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Abstract
This thesis presents a scanning tunneling microscopy (STM) study of atomically thin
materials. We study exfoliated p-doped monolayers of tungsten disulfide (WSe2) on
gold thin film substrates and epitaxial monolayers of hexagonal boron nitride (h-BN) on
graphite. We combine STM measurements and related techniques with complementary
characterizations employing atomic force microscopy and optical spectroscopy for
investigating aspects such as point defects, sample doping, sample-substrate coupling,
and their impact on the electronic and optical properties of the material.

Firstly, we present the design and implementation of a new light collection device based
on an off-axis parabolic mirror with 72% of collection efficiency to perform luminescence
experiments in STM. The optical device can be used as an optical accessory of an adapted
Pan STM, able to operate at low temperature and ultra-high vacuum (UHV) conditions
without affecting the performance of the microscope. The potential of the device is
demonstrated by performing STM-luminescence as well as in-situ Photoluminescence
(PL)/Raman measurements on several systems.

Secondly, we report the observation of excitons electrically generated on monolayers of
TMD onto metallic substrates by using tunneling electrons in an STM. The as-transferred
samples of WSe2 monolayers are optically active due to an interfacial water layer that
decouples the material from the underlying substrate. The intrinsic sample-substrate
decoupling allows exciting the local electroluminescence of the sample via STM-induced
light emission (STM-LE) in ambient conditions. The presence of the interfacial water
layer is due to air moisture, and it is a consequence of the sample preparation method.
The STM-LE and PL spectra are similar, indicating that the luminescence is due to
the recombination of neutral and charged (trions) excitons. The trion to exciton ratio
is controlled with the tunneling current setpoint. Excitons can only be generated at
sample bias voltage above 2.0 V, i.e., with tunneling electrons at energies equal to
or above the electronic band gap of monolayer WSe2. STM images and scanning
tunneling spectroscopy (STS) measurements under UHV conditions demonstrated the
presence of intrinsic point defects and confirmed the p-type doping of the sample. The
proposed STM-LE excitation mechanism is the elastic tunneling of electrons and the
direct injection of carriers on the conduction band of the semiconductor.

Finally, we present the measurement of the electronic band gap and the exciton binding
energy of monolayer h-BN. The sharp interface in the van der Waals heterostructure of h-
BN on graphite enables the employ of low-temperature STS measurements to determine
the electronic band gap. We demonstrate that defect-free monolayer h-BN on graphite
has an electronic band gap of 6.8±0.2 eV and an exciton binding energy of 0.7±0.2 eV.
These values are about 1 eV lower than predicted for a free-standing monolayer. In
addition, in some regions of the monolayer h-BN, we identified point defects by STM
imaging, which have intragap electronic levels around 2.0 eV below the Fermi level.
Moreover, STM-Cathodoluminescence (STM-CL) and PL show complex spectra typically
associated with intragap states related to carbon point defects.



Resumo
Esta tese apresenta um estudo via microscopía de tunelamento com varredura (STM)
em materiais atomicamente finos. Estudamos monocamadas exfoliadas de dissulfeto de
tungstênio (WSe2) dopado tipo-p depositadas em substratos de filmes finos de ouro, e
monocamadas epitaxiais de nitruro de boro hexagonal (h-BN) em grafite. Combinamos
medidas de STM e técnicas associadas com caracterizações complementares empregando
microscopia de força atômica e espectroscopia óptica, para investigar aspectos como
defeitos pontuais, dopagem da amostra, acoplamento amostra-substrato e seu impacto
nas propriedades eletrônica e óptica do material.

Em primeiro lugar, apresentamos o desenho e a implementação de um novo dispositivo
óptico baseado em um espelho parabólico fora do eixo com 72% de eficiência de coleção de
luz, para realizar experimentos de luminescência em STM. O dispositivo pode ser usado
como acessório óptico de um microscópio STM adaptado que opera em condições de baixa
temperatura e em ultra alto vácuo (UHV), sem afetar o desempenho do microscópio. O
potencial do dispositivo é demonstrado através da realização de medidas de luminescência
em STM e fotoluminescência (PL)/Raman in situ em vários sistemas.

Em segundo lugar, reportamos a observação de excitons gerados eletricamente em
monocamadas de TMDs sobre substratos metálicos, usando elétrons de tunelamento em
um STM. As amostras transferidas de monocamadas WSe2 são opticamente ativas devido
a uma camada interfacial de água que desacopla o material do substrato subjacente. O
desacoplamento intrínseco amostra-substrato permite excitar a eletroluminescência local
da amostra via emissão de luz induzida por STM (STM-LE) em condições normais de
temperatura e pressão. A presença da camada de água interfacial se deve à umidade
do ar e é uma consequência do método de preparo da amostra. Os espectros STM-LE
assemelha-se aos espectros PL, indicando que a luminescência é devido à recombinação
de excitons neutros e carregados (tríons). A razão de trion para exciton é controlada com
a corrente de tunelamento. Os excitons só podem ser gerados com tensão de tunelamento
acima de 2.0 V, ou seja, com elétrons de tunelamento em energias iguais ou acima do band
gap eletrônico da monocamada WSe2. Imagens de STM e medidas de espectroscopia
de tunelamento de elétrons (STS) em condições de UHV demonstraram a presença de
defeitos pontuais intrínsecos e confirmaram a dopagem tipo-p da amostra. O mecanismo
de excitação via STM-LE proposto é o tunelamento elástico de elétrons e a injeção direta
de portadores na banda de condução do semicondutor.

Finalmente, apresentamos a medida do band gap eletrônico e da energia de ligação do
éxciton em uma monocamada de h-BN. A interface abrupta, na heteroestrutura de van
der Waals de h-BN em grafite permite utilizar medidas de STS a baixa temperaturas
para determinar o band gap eletrônico. Demonstramos que monocamadas de h-BN livre
de defeitos tem um gap eletrônico de 6,8±0,2 eV e uma energia de ligação de éxciton
de 0,7±0,2 eV. Esses valores são cerca de 1 eV mais baixos do que o previsto para uma
monocamada isolada (sem substrato). Além disso, identificamos defeitos pontuais por
imagens de STM, que possuem níveis eletrônicos intragap em torno de 2,0 eV abaixo
do nível de Fermi. Medidas de catodoluminescência em STM (STM-CL) e PL mostram
espectros complexos tipicamente associados a estados intragap relacionados a defeitos
pontuais de carbono no h-BN.
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Introduction and motivation
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Materials with a crystal structure conformed by the stacking of van der Waals (vdW)
bounded layers can be separated into stable units of atomically thin layers. These
atomically thin layers are considered two-dimensional (2D) materials. Graphene (Gr), a
single layer of carbon atoms in a hexagonal lattice, is likely the most explored 2D material
in the last years. The demonstration of the Gr isolation in 2004, and the observation
of its promising electronic and mechanical properties [1–3], for instance, gave rise to a
growing interest in exploring other 2D materials like transition metal dichalcogenides
(TMDs), hexagonal boron nitride (h-BN), black phosphorus (BP), among others [4].

In particular, 2H-TMDs, like molybdenum disulfide (MoS2) or tungsten diselenide
(WSe2), are materials that in the monolayer limit are direct band gap semiconductors
with a strong luminescence dominated by excitonic effects [5, 6]. The optical properties of
these kinds of materials are understood in terms of a complex exciton dynamic involving
different exciton species such as neutral excitons, trions (charged excitons), bi-excitons,
localized/defect-bond excitons, and dark excitons [7, 8]. Such characteristics of TMDs
are interesting for investigating many fundamental phenomena related to the physic of
excitons in 2D semiconductors [9], besides the considerable interest for applications in
optoelectronics and nano-photonics [10, 11]. Another attractive 2D material, from the
optical point of view, is h-BN. In contrast to TMDs, h-BN is a wide band gap material
with a luminescence characterized by the exciton recombination around 6 eV, which
makes it a potential candidate for technological applications in deep ultraviolet (DUV)
light sources [12].

The atomically thin character of 2D materials makes them extremely sensitive to different
factors such as variation of the sample dielectric environment and local spatial variation
of such environment due to the sample-substrate coupling [13–16], strain/stress gradients
[17–20], or Moiré potentials [21–23]. For instance, the electronic and optical properties of
TMDs and h-BN monolayers can drastically change in systems in which the monolayers
are in direct contact with metallic substrates. The strong sample-substrate interaction
at the interface leads to a renormalization of the electronic structure and to a total
quenching of the intrinsic luminescence. This effect is observed typically in samples
grown by epitaxial methods [13, 24]. However, in samples mechanically transferred onto
metallic supports, the impact of the substrate is not clear since metallic substrates can
produce quenching [25] or not [15] on the luminescence of the 2D material. Moreover, the
electroluminescence emission observed in some devices based on transferred monolayers
of TMDs, shows a spatial variation of the luminescence with most of the light emission
localized at one of the device’s electrodes [26]. Therefore, the heterogeneity of the
sample environment impacts the sample’s optical properties and the performance of
2D materials-based devices.

In the case of monolayer h-BN, its successful application in the design of light-
emitting devices, for instance, depends on the understanding of its electronic and optical
properties. Therefore, it is relevant to know the values of fundamental constants such as
the electronic band gap and the exciton binding energy. However, due to its wide band
gap and the technical challenge regarding accomplishing experiments of DUV optical
spectroscopy, many of these properties of h-BN remain unresolved. Mainly, the direct or
indirect character of the electronic band gap has been under discussion for several years,
and the value of the electronic band gap is still an open question.

Angle-Resolved Photoemission Spectroscopy (ARPES) has been used to investigate the
band structure of bulk, and monolayer h-BN [27, 28]. However, ARPES provides
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information only about the electronic structure of the valence band (filled states).
Consequently, the description of the whole band structure of h-BN is missing. Scanning
tunneling spectroscopy (STS) can be employed to probe both filled and empty states in
h-BN and measure the electronic band gap. Nonetheless, STS had not provided a precise
measurement of the h-BN electronic band gap. Most of the h-BN samples explored by
STS consisted of h-BN monolayers grown on metallic surfaces as Ru(0001) or Rh(111)
[29, 30]. Hence, the strong interaction at the sample-substrate interface in those systems
represents a relevant issue for employing the STS technique to determine the electronic
band gap. Usually, the monolayers under investigation presented metallic characteristics,
and the STS results provided reduced values of the electronic band gap.

Atomically thin materials also have the property that their surface is naturally passivated
without dangling bonds. Hence, it is easy integrating different 2D materials to construct
vertical heterostructures where the vdW interactions bond layers with different lattice
constants [31, 32]. Vertical vdW heterostructures combing different TMD monolayers
have been used for generating interlayer excitons with emissions in the infrared range [33,
34]. The weak sample-substrate interaction in vdW heterostructures allows the sample to
preserve most of its electronic and optical properties, in contrast to samples on metals.
The vdW interaction between a single monolayer h-BN epitaxially grown on graphite
allowed Elias et al. [35] to demonstrate in 2019 that a monolayer h-BN is a direct band
gap material, with an optical band gap of 6.1 eV. This finding suggests that monolayer
h-BN on graphite might be ideal for measuring the h-BN electronic band gap employing
STS.

Additionally, the luminescence properties, in both monolayers of TMD a h-BN, are
modified by the presence of impurities [36], adsorbates [37], and defects [38–40]. Several
recent works have demonstrated that point defects can help to enhance the light emission
in the monolayers of TMDs [41, 42], but also the emission of defect-bound excitons at low
temperatures results in single-photon emission in the visible spectral range [43, 44]. In
the case of h-BN samples, point defects introduce intragap states, and optical transitions
between the defect’s electronic levels lead to single-photon emission in the visible and
ultraviolet range at room temperature [39, 45, 46]. Single-photon emission sources are
essential elements for application in quantum optics and quantum computing [47].

Although the chemical composition of TMDs and h-BN is relatively simple, the optical
spectra involving emissions related to point defects give no information or a definitive
answer about which specific defects are responsible for enhancing the luminescence and
which ones participate in single-photon emission processes. Then, we can see that
if it were possible to identify the nature of a specific point defect and control its
density, we might think about designing and tailoring the properties of 2D materials
via defects control to enhance them for new functionalities useful for some applications.
The investigation of individual point defects in atomically thin materials is a challenge
because it requires the implementation of experimental techniques with the sensitivity
and selectivity necessary for measuring their structure together with their electronic and
optical properties at the relevant spatial scale; this means at the atomic or nanometer
scale.

Scanning tunneling microscopy (STM) is an experimental technique able to probe
the atomic structure and electronic properties of sample surfaces with a high spatial
resolution (atomic resolution under some conditions) and in real space. Furthermore, the
tunneling electrons in STM can be used as a nanoscale excitation source to investigate the
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optical properties of the system under study. In STM-induced light emission (STM-LE),
the sample is locally and electrically excited at the STM tip position [48]. Studying the
optical properties of atomically thin materials at the nanometer scale employing STM-LE
can provide fundamental insights into their complex excitonic emissions and how these
emissions can be affected by nanoscale variation of the surrounding sample environment,
such as sample-substrate interface interaction, point defects, moiré potentials, among
others. Moreover, in STM-LE, we investigate the electroluminescence response of the
sample, meaning that we have the opportunity of exploring and combining electrical and
optical properties of the 2D materials, leading to optoelectronic applications for practical
devices.

In contrast to photoluminescence (PL), the investigation of excitons by STM-LE has
the following challenges: i) for the exciton formation, both electrons and holes need to
be present in the sample at the same time, which means that if one charge is injected
locally by the STM tip, the opposite charge must come from the substrate or be present
in the sample (doped sample). ii) The charge carrier lifetime needs to be long enough
to meet the oppositely charged partner. iii) Samples in direct contact with metallic
substrates can present hybridized electronic states at the interface, leading to fast charge
transfer to the metal. Then, direct contact or proximity of the sample to the metallic
tip or substrate must be avoided. Otherwise, the intrinsic excitonic luminescence will be
quenched. In many cases, an insulating decoupling layer between the emitter and the
metallic electrode is necessary to preserve the luminescence of the sample [48].

STM-LE applied to the study of TMD monolayers was reported for the first time by
N. Krane et al. in 2016 [24]. They used the tunneling current in an STM operated at
4 K to excite the electroluminescence of monolayer MoS2 epitaxially grown on Au(111)
surface. Nonetheless, the direct contact between the TMD and the metallic substrate
produces a quenching of the excitonic luminescence. Then, what is observed is the
photon emission generated by the radiative decaying of plasmonic modes localized in the
tunneling junction between the gold tip and the metallic substrate. The first observation
of the excitonic emission by STM-LE was reported by Pommier, et al. in 2019 [49]. In this
publication, excitonic luminescence resulting from the electrical generation of excitons
using an STM under ambient conditions is demonstrated in a monolayer of MoSe2
deposited on transparent conducting substrates (indium-thin-oxide, ITO). However, a
direct correlation between the sample doping induced by intrinsic point defects and the
excitonic electroluminescence response is missing.

In h-BN, STM and high-resolution transmission electron microscopy [50, 51] have
been employed for investigating individual point defects. Despite these efforts, a clear
correlation between the point defect electronic levels inside the wide band gap and the
light emission related to defects has not been established yet. Few-layer h-BN samples
have been investigated optically through Cathodoluminescence (CL) measurements.
However, CL only resolves DUV emissions in samples with six layers of thickness [52].
Consequently, besides the electronic band gap value and the exciton binding energy
remaining unaddressed experimentally, the CL emission in monolayer has not been
detected so far, which is essential for understanding how the DUV optical response
in h-BN changes with the number of layers.

In this thesis, we present the investigation of the morphological, electronic, and
optical properties of the atomically thin materials WSe2 and h-BN. This work
aims to probe the properties of 2D materials at the nanometer scale by using the
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imaging and spectroscopic capabilities of STM and the possibility of performing local
electroluminescence using tunneling electrons and CL. Part of the Ph.D. project involved
designing and implementing a new light injection/collection system based on an off-
axis parabolic mirror to perform luminescence experiments inside a commercial scanning
tunneling microscope.

The main objectives of this thesis are:

• To develop a high-performance light collecting device able to record the
luminescence signals we are interested in (exciton and defect-related emissions),
and at the same time compatible with a low temperature and ultra-high vacuum
STM.

• To investigate point defects properties and their role on the electronic and optical
properties of the 2D materials.

• To investigate the sample-substrate coupling between a monolayer of a 2D material
and its underlying support and how this coupling can affect the electronic and
optical properties of the material.

Organization of the manuscript.

This manuscript contains the following chapters:

Chapter 1 corresponds to the present introduction.

Chapter 2 introduces the morphological, electronic, and optical properties of
semiconducting TMDs and h-BN.

Chapter 3 describes the fundamentals of STM and Luminescence spectroscopy in
STM. The chapter discusses the working principle and operation modes of an STM
for acquiring images and spectroscopic data and also the excitation and light emission
mechanisms in STM luminescence experiments. Additionally, in this chapter, we describe
the experimental setup, sample preparation and methods.

Chapter 4 presents our published work on designing and implementing a new optical
accessory for performing different luminescence experiments in a commercial STM that
operates under ultra-high vacuum conditions and at low temperatures.

Chapter 5 contains our published work investigating the morphological electronic
and optical properties of exfoliated WSe2 monolayers on gold support using tunneling
electrons in STM.

Chapter 6 presents the published work investigating the morphological and fundamental
electronic and optical properties of a single layer of epitaxial h-BN on graphite.

In Chapter 7, we present the general conclusions of this work and some perspectives.
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Chapter2

2D materials: semiconducting transition metal
dichalcogenides and hexagonal boron nitride
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2.1 Semiconducting transition metal dichalcogenides

2.1.1 Introduction

Figure 2.1: (a) 2H-MX2 structure of semiconducting TMDs. The number of atoms in the unit cell
was increased for the best visualization of the layered structure. (b) Side view and top view of a single
monolayer of TMD. The unit cell is indicated by the vectors a1 and a2 in the top view. (c) Representation
in two dimensions of the first Brillouin zone. (d) Electronic band gap crossover in the transition from
bulk to monolayer. The black arrow indicates the electronic band gap. Adapted from [53]. (e) Room
temperature photoluminescence (PL) and quantum yield (QY) of monolayer MoS2. Taken from [5]. (f)
Room temperature PL QY of WS2 and WSe2 monolayers. Adapted from [54].

Transition metal dichalcogenides (TMDs) are layered materials with chemical
composition MX2, where M corresponds to a transition metal element and X to a
chalcogen (like sulfur (S), selenium (Se), and tellurium (Te)). There are many different
TMD materials, and depending on the combination between the transition metal and the
chalcogen elements, these can behave as semiconductors, conductors, superconductors,
or insulators [6, 55]. We are interested in the study of semiconducting TMDs like
MoSe2, WSe2, and WS2. These are known as Group-6 TMDs because they contain
transition metal elements from group 6 in the periodic table [56]. The most stable
crystal structure of semiconducting TMDs is depicted in Figure 2.1(a), which is called
the 2H-MX2 structure since it contains two MX2 layers per hexagonal unit cell. From
Figures 2.1(a) and 2.1(b), we can note that every single layer of MX2 is constituted
of three atomic layers covalently bonded in the sequence X-M-X. The top view of the
monolayer shows a honeycomb structure similar to the graphene structure but with the
difference that here M and X atoms are not in the same atomic plane. Inside the unit
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Figure 2.2: K-valleys of Mo-based (MoX2) and W-based (WX2) TMDs. The valence band and
conduction band splitting due to the spin-orbit interaction are illustrated in the figure.

cell, the layers interact through van der Waals forces, which is a weak interaction that
makes possible the exfoliation of a single crystal of TMD to reduce the number of layers
until it reaches the monolayer limit. The hexagonal unit cell in the reciprocal space that
define the first Brillouin zone in two dimensions is shown in Figure 2.1(c).

In their bulk form, all 2H-MX2 TMDs have an indirect electronic band gap, with a valence
band maximum (VBM) at the Γ point of the first Brillouin zone and a conduction band
minimum (CBM) in the middle point between the Γ and K points, see Figure 2.1(d). In
monolayers, the electronic band gap becomes direct at the K point. The band gap
crossover from the indirect-to-direct in the K point is put in evidence by a strong
luminescence observed in monolayers [5, 53, 54]. In Figure 2.1(e), we can see how strong
is the photoluminescence (PL) emission in monolayer MoS2 when compared with the
emission of a bilayer. The inset figure shows that the quantum yield (QY) of MoS2

increases by four orders of magnitude when the thickness of the material goes from bulk
to a single monolayer. The same is observed in other TMDs, like WS2 and WSe2. In
this case, the evolution of the QY with the number of layers is shown in Figure 2.1(f).
Note that at room temperature (RT), the QY in W-based monolayers is two orders of
magnitude higher than in Mo-based monolayers.

2.1.2 Direct band gap and spin-orbit coupling

Besides the band gap crossover described above, effects due to spin-orbit coupling (SOC)
produce a splitting in the valence band (VB), and the conduction band (CB) [8, 57, 58].
Figure 2.2 summarizes some of the results found in the literature for the electronic band
structure in monolayers of TMDs considering the SOC. The figure illustrates that the
splitting in the CB band has different signs for MoX2 and WX2 monolayers. The energy
values of the band splitting are shown in Table 2.1. On the other hand, it is important to
point out that in monolayers, the K points in the Brillouin zone are divided into two non-
equivalent groups known as the K+ and K− points (this is a consequence of the lack of
inversion symmetry in monolayers). The band edges at these points are usually referred
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to as K+ and K− valleys. Additionally, we can note that direct optical transitions at the
K points can be valley selective because it is possible to use circularly polarized light, 𝜎+

and 𝜎−, to excite optical transitions only at the K+ and K− valleys, respectively [8, 56].

Table 2.1: Values of some electronic and optical properties of semiconducting TMDs. Taken
from [59].

Property Symbol MoSe2 MoS2 WSe2 WS2

Electronic band-gap (eV) 𝐸𝑔 (bulk) 1.09 1.29 1.20 1.35
𝐸𝑔 (monolayer) 2.2 2.5 2.1 2.7

Exciton binding energy (eV) 𝐸𝑏 (monolayer) 0.6 0.6 0.5 0.7
CB spin-orbit splitting (eV) Δ𝐶

𝑆𝑂𝐶 -0.021 -0.003 0.036 0.029
VB spin-orbit splitting (eV) Δ𝑉

𝑆𝑂𝐶 0.180 0.160 0.430 0.380
Monolayer, PL peak position
(eV) A exciton 1.58 1.92 1.65 2.02

Monolayer, absortion peak
position (eV) B exciton 1.75 2.03 2.09 2.36

2.1.3 Excitons

From the experimental point of view, one way of obtaining information about the
electronic structure of materials is by exciting them with light and analyzing their optical
response. In the case of semiconducting TMD monolayers, the optical properties are
dominated by exciton transitions. Thus, for understanding the light emission properties
of these materials, it is convenient to start with the definition of what an exciton is
and how it behaves in atomically thin materials. Figure 2.3(a) illustrates the process of
optical absorption by free carries, in which an electron initially in the VB absorbs the
energy of an incident photon. After that, this electron is promoted to the CB, leaving an
empty electron state in the VB called "hole". Note that this optical absorption process is
possible only if the incident photon’s energy is equal to or larger than the electronic band
gap, 𝐸𝑔. This last is defined as the energy difference between the VBM and CBM. The
electron-hole pair at the band edges can recombine via direct band-to-band transition
with the emission of a photon at the energy of the electronic band gap. The attractive
electrostatic interaction between electron and hole pairs created by optical absorption
leads to the formation of excitons. An exciton is a bound electron-hole pair that can
recombine radiatively [60, 61].

As the exciton is a two-particle state, it should be represented in the 𝑘-space in a two-
particle picture, such as shown in Figure 2.3(b). The exciton momentum is given by
K = k𝑒+kℎ and it transnational mass is 𝑀 = 𝑚𝑒 +𝑚ℎ, with k𝑒 ( kℎ) and 𝑚𝑒 (𝑚ℎ)
the electron (hole) momentum and mass, respectively. An exciton can be treated as a
hydrogen-like system with discrete energy levels 𝐸𝑛, with 𝑛 = 1, 2, 3..., and the dispersion
relation for any excitonic state can be expressed as 𝐸𝑛 = 𝐸𝑔 −𝐸𝑏(𝑛)+ ℎ̄

2𝐾2/2𝑀 , where
𝐸𝑏(𝑛) is the binding energy of the 𝑛th excitonic state. The energy states of an exciton
are represented in Figure 2.3(b) for bound states with 𝑛 = 1 and 2 and the continuum.
An exciton transition from the ground state to the continuum is equivalent to an optical
transition by free carriers. In direct band gap semiconductors, we observe direct exciton
transitions at K=0, and the exciton energy is given by:

𝐸𝑛 = 𝐸𝑔 − 𝐸𝑏(𝑛), (2.1)
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Figure 2.3: (a) Free carrier optical absorption and band-to-band radiative recombination. (b) Two-
particle picture for the exciton representation. The excitonic states are shown as discrete parabolic
states. 𝐸𝑜𝑝𝑡 is the optical band gap defined as the energy of the fundamental exciton state at K=0
measured from the ground-state (|𝐺𝑆⟩), and 𝐸𝑏 corresponds to it exciton binding energy. The electronic
band gap, 𝐸𝑔, is defined as the energy difference between |𝐺𝑆⟩ and the continuum. (c) Left side:
illustration of excitons in real space for bulk (3D) and monolayer (2D) TMDs. Right side: expected
optical absorption spectrum in each system. (d) Reflectance spectrum of monolayer WS2, the excitonic
levels are labeled by their respective quantum numbers; these are illustrated in the energy diagram
in the inset. (e) Energies of exciton levels are experimentally and theoretically obtained. The red
curve corresponds to the fitting using the 2D hydrogen-like model for Wannier excitons. The inset plot
corresponds to the effective dielectric constant calculated for the 𝑛th exciton. (f) Illustration of 1𝑠 and
2𝑠 excitonic states in the presence of a non-uniform environment. Figures (c)-(f) are adapted from [62].

Hence, any photon with energy equal to or larger than 𝐸𝑛 can create an electron-hole pair,
and an exciton can be formed. The minimum energy required to create an electron-hole
pair corresponds to the lowest exciton energy, 𝐸1 = 𝐸𝑜𝑝𝑡, which is called optical gap or
optical band gap. In practice, we expect to observe a set of absorption lines at energies 𝐸𝑛

below the energy 𝐸𝑔, in optical absorption spectra of samples with excitonic transitions.
Moreover, the electron-hole pair forming an exciton can recombine radiatively. Then, PL
measurements show spectra with a strong emission peak centered at the energy position
of the exciton ground-state (𝑛 = 1), i. e., at 𝐸1 = 𝐸𝑜𝑝𝑡.

An important parameter to be considered in the measurements of excitonic transitions
in semiconducting samples is the exciton binding energy, because this quantity defines
the exciton stability at a given temperature. By solving the Schrödinger equation
for an electron-hole pair interacting through a potential 𝑉 (𝑟) = 𝑒2/𝜀𝑟, with 𝑒 being
the fundamental electron charge, 𝜀 the effective dielectric constant of the medium and
𝑟 = |r𝑒 − rℎ| the relative electron-hole distance, we can find that the exciton binding
energy for bulk semiconductors (three-dimensional, 3D, systems) is given by:



22

𝐸3𝐷
𝑏 (𝑛) = 13.6

(︂
𝜇

𝑚𝑒𝜀2

)︂
1

𝑛2
𝑒𝑉, (2.2)

where 𝑛 = 1.2, 3... is the principal quantum number for the excitonic states, and
𝜇 = 𝑚𝑒𝑚ℎ/(𝑚𝑒 + 𝑚ℎ) is the reduced mass of the exciton. In two-dimensional (2D)
systems, like semiconducting quantum wells, the hydrogen-like model for an electron-
hole pair in the potential 𝑉 (𝑟) = 𝑒2/𝜀𝑟 + 𝑉conf where 𝑉conf is the confinement potential,
gives an exciton binding energy of:

𝐸2𝐷
𝑏 (𝑛) = 13.6

(︂
𝜇

𝑚𝑒𝜀2

)︂
1

(𝑛− 1/2)2
𝑒𝑉, (2.3)

note that in this case, the exciton binding energy varies as 1/(𝑛− 1/2)2 instead of 1/𝑛2.
Therefore if we take the fundamental exciton state (𝑛 = 1), we can see that 𝐸2𝐷

𝑏 = 4𝐸3𝐷
𝑏 .

In general, 𝐸3𝐷
𝑏 < 30 meV, thus at RT it is hard to observe excitonic effects because

the thermal energy, 𝑘𝐵𝑇 ≈ 25 meV, is enough to dissociate the formed excitons. Then,
excitons are only measured at cryogenic temperatures in bulk semiconductors. The fact
that the binding energy of the exciton ground-state is four times larger in 2D than in 3D
systems makes possible the detection of exciton transitions even at RT in systems like
quantum wells where the 𝐸2𝐷

𝑏 may be of some tens of meV [8, 60, 61].

In atomically thin materials, excitonic effects are enhanced due to the reduced
dimensionality and changes in the dielectric environment. Figure 2.3(c) illustrates that
in the transition from bulk to monolayer, the exciton is confined in the monolayer plane,
and the dielectric screening is reduced. In monolayer, we can see that the electric field
lines that keep together the electron-hole pair in an exciton begin to extend outside
the sample. This effect enhances the electrostatic interaction, and the exciton binding
energy increases. The binding energy of excitons in monolayers of TMDs may be of some
hundreds of meV, meaning that excitons in these kinds of materials are very stable and
dominate their optical properties at room and low temperatures [8, 62]. On the right side
of Figure 2.3(c), the expected optical absorption spectra for 3D and 2D materials are
schematically represented. The absorption is dominated by the fundamental excitonic
peak (𝑛 = 1), observed below the absorption to the continuum. The optical absorption
to the continuum is proportional to the density of states of the system. In 3D, it varies
as a function of the root-square of the energy, and in 2D, it is constant (flat). The figure
also clarifies the difference between the optical gap and the electronic band gap. The
optical band gap is given by the energy position of the excitonic peak, and this can be
related to the electronic band gap (𝐸𝑔) through the exciton binding energy (𝐸𝑏) using
the expression:

𝐸𝑜𝑝𝑡 = 𝐸𝑔 − 𝐸𝑏, (2.4)

which, in essence, is the same equation (2.1) for the specific cases of 𝑛 = 1. In the
transition from bulk to monolayer it is expected that both 𝐸𝑔 and 𝐸𝑏 increase.

The energy of the ground state and some excited excitonic states can be measured by
reflectance spectroscopy. This was done by Chernikov, et al. [62] in monolayer WS2.
Some of the results are presented in Figures 2.3(d) and 2.3(e). The exciton ground-state
and the first four excited excitonic states, labeled as 1𝑠, 2𝑠, 3𝑠, 4𝑠, and 5𝑠 in a Rydberg
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series for values of 𝑛 from 1 to 5, are shown in the spectrum of Figure 2.3(d). We can
observe the strong 1𝑠 transition at 2.09 eV. The excited states are at higher energies
with a progressive reduction of the peak intensity, meaning that the coupling to the
light of the excited states is weak compared with the fundamental exciton transition.
The energy position for each excitonic state is plotted in Figure 2.3(e). We can note
that only the 𝑛 = 3 − 5 states follow the 2D hydrogen-like model for the excitonic
states (given by equation (2.3)). The non-hydrogenic behavior of the excitonic levels
with 𝑛 = 1, 2 is due to the fact that the dielectric environment around the exciton
is nonuniform, as shown in Figure 2.3(f). The strength and the form of the effective
electrostatic (Coulomb) interaction between the electron-hole pair forming an exciton are
modified by the dielectric properties of the environment, i. e., by the dielectric constant
of the monolayer and the surrounding environment. The effective dielectric constant
felt by the 𝑛th exciton is shown in the inset of Figue 2.3(e). Note that it decreases
when increasing 𝑛. For 𝑛 ≥ 3, the effective dielectric constant is roughly uniform, and
the hydrogen model becomes applicable. In general, the excitonic levels in a monolayer
can be determined by solving the Schrödinger equation for the electron-hole pair in a
potential:

𝑉 (𝑟) = − 𝜋𝑒

2𝑟0

[︂
𝐻0

(︂
𝑟

𝑟0

)︂
+ 𝑌0

(︂
𝑟

𝑟0

)︂]︂
, (2.5)

with 𝐻0 and 𝑌0 being the Struve and Bessel functions, respectively. Equation (2.5)
describes the interaction of the electron hole-pair within a 2D thin dielectric continuum,
where 𝑟 is the relative electron-hole distance and 𝑟0 is a crossover term that represents the
screening length, which for the large electron-hole distance it behaves like a Coulomb
interaction, 1/𝑟, and for small separation, this is modeled as log (𝑟). The theoretical
exciton states calculated by this nonhydrigenic model are plotted in Figure 2.3(e) as
red triangles, which are in agreement with the experimental data (blue points). It is
worth noting that it is possible to determine a value for the ground-state exciton binding
energy from the data. From the fitting of the hydrogenic states, an electronic band gap
of (2.41± 0, 04) eV is obtained. Combining this value with the energy transition for the
1𝑠 exciton, we will find using the equation (2.4), that the exciton binding energy is of
(0.320± 0.040) eV.
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Absorption and emission of light

Figure 2.4: (a) K+ valley illustrating the spin-orbit splitting in the CB, VB, and the exciton ground-
states in MoX2 and WX2 monolayers. The bright A and B excitons conserve the spin state while in dark
excitons there is not spin conservation. (b) Room temperature absorbance spectra of some free-standing
monolayers of TMDs, Adapted from [63]. (c) room temperature photoluminescence (PL) spectra
of monolayer of TMDs on SiO2 substrates and h-BN (hexagonal boron nitride) capped monolayers.
Adapted from [64]

The light absorption and emission spectra observed at RT in monolayers of TMDs
can be interpreted in terms of the optical transitions shown in the band diagrams in
Figure 2.4(a). Here we consider the K+ valley for MoX2 and WX2 monolayers. However,
the same description can be done for the K− valley. Although we know that it only
makes sense to represent the excitonic states in a two-particle picture, it is convenient
to show the excitonic levels in a one-particle picture to clarify the effect of the spin-
orbit splitting on the energy levels. The exciton ground-state splits into two spin-states
similar to the spin-orbit splitting in the CB. This effect gives rise to different excitonic
transitions for the exciton ground-state. Excitonic transitions with conservation of the
spin are called "bright excitons", and these are divided into A-excitons and B-excitons,
depending on the spin orientation of the states involved in the transition. Excitons with
nonconservation of the spin state are known as "dark excitons" [8, 56, 65]. The possible
bright and dark excitonic transitions in the K+ valley are illustrated in the figure. The
light emission efficiency of a monolayer of TMDs is determined by its dark or bright
character at a given temperature. For instance, at RT, WX2 TMDs are more efficient
for light emission than MoX2 monolayers. The reason is that at RT, MoX2 monolayers
are considered to be essentially dark because the thermal energy of the electrons in the
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lowest level of the exciton ground-state is enough for populating the second level, and
the dark exciton configuration is favored. This may explain the results in Figures 2.1(e)
and 2.1(f), where the QY in monolayers of MoS2 is lower than in monolayer WS2.

Figure 2.4(b) shows the absorbance spectra for some free-standing monolayers of TMDs
at RT. All the spectra present two well-resolved peaks that correspond to optical
absorptions by bright A and B excitons. The spectral shape of the absorbance is
preserved in monolayers transferred on fused silica substrates. However, the supported
monolayer absorbs 1/3 less than the suspended ones [63]. In contrast to absorption,
the PL spectra in Figure 2.4(c) show a single emission peak mainly attributed to
the recombination of spin-allowed A excitons. The figure compares the spectra for
monolayers supported by silicon dioxide (SiO2) substrate and monolayers capped with
hexagonal boron nitride (h-BN). In both cases, the emission peak’s energy position is the
same for a given TMD. However, the peak width is reduced in h-BN capped monolayers
because the quality of the sample is preserved. The capping with h-BN not only protects
the monolayers from their surrounding environment and contaminants but also allows
the decoupling of the monolayers from the substrate, avoiding the roughness of the SiO2

surface being transferred to the material [64]. The energy position for the excitonic
transitions observed by optical absorption and PL in some monolayers of TMDs are
listed in Table 2.1.

Electronic band gap and exciton binding energy

The ground-state exciton binding energy (𝐸𝑏) can be obtained from the expression:
𝐸𝑏 = 𝐸𝑔 − 𝐸𝑜𝑝𝑡. Therefore, if we want to determine 𝐸𝑏 experimentally, we should be
able to measure both the electronic band gap (𝐸𝑔) and the optical band gap (𝐸𝑜𝑝𝑡).
The value of 𝐸𝑜𝑝𝑡 can be obtained directly from the energy transitions of spin-allowed
A excitons observed by optical absorption, PL, or reflectance measurements, such as
discussed above. However, the direct measurement of 𝐸𝑔 by optical spectroscopy is more
complicated because the strong coupling to the light of the exciton states may mask
the band-to-band transition, which would give us information about 𝐸𝑔. Thus, methods
like the explained above for monolayer WS2 are necessary, where it was mandatory to
measure several excited excitonic states by reflectance to determine the electronic band
gap from a fitting of the experimental data. Another way of measuring the electronic
band gap is by using Scanning tunneling Spectroscopy (STS). STS is a technique used
in this work, and it will be explained in detail in chapter 3. In STS, we have a direct
measure of the local density of states of the sample and therefore also of 𝐸𝑔, meaning
that we could combine STS with optical spectroscopy measurements for the study and
characterization of the electronic and excitonic properties of monolayer TMDs. As an
example, we show the results in Figure 2.5, reported by Ugeda, et al. [66] in the case of
monolayer MoSe2 grown on a bilayer of graphene (BLG).
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Figure 2.5: (a) PL spectra of monolayer MoSe2 on a BLG substrate and at two different temperatures.
The PL peak positions are 1.55 eV and 1.63 eV, for the spectrum at RT and 77 K respectively. (b)
STS curve measured at 5 K. The electronic band gap 𝐸𝑔 is determined by the VBM and CBM onset.
Electronic band gap and optical transition determined theoretically for (c) free-standing monolayer
MoS2 and for (b) monolayer MoSe2 supported by 2L of Gr. (d) Energy levels determined from the
experimental data. Adapted from [66].

Figure 2.5(a) shows that 𝐸𝑜𝑝𝑡 is determined by PL spectroscopy. The PL peak at RT is
at the energy of (1.55±0.01) eV, which is shifted to (1.63±0.01) eV at the temperature of
77 K. The energy shift is attributed to the thermal reduction of the electronic band gap,
which is not expected to change significantly for temperatures bellow 77 K. Then the
optical band gap is taken as being of 𝐸𝑜𝑝𝑡 = (1.63±0.01) eV. Additionally, the electronic
structure of the sample was investigated by STS. Figure 2.5(b) shows the STS curve for
monolayer MoSe2. The result indicates a VBM and CBM located at (−1.55± 0.03) and
(0.63 ± 0.02) eV, respectively, these band edge positions are measured concerning the
position of the Fermi Level, 𝐸𝐹 , (𝑉𝑏𝑖𝑎𝑠 = 0)V. Therefore, the value for the electronic
band gap is 𝐸𝑔 = 𝐸𝐶𝐵𝑀 − 𝐸𝑉 𝐵𝑀 = (2.18 ± 0.04) eV. Therefore, the exciton binding
energy is of (0.550 ± 0.040) eV, which is of the same order of magnitude as the value
determined above for monolayer WS2.

The calculated and measured values for the electronic band gap, optical band gap, and
exciton binding energies are compared in the diagrams for energy levels in Figure 2.5(c)-
(e). From Figure 2.5(c)-(d) we can see that the calculated values of 2.26 eV for the
electronic band gap and 0.65 eV for the exciton binding energy in free-standing monolayer
MoSe2 are reduced to 2.13 eV and 0.52 eV, respectively, when screening effect due to
the substrate are taken into account in the monolayer MoSe2 supported by the BLG
substrate. In contrast, no change is observed in the value for the optical band gap
(1.61 eV). The theoretical values for monolayer MoSe2/BLG are in agreement with the
measured values shown in Figure 2.5(e). These results demonstrate that the substrate
screening reduces the electronic band gap and the exciton binding energy in supported
monolayers without changing the optical band gap. In Table 2.1 are shown values for
𝐸𝑔, and 𝐸𝑏 in monolayers of TMDs.
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2.1.4 Excitonic species

Up to now, we have discussed the optical properties of monolayer TMDs related to
neutral spin-allowed A and B excitons and spin-forbidden excitons. These transitions
have been represented in Figure 2.4. However, there are other exciton complexes, as
can be seen in Figure 2.6. For instance, excitons formed by electrons and holes living at
different valleys in the 𝑘-space with the same spin state define what is called momentum-
forbidden dark excitons, as illustrated in Figure 2.6(a). Additionally, the presence of
defects, impurities, or strain can induce potentials where excitons can be trapped. In
this case, excitons are referred to as localized excitons. Furthermore, excitons involving
the electrostatic interaction between several particles are also possibles, which is the case
of trions (charged excitons) or biexcitons [8, 9, 67–69].

Figure 2.6(b) shows that at RT, the light emission properties of monolayers are dominated
by the recombination of spin-allowed bright A excitons (indicated as X0 in the figure)
with a second contribution at lower energy coming from the recombination of trions,
X* [70]. Trions can be positive (X+) or negative (X−). However, in the data shown in
Figure 2.6(b), the electric charge of trions is unknown, then the symbol * is used to label
them. The trion binding energy is given by the energy difference between X0 and X*, and
in most of the TMDs, it is between 30-40 meV [69–71]. In some cases, it is also possible
to observe the recombination of B excitons in the PL spectrum, as in the spectrum for
MoS2. At low temperature (LT), MoX2 monolayers present the simplest luminescence
spectra where in general, the X0 and X* peaks are resolved [64, 70, 71]. Nevertheless, the
situation is competently different in samples of WX2 monolayers, in which are observed
complex spectra with different excitonic emissions [69]. In Figure 2.6(c) are displayed
the LT electroluminescence (EL) spectra for WSe2 and WS2 monolayers. Similar spectra
are observed by PL [64, 70, 71]. In both spectra, emission peaks related to different
excitonic species are measured. We can see emissions associated with neutral excitons
X0, but also luminescence due to the recombination of biexcitons (XX), localized excitons
𝐿1−3, and dark excitons (X𝐷). Additionally, charged excitons are observed, like trions
(X−

1−2), charge biexctions (XX−1), and dark trions (X𝐷±) [69].
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Figure 2.6: (a) Some exciton types in monolayer TMDs. The exciton can be bright due to direct
transition at the K point with spin conservation. Electrons and holes with different spin states lead to
spin-forbidden dark excitons, similarly, excitons formed by electrons and holes with the same spin states
but with the valley at different points of the Brillouin zone are considered momentum-forbidden dark
excitons. Localized excitons consist of neutral excitons trapped in defects/impurities- or strain-induced
potentials. Adapted from [9]. (b) Luminescence (PL) spectra at RT in some monolayers TMDs. The
emission peak is a convolution of the luminescence emitted by the recombination of neutral excitons
(X0) and trions X*. In particular, the spectrum in monolayer MoS2 also shows the emission coming
from B excitons. Adapted from [70]. (c) Complex low temperature (5K) electroluminescence spectra in
WSe2 and WS2 monolayers. Adapted from [69].

2.1.5 Point defects and sample doping

Individual point defects in atomically thin materials can be identified by using scanning
tunneling microscopy/spectroscopy (STM/STS) [72–74]. In Figure 2.7(a)-(d) are
displayed STM images of defective TMD samples. Point defects are observed as bright
and dark spots, and the defect density can vary from one scanned region to another.
The type of doping introduced by a specific kind of defect can be proved using STS.
In Figures 2.7(e)-(i) are shown results reported by Rivera, et al. [75] for intrinsic
point defects in WSe2. The STM image in Figure 2.7(e) indicates the presence of both
bright and dark point defects, which are individually imaged in Figure 2.7(f) and (g),
respectively. The STS curves in Figures 2.7(h) and (i) reveal donor (D) and acceptor
(A) midgap states, demonstrating that bright and dark defects induce p-type and n-type
samples doping, respectively. Similar results have been reported by Edelberg, et al. [76]
in MoSe2, some of the results are presented in Figures 2.7(j)-(n). Once again, bright and
dark defects are found in STM images, as shown in Figure 2.7(j). Atomically resolved
STM images of individual defects are depicted in Figures 2.7(k) and (l). In this case, the
bright defect is denoted as -X, indicating this defect is related to Se sites. In contrast,
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Figure 2.7: STM images revealing bright point defects in (a) MoS2 (adapted from [72]) and (b) WSe2
(adapted from [73]) and dark point defects in (c) MoS2 (adapted from [72]) and (d) WSe2 (adapted
from [74]). Characterization of defects in WSe2. Results adapted from [ref]: (e) STM image of the
WSe2 surface. The white and black dotted circles indicate bright and dark defects, respectively. The
scale bar is 10 nm. (f) STM images of an individual bright defect, (g) STM images of an individual
dark defect. STS curves showing the (h) donor, D, and the (i) acceptor, A, states introduced by the
bright and dark defects, respectively. The black STS curve acquired in defect-free regions is shown for
comparison. Characterization of defects in MSe2. Results adapted from [75]: (j) STM image of the
MoSe2 surface. Both dark and bright defects are observed. Atomically resolved STM images of (k) an
individual bright defect, -X, associated with Se sites, and of (l) an individual dark defect, -M, related
to Mo sites. STS curves were measured at various distances from the (m) -X defect and (n) -M defect.
In both cases, the STS curve recorded over the defect correspond to the first curve from the bottom to
the up. Results adapted from [76].
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dark defects are associated with Mo sites, and it is denoted as -M defect. In Figure 2.7(m)
we can see STS spectra taken as a function of the distance from the center of the -X defect
out to a distance of 3.5 nm. The spectrum measured directly over the defect presents
a resonance near the CB edge, indicating the n-type doping introduced by -X defects.
The resonance in the STS curve is shifted when increasing the tip-defect distance, likely
due to band bending effects. Analogously, the STS curves acquired around the -M defect
are shown in Figure 2.7(n). Here we observe a resonance close to the VB edges, which
demonstrates that -M defects behave as acceptor-like defects.

2.2 Hexagonal boron nitride

2.2.1 Introduction

Figure 2.8: (a) Hexagonal boron nitride (h-BN) crystal structure. The number of atoms in the unit cell
was increased for the best visualization of the layered structure. (b) Side view and top view of a single
monolayer h-BN. The unit cell is indicated by the vectors a1 and a2 in the top view. (c) Hexagonal first
Brillouin zone in two-dimensions. (d) Electronic band structure of bulk h-BN [77]. Cathodoluminescence
spectrum of (e) high a quality h-BN crystal [78] and (f) a thin h-BN flake [79]

Hexagonal boron nitride (h-BN) is another important layered material. Its crystal
structure is very similar to the graphite structure, i. e., monolayers of boron and
nitrogen atoms covalently bonded in a hexagonal lattice are stacked vertically by van
der Waals interactions, as shown in Figure 2.8(a). Analogous to TMDs, h-BN crystal
can be exfoliated in several layers until obtaining a single monolayer h-BN. Figure 2.8(b)
shows that a monolayer h-BN is atomically thin, with a honeycomb structure as the
graphene. The 2D Brillouin zone is shown in Figure 2.8(c). In contrast to TMDs, h-BN
is a wide band gap material (>6 eV). In Figure 2.8(d) is displayed, the calculated band
structure of bulk h-BN, where it can be observed an indirect band gap between the
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K and M points of the Brillouin zone [77]. Due to its large band gap, h-BN crystals
are characterized by a strong excitonic luminescence in the deep ultraviolet (DUV)
spectral range. This can be seen in the cathodoluminescence (CL) spectrum depicted in
Figure 2.8(e). High-quality single crystals of h-BN present a strong and narrow emission
peak at ∼ 6 eV [78]. This emission is attributed to the recombination of Frenkel excitons
[61]. Typically, most h-BN samples present undesired structural defects like stacking
faults or point defects. These defects introduce electronic levels inside the wide band
gap of the material, then different optical transitions involving these defect states can be
observed in the luminescence spectra. For instance, Figure 2.8(f) shows the CL spectrum
of an h-BN sample with different types of defects. The emission is dominated by the
recombination of free exciton close to 6 eV, and additional emission peaks are observed
around 5.5 eV and 4.0 eV, which are attributed to defects such as stacking fault and
point defects, respectively. Phonon replicas are also detected [79].

2.2.2 Electronic properties of monolayer h-BN

Band gap crossover

In analogy with the observed in semiconducting TMDs, an indirect-to-direct band gap
crossover was predicted by Paleari et al. in 2018 [80] for h-BN in the transition from
bulk to monolayer. Simulations of the electronic band structure of h-BN as a function
of the number of layers are shown in Figure 2.9. Interestingly, the electronic band gap
for monolayer h-BN is predicted to be a direct band gap at the K point. When the
number of layers increases, the electronic band gap becomes indirect between the M
and K points. The VBM and CBM are defined by the 𝜋 and 𝜋* states, respectively.
Figure 2.9(b) shows the calculated imaginary part of the dielectric function 𝜀2(𝜔). The
black line at 7.3 eV represents the onsets for the absorption to the continuum, i. e. the
value of the electronic band gap. The inset figure illustrates the 𝜋 and 𝜋* states localized
at the nitrogen (gray) and boron (green) atoms, respectively. Below the electronic band
gap, we observe a set of peaks that correspond to different excitonic states. The exciton
ground state is observed as the strongest peak at around 5.4 eV, meaning that the exciton
binding energy is about 1.9 eV. The calculations also predict that the dielectric screening
increases when the number of h-BN layers increases, reducing both the electronic band
gap and the exciton binding energy. At the same time, the optical band gap defined
by the energy of the ground state exciton remains constant. Additionally, the number
of excitonic lines increases for h-BN with more than one layer. These are assigned to
different bright and dark exciton states.
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Figure 2.9: (a) Electronic band structured and (b) imaginary part of the dielectric function of
monolayer h-BN (1L). The inset shows a representation of the Brillouin zone and the 𝜋 and 𝜋* states
at the K point. The boron and nitrogen atoms are represented in green and gray, respectively. (c) band
structure for a bilayer (2L) and (d) a pentalayer (5L) of h-BN. Adapted from [80]

Electronic and optical band gaps

Typically, optical transitions in h-BN samples are investigated by CL spectroscopy. Schué
et al. [81] reported CL measurements on h-BN samples with different thicknesses. As
indicated in Figure 2.10(a), they measured the CL response of bulk h-BN and also
of exfoliated samples with thicknesses ranging from 100 layers (100L) to 6 layers (6L)
of h-BN. The simplest spectrum is obtained in the sample of 6L, where the narrow
emission peak at 5.9 eV is attributed to the recombination of free excitons. This
emission peak is slightly shifted to lower energy, reducing the intensity for samples with
more layers. Additional emission peaks are observed below 5.9 eV when increasing the
sample thickness. All of them are attributed to phonon replicas, observed at the same
energy position but with different intensities. Even though Schué et al. found some
dimensionality effects on the light emission properties of h-BN, no information about the
DUV emissions of a single monolayer h-BN resolved by CL has been reported so far.

The DUV luminescence of monolayer h-BN was measured for the first time by Elias et
al. [35] in 2019. In their work, monolayer h-BN epitaxially grown on graphite (HOPG)
was investigated by PL and reflectance measurements, see Figure 2.10(b). The optical
spectra measured on monolayer h-BN/HOPG are depicted in Figure 2.10(c). The sharp
PL peak observed at 6.1 eV in the spectrum for monolayer h-BN is attributed to the
fundamental exciton transition. The reflectance spectrum shows a resonance at the same
energy position, meaning that there is no Stoke shift between the PL and reflectance.
Hence, the emission at 6.1 eV is interpreted as direct recombination of excitons with
both electrons and holes at the same valley in 𝑘-space. In addition, the PL spectrum for
bulk h-BN is displayed. The band gap is indirect, and the exciton transition is measured
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at 5.95 eV. The results obtained by Elias et al. demonstrated that (as observed in
semiconducting TMDs) the transition from bulk to monolayer leads to an indirect-to-
direct band gap crossover in h-BN.

Figure 2.10: (a) Normalized CL spectra of bulk h-BN and exfoliated h-BN with thicknesses going from
100 L to 6 L. The free exciton transition is highlighted by the gray area and the red arrow. Adapted from
[81]. (b) Sketch of optical DUV measurement in epitaxial monolayer (ML) h-BN on graphite (HOPG).
(c) PL and reflectance spectra of ML h-BN. The PL of bulk h-BN and the reflectance of bare h-BN are
shown for comparison. Adapted from [35].

The band gap crossover reported by Elias et al. is in agreement with the simulation
published by Paleari et al. However, the energy position for the exciton ground-state is
different. Paleari et al. calculated an excitonic transition at 5.4 eV and an electronic
band gap of 7.3 eV, which led to an exciton binding energy of 1.9 eV. Elias et al. observed
the exciton transition at 6.1 eV, then if we take the same exciton binding energy, we have
that the electronic band gap of a single monolayer h-BN should be about 8 eV. This huge
electronic band gap has not been measured yet. Nevertheless, a recent GW0 calculation
of the electronic band structure for a free-standing monolayer has predicted a direct band
gap of 8.18 eV at the K point of the Brillouin zone [82], as indicated in Figure 2.11(a).
Moreover, the calculated optical absorption spectrum for in-plane optical polarization
shows a strong absorption peak at 6.10 eV for the fundamental exciton transition, see
Figure 2.11(b), in agreement with the value found by Elias and co-workers. Therefore an
exciton binding energy of 8.18 eV−6.10 eV=2.08 eV is expected for Frenkel excitons in
free-standing monolayers. On the other hand, Wirtz, et al. obtained, from first-principle
calculations, that the exciton binding energy increases from 0.7 eV to 2.1 eV in the
transition from bulk to monolayer [83].
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Figure 2.11: (a) Electronic band structure of free-standing monolayer hBN, calculated by DFT-
PBE, GW theory at the single-shot (G0W0) and partially self-consistent (GW0). (b) GW0-BSE optical
absorption spectrum of monolayer hBN for in-plane and out-of-plane polarization. Taken from [82].

Substrate effect on the electronic band gap and the exciton binding energy

As expected for any 2D material, the electronic and optical properties of a monolayer h-
BN can be affected by the presence of the substrate. Figure 2.12 shows some interesting
theoretical results about the effects of the substrate on the electronic band gap and the
exciton binding energy. In Figure 2.12(a), the electronic band gap for a monolayer is
evaluated as a function of the distance 𝐿 to a graphene layer. The electronic band gap
predicted from GW calculation presents a 1/𝐿 dependence, and the equilibrium distance
is about 3.5 Å. The model also predicts that the electronic band gap of the free-standing
monolayer is reduced by 1 eV when supported by a single Gr layer [84]. The same
renormalization of the electronic band gap is predicted for a monolayer supported by
graphite [85], as can be seen in Figure 2.12(b).

More recently, Guo et al. [16] reported the effect of the substrate on the exciton binding
energy (𝐸𝑏) and the electronic band gap (𝐸𝑔). In Figure 2.12(c) are plotted the 𝐸𝑏 and
𝐸𝑔 values obtained from GW calculations for monolayer h-BN on different substrates.
The results present a linear scaling between 𝐸𝑏 and 𝐸𝑔, due to substrate screening with
a slope close to one. Therefore, any change in 𝐸𝑔 will be canceled for a similar change of
𝐸𝑏 of the 1s exciton state. Hence, the energy of the exciton ground state peaks remains
constant, i.e., the emission peak of the fundamental excitonic transition is insensitive
to the environmental screening. This explains the experimental and theoretical results
in Figures 2.10(c) and Figures 2.11(b), where the excitonic emission is measured and
predicted at 6.1 eV, respectively. The results reported by Guo et al. confirm that the
values for both 𝐸𝑏 and 𝐸𝑔 in free-standing monolayer are reduced by about 1 eV when
Gr is used as substrate. Note that h-BN presents the same substrate effect observed in
monolayer MoSe2 on Gr(see Figures 2.5).
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Figure 2.12: (a) Electronic band gap of monolayer h-BN as a function of the distance to a graphene
layer. Figure taken from [84]. (b) Electronic band gap of monolayer h-BN supported by graphite (several
layers of Gr). Figure Taken from [85]. (c) Linear scaling between the exciton binding energy (𝐸𝑏) and
the electronic band gap of monolayer h-BN calculated from GW approximation and considering different
substrates. The data point from right to left corresponds to monolayer h-bn (1) free-standing (2) on
h-BN, (3) on SnS2, (4) on Gr and (5) on SnSe2 substrate. Adapted from [16].

Measurements of the band structure and electronic band gap

We have discussed in this chapter that STS is a technique able to measure locally and
directly the DOS of the sample. However, previous STM/STS measurements on h-BN
have not given a clear answer for the electronic band gap. The main reason for that is
that most of the STM/STS studies have been carried out on h-BN samples grown on
metallic substrates. The growth of a 2D material on a metallic substrate leads to a band
gap renormalization due to strong interactions with the substrate, which is related to the
dielectric screening by the metal and (or) the formation of additional interface electronic
states, including hybridization, among others [13, 29, 86, 87].

In Figure 2.13 are displayed some examples. Figure 2.13(a) shows an STM image of
a high-quality single layer h-BN grown on the Ru(0001) surface [29]. The STS curve
acquired on this sample can be seen in Figure 2.13(b). Note that instead of observing
a large band gap as expected for h-BN, the sample presents metallic characteristics.
This metallic behavior observed in the h-BN layer is due to the strong sample-substrate
interaction which arises from the local charge transfer, as represented in Figure 2.13(c).
Interestingly, when h-BN is grown on Gr/Cu(111) [88] as illustrated in Figure 2.13(d),
electronic states of the metallic substrate are measured on the h-BN layer. In this case,
intragap states due to the copper support are measured by STS, and the h-BN band gap
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is not observed, as can be noted in the series of STS curves in Figure 2.13(f), which were
measured along the dashed red line in the STM images shown in Figure 2.13(e).

Figure 2.13: (a) STM image of a high-quality monolayer h-BN grown on Ru(0001). (b) STS curve
acquired on h-BN/Ru(0001). (c) Atomistic model for the charge density difference induced by the
sample-substrate interaction. Figures adapted from [29]. (d) Illustration of the CVD grown of h-BN/Gr
on a Cu (Copper) foil. (e) STM image of top h-BN layer with a scan size of 10nm10nm. (f) STS curves
acquired along the dashed red line in (e). Figures adapted from [88].

2.2.3 Point defects and Luminescence related to point defects

Even though STM is a tool able to identify atomic defects in 2D materials, as shown
in Figure 2.7, a detailed STM/STS investigation of point defects in monolayer h-BN
is missing. STM imaged bright point defects related to possible carbon impurities in
Gr capped bulk h-BN [50]. However, as can be seen in Figure 2.14(a), using Gr as
conducting electrodes affects the STM images, and the identification of the defect is
difficult. Although the dI/dV (STS) map in Figure 2.14(b) shows the presence of defects
in bulk h-BN. Additionally, defects in h-BN on HOPG were observed by Summerfield
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et al. using conductive atomic force microscopy (cAFM), and STM measurements [89].
Some of the results are shown in Figure 2.14(c)-(f). Figure 2.14(c) shows defects observed
as bright points in h-BN/HOPG. The defects are attributed to defects in the HOPG
substrate created during the sample preparation process, see Figure 2.14(d). STM
measurements also demonstrate the presence of defects with nanometric sizes, as can
be observed in the image of Figure 2.14(e) and the profiles in Figure 2.14(f). The
authors also suggest using a combination of UHV and LT AFM/STS measurements to
fully investigate point defects in h-BN/HOPG samples to correlate and understand the
electronic and optical properties of point defects in h-BN. These studies might help to
reveal the chemical nature of defects in h-BN and their impact on the sample properties.

From the electronic and optical point of view, point defects introduce electronic
levels inside the h-BN band gap, as illustrated in the diagram of Figure 2.15(a).
Optical transitions involving intragap states related to point defects can result in the
emission of single photons. The luminescence spectra of single-photon emitters in h-
BN are characterized by a narrow emission peak called zero-phonon line (ZPL), which
corresponds to transitions between two states without phonon participation. Transitions
involving phonons are called phonon replicas or phonon sidebands (PSB). These are
observed as a broad and weak peak below the energy position of the ZPL. Single-photon
emitters are observed at RT in monolayer and multilayer h-BN with a ZPL around 620 nm
(2.0 eV) and PSB at 680 nm (1.83 eV) and 693 nm (1.79 eV) [45–47], see Figure 2.15(b).
CL measurements obtain similar spectra on bulk h-BN with a ZPL at 4.1 eV [39]. The
atomic structure of point defects responsible for emitting single photons in h-BN is still
under discussion.
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Figure 2.14: (a) Topography and (b) differential conductance map of Gr capped bulk hBN. Taken from
[50]. (c) conductive atomic force microscopy (cAFM) of h-BN/HOPG and (d) bare HOPG substrate.
(e) STM image of a monolayer hBN/HOPG, the profile indicated by the colored lines are shown (f).
Figures adapted from [89].

Figure 2.15: (a) Schematic illustration of the intragap states,𝐸0 and 𝐸1, introduced by point defects
in h-BN. A single-photon can be emitted due to an electronic transition from 𝐸1 to 𝐸0. PL spectra
of single-photon emission from monolayer and multilayer h-BN at room temperature. Figures adapted
from [47].
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Chapter3

Scanning tunneling microscopy, luminescence
spectroscopy in STM, experimental setup,

samples and methods
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3.1 Scanning Tunneling Microscopy

Nowadays, scanning tunneling microscopy (STM) is a well-established experimental
technique in nanoscience since this provides unique opportunities for probing and
exploring the physical properties of matter with atomic precision and in real space.
The instrument used in this type of microscopy is called scanning tunneling microscope
(STM), and it was invented in 1981 at the IBM research division in Zurich by the
physicists Gerd Binnig and Heinrich Rohrer [90]. The scientific potential of this tool was
put in evidence one year after its invention when it was implemented to solve one of the
most relevant problems in surface science at that time, the 7×7 reconstruction of the
Si(111) surface [91]. Binning and Rohrer were awarded the Nobel prize in physics only
five years after the STM invention.

3.1.1 The quantum tunneling phenomenon

Figure 3.1: One-dimensional model of
quantum tunneling through a rectangular
potential barrier.

Before starting to describe how an STM works,
it is convenient to introduce here the concept of
tunneling. Let us consider the one-dimensional
(1D) problem of a particle with energy 𝐸 and
mass𝑚 traveling toward a potential barrier like
the one shown in Figure 3.1. From the classical
point of view, if the particle’s energy is lower
than the height of the barrier (𝐸 < 𝑉0), there is
no way that the particle can penetrate it to go
from one side to the other. However, the same
problem has another solution if the particle
under study is a quantum particle, for instance,
an electron. In this case, the particle is
described by a wavefunction 𝜓(𝑧) that satisfies
the Schrödinger equation. By solving the
Schrödinger equation (see appendix A), we can
find that inside the barrier, the particle is
described by:

𝜓(𝑧) ∝ 𝑒−𝑘𝑧, with 𝑘 =

√︁
2𝑚(𝑉0 − 𝐸)/ℎ̄2, for 𝐸 < 𝑉0, (3.1)

This is, a real wavefunction that decays exponentially, and |𝜓(𝑧)|2 gives the probability of
finding the particle at the position 𝑧 inside the barrier. We can note that this probability
is non-zero, which means that the particle can penetrate the barrier, and the phenomenon
is known as quantum tunneling. The probability of observing the particle in the other
side of the barrier is given by the transmission coefficient 𝑇 :

𝑇 =
|𝜓(𝑧)|2

|𝜓(0)|2
∝ 𝑒−2𝑘𝑑, (3.2)

Where 𝑑 is the size of the tunneling barrier, the exponential dependence of 𝑇 on the
barrier width 𝑑 is very characteristic of quantum tunneling for any shape of the tunneling
barrier.
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3.1.2 The STM working principle

Figure 3.2: (a) Schematic illustration of the STM system. (b) STM imaging acquisition in the constant
current operation mode. (c) STM image of the Si(111)-7x7 surface reconstruction.

In STM, an atomically sharp metallic tip, usually made of tungsten (W) or Platinum-
Iridium (Pt-Ir), is used as a probe. The tip is attached to a piezoelectric tube that
expands or contracts in a controlled way after applying a bias voltage. This allows
manipulating the STM tip position with atomic precision. The principle of operation of
an STM is illustrated in Figure 3.2. A bias voltage is applied between the metallic tip
and a conducting surface. With the help of the piezoelectric tube, the tip is placed very
close (< 1 nm) to the sample surface until detecting a flow of electrons between the two
electrodes without mechanical contact, such as shown in Figure 3.2(a).

The observed current (in the range of pico-Ampere (pA) to nano-Ampere (nA)) is due
to the quantum tunneling of electrons between the tip and the sample. It is used to
probe the sample locally and obtain topographic or electronic information on the sample
surface. STM images can be acquired by scanning the tip over the surface. The most
common scanning mode for imaging acquisition is the constant current mode, which is
illustrated in Figure 3.2(b). In this imaging acquisition mode, the tip scans the surface
keeping the tunneling current constant, and a feedback system adjusts the tip height by
approaching or retracting the tip to a tip-sample distance where the tunneling current
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remains constant. The image is formed by recording the tip-sample distance for each
lateral position of the STM tip. Figure 3.2(c) shows a large area constant current image
of the Si(111)-7x7 surface, revealing the surface topography with atomic steps. Reducing
the scan size to a few nanometers, atomically resolved images are recorded as in the inset
figure.

Figure 3.3: Tunneling process in the STM
junction. 𝐸𝑖

𝐹 , 𝜓𝑖, and 𝜑𝑖, correspond to
the Fermi energy, wavefunction, and work
function, respectively. The index 𝑖 = 𝑡, 𝑠
denote the tip (𝑡) and the sample (𝑠).

The tunneling process in an STM junction is
illustrated in Figure 3.3. Due to the small tip-
sample distance, the wavefunction of electrons
in the tip and the sample overlap. Then,
when a bias voltage is applied, the Fermi
level in the tip is shifted with respect to the
Fermi level in the sample, and the tunneling
of electrons occurs. The fundamental 1D
quantum tunneling model discussed in the
previous section can be used to understand
some important aspects of the tunneling
current in an STM. Assuming the tunneling
junction as a metal-vacuum-metal junction,
we have that the electron wavefunction at
the metallic surface of one of the electrodes
will decays exponentially inside the vacuum
barrier as a function of the distance 𝑧. In
a solid, the minimum energy required to
remove an electron is given by the material’s
work function. Thus, the electron will be in
the presence of an effective potential barrier
defined by the work function Φ. For simplicity,
let us assume that the work function is the same for the tip and the sample. Considering
small biases, such as that 𝑒𝑉𝑏𝑖𝑎𝑠 ≪ Φ, we can treat the tunneling barrier as a rectangular
potential barrier, and the electron will tunnel from an energy level very close to the Fermi
level in one of the electrodes to the Fermi level in the other one. Therefore, we can use
equations 3.1 and 3.2 but taking into account that in this case 𝑉0−𝐸 = 𝐸vacuum−𝐸𝐹 ≈ Φ,
and the tunneling current, 𝐼𝑡, can be described by:

𝐼𝑡 ∝ 𝑒−2𝑘𝑧 with 𝑘 =

√︁
2𝑚𝑒Φ/ℎ̄

2, (3.3)

where 𝑚𝑒 is the free electron mass.

The high spatial resolution achieved in STM is a consequence of the strong dependence of
the tunneling current on the tip-sample distance 𝑧. This can be seen easily by evaluating
equation 3.3 with some typical values in STM experiments. For example, in a metallic
STM junction under vacuum, Φ ≈ 5 𝑒𝑉 and 2𝑘 will be about 23 nm−1, which means that
a variation of 0.1 nm in the tip-sample distance will induce a change in the tunneling
current value of 9.98 times, i. e. in one order of magnitude. This sensitivity of the
tunneling current with the tip-sample distance results in an extremely high vertical
resolution, which can be in the pm range. Furthermore, comparing the tunneling current
originated in the closets atom of the tip to the sample with the current from the second
closets atom in the tip to the sample surface. We have more than one order of magnitude
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of difference. In other words, this means that most of the tunneling current is mainly
provided by the last atom in the STM tip apex, which explains the sub-nanometric
lateral resolution in the STM [92–94].

3.1.3 STM imaging and spectroscopy

In practice, the tunneling current in an STM junction is described by the expression (see
appendix A):

𝐼𝑡(𝑥, 𝑦, 𝑧, 𝑉 ) ∝
∫︁ 𝑒𝑉

0

𝑑𝜖 𝑇 (𝑧, 𝜖, 𝑉 )𝜌tip(𝜖− 𝑒𝑉 )𝜌sample(𝜖, 𝑥, 𝑦), (3.4)

where 𝜌tip is the density of states (DOS) of the tip and 𝜌sample is the local density of
states (LDOS) of the sample. Taking into account that a single atom constitutes the tip
apex, we can consider 𝜌tip as a constant. Therefore the tunneling current can be written
as:

𝐼𝑡(𝑥, 𝑦, 𝑧, 𝑉 ) ∝
∫︁ 𝑒𝑉

0

𝑑𝜖 𝑇 (𝑧, 𝜖, 𝑉 )𝜌sample(𝜖, 𝑥, 𝑦), (3.5)

It means that an STM image represents the LDOS of the sample, evaluated at the STM
tip position, at the energy 𝜖 around the Fermi’s level of the tip. Additionally, 𝑇 (𝑧, 𝜖, 𝑉 )
corresponds to the transmission coefficient given by:

𝑇 (𝑧, 𝜖, 𝑉 ) = exp
{︂
− 2𝑧

√︃
2𝑚𝑒

ℎ̄2

(︂
𝜑t + 𝜑s

2
+
𝑒𝑉

2
− 𝜖

)︂}︂
, (3.6)

this term shows the exponential dependence of the tunneling current on the tip-sample
distance 𝑧, which is responsible for the high spatial sensitivity in STM, as discussed
above. Moreover, the transmission coefficient increase exponentially for higher electron
energies, i. e., the tunneling probability is higher for electrons with high energies. The
tunneling processes in an STM junction with different bias polarities are illustrated in
Figure 3.4, where the horizontal arrows with different lengths represent the tunneling
probability for electrons at a given energy. Figure 3.4(a) shows that when a positive bias
is applied to the sample, we can probe the empty states of the sample since electrons
tunnel from filled tip states to empty sample states. The opposite process is shown in
Figure 3.4(b). For negative sample bias, electrons tunnel from filled sample states to
empty states of the tip, then filled states of the sample are probed.

Let us now consider the derivative of the tunneling current in equation 3.5 with respect
to the sample bias 𝑉 . In the approximation of small bias (𝑒𝑉 ≪ 𝜑𝑡, 𝜑𝑡) we have:

𝑑𝐼

𝑑𝑉
∝ 𝜌sample(𝑒𝑉, 𝑥, 𝑦), (3.7)

the quantity 𝑑𝐼/𝑑𝑉 is called difference conductance, and it is proportional to the LDOS of
the sample at the energy 𝑒𝑉 . Therefore, measuring 𝑑𝐼/𝑑𝑉 means a direct measurement
of 𝜌sample(𝑒𝑉, 𝑥, 𝑦). This constitutes the principle of scanning tunneling spectroscopy
(STS) as a local probe of the electronic properties of the sample.
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Figure 3.4: Representation of the tunneling process at (a) positive sample bias (V>0), and (b) at
negative sample bias (V<0). Empty (filled) sample states are probed when using V>0 (V<0). The
density of states of the tip and the sample are indicated as 𝜌𝑡 and 𝜌𝑠, respectively.

3.2 Luminescence spectroscopy with an STM

3.2.1 STM-Induced light emission (STM-LE)

The tunneling current in an STM can induce the emission of photons from the sample
under investigation. The experimental technique based on this fact is known as STM-
induced light emission (STM-LE) or scanning tunneling luminescence (STL or STML).
In STM-LE, the STM tip is used to excite the photon emission locally, allowing the
study of the sample’s optical properties with the spatial resolution of STM. The first
observation of light emission from an STM junction was reported in 1988 by Gimzewski
et al. who investigated samples of polycrystalline tantalum and Si(111)7×7 [95]. After
that, Berndt et al. implemented the technique for investigating optical properties of
metal and semiconductor surfaces on a subnanometer scale [96, 97].

The light emission mechanisms in STM-LE are related to the excitation of localized
surface plasmons in metal surfaces (plasmonic emission) or the electrical generation of
excitons in molecules or semiconductor surfaces (excitonic emission). Next, we will
describe the excitation processes for the plasmonic and excitonic emissions in STM
luminescence experiments.

Plasmonic light emission

The concept of plasmon (a quasi-particle) is used to describe the collective oscillation of
free electrons in a bulk metal. The oscillations of free electrons at the interface between
a metal and a dielectric (or vacuum) are known as surface plasmons, which can interact
with the electric field produced by the oscillations of charges to form surface plasmon
polaritons (SPPs). SPPs are electromagnetic waves that propagate along the metal-
dielectric interface with a wavevector 𝑘⃗𝑆𝑃𝑃 . Figure 3.5(a) illustrates the propagation of
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a SPP, with 𝑘⃗𝑆𝑃𝑃 parallel to the interface and an in-plane magnetic field 𝐻⃗𝑦. The electric
field perpendicular to the interface is evanescent, as shown in Figure 3.5(b).

Figure 3.5: a) illustration of a surface plasmon polariton (SPP). (b) Evanescence of the electric field
perpendicular to the interface, 𝛿𝑑,𝑚 are the penetration depth of the electric field into the dielectric
and metal, respectively. (c) Dispersion relation of SPPs (solid line) and light (dashed line). 𝜖𝑑,𝑚 are
the dielectric functions of the dielectric and metal, respectively, and 𝑐 is the speed of light in vacuum.
Adapted from [98].

The dispersion relation of SPPs depends on the bulk metal’s plasmon frequency and
the dielectric functions of the metal and the dielectric. Such dispersion relation can
be obtained by solving the Maxwell equation at the metal-dielectric interface [61, 99].
Figure 3.5(c). shows the dispersion curve for SPPs, compared with the curve for
propagating light in vacuum. We can see that for a given frequency (energy), the
momentum 𝑘⃗𝑆𝑃𝑃 is always larger than the momentum of photons ℎ̄𝑘⃗0. Therefore, SPPs
are non-radiative or excited by light unless the momentum mismatch is overcome. One
way of overcoming the momentum mismatch and producing the conversion of SPPs in
light is to break the translational symmetry of the plane by surface roughness or a sharp
tip (STM tip) [98–100].

In STM experiments, we put a sharp metallic tip close (nanometer-close) to the metallic
surface. The surface plasmon localized on the tip apex interacts with the SPPs of the
sample and produces a plasmonic nano-cavity in the tunneling junction. Thereby are
produced what is known as tip-induced plasmons (TIPs) or localized plasmon modes [98,
100], understanding that are plasmons localized or confined in the tip-sample cavity. In
contrast to SPPs, localized surface plasmon are radiative by nature and can be coupled
to light (i.e., they can be excited by light).
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Figure 3.6: (a) Geometry of a spherical metal particle above a metal surface used by Rendell et al. to
calculate the localized plasmon modes. This geometry is similar to an STM tunneling junction. Adapted
from [98]. (b) Calculated angular distribution of the radiation emitted by localized plasmons. Adapted
from [101].

Rendell et al. [101] calculated the plasmonic modes for localized plasmons in a tunneling
junction. The investigated junction was a metallic sphere of ratio 𝑟 placed at a distance
𝑑 from a flat metallic surface, as shown in Figure 3.6(a). This tunneling geometry is
similar to an STM tunneling junction if we consider an STM tip apex with a spherical
shape. The authors showed that a localized plasmon could be described as an oscillating
dipole perpendicular to the flat surface and confined to a region of about 𝑙 =

√
2𝑑𝑟

from the tip apex. The oscillating dipole has a maximum radiation intensity at an
angle of approximately 60o from the normal surface, such as shown in Figure 3.6(b).
Additionally, Rendell et al. obtained that localized plasmons have discrete plasmonic
modes with frequencies:

𝜔𝑛 = 𝜔𝑝

√︃
tanh (𝑛+ 1

2
)𝛽0

𝜖𝑑 + tanh (𝑛+ 1
2
)𝛽0

, with 𝛽0 ≈
√︂

2𝑑

𝑟
, (3.8)

where 𝑛 is the plasmon mode number, 𝜔𝑝 is the plasma frequency of the metal, and 𝜖𝑔 is
the dielectric constant of the surrounding medium. From this result, we can see that, for
a given tip-sample distance, the plasmonic modes will depend on the plasmonic mode of
the bulk metals (i.e., on the dielectric properties of the materials forming the plasmonic
nano-cavity) and on the tip radius (tip shape).

In STM, localized plasmons are excited by the inelastic tunneling of electrons [96, 102],
as can be seen in Figure 3.7. The rate of inelastic tunneling was calculated by Person
and Baratoff [103], who estimated that 1% of the electrons tunnels inelastically exciting
plasmonic modes during a tunneling process, being the total photon emission efficiency
of 10−3 photon per electron. Figure 3.7(b) shows an energy diagram for the inelastic
tunneling in an STM junction. During the tunneling, electrons in the barrier lose energy.
The energy lost is transferred to excite localized plasmon modes in the STM junction.
The excited plasmons can decay radiatively. Figure 3.7(c) shows an STM-LE spectrum
measured on a gold (111) surface with a gold tip. A broadband emission characterizes
the plasmonic spectrum since electrons can tunnel to a continuum of states in the sample.
Additionally, the plasmonic emission presents a quantum cutoff defined by ℎ𝜈 = |𝑒𝑉 |,
where 𝑉 is the sample bias voltage. This cutoff is independent of the bias polarity, and it
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is expected for inelastic tunneling processes, where only can be excited plasmonic modes
that emit photons with energy equal to or less than the tunneling electrons.

Figure 3.7: (a) Schematic diagram of photon emission due to localized plasmons in STM tunneling
junction. (b) Energy diagram for elastic and inelastic tunneling of electrons. The energy lost in inelastic
tunneling is transferred to excite plasmonic modes that emit photons with energy ℎ𝜈 = |𝑒𝑉 |. 𝑉 is the
bias voltage, and EF,T(s) are the Fermi level in the tip and sample, respectively. (c) STM-LE spectrum
measured on a gold(111) surface with a gold STM tip.

Figure 3.8: (a) STM-LE spectra of the surfaces Ag(111), Au(110), and Cu(111). The top row
corresponds to the experimental data and the bottom row to the calculated spectra. The dashed
curve corresponds to the sensitivity of the detection system. Adapted from [96].(b) STM-LE spectra of
Au(111) surface measured with the tip shown in the SEM images. Adapted from [104].

As discussed above, the shape of the plasmonic STM-LE spectra will depend on the
chemical nature of the metals forming the tunneling junction and the structure of the
STM tip. Figure 3.8(a) shows results reported by Berndt et al., who measured STM-
LE spectra on different metallic surfaces with a tungsten (W) tip [96]. The spectra are
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compared with the calculated spectra shown in the bottom row. We can see that the
maximum intensity of the plasmon emissions is at different energies for different metals,
besides the difference in the spectral shape as demonstrated in the calculated curves. The
influence of the STM tip on the STM-LE spectra was investigated by Meguro et al. [104].
In Figure 3.8(b) are presented STM-LE spectra measured on Au(111) surface using gold
STM tips with different shapes. The shape of the tips was explored by scanning electron
microscopy (SEM). We can see that truncated tips apex produces STM-LE spectra with
multiple peaks whose number and energies depend on the tip shape.

Excitonic light emission

The excitonic light emission from an STM junction depends on the system under
investigation. For instance, in inorganic semiconductor surfaces, luminescence is
generated due to the recombination of electron-hole pairs through band-to-band
transitions. The excitation mechanism is the injection of carriers from the tip to the
semiconductor bands [97, 105–107]. As an illustration, in Figure 3.9, we show some
results reported by Sakurai et al. on STM-LE of GaAs(110) surface et al. [105].
Figure 3.9(a) shows the excitation mechanism for the light emission in semiconductor
surfaces, where an electron tunnels elastically from the tip to the semiconductor’s
conduction band. The electron decays until the band edge and then recombines
radiatively with a hole in the sample. The quantum emission efficiency is about
10−4 photons per electron. STM-LE spectra measured at different sample voltages are
presented in Figure 3.9(b). The spectra show a narrow peak at 1.48 eV. The energy of
the emission is attributed to band gap transitions in GaAs bulk because the electronic
band gap of the surface is larger and indirect [105, 106, 108].

Figure 3.9: (a) Schematic diagram of the STM-LE excitation mechanism in semiconductor surfaces.
(b) STM-LE spectra of clean GaAs(110) surface acquired at different bias voltage. Adapted [105].

Molecules deposited on metal surfaces can be investigated with STM. However, observing
the molecular excitonic luminescence via STM-LE requires having the molecules
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decoupled from the substrate. A molecule in direct contact with the metal substrate
will exhibit hybridized electronic states, then any charge injected in the molecule will
be transferred rapidly to the substrate, avoiding the radiative recombination of charges
[109]. Therefore STM-LE spectra of molecules on metals are essentially plasmonic since
the hybridized electronic levels offer new channels for the inelastic tunneling of electrons,
promoting the excitation of localized plasmons [110–114], as shown in the energy diagram
of Figure 3.10(a). Hence, the electronic coupling between the molecule and the metallic
support results in a total quenching of the intrinsic excitonic molecular luminescence.
It is expected to observe a similar behavior on monolayers of TMDs (three atoms of
thickness) on metal surfaces. In Chapter 5 we will describe how it is possible to obtain
the intrinsic excitonic emission in a monolayer of TMD on a metal substrate via STM-LE.

Figure 3.10: (a) Schematic illustration and energy diagram for the photon emission involving localized
plasmon in systems with molecules in direct contact with a metal surface. (b) (a) Schematic illustration
and energy diagram for the photon emission due to molecular transitions in systems where the molecules
are decoupled from the metallic substrate. In the energy diagram, 𝑉 is the bias voltage, and EF,T(s) are
the Fermi level in the tip and sample, respectively.

There are several strategies for observing the excitonic emission of molecules in STM-LE
measurements. The main idea is to introduce a barrier able to decouple the emitter from
the substrate and, at the same time, allow the tunneling of electrons. As illustrated
in Figure 3.10(b), in decoupled molecules, electrons tunneling from the tip induces the
radiative recombination of charges due to direct transitions between molecular orbitals.
In this case, quantum efficiencies of 10−4 and 10−5 photon per electron have been reported
[105, 115]. The excitonic emission of decoupled molecules can also be excited in tunneling
processes mediated by plasmon. In this case, plasmonic modes are excited through the
inelastic tunneling of electrons, and then the energy of the plasmon is transferred to the
molecule to excite an exciton [116, 117].
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Figure 3.11: (a) STM-LE measurements on a ZnPc molecule decoupled from the Ag(100) surface by a
thin layer of NaCl. Adapted form [118]. STM-LE on a suspended molecule. The molecule is suspended
using a molecular wire and controlled STM manipulation. Adapted from [119].

For decoupling molecules from the metallic substrate and carrying out STM-LE
measurements, methods involving the growth of molecular multilayers [120–122] or
ultrathin insulating layers such as Sodium Chloride (NaCl) [118, 123, 124] or Aluminum
Oxide (Al2O3) [115, 125] have been employed. Another approach consists of suspending
the emitter between the tip and the sample using a molecular wire [119, 126]. Figure 3.11
shows some STM-LE results on decoupled single molecules. In Figure 3.11(a), we see
the excitation of a single Zinc-phthalocyanine (ZnPc) molecule decoupled from the
Ag(100) surface by a thin layer of NaCl. The STM-LE spectra show a plasmonic
emission from the molecule in direct contact with the substrate. However, the intrinsic
molecular luminescence can be observed in STM-LE spectra recorded on the molecule
deposited on NaCl/Ag(100). In addition, Figure 3.11(b) presents the case of suspended
molecules. This decoupling method was demonstrated by Chong et al. [119] in porphyrin
molecules linked to oligothiophene wires on Au(111) surface. The STM-LE spectra show
a plasmonic emission of the molecule on the metal surface. Using STM manipulation,
the molecule can be suspended above the substrate by attaching the tip to the molecular
wire. The intrinsic molecular luminescence appears after suspending the emitter from
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the metal surface at tip-sample distances above 1.2 nm. The luminescence line width is
reduced when the tip-sample distance increases.

3.2.2 Luminescence in TMD monolayers studied by STM-LE

Here we present the state of the art of STM luminescence measurements in monolayers
of TMDs. We describe some important aspects in the investigation of TMDs employing
STM, such as typical luminescence spectra, mechanics for the excitation and emission of
light, the influence of the STM tip, point defects, and the underlying support.

Epitaxial monolayer MoS2 on Au(111) substrate

The first report showing the optical excitation of a single layer of TMD using tunneling
electrons in an STM was published by Krane, et al. in 2016 [24]. In their work,
monolayers of MoS2 epitaxially grown on the Au(111) surface were morphologically
characterized by STM images. At the same time, the electronic and optical properties
were investigated through STS and STM-LE measurements, respectively, all under ultra-
high vacuum conditions and at low temperatures (4 K). Some of the results published by
Krane, et al. are shown in Figure 3.12. An illustrative representation of the measurement
is presented in Figure 3.12(a), where electrons tunneling from a gold tip to the sample
are used to probe its electronic and optical properties locally.

Figure 3.12: (a) Illustration of STM-LE in epitaxial monolayer MoS2 on Au(111) surface. (b) STM
image of MoS2 and Au(111) with a pit defect, images acquired under UHV conditions and at 4 K.
Low temperature (c) STS and (d) STM-LE spectra (3.5 V, 10 nA)measured at the STM tip position
indicated by the crosses in (b). (e) STM-LE light emission mechanism for positive sample bias. Figures
adapted from [24].

In the STM image shown in Figure 3.12(b), we can see the Au(111) surface and also the
MoS2/Au(111) surface, which is characterized by a hexagonal moiré pattern of about
3.3 nm of periodicity. The image also reveals a nanometer-sized pit in the region where
the monolayer MoS2 is. The pit appears because it is a region of the Au substrate with
some atoms missing (Au vacancy island). Thus, the monolayer on the pit is considered



52

quasi-freestanding. The STS and STM-LE spectra acquired on the gold substrate and
the supported and quasi-freestanding monolayer MoS2 are compared in Figures 3.12(c)
and 3.12(d), respectively. The spectra were measured at the tip position indicated
by the crosses in (b). The STS curve of the MoS2 pit (red curve) shows an electronic
band gap defined by the band onsets at -1.8 V and 0.9 V. However, in the STS on
MoS2 (blue curve), the electronic band gap is difficult to be determined because it is
observed tunneling current for small sample bias, which is expected due to hybridization
and screening with the metallic states of the Au(111) substrate. Additionally, the STM-
LE spectra in Figure 3.12(c) indicate a strong sample-substrate interaction because all
the spectra have the same spectra shape, i.e., broad emission peaks related to surface
plasmon modes localized in the tunneling junction formed between the gold tip and
the gold substrate. The STM-LE light emission mechanism for positive sample bias is
explained in Figure 3.12(e). Localized plasmons are excited by the inelastic tunneling of
electrons from the tip to the semiconductor’s conduction band. Therefore, photons with
energy ℎ𝜈 ≤ 𝑒𝑉bias − 1 𝑒𝑉 are detected. These results demonstrated that for probing
excitons by STM-LE in monolayer TMDs, the sample must not be in direct contact with
metallic substrates to avoid the excitation of localized plasmonic modes.

Exfoliated monolayer MoSe2 on ITO substrate

The excitonic emission in a monolayer of TMD excited by tunneling electrons in STM
was first observed by Pommier, et al. in 2019 [49]. In this case, a mechanically
exfoliated monolayer MoSe2 is transferred onto a nonmetallic transparent conducting
substrate (ITO) and excited using a tungsten tip. The STM-LE measurements were
carried out in air and at RT. Part of the results published by Pommier, et al. are
shown in Figure 3.13. The spectra obtained by PL and STM-LE in monolayer MoSe2
are displayed in Figure 3.13(a). Both spectra present the emission expected for the
recombination of spin-allowed A excitons, i. e., a narrow peak centered at 1.58 eV.
The inset in Figure 3.13(a) corresponds to a real-space optical microscope image of the
STM-LE signal from monolayer MoSe2, the intensity profile taken along the white arrow
indicates that most of the emitted light is localized below the STM tip position. However,
emission from hot spots localized several micrometers away from the STM tip is detected.
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Figure 3.13: (a) RT STM-LE (2V, 10 nA) and PL spectra of monolayer MoSe2. Inset: real space
optical microscopy images of the STM-LE signal in monolayer MoSe2 (4 V, 5 nA). (c) Photon emission
quantum efficiency of the STM-LE signal. Figures (a)-(b) are adapted from [49]. (c) Energy transfer
excitation mechanism. (d) Charge injection excitation (diodo-like) mechanism. Figures (c) and (d) were
taken from [127].

The quantum efficiency of the excitonic emission generated electrically with tunneling
electrons is evaluated in the plot of Figure 3.13(b), where the number of photons
per tunneling electron is plotted as a function of the positive sample bias. We can
see that the photon emission quantum efficiency is about 10−7 photons per electron.
This is observed for low (0.1 nA) and high (10 nA) tunneling current setpoint and for
electrons with energies above 1.5 eV (close to the optical band gap for monolayer MoSe2).
The possible excitation mechanisms for the excitonic emission observed by STM-LE in
monolayer MoSe2 are shown in Figures 3.13(c) and 3.13(d). The energy transfer process
is represented in Figure 3.13(c), here electrons with energy below the electronic band
gap, 𝐸𝑔 ∼ 2.2 eV, and close the optical band gap, 𝐸𝑜𝑝𝑡, tunnel inelastically from the
tip to the sample, and the energy lost during the tunneling process is transferred to the
exciton. For electrons with energy above 𝐸𝑔, the most likely mechanism is the injection
of charge, such as shown in Figure 3.13(d). Electrons tunnel from the tip to the CB of
the semiconductor, for the excitons formation holes must be present in the sample or
coming from the substrate.
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Epitaxial monolayer WS2 on Gr/SiC substrate

Figure 3.14: (a) STM-LE on a single point defect (sulfur vacancy defect, Vac𝑠). (b) STM-LE spectra
on a Vac𝑠 at different sample bias voltage. (c) STM-LE map of a Vac𝑠 (29 V, 20 nA). (d) Excitation
mechanism. Adapted from [128].

Samples of monolayer WS2 grown on epitaxial graphene on silicon carbide (SiC) substrate
were investigated by Schuler, et al. [128]. The optical properties of single point defects
were investigated with atomic resolution under UHV conditions and at LT. The excitation
process of a single defect using tunneling electrons from an Au-coated tip is represented
in Figure 3.14(a). The STM-LE spectra measured as a function of the sample bias
voltage on a sulfur vacancy defect (Vac𝑠) are shown in Figure 3.14(b). The broadband
emission peaks suggest that localized plasmons mediate the emission due to the presence
of the Au-tip. The narrow peaks expected for excitonic transitions of defect-bounded
excitons are not observed, meaning that the intrinsic luminescence of monolayers can
be strongly affected by both plasmonic tip and substrate. The atomically resolved
photon emission map of an individual Vac𝑠 is shown in Figure 3.14(c), and the STM-LE
excitation mechanism can be seen in Figure 3.14(d). Photons are emitted due to the
inelastic tunneling of the electron from the tip state 𝜓𝑖 to the defect state 𝜓𝑓 .

3.2.3 STM-Cathodoluminescence (STM-CL)

The STM can also be employed to perform cathodoluminescence measurements (STM-
CL) [48, 129–132], which requires operating the microscope in field emission (FE) mode.
For operating in FE, it is necessary to retract the STM tip from the sample surface
at distances of 100-150 nm. After that, voltages in the range of 100-200 V are applied
between the tip and the sample, producing field emission electron beam (FEEB) currents
of few micro-amperes (𝜇A), as can be seen in the current versus voltage curve (𝐼 − 𝑉
curve) in Figure 3.15(a). The 𝐼−𝑉 curve presented in Figure 3.15(a) was obtained when
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the STM described in Section 3.3 is operated in FE under UHV conditions (1.3x10−10

mbar). We used a W tip and a sample of Si(111). The tip-sample distance is 100 nm. As a
voltage source and amperemeter, we used a KEITHLEY electrometer model 6517A. FE
currents are described by the Fowler-Nordheim equation [133]: 𝐼 = 𝐴𝑉 2 exp(−𝐵/𝑉 ),
where 𝐴 and 𝐵 are constants that depend on the tip-sample distance and the work
function of the tip, 𝐼 is the measured current, and 𝑉 is the applied voltage. The inset
in in Figure 3.15(a) shows a plot of log(𝐼/𝑉 2) versus 1/𝑉 . The data presents a linear
behavior, in agreement with the Fowler-Nordheim equation, and demonstrates the field
emission regime of the microscope.

In STM-CL, electrons field-emitted from the tip apex excite the sample by electron
bombardment, generating the emission of photons as illustrated in Figure 3.15(b). The
sample volume excited by the FEEB is less than 10 nm in-depth and around 𝑑 (∼ 100
nm) laterally [130, 131]. This technique has been employed with success to investigate
impurities in wide band gap materials, such as Magnesium Oxide (MgO) [134] and Zinc
Oxide (ZnS) [135, 136] thin films. For this thesis, we performed STM-CL measurements
on monolayers h-BN. In chapter 6 we will show the investigation of the fundamental
electronic and optical properties of monolayers h-BN, as well as the characterization of
point defects employing STM, STS, and STM-CL.

Figure 3.15: (a) Current as a function of the voltage applied between a W tip and Si(111) surface.
The inset shows the Fowler-Nordheim plot that demonstrates the field emission regime in the operation
of the STM. (b) Schematic diagram of the STM tunneling junction in field emission mode for STM-CL
measurements.

3.3 Experimental setup

Figure 3.16(a) shows a description of our UHV-LT STM system. It is a commercial STM
from RHK technology, model PanScan flow. The system consists of a tip and sample
insertion chamber, which is pumped using a scroll pump and a turbo-molecular pump to
reach a base pressure of 1.3×10−7 mbar before transferring tips and samples to the main
chamber of the STM, which is maintained at UHV (1.3× 10−10 mbar) employing an ion
pump and a titanium sublimation pump. To operate at low temperatures, the system
has a cryogenic refrigeration circuit based on a continuous flow of Helium or Nitrogen
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Figure 3.16: (a) Description of the UHV-LT STM system. (b) PanScan STM head. (c) Sample and
tip stages.
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liquid, reaching 12 K and 80 K, respectively. Figure 3.16(b) shows the PanScan-type
STM head.Figure 3.16(c) shows a view of the tunnel junction configuration, which is
externally protected by a set of shields and shutters to optimize thermal insulation.

Figure 3.17: Internal view of the main chamber and electrical connections for treatments on tips and
samples (images adapted from the STM user manual).

Figure 3.17 shows an internal view of the main chamber of the STM and the external
electrical connections for treatments on tips and samples. In this chamber, in addition
to the STM head, it is possible to store several samples and tips in a UHV environment.
For the cleaning and treatment of samples, it has a heating system by thermal radiation
and electron bombardment (e-beam). In some samples, it is possible to perform electrical
resistance heating by applying a voltage and passing a DC current through them.

3.3.1 Tip preparation

For all the experiments presented in this thesis, we used platinum-iridium (Pt-Ir, 80:20)
and tungsten (W) tips, see Figure 3.18. Pt-Ir tips are prepared by making a diagonal
cut in the Pt-Ir wire with scissors or pliers. Figure 3.18(a) shows a Pt-Ir prepared by
mechanical cutting. This is a quick and easy method of preparing an STM tip. However,
the morphology and shape of the tip apex are random. In the case of W tips, the shape
of the tips can be controlled through electrochemical etching processes. For that, a 0.25
mm diameter W wire is introduced in a sodium hydroxide solution (4 g of NaOH in 40 ml
of deionized water), as illustrated in Figure 3.18(b), a copper cylinder is used as a counter
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electrode. When applying a voltage of 3-4 V between the electrodes, the etching process
occurs, which causes the wire to thin at the liquid-air interface due to the meniscus
formed by the surface tension around the wire. The shape of the tip is defined by the
shape of the meniscus. Chemically, what happens in the wire is that W is converted into
tungstate anions (WO−2

4 , while at the counter electrode, the reduction of water produces
the release of hydroxyls (OH-) [15]. When the wire is thin enough, the weight of the
part immersed in the solution pulls it down until it fractures. At the instant of wire
fracture, the current in the circuit drops drastically to zero, and the voltage source is
automatically turned off. The obtained tip is carefully washed with deionized water to
eliminate NaOH residues and stored in isopropyl alcohol to be then treated in the UHV
chamber of the STM. Figure 3.19 shows a scanning electron microscope (SEM) image of
a W tip prepared by electrochemical etching.

Figure 3.18: Tip preparation for STM. (a) Pt-Ir tip prepared by mechanically cutting the wire with
scissors. (b) preparation of W tips: (i) description of the electrochemical etching process (adapted
from [15]), (ii) tip preparation system from our laboratory, and (iii) example of a W tip obtained by
electrochemical etching.
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Figure 3.19: SEM images of a typical W tip.

3.3.2 Light collection system

To perform STM-LE and STM-CL measurements, we need to use an optical system to
collect the emitted light in the tunneling junction. The next chapter presents a new light
collection system developed and implemented during this Ph.D. project.

3.4 Sample preparation and methods

Monolayers of WSe2 were prepared by the mechanical exfoliation method. We used
a p-type WSe2 single-crystal purchased from HQ Graphene. The monolayers were
transferred to gold thin film (∼100 nm of thickness) substrates. The samples were
prepared and provided by Dr. Ingrid David Barcelos from Brazilian Synchrotron Light
Laboratory (LNLS) and the Brazilian Center for Research in Energy and Materials
(CNPEM) in Campinas, São Paulo Brazil. In total, we investigated six samples of
monolayer WSe2 on gold. Some samples were studied under UHV conditions (∼5x10−10

mbar) at room temperature (RT) by STM and STS to explore the properties of
point defects and sample doping. Before STM/STS measurements, the samples were
cleaned by mild thermal annealing at 400 K for 12 hours under UHV. The sample-
substrate coupling was investigated by combining PL/Raman and AFM (tapping mode)
measurements in ambient conditions on as-prepared and thermal annealed samples.
STM-LE measurements were performed in air and at RT in as-transferred monolayers.

We used a Horiba MicroRaman system for ex-situ Raman/PL (outside the STM). The
system uses a 532 nm laser with a spot size of 2 𝜇m. The excitation power was 10 𝜇W.
We employed both a Nanosurf EasyScan2 Flex AFM and a Bruker/Veeco Innova AFM
for the acquisitions of AFM images. The STM-LE experiments were performed using
the RHK STM with an optical system based on an off-axis parabolic mirror to collect
and inject light inside the STM. In this setup (described in the next chapter), STM-LE
and in situ PL can be performed. For STM-LE, we used the STM tip as a nanoscale
excitation source with tunneling currents between 25-90 nA and a sample bias voltges
of 2.0-4.0 V. For PL, we used a 532 nm laser diode operated below 100 𝜇W of power,
the spot size of the light focused by the mirror on the sample surface is about 2 𝜇m.
Spectra are recorded using an imaging spectrometer coupled to a cooled CCD camera.
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In in situ PL experiments, the tip is retracted from the sample. STM-LE signal can also
be recorded panchromatically using a photomultiplier tube (PMT). More details about
the experimental conditions and complementary techniques can be found in chapter 5
and appendix B, respectively.

Monolayer h-BN was grown on highly oriented pyrolytic graphite (HOPG) by the high-
temperature plasma-assisted molecular beam epitaxy method [137]. The sample was
grown in the following conditions: substrate temperature of about 1390 𝑜C with a
high-temperature effusion Knudsen cell for boron and a standard Veeco radio-frequency
plasma source for active nitrogen. The sample was prepared, provided, and characterized
through AFM measurements in ambient conditions by the group of Prof. Peter H Beton
and Prof. Sergei V Novikov from the School of Physics and Astronomy at the University
of Nottingham in the United Kingdom. This sample was also optically characterized
using deep ultraviolet PL by the group of Prof. Guillaume Cassabois and Prof. Bernard
Gil from the Laboratoire Charles Coulomb at the Université de Montpellier in France.
They measured the PL spectrum of the sample at 10 K, using an excitation beam
provided by the fourth harmonic of a CW mode-locked Ti: Sa oscillator with a repetition
of 82 MHz. The spot size is of the order of 50 𝜇m, with an excitation power of 30 𝜇W .

Our group investigated the sample surface morphology and its electronic properties
using STM/STS.. These measurements were performed under UHV conditions at low
temperature (∼2x10−10 mbar at 80 K). The h-BN sample was annealed at 773 K for 6
hours under UHV conditions before STM/STS measurements. We also performed STM-
CL and in situ PL/Raman (laser of 532 nm and spot size: 2 𝜇m) under UHV and at 100
K and RT. STM-CL was carried out by operation of the STM in field emission mode.
For that, the STM tip was retracted around 150 nm from the h-BN sample surface.
After that, a high bias voltage between 150 and 180 V was applied to the sample, which
caused field emission currents of 5–10 𝜇A. As a voltage source and amperemeter, we
used a KEITHLEY electrometer model 6517A. More details about the experimental
conditions can be found in chapter 6.
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Chapter4

Using an off-axis parabolic mirror in an optical
device for luminescence experiments in STM

This chapter contains a manuscript reproduced from:

Ricardo Javier Peña Román, Yves Auad, Lucas Grasso, Lázaro Padilha, Fernando
Alvarez, Ingrid David Barcelos, Mathieu Kociak, and Luiz Fernando Zagonel

Design and implementation of a device based on an off-axis parabolic mirror
to perform luminescence experiments in a Scanning Tunneling Microscope

Review of Scientific Instruments 93, 043704 (2022), with the permission of AIP
Publishing.

https://doi.org/10.1063/5.0078423
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The light emitted locally around the STM tip position is very weak in STM-LE
measurements. The light emission yield is at most 10−4 to 10−6 photons per tunneling
electron [105], depending on the system under investigation. Moreover, due to the low
current in STM, usually from 10 pA to 10 nA, we should expect luminescence signals
coming from the tunneling junction with 101-107 photons per second. Therefore, optical
characterizations of materials through luminescence spectroscopy in STM require the
implementation of optical setups with a high collection and transmission efficiencies.

The integration of light collection devices to STM microscopes is a challenge, mainly
because the space around the tunneling junction is minimal, and in some cases, STMs
need to be constructed specifically to allow luminescence studies [138]. Recently, K.
Edelmann et al. [139], proposed a light collection approach where the STM tip itself was
integrated inside a light-collecting mirror in a Low-Temperature and Ultra High Vacuum
STM (LT-UHV STM), reaching 75% of collection efficiency. Another high collection
efficiency system consists in coupling an STM head to an inverted optical microscope
using a high numerical aperture oil immersion objective lens to reach 69% collection
efficiently in air [140]. Other approaches have been proposed from which one could point
out a few using lenses [100, 141–143], mirrors, [144–146] or optical fibers [105, 147]. Some
of these approaches have light collection efficiencies below 10%, and some are below 1%,
limiting their practical use. Thus, systems with higher efficiencies operate only in air or
are restricted to specially designed STMs.

This chapter presents an alternative approach to a light collection system in luminescence
experiments in STM. Our approach consists of an optical device based on an off-axis
parabolic mirror designed to have a collection efficiency of 72%. The mirror is placed
between the sample surface and the STM tip holder, and it can be introduced or
retracted from the STM head when necessary. In addition, the whole light collection,
transmission, and detection scheme is designed to have a high collection efficiency with
minimum transmission loss while keeping a spectral resolution of about 0.5 nm. We
explore the coupling of this optical device to an adapted LT-UHV PanScan STM and its
implementation for performing different kinds of luminescence measurements in STM.

In the following, we present the results published in Review of Scientific Instruments
93, 043704 (2022).

https://doi.org/10.1063/5.0078423
https://doi.org/10.1063/5.0078423
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Chapter5

Point defects, sample doping, and electrical
generation of excitons in exfoliated WSe2

monolayers on gold substrates

This chapter contains the publication:

Ricardo Javier Peña Román, Yves Auad, Lucas Grasso, Fernando Alvarez, Ingrid
David Barcelos, and Luiz Fernando Zagonel

Tunneling-current-induced local excitonic luminescence in p-doped WSe2

monolayers

Nanoscale, 2020,12, 13460-13470.

https://doi.org/10.1039/D0NR03400B
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In this chapter, we present an STM study of the morphological, electronic, and optical
properties of WSe2. We investigated monolayers mechanically exfoliated from a p-doped
WSe2 single crystal and deposited on gold thin film substrates.

In order to identify intrinsic point defects and their role in the electronic properties of
the sample, some monolayers were explored via STM imaging and STS measurements
under UHV conditions at room temperature. Additionally, we combined Atomic Force
Microscopy (AFM), Phothouminescence, and Raman measurements on as-transferred
and thermally annealed monolayers to investigate the sample-substrate coupling and
their impact on the electronic and optical properties of the sample. We identified
that as-transferred monolayers are always optically active while the luminescence is
quenched in annealed samples. We present a detailed study on the origin of the
sample-substrate decoupling observed in as-transferred monolayers that allows the
semiconductor to preserve its optical properties and makes it possible to carry out STM-
LE measurements. Adittionally, we studied the conditions in which we can electrically
and locally generate excitons in the 2D material via electroluminescence in STM-LE. The
STM-LE measurements were performed in ambient conditions to preserve the optical
activity of the sample. We combined the STM, STS, and STM-LE results to understand
the role of point defects, sample doping, sample-substrate interaction, and the tunneling
parameters on the electroluminescence of the sample and propose a possible excitation
mechanism for the exciton emission involving electron tunneling processes.

In the following, we present the results published in Nanoscale, 2020,12, 13460-
13470. We reported the first observation of the excitonic emission from a TMD on a
metallic substrate using the tunneling current in an STM as a nanoscale excitation source.
STM-LE and PL spectra present the typical spectroscopic characteristic associated with
the radiative recombination of A-neutral excitons and A-trions (charged excitons). The
charge injection rate, adjusted by setting the tunneling current setpoint, controls the
ratio of light emission due to trions and to neutral excitons. STM images and STS
evidenced the presence of intrinsic point defects and confirmed the p-type doping of the
WSe2 sample. The STM-LE excitation mechanism proposed is the injection of negative
charges into the conduction band of the semiconductor. The injected negative charges
form neutral and charged excitons by Coulomb interaction with the positive charges in
the p-doped sample. We propose the presence of a thin water decoupling layer to explain
the excitonic luminescence of the sample on the metallic support. The luminescence
can be quenched on the whole flake by thermal annealing under ultra-high vacuum
conditions or locally at the STM tip position by removing the interfacial water with
the tunneling current. Our findings give a clearer understanding of the excitonic light
emission in monolayers of TMDs employing STM-LE, and also of the quenching effect
in 2D semiconducting materials supported by metallic substrates.

https://doi.org/10.1039/D0NR03400B
https://doi.org/10.1039/D0NR03400B
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Chapter6

Electronic band gap, exciton binding energy,
and properties of point defects in epitaxial

monolayers h-BN on graphite

This chapter contains the publication:

Ricardo Javier Peña Román, Fábio J R Costa Costa, Alberto Zobelli, Christine
Elias, Pierre Valvin, Guillaume Cassabois, Bernard Gil, Alex Summerfield, Tin S Cheng,
Christopher J Mellor, Peter H Beton, Sergei V Novikov and Luiz F Zagonel

Band gap measurements of monolayer h-BN and insights into carbon-related
point defects

2D Materials, 2021, 8,044001 (arXiv:2107.07950v1)

https://doi.org/10.1088/2053-1583/ac0d9c
http://128.84.4.34/abs/2107.07950v1
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This chapter presents our study on monolayer h-BN employing STM and STM-
luminescence spectroscopy. Monolayer h-BN was grown on HOPG substrate by the
high-temperature plasma-assisted molecular beam epitaxy technique. This sample
preparation method allows producing monolayer and few-layer h-BN with atomically
flat surfaces and monolayer control of the sample thickness.

We used STM imaging to explore the local sample surface morphology and identify
the presence of point defects. We performed STS measurements at 80 K to investigate
the sample’s electronic properties of defect-free monolayers and point defects. Here we
present a detailed STS study of monolayer h-BN for the experimental determination of
the electronic band gap. We combined the STS results with ex-situ deep ultraviolet
PL (DUV PL) measurements to obtain the exciton binding energy. The values for the
electronic band gap and exciton binding energy are compared with the predicted in a
free-standing monolayer to understand the effect of the substrate on the electronic and
optical properties of the sample. In addition, we used STM, STS, STM-CL, and in-situ
PL to investigate the impacts of point defects in monolayer h-BN.

In the following, we present the results published in 2D Materials, 2021, 8,044001
(arXiv:2107.07950v1) . In this work, we demonstrated that monolayer h-BN
epitaxially grown on HOPG is a model system for the study of the morphological,
electronic, and optical properties of h-BN monolayers. The weak sample-substrate
interaction enables, for the first time, the determination of the electronic band gap value
through STS measurements at low temperature. Correlation between STS and DUV
PL enables a value for the exciton binding energy in monolayer h-BN to be estimated.
These results indicate that monolayer h-BN does not form significant interface states with
HOPG, so that h-BN exhibits its fundamental electronic and optical properties. However,
the measured values for the electronic band gap and the exciton biding energy are about 1
eV lower than the velues predicted for free-standing monolayer due to substrate screening.
The energy of the excitonic emission is not affected by the presence of the substrate.
Additionally, point defects are observed in STM images and insights into the electronic
and optical signatures of carbon-related point defects are obtained from STS, in situ
PL and CL measurements. Luminescence due to defects in a broad emission range is
observed for the first time using CL in monolayer h-BN.

https://doi.org/10.1088/2053-1583/ac0d9c
http://128.84.4.34/abs/2107.07950v1
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Chapter7

General conclusions and perspectives
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In this thesis, we presented a new approach for light detection in experiments of
STM luminescence spectroscopy, where electrons in the STM tunneling junction are
used as a nanoscale excitation source for investigating the electroluminescence or
cathodoluminescence response of the sample. We developed an optical device based on a
high solid angle off-axis parabolic mirror with 72% of collection efficiency and 50% overall
efficiency, including collection, transmission, and detection with the spectral resolution
of 0.5 nm. The device can be coupled as an optical accessory to an adapted commercial
LT-UHV STM. The developed device can also be employed for light injection inside the
STM, allowing other in-situ complementary optical measurements like PL and Raman.
In this way, it is possible to correlate the local morphological, electronic, and optical
properties of the sample under investigation with global optical measurements in the same
sample region. The acquisition of atomically resolved images and STS curves on standard
surfaces, like HOPG and Si (111)-7x7 reconstruction, demonstrated that the performance
of the STM is not affected by the installation of the optical accessory. The capability
of our approach for optical measurements in the context of STM has been tested by
performing different luminescence experiments (STM-LE, STM-CL, in-situ PL/Raman)
on several systems such as metallic surfaces, 2D materials, and semiconducting quantum
dots.

In our study of 2D materials, we identified intrinsic point defects by acquiring STM
images in both a monolayer WSe2 mechanically transferred on gold support and a single
layer h-BN epitaxially grown on graphite. The results demonstrated that point defects
in the monolayer of TMDs induce sample doping. The dark point defects observed
in WSe2 monolayers correspond likely to vacancies in the transition metal sites and are
considered responsible for the p-type sample doping, as evidenced by STS measurements.
In monolayer h-BN, we observed bright point defects in the STM images, and the STS
results indicated an electronic defect level at -2.0 eV below the Fermi level.

In WSe2 monolayers, we observed that the monolayers are optically active in as-
transferred samples on gold substrates. We attributed the optical activity of the sample
to the fact that as-transferred monolayers are decoupled from the metallic support by
a nanoconfined interfacial water layer. The water layer between the monolayer and
the metallic substrate comes from the air moisture, and it is an inherent feature of
the sample preparation method (mechanical exfoliation). The interfacial water layer
works as an additional tunneling barrier between the 2D semiconductor and the metallic
substrate that acts as a tunneling electrode. This system configuration enables the local
electrical generation and control of excitons in WSe2 monolayers on a metallic substrate
employing tunneling electrons in ambient conditions (the environment compatible with
optoelectronic device performance). The sample doping induced by the intrinsic point
defects (as observed by STM/STS) also plays an important role in the electrical
generation of excitons. The STM-LE spectra obtained in p-doped WSe2 monolayers
correspond to the excitation and recombination of spin-allowed excitons and trions.
The excitonic emission via STM-LE was possible only at positive sample bias above
the electronic band gap of monolayer WSe2, meaning the excitation mechanism is the
injection of charge; this is, electrons tunnel from tip states to sample states in the
conduction band of the semiconductor. The tunneling electrons interact electrostatically
with the opposite charge already present in the doped sample to form excitons and
trions. The trions to neutral excitons ratio can be controlled by changing the tunneling
current set point. The electrical generation of excitons via STM-LE can be lost after
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exciting the sample for a long time at the same STM tip position. The STM-LE
signal, initially excitonic, changes progressively to a bimodal emission (exciton plus
a plasmonic background) and then to a total plasmonic emission. The plasmonic
emission indicated that we could induce a quenching of the intrinsic luminescence of
the TMD. This quenching is local at the STM tip position. It is produced due to direct
contact between the monolayer and the metallic substrate, likely due to heating effects
or remotion of water molecules at the sample-substrate interface with the tunneling
electrons. The quenching can also be global in the whole sample when it is thermally
annealed. The interfacial water layer is totally removed in annealed samples, and the
monolayer completely adheres to the substrate surface. STM/AFM images showed
that the substrate surface morphology is transferred to the monolayer in this case. In
addition, PL/Raman results confirmed that thermal annealing produces an electronic
and mechanical contact/coupling between the monolayer and the metallic substrate.

In contrast to WSe2 samples, we found that monolayer h-BN grown on graphite is always
optically active, even after the thermal annealing necessary for sample cleaning prior to
STM measurements. It is a consequence of the weak character of the van der Waals
interaction at the interface between the sample and the substrate. The van der Waals gap
at the interface between h-BN and graphite allows the sample to preserve its electronic
and optical properties. We used this fact to explore the morphological, electronic, and
optical properties of a single layer h-BN. We measured the electronic band gap and
the exciton binding energy by combining low-temperature STM and STS results with
ex-situ DUV PL measurements. Using STM imaging and STS, we found an electronic
band gap value of 𝐸𝑔 =6.8±0.2 eV in a defect-free monolayer. This value, combined
with the optical band gap of 𝐸𝑜𝑝𝑡 = 6.1 eV obtained by PL, allowed us to determine an
exciton binding energy of 𝐸𝑏 =0.7±0.2 eV. Both 𝐸𝑔 and 𝐸𝑏 are about 1 eV lower than the
values predicted for free-standing monolayers. Therefore, even if the interfacial sample-
substrate interaction is weak, the presence of the substrate produces a renormalization
of the electronic band gap and the exciton binding energy due to screening effects. The
energy for the excitonic emission remains unaffected.

We also measured the CL emission of monolayer h-BN by operating the STM in field
emission mode. The CL spectra and the in-situ PL showed emission peaks related to
point defects. In particular, we observed the emission at 2.1 eV, usually associated with
the zero-phonon line (ZPL) emission in spectra for point defect responsible for the single-
photon emission in h-BN. Moreover, the CL spectra showed additional peaks in the UV
range; some are considered phonon replicas of the ZPL at 4.1 eV, typically attributed to
the single-photon emission of carbon-related point defects in h-BN samples.

The findings presented in this thesis on the investigation of atomically thin materials
employing STM and luminescence spectroscopy in STM contributes to understanding
the fundamental electronic and optical properties of 2D materials at the nanometer
or atomical scale. In particular, we probed in which conditions expect the electrical
generation and control of light emission from the sample when electrons in a tunneling
junction are used as an excitation source. We described the role of point defects in
sample doping and the effect of the sample-substrate coupling on the electronic and
optical properties.

Perspectives
We propose to continue investigating the point defects properties in 2D materials.
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Combining LT STM measurements with simulated STM images might help identify
the defect observed in the acquired STM images. The developed optical device could
be implemented in single-photon detection experiments, such as time-correlation in
Hanbury Brown and Twiss (HBT) interferometry, to demonstrate single-photon emission
involving point defects states or defect-bound excitons. These measurements represent
an opportunity to address the identification at the atomic level of the specific point
defects with quantum emission in both TMDs and h- BN monolayers.

Recently it has been demonstrated that excitons can be trapped in Moiré potentials of
twisted monolayers, giving rise to a new variety of excitonic phenomena controlled via
the twist angle. Moiré excitons in TMDs and h-BN have been investigated by far-field
optical spectroscopy like micro-photoluminescence, whose spatial resolution is limited to
about 1 𝜇m [21, 23, 148]. Understanding the properties of Moiré excitons, with a direct
correlation between the periodicity of the moiré potential (below 50 nm) [22] and the
optical properties, requires investigations with a high spatial resolution, for instance, less
than 10 nm. STM/STS and STM-LE measurements can be employed to investigate Moiré
potentials and excitons in vdW heterostructures with nanometric or atomic resolution.
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AppendixA

Quantum tunneling and Bardeen’s theory
in the context of STM

A.1 Quantum tunneling and transmission coefficient

Figure A.1: One-dimensional model of quantum
tunneling through a rectangular potential barrier.

Let us discuss the solution to the
Schrödinger equation for an electron
traveling towards a rectangular potential
barrier 𝑉 (𝑧):

𝑉 (𝑧) =

{︂
𝑉0 if 0 ≤ 𝑧 ≤ 𝑑
0 if 𝑧 < 0 and 𝑧 > 𝑑,

(A.1)

The wavefunction of the electron must
satisfy the time-independent Schrödinger
equation:

[︃
− ℎ̄2

2𝑚𝑒

𝑑2

𝑑𝑧2
+ 𝑉 (𝑧)

]︃
𝜓(𝑧) = 𝐸𝜓(𝑧), ∀ 𝑧, (A.2)

Where 𝑚𝑒 is the mass of the electron, ℎ̄ is the Plank’s constant, and 𝐸 is the particle’s
energy.
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• Region 1○ and 3○ ( 𝑧 < 0 and 𝑧 > 𝑑): outside the barrier the electron
is free since 𝑉 (𝑧) = 0, then we expect solutions like 𝜓(𝑧) ∝ 𝑒±𝑖𝑘𝑧, where

𝑘 = 𝑘1 = 𝑘3 =
√︁
2𝑚𝑒𝐸/ℎ̄

2. The ± sing indicates the direction of propagation
of the wavefunction, towards +𝑧 or −𝑧, respectively,

• Region 2○ (0 ≤ 𝑧 ≤ 𝑑): in this case, if 𝐸 < 𝑉0, equation A.2 can be written as:

[︃
𝑑2

𝑑𝑧2
− 𝜅2

]︃
𝜓(𝑧) = 𝐸𝜓(𝑧), where 𝜅2 =

2𝑚𝑒

ℎ̄2
(𝑉0 − 𝐸), (A.3)

which leads to real wavefunctions 𝜓(𝑧) ∝ 𝑒±𝜅𝑧 inside the barrier.

Now, considering the initial wavefunction traveling from region 1○ to 3○, we expect to
have partial reflections of 𝜓(𝑧) on the walls of the barrier (𝑧 = 0 and 𝑧 = 𝑑). Thus,
we need to take into account components of the wavefunction traveling towards the −𝑧
direction for 𝑧 < 𝑑, then the general solutions for the wavefunctions are:

⎧⎨⎩
Region 1○: 𝜓1(𝑧) = 𝐴𝑒𝑖𝑘𝑧 +𝐵𝑒−𝑖𝑘𝑧 ∀ 𝑧 < 0
Region 2○: 𝜓2(𝑧) = 𝐶𝑒−𝜅𝑧 +𝐷𝑒𝜅𝑧 ∀ 0 ≤ 𝑧 ≤ 𝑑
Region 3○: 𝜓3(𝑧) = 𝐹𝑒𝑖𝑘𝑧 ∀ 𝑧 > 𝑑,

(A.4)

The following boundary conditions are necessary to guarantee the continuity of the
wavefunction at 𝑧 = 0 and 𝑧 = 𝑑:

⎧⎨⎩
𝜓1(0) = 𝜓2(0) and 𝑑

𝑑𝑧
𝜓1(𝑧)

⃒⃒
𝑧=0

= 𝑑
𝑑𝑧
𝜓2(𝑧)

⃒⃒
𝑧=0

𝜓2(𝑑) = 𝜓3(𝑑) and 𝑑
𝑑𝑧
𝜓2(𝑧)

⃒⃒
𝑧=𝑑

= 𝑑
𝑑𝑧
𝜓3(𝑧)

⃒⃒
𝑧=𝑑

,
(A.5)

which applied on the wavefunctions in equations. A.4 result in:

⎧⎪⎪⎨⎪⎪⎩
𝐴+𝐵 = 𝐶 +𝐷
𝑖𝑘(𝐴−𝐵) = 𝜅(𝐷 − 𝐶)
𝐶𝑒−𝜅𝑑 +𝐷𝑒𝜅𝑑 = 𝐹𝑒𝑖𝑘𝑑

𝜅(𝐷𝑒𝜅𝑑 − 𝐶𝑒−𝜅𝑑) = 𝑖𝑘𝐹𝑒𝑖𝑘𝑑

⇒

⎧⎪⎪⎨⎪⎪⎩
2𝑖𝑘𝐴 = (𝑖𝑘 − 𝜅)𝐶 + (𝑖𝑘 + 𝜅)𝐷
2𝑖𝑘𝐵 = (𝑖𝑘 + 𝜅)𝐶 + (𝑖𝑘 − 𝜅)𝐷
2𝐷𝜅𝑒𝜅𝑑 = (𝜅+ 𝑖𝑘)𝐹𝑒𝑖𝑘𝑑

2𝐶𝜅𝑒−𝜅𝑑 = (𝜅− 𝑖𝑘)𝐹𝑒𝑖𝑘𝑑,

(A.6)

from these equations, we can find the constants 𝐴,𝐵,𝐶, and 𝐹 .

We are interested in obtaining the probability of finding the electron at the end of the
barrier, i. e., in region 3○. The transmission coefficient, 𝑇 , gives this probability. For
calculating 𝑇 we need to know what is the flux density of particles, that in quantum
mechanics is described as a probability current density, j(r, 𝑡):

j(r, 𝑡) = − 𝑖ℎ̄

2𝑚𝑒

[Ψ*(r, 𝑡)∇Ψ(r, 𝑡)−Ψ(r, 𝑡)∇Ψ*(r, 𝑡)], (A.7)

the ratio between the transmitted current density and the incident current density
defines the transmission coefficient of the barrier. Taking, in our 1D problem, the
incident and transmitted components of the wavefunction as being 𝜓inc(𝑧) = 𝐴𝑒𝑖𝑘𝑧 and
𝜓trans(𝑧) = 𝐹𝑒𝑖𝑘𝑧, respectively, we have:
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𝑇 =
𝑗trans

𝑗inc
=
𝜓*

trans
𝑑
𝑑𝑧
𝜓trans − 𝜓trans

𝑑
𝑑𝑧
𝜓*

trans

𝜓*
inc

𝑑
𝑑𝑧
𝜓inc − 𝜓inc

𝑑
𝑑𝑧
𝜓*

inc
=

|𝐹 |2

|𝐴|2
, (A.8)

if we know the constants 𝐴 and 𝐹 , the coefficient 𝑇 is determined. Equations in A.6
can be used to solve 𝐹 in relation to 𝐴:

4𝑖𝑘𝜅𝐴 = [−(𝑖𝑘 − 𝜅)2𝑒𝜅𝑑 + (𝑖𝑘 + 𝜅)2𝑒−𝜅𝑑]𝐹𝑒𝑖𝑘𝑑

= [2𝑖𝑘𝜅(𝑒𝜅𝑑 + 𝑒𝜅𝑑) + (𝑘2 − 𝜅2)(𝑒𝜅𝑑 − 𝑒𝜅𝑑)]𝐹𝑒𝑖𝑘𝑑

= [4𝑖𝑘𝜅 cosh (𝜅𝑑) + 2(𝑘2 − 𝜅2) sinh (𝜅𝑑)]𝐹𝑒𝑖𝑘𝑑,
(A.9)

Therefore, we have found that:

𝑇 =
4𝑘2𝜅2

(𝑘2 − 𝜅2)2 sinh2 (𝜅𝑑) + 4𝑘2𝜅2 cosh2 (𝜅𝑑)
=

4𝑘2𝜅2

(𝑘2 + 𝜅2)2 sinh2 (𝜅𝑑) + 4𝑘2𝜅2
, (A.10)

For a strong attenuation barrier, 𝜅𝑑 ≫ 1, in this case, sinh2 (𝜅𝑑) ≈ 𝑒2𝜅𝑑/4 and the
transmission factor is:

𝑇 ≈ 16𝑘2𝜅2

((𝑘2 + 𝜅2)2)
𝑒−2𝜅𝑑 =

16𝐸(𝑉0 − 𝐸)

𝑉 2
0

𝑒−2𝑑
√

2𝑚𝑒(𝑉0−𝐸)/ℎ̄2

, (A.11)

This expression shows an exponential dependence of 𝑇 on the barrier width 𝑑, which is
characteristic of quantum tunneling for any shape of the tunneling barrier.

A.2 Bardeen’s theory applied to tunneling in STM

Here we will follow the Bardeen theory for tunneling to find an expression that describes
the tunneling current in STM. In Bardeen’s formalism, instead of solving the Schrodinger
equation for the combined tip+sample system, we first determine the electronic states for
electrons in the tip and the sample by solving the Schrodinger equation of each isolated
sub-system (tip and sample) separately. After that, the transition rate of electrons
from one electrode to another is calculated using first-order time-dependent perturbation
theory [92, 149]. 1

Let us consider that the STM tip is initially far away from the sample surface. We
can treat the tip and the sample as individual systems in this case. Therefore, the
wavefunctions Ψ𝑇

𝛼(r, 𝑡) and Φ𝑆
𝛽(r, 𝑡), that describe the electrons in the states 𝛼 and 𝛽 of

the tip and the sample, respectively; satisfy the corresponding Schrodinger equation:

⎧⎪⎨⎪⎩
𝐻𝑇Ψ

𝑇
𝛼(r, 𝑡) =

[︀
− ℎ̄2

2𝑚𝑒

𝜕2

𝜕𝑧2
+ 𝑈𝑇 (𝑧)

]︀
Ψ𝑇

𝛼(r, 𝑡) = 𝑖ℎ̄ 𝜕
𝜕𝑡
Ψ𝑇

𝛼(r, 𝑡) ∀ r ∈ tip

𝐻𝑠Φ
𝑇
𝛼(r, 𝑡) =

[︀
− ℎ̄2

2𝑚𝑒

𝜕2

𝜕𝑧2
+ 𝑈𝑆(𝑧)

]︀
Φ𝑇

𝛼(r, 𝑡) = 𝑖ℎ̄ 𝜕
𝜕𝑡
Φ𝑇

𝛼(r, 𝑡) ∀ r ∈ sample,
(A.12)

1We will see that the perturbative theory of Bardeen is different from the typical perturbation theory
that we can find in quantum mechanics textbook [150]
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where 𝑈𝑇 and 𝑈𝑆 and the tip and sample potentials, respectively. Since 𝐻𝑇 and 𝐻𝑆 are
time-independent, we can express the wavefunction as:

⎧⎨⎩
Ψ𝑇

𝛼(r, 𝑡) = 𝜓𝛼(r)𝑒−𝑖𝐸𝛼𝑡/ℎ̄

Φ𝑆
𝛼(r, 𝑡) = 𝜑𝛽(r)𝑒−𝑖𝐸𝛽𝑡/ℎ̄,

(A.13)

where 𝜓𝛼(r), 𝜑𝛽(r), and 𝐸𝛼,𝛽 are solutions of the time-independent Schrödinger equation:

⎧⎪⎨⎪⎩
𝐻𝑇𝜓𝛼(r) =

[︀
− ℎ̄2

2𝑚𝑒

𝜕2

𝜕𝑧2
+ 𝑈𝑇 (𝑧)

]︀
𝜓𝛼(r) = 𝐸𝛼𝜓𝛼(r) ∀ r ∈ tip

𝐻𝑆𝜑𝛽(r) =
[︀
− ℎ̄2

2𝑚𝑒

𝜕2

𝜕𝑧2
+ 𝑈𝑆(𝑧)

]︀
𝜑𝛽(r) = 𝐸𝛽𝜑𝛽(r) ∀ r ∈ tip,

(A.14)

For example, if we consider for the tip equation in A.14 that 𝑉𝑇 (𝑧) = 𝑉0Θ(𝑧), being 𝑉0
constant and Θ(𝑧) the Heaviside function, we will find wavefunctions2 with 𝜓𝛼(𝑧) ∝ 𝑒𝑖𝑘𝛼𝑧

for 𝑧 < 0 and 𝜓𝛼(𝑧) ∝ 𝑒−𝜅𝛼𝑧 for 𝑧 > 0. The same is expected for 𝜑𝛽 if a similar potential
shape is considered in the sample.

Once the electrodes (tip and sample surface) are approached one another until coupled in
a combined system tip+sample, we have the wavefunction Ψ(𝑧, 𝑡) that describes electrons
in this new system must satisfy the following Schrödinger equation:

𝐻Ψ(𝑧, 𝑡) =

[︂
− ℎ̄2

2𝑚𝑒

𝜕2

𝜕𝑧2
+ 𝑈𝑇 (𝑧) + 𝑈𝑆(𝑧)

]︂
Ψ(𝑧), 𝑡) = 𝑖ℎ̄

𝜕

𝜕𝑡
Ψ(𝑧, 𝑡) ∀ 𝑧 ∈ tip-sample gap,

(A.15)

Note that 𝜓𝛼(𝑧) = ⟨𝑧|𝜓𝛼⟩ and 𝜑𝛽(𝑧) = ⟨𝑧|𝜑𝛽⟩ are eigenfunctions of 𝐻𝑇 and 𝐻𝑠,
respectively; but these are not eigenfunctions of 𝐻 for the coupled system. An important
point of the Bardeen’s theory for tunneling is to assume the sets {𝜓𝛼(𝑧)} and {𝜑𝛽(𝑧)}
as being approximately orthonormal:

⟨𝜓𝛼|𝜑𝛽⟩ = ⟨𝜓𝛼|
(︂∫︁

𝑑𝑧|𝑧⟩⟨𝑧|
)︂
|𝜑𝛽⟩ =

∫︁
𝑑𝑧𝜓*

𝛼(𝑧)𝜑𝛽(𝑧) ≈ 0, (A.16)

additionally, Bardeen saw that 𝜓𝛼(𝑧) and 𝜑𝛽(𝑧) seem to be good solutions for the
wavefunctions inside the barrier (∝ 𝑒∓𝜅𝑧 for 0 ≤ 𝑧 ≤ 𝑑 ), its drops to zero. Therefore,
considering the tunneling as a single-electron process, what Bardeen proposed was to
take the time-depended solutions in equation A.15 as a linear combination of the tip
and sample states. Meaning the wavefunction that describes the transfer process of an
electron from an initial tip state 𝜓𝛼 (at 𝑡 = 0) with energy 𝐸𝛼 to one of the possible final
states 𝜑𝛽 (at 𝑡 > 0) in the sample with energy 𝐸𝛽 can be expressed as:

Ψ(r, 𝑡) = Ψ𝑇
𝛼(r, 𝑡) +

∑︁
𝛽

𝑐𝛽(𝑡)Φ
𝑆
𝛽(r, 𝑡) = 𝜓𝛼(r)𝑒−𝑖𝐸𝛼𝑡/ℎ̄ +

∑︁
𝛽

𝑐𝛽(𝑡)𝜑𝛽(r)𝑒−𝑖𝐸𝛽𝑡/ℎ̄, (A.17)

2remember that 𝜓𝛼(r) = 𝜓𝛼(𝑥)𝜓𝛼(𝑦)𝜓𝛼(𝑧)
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it’s easy to see that if Ψ(r, 𝑡 = 0) = 𝜓𝛼(r), 𝑐𝛽(0) = 0 ∀ 𝛽.

Equation A.17 tells us that the tunneling process corresponds to a small perturbation
of the initial state. This is valid only for weak coupling (tip-sample distance ≈4Å),
where the final state will almost be the same that the initial state plus a sum over the
stationary states in the sample with 𝑐𝛽(𝑡) representing a probability amplitude and, of
course, |𝑐𝛽(𝑡)|2 gives us the probability of the electron tunnels or be transferred to the
sample state Φ𝑆

𝛽(r, 𝑡). By evaluating equation A.17 in A.15, we have:

[︂
− ℎ̄2

2𝑚𝑒

𝜕2

𝜕𝑧2
+ 𝑈𝑇 + 𝑈𝑆

]︂[︂
𝜓𝛼(r)𝑒−𝑖𝐸𝛼𝑡/ℎ̄ +

∑︀
𝛽 𝑐𝛽(𝑡)𝜑𝛽(r)𝑒−𝑖𝐸𝛽𝑡/ℎ̄

]︂
= 𝐸𝛼𝜓𝛼(r)𝑒−𝑖𝐸𝛼𝑡/ℎ̄

+𝑈𝑆𝜓𝛼(r)𝑒−𝑖𝐸𝛼𝑡/ℎ̄ +
∑︀

𝛽 𝑐𝛽(𝑡)𝐸𝛽𝜑𝛽(r)𝑒−𝑖𝐸𝛽𝑡/ℎ̄ + 𝑈𝑇

∑︀
𝛽 𝑐𝛽(𝑡)(r)𝑒

−𝑖𝐸𝛽𝑡/ℎ̄ = 𝑖ℎ̄ 𝜕
𝜕𝑡
Ψ(r, 𝑡)

= 𝐸𝛼𝜓𝛼(r)𝑒−𝑖𝐸𝛼𝑡/ℎ̄ + 𝑖ℎ̄
∑︀

𝛽(
𝑑
𝑑𝑡
𝑐𝛽(𝑡))𝜑𝛽(r)𝑒−𝑖𝐸𝛽𝑡/ℎ̄ +

∑︀
𝛽 𝑐𝛽(𝑡)𝐸𝛽𝜑𝛽(r)𝑒−𝑖𝐸𝛽𝑡/ℎ̄,

which is reduced to:

𝑖ℎ̄
∑︁
𝛽

(︂
𝑑

𝑑𝑡
𝑐𝛽(𝑡)

)︂
⟨𝑧|𝜑𝛽⟩𝑒−𝑖𝐸𝛽𝑡/ℎ̄ = 𝑈𝑆⟨𝑧|𝜓𝛼⟩𝑒−𝑖𝐸𝛼𝑡/ℎ̄ +𝑈𝑇

∑︁
𝛽

𝑐𝛽(𝑡)⟨𝑧|𝜑𝛽⟩𝑒−𝑖𝐸𝛽𝑡/ℎ̄, (A.18)

multiplying equation A.18 by Φ*𝑆
𝛽′ (𝑧, 𝑡) = ⟨𝜑𝛽′|𝑧⟩𝑒𝑖𝐸𝛽′𝑡/ℎ̄ and manipulating a little bit the

equation we will find:

𝑖ℎ̄
𝑑

𝑑𝑡
𝑐𝛽(𝑡) = ⟨𝜑𝛽|𝑈𝑆|𝜓𝛼⟩𝑒−𝑖(𝐸𝛼−𝐸𝛽)𝑡/ℎ̄ +

∑︁
𝛽′

𝑐𝛽′(𝑡)⟨𝜑𝛽|𝑈𝑇 |𝜑𝛽′⟩𝑒−𝑖(𝐸𝛽′−𝐸𝛽)𝑡/ℎ̄, (A.19)

Considering 𝑈𝑠 as a perturbation of the initial state in the tip, we can treat the first
term on the RHS of equation A.19 as the first-order preservative term, and the second
ones can be neglected. Then:

𝑖ℎ̄
𝑑

𝑑𝑡
𝑐𝛽(𝑡) = ⟨𝜑𝛽|𝑈𝑆|𝜓𝛼⟩𝑒−𝑖(𝐸𝛼−𝐸𝛽)𝑡/ℎ̄ ⇒ 𝑐𝛽(𝑡) =𝑀𝛽𝛼

𝑒−𝑖(𝐸𝛼−𝐸𝛽)𝑡/ℎ̄ − 1

𝐸𝛼 − 𝐸𝛽

, (A.20)

where 𝑀𝛽𝛼 ≡ ⟨𝜑𝛽|𝑈𝑆|𝜓𝛼⟩ is known as the tunneling matrix element. From equation A.20
we obtain:

|𝑐𝛽(𝑡)|2 = |𝑀𝛽𝛼|2
4 sin2(Δ𝐸𝛼𝛽𝑡/2ℎ̄)

Δ𝐸2
𝛼𝛽

, (A.21)

with Δ𝐸𝛼𝛽 = 𝐸𝛼 − 𝐸𝛽. If Δ𝑡 = 𝑡 − 0 is the time interval for the electron transition
from the tip to the sample, we have that any transition in the tunneling process
must follow the uncertainty principle Δ𝐸𝛼𝛽 ∼ ℎ̄/Δ𝑡. Furthermore, by plotting the
function 𝑔(Δ𝐸𝛼𝛽) = sin2(Δ𝐸𝛼𝛽𝑡/2ℎ̄)/Δ𝐸

2
𝛼𝛽, it is possible to find out that 𝑔(Δ𝐸𝛼𝛽) has
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a maximum and dominant contribution at Δ𝐸𝛼𝛽 = 0 (elastic tunneling) which leads to
large tunneling time. Hence, 𝑡 ≫ 2ℎ̄/Δ𝐸𝛼𝛽 in 𝑔(Δ𝐸𝛼𝛽) defines a Dirac delta function3

and the transition probability with energy conservation from a single tip state with
energy 𝐸𝛼 to a single sample state with energy 𝐸𝛽 can be written as:

𝑃𝛼→𝛽 =
2𝜋

ℎ̄
|𝑀𝛽𝛼|2𝛿(𝐸𝛼 − 𝐸𝛽)𝑡, (A.22)

and the transition rate is given by:

𝑊𝛼→𝛽= =
𝑃𝛼→𝛽

𝑡
=

2𝜋

ℎ̄
|𝑀𝛽𝛼|2𝛿(𝐸𝛼 − 𝐸𝛽), (A.23)

This expression is analogous to Fermi’s golden rule obtained from first-order perturbation
theory for a constant perturbative potential [150].

Now it is possible to write an expression for the tunneling current from equation A.23.
For that, we need to consider: i) the current should be proportional to the elementary
charge of the electron, 𝑒. ii) There are two possible spin states for the tunneling electron.
iii) Electrons tunnel from occupied states in one electrode to unoccupied states in the
other ones. The occupation probability is described by the Fermi-Dirac distribution
𝑓(𝜖) = [1 + exp(−𝜖/𝑘𝐵𝑇 )]−1, where 𝜖 = 𝐸 − 𝐸𝐹 is the energy measured with respect to
the Fermi energy 𝐸𝐹 and 𝑘𝐵 is the Boltzmann constant. Hence, 𝑓(𝜖) gives the occupation
probability of the state with energy 𝐸, while [1−𝑓(𝜖)] is the probability that the state is
unoccupied. Considering all these elements, we can express the total current for electrons
tunneling in thermal equilibrium from the tip to the sample as:

𝐼𝑇→𝑆 =
4𝜋𝑒

ℎ̄

∑︁
𝛼,𝛽

|𝑀𝛽𝛼|2𝑓(𝐸𝛼 − 𝐸𝑇
𝐹 )[1− 𝑓(𝐸𝛽 − 𝐸𝑆

𝐹 )]𝛿(𝐸𝛼 − 𝐸𝛽), (A.24)

there is also a fraction of electron tunneling in the opposite direction; hence we can
procedure analogously and write:

𝐼𝑆→𝑇 =
4𝜋𝑒

ℎ̄

∑︁
𝛼,𝛽

|𝑀𝛼𝛽|2𝑓(𝐸𝛽 − 𝐸𝑆
𝐹 )[1− 𝑓(𝐸𝛼 − 𝐸𝑇

𝐹 )]𝛿(𝐸𝛼 − 𝐸𝛽), (A.25)

The difference between equation A.24 and A.25 results in the total net current:

𝐼𝑡 =
4𝜋𝑒

ℎ̄

∑︁
𝛼,𝛽

|𝑀𝛼𝛽|2[𝑓(𝐸𝛼 − 𝐸𝑇
𝐹 )− 𝑓(𝐸𝛽 − 𝐸𝑆

𝐹 )]𝛿(𝐸𝛼 − 𝐸𝛽), (A.26)

To introduce the sample bias voltage, 𝑉 , applied in the STM junction, we can define the
Fermi’s levels as 𝐸𝑆

𝐹 = 𝐸𝐹 and 𝐸𝑇
𝐹 = 𝐸𝐹 + 𝑒𝑉 :

𝐼𝑡 =
4𝜋𝑒

ℎ̄

∑︁
𝛼,𝛽

|𝑀𝛼𝛽|2[𝑓(𝐸𝛼 − 𝐸𝐹 − 𝑒𝑉 )− 𝑓(𝐸𝛽 − 𝐸𝐹 )]𝛿(𝐸𝛼 − 𝐸𝛽), (A.27)

3Defined as: 𝛿(𝑥) = lim𝜂→∞
1
𝜋

sin2(𝜂𝑥)
𝜂𝑥2
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this is the general expression that describes the tunneling current in STM. In practice,
some approximations are made in equation A.27

A.2.1 Tunneling matrix element and the Tersoff-Hamann
approach

The complete determination of the tunneling current requires to know what is the
tunneling matrix element, which was defined above as:

𝑀𝛽𝛼 = ⟨𝜑𝛽|𝑈𝑆|𝜓𝛼⟩ = ⟨𝜑𝛽|𝑈𝑆

(︂∫︁
𝑑𝑟3|r⟩⟨r|

)︂
|𝜓𝛼⟩ =

∫︁
sample

𝑑𝑟3𝜑𝛽(r)*𝑈𝑆𝜓𝛼(r), (A.28)

where, according to A.14, 𝑈𝑆 = [𝐸𝛽 + (ℎ̄2/2𝑚𝑒)∇2]. Using the condition for elastic
tunneling that we have found and the fact that in the sample side 𝑈𝑇 = 0, equation A.28
shows that:

𝑀𝛽𝛼 = − ℎ̄2

2𝑚𝑒

∫︁
sample

𝑑𝑟3
[︂
𝜑*
𝛽∇2𝜓𝛼 − 𝜓𝛼∇2𝜑*

𝛽

]︂
, (A.29)

which can be written as an integral over any surface in the barrier separating the two
electrodes:

𝑀𝛽𝛼 = − ℎ̄2

2𝑚𝑒

∫︁
𝑑S ·

[︂
𝜑*
𝛽∇𝜓𝛼 − 𝜓𝛼∇𝜑*

𝛽

]︂
, (A.30)

this expression shows the connection between 𝑀𝛽𝛼 and the probability current density
in equation A.7. Both quantities are related to the same thing, i.e. the transmission
or tunneling probability between two electronic states with equal energies in separated
systems.

Now, equation A.30 indicates that we can obtain 𝑀𝛽𝛼 from the tip and sample
wavefunctions of the unperturbed systems, which are solutions to the equations in
A.14. Here is where the approach adopted by Tersoff and Hamann takes place [151].
Since it is hard to know what is the atomic structure of the STM tip, they considered
the simplest model for the tip probe, which is a tip with locally spherical symmetry,
meaning that the tunneling matrix element in equation A.30 can be evaluated with 𝑠-
type tip wavefunctions [92]. In the following, we will use the Green’s functions method
for evaluating the tunneling matrix elements with 𝑠−wave tip states. The final results
will be similar to those obtained by Tersoff and Hamann in the original paper.

The Schrödinger equation for the tip wavefunctions can be written as:

(∇2 − 𝜅2)𝜓𝑠(r) = 0, (A.31)

with 𝜅 =
√︁
2𝑚𝑒𝜑/ℎ̄

2 the decay constant and 𝜑 the work function. Of course, we have
a similar equation for the sample states, and for simplicity, we will assume similar work
functions for the tip and the sample. equation A.31 is a Poisson-like equation, very
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common in many physical systems, its solution can be given in terms of the Green’s
function 𝐺(r − r0), which is a solution of:

(∇2 − 𝜅2)𝐺(r − r0) = −𝛿(r − r0) ⇒ 𝐺(r − r0) =
1

4𝜋

𝑒−𝜅|r−r0|

|r − r0|
, (A.32)

On the other hand, the wavefunctions of the atomic orbitals are formed by radial and
angular components. The radial part can be written in terms of the spherical modified
Bessel functions, while the angular part by spherical-harmonic functions.4 In particular,
for 𝑠-wave tip wavefunction, the Green’s function can be expressed in terms of the
spherical modified Bessel function of the second kind, 𝑘0 = 𝑘(𝜅𝜌) = 𝑒−𝜅𝜌/𝜅𝜌:

𝐺(r − r0) =
1

4𝜋

𝑒−𝜅|r−r0|

|r − r0|
=

𝜅

4𝜋
𝑘0 (A.33)

where we denote 𝜌 = |r − r0|. Then, the 𝑠-type wavefunction for the tip is:

𝜓𝑠(r) = 𝐶 ′𝐺(r − r0), (A.34)

being 𝐶 ′ a constant, and the center of the apex atom is described by r0. We can use this
wavefunction for evaluating the tunneling matrix elements:

𝑀𝛽𝛼 = − ℎ̄2𝐶′

2𝑚𝑒

∫︀
𝑑𝑟3

[︀
𝜑*
𝛽∇2𝐺(r − r0)−𝐺(r − r0)∇2𝜑*

𝛽

]︀
= − ℎ̄2𝐶′

2𝑚𝑒

∫︀
𝑑𝑟3

{︀
𝜑*
𝛽[𝜅

2𝐺(r − r0)− 𝛿(r − r0)]−𝐺(r − r0)𝜅
2𝜑*

𝛽

}︀
= ℎ̄2𝐶′

2𝑚𝑒

∫︀
𝑑𝑟3𝜑*

𝛽(r)𝛿(r − r0) =
ℎ̄2𝐶′

2𝑚𝑒
𝜑*
𝛽(r0),

(A.35)

the tunneling matrix element depends on the sample wavefunction at the position where
the apex atom of the STM tip is centered. Then we have found that:

|𝑀𝛽𝛼|2 = |𝑀𝛼𝛽|2 ∝ |𝜑𝛽(r0)|2, (A.36)

Before introducing this result in the equation for the tunneling current, it is convenient
to consider some approximations in equation A.27, which can be rewritten as5:

𝐼𝑡 =
4𝜋𝑒
ℎ̄

∑︀
𝛼,𝛽

∫︀∞
−∞ 𝑑𝜖

∫︀∞
−∞ 𝑑𝜖′|𝑀 |2[𝑓(𝜖′ − 𝐸𝐹 − 𝑒𝑉 )− 𝑓(𝜖− 𝐸𝐹 )]𝛿(𝜖

′ − 𝜖)𝛿(𝜖′ − 𝐸𝛼)𝛿(𝜖− 𝐸𝛽)

= 4𝜋𝑒
ℎ̄

∑︀
𝛼,𝛽

∫︀∞
−∞ 𝑑𝜖|𝑀(𝜖)|2[𝑓(𝜖− 𝐸𝐹 − 𝑒𝑉 )− 𝑓(𝜖− 𝐸𝐹 )]𝛿(𝜖− 𝐸𝛼)𝛿(𝜖− 𝐸𝛽),

(A.37)

Since most of the STM experiments are performed at room temperature or cryogenic
temperatures, the Fermi-Dirac distributions become in Heaviside functions and:

4See Appendix C, Julian Chen textbook [92].
5Using the following property for the Dirac’s delta function:

∫︀∞
−∞ 𝑑𝑥Λ(𝑥)𝛿(𝑥− 𝑥0) = Λ(𝑥0)
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𝑓(𝜖−𝐸𝐹 − 𝑒𝑉 )− 𝑓(𝜖−𝐸𝐹 ) ≈ Θ[(𝐸𝐹 + 𝑒𝑉 )− 𝜖]−Θ(𝐸𝐹 − 𝜖) = 1 ∀ 𝐸𝐹 ≤ 𝜖 ≤ 𝐸𝐹 + 𝑒𝑉,

which allows us to write:

𝐼𝑡 =
4𝜋𝑒

ℎ̄

∑︁
𝛼,𝛽

∫︁ 𝐸𝐹+𝑒𝑉

𝐸𝐹

𝑑𝜖|𝑀(𝜖)|2𝛿(𝜖−𝐸𝛼)𝛿(𝜖−𝐸𝛽) ∝
∑︁
𝛼,𝛽

∫︁ 𝑒𝑉

0

𝑑𝜖|𝑀(𝜖)|2𝛿(𝜖−𝐸𝛼)𝛿(𝜖−𝐸𝛽),

(A.38)

where 𝐸𝐹 = 0 has been taken as a reference point for energies.

In the Tersoff-Hamman approach, we found that the tunneling matrix element is constant
(this is true only for small bias), then from equation A.38 we have:

𝐼𝑡 ∝
∑︁
𝛼,𝛽

∫︁ 𝑒𝑉

0

𝑑𝜖𝛿(𝜖− 𝐸𝛼)|𝜑𝛽(r0)|2𝛿(𝜖− 𝐸𝛽) =

∫︁ 𝑒𝑉

0

𝑑𝜖𝜌tip(𝜖− 𝑒𝑉 )𝜌sample(𝜖, r0), (A.39)

where 𝜌tip(𝜖) ≡
∑︀

𝛼 𝛿(𝜖 − 𝐸𝛼) is the density of states (DOS) of the tip and the local
density of states (LDOS) of the sample is defined as 𝜌sample(𝜖, r0) ≡

∑︀
𝛽 |𝜑𝛽(r0)|2𝛿(𝜖−𝐸𝛽).

Moreover, the variable for the energy in the DOS of the tip has been rewritten relative
to the Fermi’s energy of the tip by changing 𝜖 by 𝜖 − 𝑒𝑉 . It is worthwhile to note that
equation A.39 is significant for the interpretation of STM images. The DOS of the tip
is usually considered a constant. Therefore, we can see that an STM image represents
the LDOS of the sample evaluated at the STM tip position and the energy 𝜖 around the
Fermi’s level.

Moreover, the behavior of the wavefunction of the sample inside the tunneling barrier is
given by 𝜑𝛽(r0) ∝ 𝜑𝛽(𝑧0) = 𝐴𝑒−𝜅𝑧, meaning that:

𝐼𝑡 ∝ |𝜑𝛽(𝑧0)|2 ∝ 𝑒−2𝜅(𝑅+𝑑) ∝ 𝑒−2𝜅𝑑, (A.40)

which shows the exponential dependence on the tip-sample distance 𝑑 expected for the
tunneling current and responsible for the high spatial resolution in STM.

A.2.2 Semiclassical approximation

The Tersoff-Hamann approach is useful for understanding the meaning of the tunneling
current and what we are measuring in an STM image. However, the approach has some
limitations. On the one hand, the work functions of the tip and the sample are not
necessarily equal, and on the other hand, the tunneling matrix element can depend on
the energy. Therefore, we need a more general expression for the tunneling current.
Going back to equation A.38, we have that [92, 94]:

𝐼𝑡 =
4𝜋𝑒

ℎ̄

∫︁ 𝑒𝑉

0

𝑑𝜖|𝑀(𝜖)|2𝜌tip(𝜖− 𝑒𝑉 )𝜌sample(𝜖), (A.41)
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in practice, the low-temperature approximation is still valid.

We can consider the semiclassical Wentzel, Kramers, and Brillouin (WKB)
approximation of the solutions of the Schrödinger equation for a trapezoidal potential
barrier and make the substitution of the tunneling matrix element for the corresponding
transmission coefficient. i.e.:

𝐼𝑡 =
4𝜋𝑒

ℎ̄

∫︁ 𝑒𝑉

0

𝑑𝜖 𝑇 (𝑧, 𝜖, 𝑉 )𝜌tip(𝜖− 𝑒𝑉 )𝜌sample(𝜖), (A.42)

where:

|𝑀 |2 → 𝑇 (𝑧, 𝜖, 𝑉 ) = exp
(︂
− 2

∫︁ 𝑧

0

𝑑𝑧′𝜅

)︂
∼= exp

{︂
− 2𝑧

√︃
2𝑚𝑒

ℎ̄2

(︂
𝜑t + 𝜑s

2
+
𝑒𝑉

2
− 𝜖

)︂}︂
,

(A.43)

with 𝑧 the tip-sample distance, 𝜑t, and 𝜑s the work function for the tip and the sample,
respectively.
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AppendixB

Atomic force microscopy, photoluminescence,
and Raman spectroscopy

B.1 Atomic force microscopy

In atomic force microscopy (AFM), the interaction force between a sharp tip (probe)
and the sample surface is measured to obtain an image. The AFM images give us
morphological and chemical information about the surface under investigation. The
technique uses as a force sensor a flexible cantilever with a sharp tip at its end. Depending
on the distance between the AFM tip and the sample surface, the tip-surface interaction
can be attractive or repulsive, leading to deflections of the cantilever. As illustrated
in Figure B.1(a), this deflection is measured with an optical system that employs a
laser beam incident on the cantilever and reflected toward a photodiode. Thereby, the
photodiode signals are transmitted to a feedback system to acquire images [94].

The force curve shown in Figure B.1(b), describe the interaction between the AFM tip
and the sample surface. Depending on the tip-surface distance, there are different regimes
to be considered. (i) When the tip is far away from the sample surface, the interaction
is negligible, and the cantilever will not suffer deflections. (ii) For closer tip-surface
distances, the cantilever will feel an attractive force that deflects it toward the sample
surface but without mechanical contact. (iii) For short distances, the cantilever will
deflect due to repulsive forces, and the AFM tip is in contact with the sample surface.
Based on these regimes, two AFM operation modes for imaging acquisition are possible:
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Figure B.1: (a) Schematic diagram of the AFM working principle. (b) Qualitative behavior of tip-
sample force. Adapted from [94].

Contact mode: the cantilever works like a spring, and its deflection in the z-direction is
proportional to the tip-sample force. The AFM tip is scanned over the surface to record
an image of the sample surface. The feedback system controls the tip-sample distance
through the piezoelectric scanner to keep the cantilever deflection constant. In this way,
topographic images of the sample surface are obtained by monitoring the z-movement of
the scanner. The main issue of this mode is that it operates in a repulsive regime and
the AFM tip is in contact with the sample. Therefore, the sample can be damaged by
the tip.

Non-contact mode: this mode operates in the attractive regimen. The cantilever is set
to oscillate with a frequency close to its resonance frequency at a selected amplitude (free
amplitude). When the tip is approached to the sample surface, attractive forces modify
the frequency, phase, and amplitude of the oscillating cantilever. There are two methods
for recording AFM images in non-contact mode. These are the amplitude modulation
(AM-AFM) and the frequency modulation (FM-AFM) methods. In AM-AFM, the
cantilever’s oscillation frequency is fixed, and changes in the amplitude are measured
and used as feedback signals for the acquisition of images. Variations of the surface
topography modify the oscillation amplitude, then images with topographic contrast are
recorded by monitoring the z-movement of the piezo-scanner, which is adjusted by the
feedback system to keep the amplitude constant. In FM-AFM, the oscillation amplitude
is fixed, and the cantilever always oscillates on resonance. In this case, the imaging signal
is the variation in the cantilever’s resonance frequency.

The AM-AFM mode can be employed in the so-called tapping mode. In this case, the
cantilever oscillates with a high amplitude at a fixed frequency near its resonance. Due
to the high oscillation amplitude, the AFM tip is in intermittent contact with the sample
surface. Topographic-contrast image can be acquired as described above, i.e., using the
oscillation amplitude as the feedback signal. However, the amplitude of the cantilever
can be characterized by its phase relative to the driving oscillator. Thereby, phase-
contrast images can be recorded simultaneously with de topography data by monitoring
the Phase difference between the cantilever’s oscillations and the drive signal. Phase-
contrast images are useful for the chemical mapping of the sample. Besides that, phase-
contrast images are sensitive to surface properties such as friction and adhesion [152].
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We used a Nanosurf EasyScan2 Flex and a BRUKER / VEECO INNOVA AFM for
this thesis. These microscopes operate in ambient conditions. We employed AFM
measurements to explore the sample surface morphology and investigate the sample-
substrate coupling.

B.2 Photoluminescence and Raman spectroscopy

In photoluminescence (PL), the sample is excited by monochromatic light. Then the
light emitted by the sample after excitation is analyzed to obtain optical and electronic
information about the material. In semiconductors, an electron in the valence band
is excited to the condition band by absorbing the energy of the incident photon. The
subsequent radiative recombination of electron-hole pairs gives a luminescence spectrum
that provides information about the electronic band gap, excitons, or defect states
[60, 61, 153]. Figure B.2 summarizes the main recombination processes observe in PL
measurements.

Figure B.2: Recombination processes observed in PL. The shaded areas represent the conduction and
valence bands. The conduction band minimum (CBM) and valence band maximum (VBM) are indicated
in the energy axis. Horizontal dotted lines represent the energy position of impurity states. Electrons
(holes) are indicated by dark-shaded (hollow) dots. Undulated arrows indicate radiative recombination.
Dashed curves highlight the Coulomb interaction in excitons.. Taken from [153].

In Raman spectroscopy, the monochromatic incident light is inelastically scattered. The
difference in frequency between the incident and the scattered photon is related to
the excitation of vibrational modes (phonons) in the sample. The phonons excited
by Raman scattering are associated with the chemical and structural properties of the
material. Therefore, a Raman spectrum is a chemical fingerprint of a material and
provides information about the chemical nature, strain, among other sample properties.

In a Raman scattering, a photon with energy 𝐸Laser = ℎ̄𝜔Laser and momentum ℎ̄𝑘Laser

reaches the sample and suffers an inelastic scattering. Therefore, a photon with a different
energy 𝐸s = ℎ̄𝜔s and momentum ℎ̄𝑘s is emitted. From the energy and momentum
conservation, we have that:

𝜔s = 𝜔Laser ± Ω and 𝑘s = 𝑘Laser ± 𝑞, (B.1)
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where 𝐸𝑞 = ℎ̄Ω𝑞 and ℎ̄𝑘𝑞 are the energy and momentum, respectively; of the phonon
that is created (Stokes scattering) or annihilated (anti-Stokes scattering) in the Raman
process [60, 154].

A Raman spectrum is a plot of the scattered intensity as a function of the difference
frequency [Ω𝑞 = ±(𝜔Laser − 𝜔s)] or momentum [𝑞 = ±(𝑘Laser − 𝑘s)], commonly known
as Raman shift. The + and − correspond to the stokes and anti-stokes processes,
respectively. In practice, the Raman shift is obtained using the relation [(1/𝜆Laser)-
(1/𝜆emission)] and has unit of cm−1. A Raman spectrum will show stokes and anti-stokes
peaks, as shown in Figure B.3. The anti-stokes peaks appear in the opposite position
relative to the stokes peaks with respect to the central peak at 0 cm−1. The central peak
is due to the elastic scattering of photons (Rayleigh scattering) and corresponds to the
laser beam.

In this thesis, we employed PL and Raman to explore the samples’ optical activity and
the identification of monolayers.

Figure B.3: Representation of a Raman spectrum. Adapted from [154].
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