LE
	Semiconductor samples in STM-LE

	Thesis overview

	Experimental techniques
	Principle of scanning tunneling/field emission microscope
	Optical system
	Optical microscope
	Photon detection

	Mechanical system
	Tip preparation
	Tungsten tips
	Platinum/iridium tips

	Field emission characterization
	Microscope performance characterization
	Field emission induced light emission from quantum dots
	Photoluminescence and Raman spectroscopy
	Conclusion and outlook

	Excitonic luminescence of monolayer MoS2 
	Introduction
	Sample preparation
	CVD synthesis
	Transfer

	Sample characterization
	Atomic force microscopy
	Raman spectroscopy
	Photoluminescence
	STM-LE
	Scanning tunneling spectroscopy
	Excitation mechanism
	Quantum efficiency

	Tunneling current induced exciton emission
	Strain induced exciton emission
	Low tunneling current
	High tunneling current

	Conclusion

	Plasmonic radiation of short Au nanorods
	Introduction
	Theory of plasmon
	Bulk plasmon
	Surface plasmon polariton
	Localized surface plasmon

	Methods
	Sample preparation
	Simulation
	Experimental measurements

	Fabry-Pérot resonance and Fano resonance
	Length-dependent plasmonic resonance
	Radiative EM-LDOS
	Influence of STM tip
	Inelastic tunneling excitation
	Conclusion

	Summary and outlook
	Summary
	Outlook

	Appendices
	Supplementary data for simulation
	Radiation pattern of dipoles 
	Far-field radiation of gold nanorods


	Bibliography
	Acknowledgements

