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Abstract

he isolation of two-dimensional (2D) materials, crystals thinned down to
T one atomic layer, captured the interest of the scientific community and
provoked substantial research efforts during the last two decades. With the in-
creasing technological demands of modern society, 2D materials have emerged
as an alternative platform that holds potential for tackling the challenges of the
future. The possibility of incorporating different materials into heterostructures
opened up an unforeseen prospect for innovation in various technological
disciplines. In this work, we experimentally explore electrically driven light
emission and memory applications by employing insulators, conductors and
semiconductors from the family of 2D materials. First, we investigate light
emission from tunnel junctions that are optically coupled to 2D semiconductors
and we demonstrate a novel way for driving light emission in these materials,
namely through energy transfer from tunneling electrons to excitons. In addition,
we explore the transport characteristics of such devices and we observe strong
conductance resonances due to increased coupling to the excitonic states,
demonstrating in that way all-electrical measurements of optical properties.
Finally, we expand the spectrum of the investigated phenomena by studying non-
volatile memory devices (memristors) with 2D semiconductor tunnel junctions.
More specifically, we explore experimentally and theoretically the role of
crystal defects in the memristive performance, revealing in that way a defect
density range for optimized operation. This work explores the diversity of
physical phenomena that can be probed within the 2D material platform, with
the prospect of new discoveries and innovative applications for the technology
of the future.
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Zusammenfassung

ie Isolierung von zweidimensionalen (2D) Materialien, d. h. von

Kristallen mit der Dicke von einer Atomschicht, hat das Interesse der
wissenschaftlichen Gemeinschaft geweckt und in den letzten zwei Jahrzehnten
zu erheblichen Forschungsanstrengungen gefiihrt. Angesichts der steigen-
den technologischen Anforderungen der modernen Gesellschaft haben sich
2D-Materialien als alternative Plattform erwiesen die Herausforderungen der
Zukunft zu bewiltigen. Die Moglichkeit, verschiedene Materialien in Het-
erostrukturen einzubauen, erdffnet ungeahnte Perspektiven fiir Innovationen
in verschiedenen technologischen Disziplinen. In dieser Arbeit erforschen wir
experimentell die elektrisch angetriebene Lichtemission und Speicheranwendun-
gen unter Verwendung von Isolatoren, Leitern und Halbleitern aus der Familie
der 2D-Materialien. Zunéchst untersuchen wir die Lichtemission von Tun-
neliibergéngen, die optisch mit 2D-Halbleitern gekoppelt sind. Durch den En-
ergietransfer von tunnelnden Elektronen zu Exzitonen zeigen wir anschliessend
einen neuartigen Weg, um die Lichtemission in diesen Materialien anzutreiben.
Dariiber hinaus erforschen wir die elektrischen Transporteigenschaften solcher
Bauelemente und beobachten starke Leitfahigkeitsresonanzen, welche auf
eine verstirkte Kopplung mit den exzitonischen Zustinden zuriickzufiihren
sind, und demonstrieren auf diese Weise rein elektrische Messungen der optis-
chen Eigenschaften. Zuletzt erweitern wir das Spektrum der untersuchten
Phénomene, indem wir nichtfliichtige Speicherbauelemente (Memristoren)
mit 2D-Halbleiter-Tunneliibergéngen untersuchen. Namentlich erforschen wir
sowohl experimentell als auch theoretisch die Rolle von Kristalldefekten fiir
die memristive Leistung und ermitteln dadurch einen Defektdichtebereich fiir



einen optimierten Betrieb. Diese Arbeit erforscht die Vielfalt der physikalischen
Phinomene, die innerhalb der 2D-Materialplattform erforscht werden kdnnen,
mit der Aussicht, neue Entdeckungen und innovative Anwendungen fiir die
Technologie der Zukunft zu ermoglichen.
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Introduction

he technological developments in communications, computation and

memory platforms of the past century sparked a new era in humanity in
which information is massively exchanged and rapidly analyzed. Such develop-
ments have had enormous impact at a scientific, societal and economical level
that completely reformed our civilization. Under increasing needs, however,
physical limitations, like energy consumption constraints [1] or Moore’s law
expiration [2], inhibit further progress. While emerging technologies, like
neuromorphic computing [3] or photonic quantum information processing [4]
suggest fundamentally new architectures for a new sustainable technological
revolution, the need for novel miniaturized solutions in memory and light
processing increases. During the last decades, the rise of a new class of
materials that can be thinned down to one atomic layer, attracted the attention of
the scientific community. Due to their reduced dimensionality are called "two-
dimensional” (2D) materials. These materials have inspired extensive research
with the promise of resolving the challenges towards a new technological era,
currently at its dawn. In this chapter we give a brief introduction to the 2D
materials relevant to this work.



1 Introduction

1.1 The rise of 2D materials

In 2004 graphene, an atomically thin sheet of carbon atoms, was isolated for
the first time in the lab [5]. Graphene, with its remarkable mechanical, thermal,
electronic and optical properties, [6] quickly became the main research field
for many academic and industrial laboratories. It was discovered that one can
easily mechanically exfoliate graphene flakes on a substrate. Graphene has a
hexagonal crystal structure with two carbon atoms in the unit cell (Fig. 1.1a)
and exhibits a linear dispersion around the K point of the Brillouin zone as it is
illustrated in Fig. 1.1b. This gives graphene good conducting properties while
the atomic thickness allows low visible light absorption (2%) [7], making
it a candidate for thin transparent electrodes, excellent for optoelectronic
applications. A microscope image of a mechanically exfoliated graphene flake
is shown in Fig. 1.1c.

A big breakthrough in graphene’s experimental research came with the
production of high quality, hexagonal boron nitride (hBN) [8, 9]. hBN has the
same crystal structure as graphene with a boron and a nitrogen atom at the two
sites of the unit cell (Fig. 1.1d). Unlike graphene though, it exhibits strong
band-splitting at the K point which provides a bandgap of around 6 eV [10, 11]
(Fig. 1.1e). hBN is commonly used as an encapsulating platform ensuring flat
and clean interfaces enhancing that way the performance of other 2D materials
[9, 12]. In addition, its high bandgap and dielectric constant allows its use as a
tunneling barrier in 2D heterostructures [13] or as building block for photonic
structures [14, 15]. A microscope image of few layers of hBN is shown in
Fig. 1.1f.

The 2D material applications expanded rapidly in the field of optoelectronics
with the discovery of a direct bandgap in transition metal dichalcogenide (TMD)
semiconductors when thinned down to monolayer form [16]. TMDs have as
well a hexagonal crystal structure with one transition metal (M = W, Mo) and
two chalcogens (X = S, Se) in the two unit cell sites (see Fig. 1.1g). Their
bandgap varies between 1-2 eV making them suitable for near-IR and visible
spectrum photonic and optoelectronic applications (Fig. 1.1h). Their absorption
in the visible makes them easy to spot under the microscope even at the
monolayer limit as it is shown in Fig. 1.1i. Light emission from these materials



1.2 Van der Waals heterostructures

E(k) = hvek

ocB
ovB
~6eV

I 1-2eV

<
Figure 1.1: (a,d,g) Crystal structure of graphene, hBN and TMDs,
respectively. The dashed lines outline the unit cell. (b,e,h) Bandstructures

near K point and (c,f,i) microscope images of graphene, hBN and TMD,
respectively. All flakes in (c,f,i) are sitting on a Si/SiO2 substrate.

relies on the formation of electron-hole pair quasiparticles (excitons) with high
binding energies [17]. By incorporating these direct-gap semiconductors in
graphene and hBN heterostructures, rich electronic and optical phenomena can
be investigated.

1.2 Van der Waals heterostructures

The 2D materials presented in the previous section fall into the category of the
so-called van der Waals (vdW) materials. This name comes from the fact that
in off-plane direction the different layers are held together only by weak vdW
forces. For that reason exfoliation down to monolayer limit is possible and
stacking of different materials is easily implemented irrespective of their lattice
mismatch. This provides seemingly limitless degrees of freedom on building
heterostructures that were not possible before with traditional fabrication means.
Figure 1.2 shows an impression of the different stacking orders and twist angles
that can be achieved with the two-dimensional (2D) platform of vdW materials.
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Transition Metal
Dichalcogenides
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Figure 1.2: A pictorial representation of different 2D materials illustrating
the various degrees of freedom in stacking. Angle or crystal lattice matching
is not necessary to fabricate stable heterostructures.

1.3 Thesis outline

In this thesis we use the 2D platform to investigate different optoelectronic
and ion migration phenomena in vdW vertical tunnel junctions. The devices
presented throughout the text are all based on TMDs, hBN and graphene
layers. By simply changing the material configuration and stacking, we are
able to study various physical processes. Figure 1.3 presents schematics of
various devices studied in this work associated with the processes they involve.
Graphene is mainly used as a transparent electrode and hBN as a tunneling
barrier or as a spacer for electrical decoupling. The TMD is used as the optically
active material and in the case of ion migration studies is the receiver of Au
ions in its defect sites. The numerous degrees of control in fabricating vdW
heterostructures allows us to probe mechanisms or avoid others in order to shed
light in new exciting observations. A brief description of the chapters follows.

In Ch. 2 we make a brief introduction to TMDs with an emphasis on
their optical properties. We present measurements of photoluminescence (PL)
spectra and we study the impact of defects on PL efficiency. We expand this
study to heterostructures where charge and energy transfer phenomena impact
the PL efficiency of TMDs as well.

In Ch. 3 we introduce some basics on electrically driven light emission
from metal-insulator-metal tunnel junctions and we complement the theory
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Figure 1.3: A summary of devices presented in this thesis with the associated
mechanisms for every device. The 2D material platform enables us, with only
four different materials (graphene, TMD, hBN and gold), to investigate charge

and energy transfer, inelastic tunneling emission, electron-hole injection and
ion migration effects.

with experimental results on Gr/hBN/gold tunnel junctions. Later, we introduce
the concept of a double-barrier light emitting device where the light emission is
facilitated by the use of monolayer TMDs. We demonstrate polarity dependent
emission wavelength and below electronic bandgap threshold voltage.

In Ch. 4 we study the local density of optical states (LDOS) in multilayer
systems. We use the simple example of a dipole coupled to a gold surface to
discuss the various optical modes that are present. Then we progress to LDOS
calculations of TMDs and study the strong LDOS enhancement in nanometric
distances.

In Ch. 5 we study TMD-coupled tunnel junctions where the TMD is situated
outside of the tunneling pathway. We experimentally investigate, in that way, the
strong LDOS enhancement commented in the previous chapter in electrically

driven tunnel junctions. We discover that light emission from the TMD is
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possible through energy transfer and that exciton generation is an efficient
process owing to the increased LDOS.

In Ch. 6 we expand our study on TMD-coupled tunnel junctions by looking
at electrical transport measurements. We observe conductance peaks at voltages
that correspond to the exciton energies of the TMDs. We interpret this behavior
as inelastic tunneling current enhancement due to optical coupling to TMD
excitons. In that way, we demonstrate an all-electrical measurement of optical
properties.

In Ch. 7 we shift our attention from light emission to memory applications
by studying the memristive characteristics of monolayer TMD tunnel junctions.
We explore, experimentally and theoretically, the role of crystal defects in the
performance of monolayer MoS,; memristors based on ion migration.

In Ch. 8 we make a summary of the main results presented in this thesis

and we give an outlook for future investigations.



Transition Metal Dichalcogenides

n this chapter we focus on some fundamental properties of TMD monolayers.

First, we briefly comment on their optical properties which are affected
strongly by excitons with high binding energies. Later, we discuss the effect of
defects in PL efficiency and how this can act as a relative measure for the TMDs
defect density. Lastly, we discuss charge and energy transfer mechanisms in a
TMD/graphene/hBN system.

2.1 Optical properties

In semiconductors excited electrons can bound with holes due to Coulomb
attraction and form quasi-particles called excitons [18]. In TMD monolayers,
excitons have very high binding energy due to reduced dielectric screening [17].
This allows us to distinguish excitonic peaks at the absorption spectra even in
room temperature. The optical properties of TMDs are dominantly defined by
the available excitonic states [19]. Figure 2.1a presents an optical absorption
spectrum of a monolayer molybdenum disulfide flake (MoS,). Multiple peaks
appear in the spectrum suggesting the existence of excitonic states at different
energies. Transition metals in TMDs (typically W or Mo) are heavy elements
that lead to increased spin-orbit (SO) coupling [20]. This leads to significant
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valence band (VB) splitting at the K point where the direct bandgap of the
TMD monolayers is situated. A smaller splitting occurs in the conduction
band (CB) that is an order of magnitude lower than the VB splitting [21]. The
bandstructure is illustrated in Fig. 2.1b. The VB splitting by Agp gives rise to
the two peaks observed in Fig. 2.1a. The two excitonic states are referred to as
A-exciton and B-exciton with B-exciton having the highest energy between the
two. The C peak appears due to the nesting effect between CB and VB from K
to I' point where multiple absorption channels coincide in energy [19] as it is
illustrated in Fig. 2.1b.

The direct bandgap of TMD monolayers allows us to study the different
excitonic species through PL spectroscopy. Figure 2.1c illustrates the process of
photon absorption and emission. When a photon of sufficient energy is absorbed
by a TMD, it promotes an electron to the CB and creates a hole at the VB. The
electron then thermally relaxes to the bottom of the CB where it recombines
with the generated hole. Upon recombination and due to the direct bandgap
of TMD monolayers, a photon of energy Ey is emitted. Excitons assume also
excited states that can be described by a hydrogenic Rydberg series model
with small deviations from it due to dielectric screening variations among the
different states [17]. The 1s (ground state) exciton energy is considered the
optical bandgap of the material (Eog) whereas the distance between CB and
VB is the electronic bandgap (Eeg) which defines as well the binding energy
of the exciton as Ey, = Eeg — Eog. The PL spectrum of a MoS; monolayer flake
is shown in Fig. 2.1d. Multiple peaks contribute to the spectrum. The A and
B-exciton peaks are revealed by fitting the spectrum with Voigt functions. The
third peak at an energy lower than the A-exciton peak is attributed to trion
radiative decay. Trions are charged excitonic species that consist of either two
electrons and a hole or two holes and an electron (see Fig. 2.1e).

2.2 Photoluminescence efficiency

In as-exfoliated monolayers the PL efficiency is commonly on the order of
0.01-1% at room temperature [23]. Defects, inhomogeneities and distributed
strain can reduce the PL efficiency. However, even pristine crystals suffer
from low PL efficiency. At low exciton generation rates (I'y) any background
carriers favor the transition of excitons to trions which have a high non-radiative
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Figure 2.1: (a) Absorption spectrum of a monolayer MoS; flake (adapted
from [22]) where three distinct peaks are observed. (b) Bandstructure
schematic of a monolayer TMD where the main absorption channels are
illustrated (A, B and C). Spin-orbit (SO) coupling splits the valence band
(VB) at the K point creating two distinct excitonic resonances (A and B)
differing by Agp. A smaller splitting occurs in the conduction band (CB)
that is not included in the illustration. (c) Bandstructure illustration of the
photoluminescence (PL) mechanism where a photon of A=A,x promotes
an electron to the conduction band (CB). After relaxing to the bottom of the
CB forms an exciton with energy Ex. When this exciton decays radiatively
emits a photon of A=Ae¢m>Aexc. Eyp is the exciton’s binding energy. (d)
Photoluminescence (PL) emission spectrum of a mechanically-exfoliated
MoS, flake where the different excitonic contributions are fitted. X, Xg and
X are the A, B-exciton and trion contributions, respectively (Aexc=532 nm).
(e) Pictorial representation of the two main excitonic species contributing in
the PL spectra, namely neutral and charged excitons (trions).
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recombination rate [24]. This limits the PL efficiency. However, reduction
of background charges, by electrostatic or chemical doping, can limit trion
formation and increase the PL efficiency near 100% [24]. At high I'x, exciton-
exciton annihilation prevails and radiative recombination is inhibited. It has
been shown however, that strain can reduce exciton-exciton interactions by
lifting van Hove singularities in the joint density of states leading to increased
PL efficiency [25].

2.2.1 Impact of defects in PL efficiency

As commented before, the existence of defects can alter the photoluminescent
properties of TMDs. In this section we study how different treatments, namely
argon (Ar) sputtering and vacuum annealing, impact the PL spectra of TMDs
by introducing different types of defects. Both these methods have previously
been shown to introduce defect sites in the MoS; crystal lattice [26-28]. The
annealing process is illustrated in Fig. 2.2a during which S atoms escape the
crystal leaving behind S vacancies (V). Fig. 2.2b shows the PL spectra of a
monolayer MoS, flake before (as-exfoliated) and after two steps of vacuum
annealing. Surprisingly, a strong enhancement in PL is observed with increasing
annealing time. This enhancement originates from the introduction of Vj sites in
MoS, upon annealing that act as sites for physisorption of N, and O, molecules
present in air [29]. These molecules lead to an effective p-doping of MoS,,
thereby decreasing the free-electron density, and resulting in a stronger PL
emission [24]. It must be noted that this strong PL. enhancement cannot be
explained by the release of built-in strain and elimination of polymer residues
(if any) upon annealing, as these effects were previously shown to not result in
any appreciable PL increase in MoS; [30]. Finally, the apparent blue-shift of
the peak with annealing time relates to the fact that mainly the neutral A-exciton
is enhanced by the doping and not the trion contribution, in agreement with
previous studies [24]. In case of Ar sputtered MoS; flakes (Fig. 2.2c) more
extended defects are generated, including MoSg, Mo and S vacancies [31].
This is supported by the reduced PL emission observed after Ar sputtering as
it is presented in Fig. 2.2d, which can be attributed to the formation of more
extended defects, resulting in a decrease of the PL quantum yield.

10
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Figure 2.2: (a) A monolayer MoS, flake is annealed at 400 °C in vacuum.
Under these conditions S atoms escape the crystal lattice leaving behind
vacancy sites (Vs). (b) PL spectra of an as-exfoliated MoS; flake and after
1 hour and 2 hours of annealing measured in ambient conditions. There is
a clear trend of increasing PL due to doping from physisorbed N2 and O
molecules. This behavior indicates the creation of S vacancies. The shoulder
close to 620 nm is attributed to B-exciton, which suggests that the emission
yield of the A-exciton is low. (c) A monolayer MoS; flake is sputtered
with Argon forcing S and Mo atoms leave the crystal lattice. This leads to
formation of extended defects. (d) PL spectra of an as-exfoliated MoS; flake
and after Ar sputtering. PL emission decreased after sputtering due to the
creation of extended crystal defects.
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2 Transition Metal Dichalcogenides

2.2.2 Charge and energy transfer

In the previous section we discussed how PL is affected by intrinsic properties
of the material (defects, doping etc.). However, the electronic and optical
environment of a TMD monolayer plays, as well, a significant role in the PL
efficiency since it can be inhibited by various effects such as charge or energy
transfer mechanisms associated to the surrounding materials.

By providing alternative decay channels for the excited electrons and
excitons in the TMD, the radiative electron-hole recombination is quenched.
For example in the case of a TMD overlapping with graphene as illustrated in
Fig. 2.3a, free electrons and excitons can transfer their energy to the available
energetic states of graphene. Fig. 2.3b and c illustrates the processes in a
bandstructure schematic. Free electrons (holes) in the the CB (VB) of the TMD
find favorable decay channels in the available states of neighboring graphene.
This charge transfer process is inhibiting exciton formation and consequently
radiative exciton decay [32]. A second process that quenches radiative exciton
decay is energy transfer (ET) where the already formed exciton deposits its
energy in graphene [33]. Forster type ET * from a donor to an acceptor is
mediated by Coulomb interactions via dipole-dipole coupling [34-36]. It is an
electromagnetic effect that is dominant at the near-field region of an emitter and
has been extensively studied in biological systems [37], molecular assemblies
[38], solid-state quantum dots [39] and photosynthetic membranes [40]. It has
been also used for color conversion and broadband source design as an energy
exchange channel between different fluorophores [41, 42]. Figure 2.3d shows
a PL map of the heterostructure illustrated in Fig. 2.3a. At the region where
MoS; and graphene overlap the PL is much reduced.

Moreover, in the PL map at the hBN layer region, a point-like emission
is observed. This emission originates from crystal defects on the hBN flake
that provide electronic transitions in the visible spectrum [43, 44]. Interestingly,
this defect-related PL emission is also quenched in the region of graphene. The
hBN layer is about 10 nm thick. This excludes charge transfer as the quenching
mechanism is limited to sub-nm distances [32]. This implies that ET, which can

*Throughout the thesis the term energy transfer (ET) refers to Forster type ET that is different
from Dexter type which involves also transfer of charges along with the Coulomb interaction.
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2.2 Photoluminescence efficiency

TMD charge transfer energy transfer

95

<AN=5nm

e >
667 kHz i MosS,
600 10 |
500 Tg 5
g
400 =
20
‘@
300 o ; Bl MoS,/Gr
£10
200 7
100 5
0 olms
600 700 800

Wavelength (nm)

Figure 2.3: (a) A TMD/Gr/hBN heterostructure for studying PL quenching.
(b,c) Bandstructure schematics illustrating the (b) charge transfer and (c)
energy transfer mechanisms. Both mechanisms reduce radiative exciton
decay. (d) PL map of the heterostructure presented in (a). The different flakes
are outlined. The scale is saturated for clarity. Real maximum value on map is
1.8 MHz. (e) PL spectra from the area with MoS> (top) and MoSy/graphene
(bottom), in which PL is reduced by a factor of 7 and trion contributions have
vanished.

span to several nanometers, is the dominating mechanism in the quenching of
the hBN PL. In fact, it was shown that ET is the dominant factor of quenching
in Gr/TMD systems exhibiting picosecond level response time [45]. Figure 2.3
presents PL spectra from the MoS, and MoS,/Gr regions where a quenching
factor of 7 is observed. Moreover, in the MoS,/Gr case the trion contributions
are reduced and the spectrum shows only contributions from neutral excitons,
hence the narrower lineshape. Finally, a red-shift of AA=5nm is observed when
MoS, overlaps with graphene which is attributed to the different dielectric
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2 Transition Metal Dichalcogenides

environment, consistent with previous studies [33, 46].

2.3 Conclusions

In this chapter we discussed the optical properties of TMDs. We studied the
impact of defects on the PL efficiency of MoS, flakes. By creating extended
defects by Ar sputtering, we observed a reduction in PL. However, MoS,
presented an increase in PL efficiency when treated by vacuum annealing,
suggesting pure S vacancy creation. Finally, we discussed the mechanisms
of charge and energy transfer in a MoS,/Gr system and we demonstrated the
quenching of PL. The content of this chapter acts as a foundation for various
studies presented later in the text.
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Light emission from van der Waals

heterostructures

lectrically controlled photon generation in solid state devices is facilitated

by structures that can provide occupied and empty states of electrons with
the first ones having higher energy than the second ones. More specifically, an
electron from an initial state i with energy E; and momentum k; can decay to
an empty final state f with energy Ef and momentum ky only if energy and
momentum are conserved. When E; > Ey the electron can inelastically decay to
that state assisted by a photon of energy E; — E¢ that conserves the energy of the
system. Since photons do not carry significant momentum it should also apply
that k; =~ k. However, photons are not the only particles that can participate in
the interactions but also phonons and/or various types of (quasi)particles such as
virtual photons, plasmons or excitons. Light emission from such interactions is
facilitated by ultimately coupling to radiative modes (photon modes) as long as
the interaction conserves energy and momentum as expressed in the following

equations

N
Ei=Ef+ ) Ep (3.1)

n=1

15



3 Light emission from van der Waals heterostructures

N
ki=kr+ Y kn 3.2)

n=1

where N is the number of (quasi)particles generated, E, is the energy and
k, is the momentum of particle n. The energetic separation of the i and f
states is either accomplished by introducing a tunneling barrier between two
electrodes under bias (tunnel junction) or by employing semiconductors with
direct bandgap in which carriers are injected by two electrodes. Both practices
are investigated experimentally in this chapter, by employing the 2D materials
platform.

3.1 Light emitting tunnel junctions

Metal-insulator-metal (MIM) tunnel junctions are a simple system where
energetic separation of the electronic states is possible, in order to provoke
photon emission through the energy conservation requirement. In this section
we briefly describe the process of elastic and inelastic tunneling in such
structures.

The band diagram of an MIM tunnel junction under bias is shown in
Fig. 3.1a. The bias voltage V}, separates the Fermi levels in the two sides of
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Figure 3.1: Band diagrams of a metal-insulator-metal (MIM) tunnel junction
under bias V},. (a) Electrons can tunnel elastically (1.) or inelastically (2.) by
coupling their energy to optical modes. (b) Electron wavefunctions, during
elastic tunneling, of an empty state at the left electrode 1, and an unoccupied
state at the right electrode @R of same energy. Both states define the transfer
matrix element 7 in Eq. 3.4. (c) Electron wavefunctions, during inelastic
tunneling, of an occupied state at the left electrode 1, and an empty state
at the right electrode g of lower energy. Both states define the momentum
matrix element P in Eq. 3.6. T'g is the elastic tunneling rate and iy is the
spectral inelastic tunneling rate density.
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3.1 Light emitting tunnel junctions

the junctions by eVy,. This applied field forms an energetic landscape in which
occupied electron states on the left side have higher or equal energy compared
to empty states on the right side. This allows electrons to tunnel from left to
right. Electrons are tunneling elastically when they tunnel to a state of same
energy (process 1. in Fig. 3.1a) or inelastically when they tunnel to a state of
lower energy (process 2. in Fig. 3.1a). In the following sections we briefly
mention the fundamentals of the two processes.

3.1.1 Elastic tunneling

Elastic tunneling from a state w1, to a state wg of same energy as illustrated in
Fig. 3.1b is possible if the two states agree in momentum which is fulfilled if
the Fermi-surface of the two electrodes overlap in k-space. Following Egs. 3.1
and 3.2 this yields E; = Ef and K; = K¢. Such an elastic process does not couple
to any other modes including photons. The tunneling rate of this process, in the
weak-coupling regime, can be described by the following equation [47]

21 [eVp )
Fa= " fo T (E)pr(E)pL(E)dE (3.3)

where pr and pg is the electronic density of states (DOS) at the right and
left electrode, respectively and 7 (E) is the transfer matrix element which is
calculated by [47, 48].

h? [ dy; YR (3.4)

E)y=— — -
@ 2m VR dz Ldz 2=7,

where 7, is an arbitrary point between the two electrodes.
3.1.2 Inelastic tunneling

Inelastic tunneling from a state y, to a state g of lower energy as illustrated
in Fig. 3.1c occurs when the tunneling electron can couple to other available
modes of the enviroment (photons, phonons, etc.). In our analysis we discuss
the interaction with optical modes. In this case Eqgs. 3.1 and 3.2 are written
as E; = Ef + Ephoton and K; = K¢ +Kphoton- Since Kphoton momentum is much
lower than k¢ we assume that momentum is conserved if the two electronic
states agree in momentum (K; = k). Then we can simply write the spectral
inelastic tunneling rate density, by only considering the difference in energy, as
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3 Light emission from van der Waals heterostructures

[47]

T[ez eVb
Yinel(fw) = mﬂopt(ﬁw) ‘[hw |P(E, ﬁ(u)|2,0R(E—ﬁw)PL(E)dE (3.5)

where 7iw is the photon energy, popt is the local density of optical states (LDOS),
m is the electron mass, €q is the vacuum permittivity, e is the elementary charge
and P is the momentum matrix element given by [49]

dy1(E)
dz

where d is the thickness of the tunneling barrier as noted in Fig.3.1b. The total

da
P(E, hw) = —ihf YR(E - hw) dz 3.6)
0

inelastic tunneling rate is then given by integrating over all optical frequencies

for a Fermi separation of eV},

eVb
Finel :ﬁ Yinel(hw) hdw 3.7)

Equation 3.5 suggests that yi,e) is proportional to the LDOS, meaning that the
optical environment of a tunnel junction is responsible for the inelastic part
of the tunneling current. The LDOS in the vicinity of metals as in the case
of a tunnel junction, is dominated by non-radiative modes like lossy waves or
surface plasmon polaritons [S0] which decreases the emission efficiency. The
use of optical antennas for enhancing the LDOS and the coupling to radiative
modes, has been a subject of intense research [51-53]. However, big part of
the emission is absorbed due to losses into the metal and the design of optical
antennas is limiting the area of emission to their dimensions which lies at the
nanometer scale. The 2D material platform provides an alternative to bulk metal
electrodes offering at the same time flat interfaces with big tunneling areas
of low thickness disorder. With the use of graphene as the top electrode light
emission is only lightly absorbed and can be detected in the far-field. In the
next chapter we study the light emission from a Gr/hBN/gold tunnel junction.

18



3.1 Light emitting tunnel junctions

a graphene

gold | hBN Gr
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Figure 3.2: (a) Device schematic of a graphene/hBN/gold tunnel junction.
(b) Microscope image of a fabricated device where the different flakes are
outlined. The overlap area defines the area of transport and inelastic tunneling
emission. The scale bar is 12.5 um (c) Band diagram of the device described
in (a). The momentum mismatch between the occupied states in gold and the
unoccupied states in graphene doesn’t allow elastic tunneling. (d) Projection
of golds Fermi surface (orange) and graphene’s Fermi surface (black) on
the plane of graphene’s k-space for a separation of 1 eV [54]. Dashed line
outlines graphene’s 1¢ Brillouin Zone (BZ).

3.1.3 Graphene/hBN/gold tunnel junctions

Let us consider the tunneling junction depicted in Fig. 3.2a. Graphene is used
as a top electrode and hBN acts as a tunneling barrier. The heterostructure
sits on top of a gold electrode. The device is fabricated with a dry pick-up
and transfer method (see Appendix A.1). A microscope image of the device
is shown in Fig. 3.2b where the different flakes are outlined. By applying bias
voltage V', between gold and graphene, as illustrated in Fig. 3.2c, we create
occupied states in gold and empty states in graphene in an energy range of eVy,.
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3 Light emission from van der Waals heterostructures

However, bandstructure schematics, as the one in Fig. 3.2c, lacks information in
momentum space (k-space). In reality transport in gold happens at the I" point
whereas graphene’s Dirac point is at the K point. Considering again Eqs. 3.1
and 3.2, in order to be able to conserve momentum we need an interaction that
can shift the electron from I' to K point. Even considering the projection of
gold’s Fermi surface on the k-space of graphene, as illustrated in Fig. 3.2d, we
see that the lack of overlap between them does not allow momentum conserving
electron transitions [54]. However, in the work of Zhang et al. [55] transport
from gold to graphene, in a scanning tunneling microscope (STM) junction, is
observed where they reveal a phonon-induced inelastic tunneling mechanism.
Such a process can allow coupling to optical modes since the phonon takes
care of the momentum mismatch. The simplified bandstructure in Fig. 3.2¢c
provides limited information on k-space. For that reason we expand it in three
dimensions where we can accommodate also the k-space in one additional axis.

The resulting graph is shown in Fig. 3.3a. We call such a graph that shows
spatial, spectral and bandstructure information, a bandagram in analogy to a
spectrogram that shows temporal and spectral characteristics. Following the
red arrow which shows the electron position in this three dimensional space
we see that the electron moves to the I' point of graphene (virtual state) where
it interacts with a phonon. This interaction provides momentum that brings
the electron to the K point of graphene and reduces the energy of the electron
by iQ. Provided available lower energy states in graphene, due to the applied
bias Vy, the electron can decay radiatively releasing a photon of energy fiw.
Rewriting Egs. 3.1 and 3.2 leads to

Ei=Ef+ﬁQ+ﬁw (38)
k; = kf +kph0n0n (3.9)

where we neglect photon momentum. For eV}, < iQ = 65 meV the electron has
no available state to tunnel that leads to a dip in the conductance measurements
shown in Fig. 3.3b. The other two dips observed are related to graphene doping
and the minimum of graphene’s DOS at the Dirac point [55, 56]. The graphene
layer allows the emitted light of such a tunnel junction to be collected from
the top. Emitted spectra for various Vy, values are shown in Fig. 3.3c. As
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Figure 3.3: (a) A three-dimensional band diagram of a graphene/hBN/gold
structure with momentum information (bandagram). The bandagram
representation helps for a complete illustration of the phonon and photon
interactions of tunneling electrons when transport happens in different k-space
points. (b) Conductance (d1/dV) measurements of the device presented in
Fig.3.2b. The inset shows the conductance curve in log-scale. The dip around
0 V is attributed to lack of tunneling below the phonon energy 7Q = 65 meV.
(c) Emission spectra in various V}, voltages. Inelastic tunneling occurs in the
whole eV}, range leading to a broad spectrum of emission with an energy
cut-off at eVy,.
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3 Light emission from van der Waals heterostructures

described previously the electron can inelastically tunnel from any occupied
state in gold in any empty state in graphene in the whole eV, range. This leads
to a broad spectrum of emission that presents a cut-off energy at eVy,. The real
space image of emission presented in Fig. 3.4a reveals homogeneous emission
through out the device area, demonstrating the advantage of using 2D materials
which provide low thickness disorder and flat interfaces.

The transition dipole in tunnel junctions is parallel to the flow of electrons.
In the vertical tunnel junction presented here this means an out-of-plane dipole
orientation as illustrated in Fig. 3.4b. The angular radiation pattern of emission
is revealed by imaging its Fourier space on a camera, as shown in Fig. 3.4c. A
characteristic of out-of-plane emission is strong high angle emission and zero
emission at the center. Although strong contribution of out-of-plane emission is
observed, there is contribution by in-plane emission. This in-plane emission
can originate from surface roughness and/or emission from the edges of the
gold electrode as well as from chromatic aberration of the optical system due to
the broad spectral emission. A big advantage of using graphene as an electrode
is that the layer where the emission originates from (the hBN layer) is accesible
up to nanometer distances making coupling of the tunnel junction with other
components, such as optical antennas or other layered materials, easier. In

Real space Fourier space

0 —: 1 i O 1
Norm. intensity Norm. intensity

Figure 3.4: (a) Real space and (c) Fourier space image of emission of the
device in Fig. 3.2b for V=2 V. The emission is homogeneous and presents
contributions from out-of-plane dipole radiation, as expected in vertical
transport tunnel junctions. (b) Schematic of the out-of-plane orientation of
the dipole generated in the tunnel junction.
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3.2 TMD-based light emitting devices

[56] such a structure is used as a basis for out-coupling radiation through cube
antennas on metallic substrates. Moreover, inelastic tunneling emission exhibits
ulrafast modulation capabilities to the GHz range [51] limited by the system
capacitance. However, the light emission efficiency lies at the order of 107%/eV
[56]. It has been shown that the use of optical antennas enhances the LDOS
[51, 52, 56] leading to enhanced emission, however this emission is often
localized and the maximum possible density of such sources is limited by the
antenna size and design. On the other hand, light emission based on direct
bandgap semiconductors relies on direct carrier injection and its efficiency is
limited mainly by the quantum yield of radiative electron-hole recombination.
In the next section we investigate electrically driven emission from TMD-based
light emitting devices.

3.2 TMD-based light emitting devices

In contrast to tunnel junctions that rely on photon-assisted inelastic tunneling,
TMD-based light emitting devices allow the use of direct carrier injection to
generate light. Let us assume the device structure shown in Fig. 3.5a. The
TMD is sandwiched between two electrodes (graphene and gold) from which
the carriers are injected and is separated from the electrodes by hBN tunneling
barriers which have double role. First, they allow electric field build up to
separate the Fermi level of the two electrodes and second they reduce the
probability of electron tunneling from the TMD to the electrode, increasing
in that way the probability of radiative electron-hole recombination. A band
diagram of such a double tunnel barrier light emitting device (DB-LED) is
presented in Fig. 3.5b. The principle of operation is the following: Under
applied bias eV},> Eeg electrons and holes are injected by tunneling to the CB
and VB, while later relax to an excitonic state with binding energy Ey. The
exciton generated can decay and emit a photon, owing to the direct bandgap of
the monolayer TMD.

The TMD used in this study is MoSe, with an A-exciton energy of 1.55 eV
and Eeg ~ 1.8 €V [57]. We first investigate the electroluminescence (EL) from
a device driven at 2 V. A microscope image of the emission is shown in
Fig. 3.5¢c, where the different flakes are outlined. The emission originates from
the overlap of graphene, gold and MoSe,. The EL intensity as a function of
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Figure 3.5: (a) A TMD-based double tunnel barrier light emitting device
structure (DB-LED). (b) Band diagram of a DB-LED illustrating the charge
injection mechanism that leads to exciton generation and subsequent light
emission. (¢) Microscope image of the electroluminesence (EL) emission
from the overlap area of gold, graphene and MoSe; for V}, =2 V. The tunnel
barrier and the encapsulating hBN flakes are not outlined for clarity. (d) EL
intensity as a function of Vy,. The dashed lines at Vi,= 1.55 V correspond
to the exciton energy of MoSe,. The inset illustrates in a band diagram the
process of direct tunneling to the excitonic state without the need to populate
both CB and VB.
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3.2 TMD-based light emitting devices

voltage is shown in Fig. 3.5d. Interestingly, emission starts at eV < Eeg. In fact,
the onset voltage corresponds to the optical bandgap of MoSe, (dashed lines
in Fig. 3.5d), implying that electrons and holes directly form excitons upon
tunneling at energies lower than Eeg [58, 59]. Such a process is illustrated in
the inset of Fig. 3.5d.

The recorded spectra for Vy= + 2 V are presented in Fig. 3.6a. Interestingly,
the two spectra present differences. For V, =2 V the peak appears at A= 815
nm (1.52 eV) implying a trion contribution to the luminescence whereas for
Vp=-2 V the peak appears at A= 795 nm that corresponds to the A-exciton. This
surprising asymmetry can be explained by a potential intrinsic hole-doping of
MoSe; and by taking into account the different DOS of the two electrodes. For
eVyp=+Eqg gold’s Fermi level aligns with the VB of MoSe; before graphene’s
Fermi level aligns with the CB (Fig. 3.6b). Gold populates strongly with
holes the VB due to its high DOS. In that way, the electrons coming from
graphene meet an excess of holes leading to a preferable positively charged
trion formation (X*). Investigating now the inverse case of eV<—Eqg, as
described in Fig. 3.6¢, graphene’s holes still populate the VB of MoSe, but not
as strongly as gold, due to graphene’s limited DOS. This leads to a preferable
formation of A-excitons when Vy, is negative. By looking at the emitted spectra
as a function of voltage, as presented in Fig. 3.6d, we observe that for positive
bias the emission slowly transforms from A-excitonic to trionic, demonstrating
that with increasing hole population the formation of trions dominates the
emitted spectrum. In negative voltages graphene provides DOS-limited holes
and the few electrons that tunnel from gold inside the bandgap of MoSe; bind
with them to form neutral excitons that contribute to the emission. Moreover,
emission from the B-exciton with an energy of 1.7 eV starts being visible
at higher voltages when the second spin-orbit split-band receives holes from
gold. Effectively, such a device demonstrates an electrically controlled switch
between trion and exciton emission by populating asymmetrically the VB. Three
specific conditions apply for such an operation to be possible in a DB-LED: 1)
The TMD needs to be p- or n-doped. 2) The DOS of the two electrodes needs to
significantly differ. 3) The TMD needs to have higher DOS than one of the two
electrodes. In this case, the electrode with lower than MoSe, DOS is graphene
[60].
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Figure 3.6: (a) Electroluminescence (EL) emission for both polarities. At
V=2 V mostly trions contribute to the emission. The spectrum appears
broadened due to the overlap with the neutral A-exciton emission. At
Vp=-2V the emission originates mainly from neutral A-exciton decays.
(b,c) Band diagrams describing the process of VB population and direct
exciton creation for positive bias (b) and negative bias (c). Gold populates
more strongly the TMD VB than graphene due to its high DOS leading to
trionic emission. (d) EL spectra as a function of V},. The dashed lines follow
the peak value of the spectra in every voltage. The resolution of the spectral
images was increased by bi-cubic interpolation. (e) dI/dV (conductance)
curve with dashed lines indicating the corresponding V', where eV}, matches
the A-exciton energy. The inset shows the dI/dV curve in log-scale to show
the gap-like feature measured due to phonon-assisted tunneling.

Finally, we study the conductance characteristics of the device as shown in
Fig. 3.6e. First, the phonon-mediated tunneling signature is observed in low
voltages (inset in Fig. 3.6e) as discussed for the case of Gr/hBN/gold tunnel
junctions, implying that electrons tunnel from gold to graphene through the
hBN and MoSe, bandgap. Moreover, the conductance for negative voltages,
increase significantly after -1.55 V that corresponds to the exciton energy of
MoSe; demonstrating that the excitonic state can assist tunneling by providing
an intermediate state at the tunneling electrons. For positive voltages however
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the conductance starts increasing already from V=1 V. We attribute this early
increase to the strong population of the VB from gold holes that facilitate an
increased transport though the device.

3.3 Conclusions

In this chapter we studied two different types of light emitting devices made
of van der Waals materials. First, we looked at Gr/hBN/gold heterostructures
where light emission was observed by inelastic tunneling electrons coupling to
photons. We discussed as well the particular case of the momentum mismatch
between graphene and gold that is bridged by phonons of low energy, facilitating
that way the transport in such structures. In the second part, we experimentally
investigated a TMD based DB-LED. We observed emission below the electronic
bandgap of the TMD and an asymmetric behavior in the spectrum of emission.
Our observations can be understood as direct tunneling to excitonic states with
strong hole population in the VB from gold. In our investigation we considered
the electronic and excitonic states of the material. However, we should consider
that the local density of optical states (LDOS) is enhanced by the presence
of the TMD inside the DB-LED, making it possible in that way to enhance
the inelastic tunneling rate and facilitate optical coupling between tunneling
electrons and TMD excitons. In order to explore this potential effect and gain
insight in the different available optical modes in such systems we theoretically
study in the next chapter, the LDOS of a dipole in layered structures.
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Density of optical states in 2D material systems

n the previous chapter we discussed how inelastic tunneling emission is
I affected by the optical density of states, as described by Eq. 3.5. Moreover,
we also observed sub-electronic bandgap emission in TMD based-LEDs which
can be understood as direct tunneling to excitonic states. However, contributions
from tunneling electrons coupling optically to excitons cannot be excluded. To
evaluate the role of LDOS in TMD-based light emitting devices it is instructive
to study the coupling of a dipole source in 2D structures and investigate the
various optical modes present in such interactions.

4.1 LDOS calculation in multilayer structures

Let us assume an electric point dipole situated inside a multilayer structure
with out-of-plane orientation as illustrated in Fig. 4.1. The dipole inside the
structure radiates. Due to the multiple transmitted and reflected fields at the
interfaces of the structure, part of the radiation acts back to the dipole. The
dipole’s dissipated power P in this case is calculated by [36]

1 1
P= Ew Im{p*E(rg)} = Ew pzImi{E;(rg)} “4.1)
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4 Density of optical states in 2D material systems

Figure 4.1: Illustration of a point electric dipole in a multilayer two-
dimensional structure. The optical environment defines the available LDOS
for the dipole to couple its electromagnetic energy. A and B are the amplitudes
of the upward and downward propagating waves at the dipole’s layer.

where w is the angular frequency of the emission, p = p, Z is the dipole
moment and E is the electric field at the dipole’s origin ry. The electric field
E(ry) is calculated by solving the electromagnetic problem using the boundary
conditions in every interface of the multilayer structure and is composed by
a source field and an interaction field E(rp) = Es(ro) + E;(ro). In a multilayer
system with assumed infinity in x-y plane, the different optical modes are
associated with specific in-plane wavevectors k| (see definition in Fig. 4.1).
Hence, it is convenient to express E(rp) in terms of its angular spectrum. By
considering only the z-component of the field, which is relevant to the dissipated

power of an out-of-plane dipole (see Eq. 4.1), the source field is written as [36]

i?p, [~ K .
Esy(2) = thile=zol g e 4.2
s2(2) Amc?eper fo k,k? ¢ | (42)

where c is the speed of light in vacuum, €y is the vacuum permittivity, €; is
the relative permittivity of the medium where the dipole is situated, k is the
absolute value of the wavevector k and along with its z-component k, fulfill the
relation k2 = kZ2 + k||2. The E;(rg) gives rise to fields with amplitudes A and B
that propagate upwards and downwards in the system, as shown in Fig. 4.1. The
optical density of states pop¢ is then calculated through its relation to P as [36]
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where pg = m2w?/c? is the vacuum LDOS ands Py is the dissipated power for a
point dipole in vacuum given by [36]
4.2
0= % (4.4)
For a detailed derivation of the LDOS in arbitrary complex 2D structures, please

refer to Appendix A.2.

4.2 Dipole over a gold substrate

Let us use a simple example of a dipole near a metallic surface to illustrate
the use of LDOS for analyzing layered systems. Figure 4.2a illustrates the
system, where the dipole is situated in vacuum at a distance d away from a
semi-infinitely thick and infinitely wide gold layer. The calculated LDOS for a
photon energy 7iw =1.5 eV is shown in Fig. 4.2b where different optical modes
are observed. The range 0 < k| / k¢ < 1 corresponds to radiative modes in free
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Figure 4.2: (a) An out-of-plane dipole situated at distance d from a gold
substrate. (b) Angular spectrum representation of the LDOS for a dipole
at d = 1 nm and for a photon energy 7iw = 1.5 eV. Three different optical
modes can be distinguished. The inset shows a close-up of the region around
k| /ko = 1 where the surface plasmon polariton (SPP) peak appears. Gold’s
optical properties taken from [61].
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space (photons) and it qualitatively expresses the fact that an out-of-plane dipole
emits mostly in-plane (k) /ko = 1). The narrow peak at slightly higher k values
corresponds to the surface plasmon polariton (SPP) modes accessible at these
photon energies. Finally, the biggest contribution to the LDOS comes from the
third broad peak that corresponds to non-radiative and non-propagating lossy
waves (LW) [50]. These modes are associated with the increased absorption
close to lossy materials at nanometer distances. It is a near-field effect that
can facilitate ET from a dipole to an absorptive material. The use of the term
"virtual photons" has also been used in the context of ET, to describe the particle
that is exchanged in this near-field interaction [62—64]. In this thesis we refer
to the modes that facilitate ET as non-radiative or LW modes.

These three different optical modes (photons, SPPs and LWs) can be excited
simultaneously. Photons by definition are radiative modes that can be detected
in the far-field. For detecting any non-radiative modes we need to couple them
to photons. SPPs propagate along the surface of the metal and coupling to
photons is achieved by the use of gratings or optical antennas. LWs on the
other hand do not propagate but decay fast inside the material, a process that is
seen as quenching of the dipole when it is at the vicinity of a lossy material *.
Figure 4.3a presents the dependence of the LDOS of every mode normalized
by the total LDOS (pmode/ Popt) as a function of distance d. Coupling to LW
modes dominates the region below 10 nm, while it vanishes rapidly towards
longer distances. Moreover, contributions to SPPs are higher compared to
photons up to hundreds of nanometers.

Although the relative LDOS is useful for comparing contributions from
different modes, the total LDOS is the one giving information on the total decay
rate. Figure 4.3b shows the total LDOS as a function of distance. Below 10 nm,
where LWs dominate, the LDOS is orders of magnitude higher compared to
longer distances. The above highlights the significance of LWs in nanometer
distances.

Finally, it is important to highlight that although the LDOS enhancement
is usually used as a term for increased emission, in our case we discuss

*We remind the reader that quenching can also be caused by charge transfer, as discussed in
Ch. 2, however the use of the term in the context of this thesis is mainly used for quenching due
to ET.
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Figure 4.3: (a) Relative LDOS (p0de/ Popt) Of the different optical modes
present at a gold-air system for 7iw = 1.5 eV. The LW modes dominate the
LDOS below 10 nm. (b) Total LDOS a function of distance d as illustrated in
the inset. The LDOS drops significantly above 10 nm highlighting that the
LW contribution in these distances is order of magnitude higher than other
optical modes.

enhancement that is associated to non-radiative modes and is not visible at
the farfield. In fact, the lifetime of the emitter’s excited state is shortened
due to the increased non-radiative LDOS. In that way, the radiative emission
rate is reduced (quenching) - a phenomenon that has been experimentally
demonstrated as a function of distance in single molecule fluorescence systems
in the proximity of gold nanoparticles [65].

4.3 Dipole over a TMD

In Ch. 3 we presented experimental results on light emitting devices based on
TMDs where the possibility of near-field optical interactions as energy transfer
was discussed. For gaining insight on that, let us assume the simple system of a
dipole near a TMD monolayer. The optical properties of TMDs are dominantly
defined by their excitonic resonances as shown in the absorption spectrum
presented in Fig. 2.1. This spectrum was measured through optical excitation at
the far-field [22]. However, the LW contribution, as presented in the previous
section, spans to an angular spectrum range towards high momenta that is not
accessible in optically excited electron transitions since these are limited close
to kj = 0 as illustrated in Fig. 4.4a with purple. Electronic transitions of higher
momenta lead to slightly different material optical response and since LW
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4 Density of optical states in 2D material systems

contributions span to a broad angular spectral range it is important to include
the momentum dependence in the calculations of LDOS.

Figure 4.4b shows the calculated LDOS angular spectrum for a dipole 1 nm
above a MoS; monolayer as a function of energy. The exciton resonances lead
to an increase of LDOS as it can be seen by the peaks that appear slightly
above 2 eV. The two peaks correspond to the A- and B-exciton and they shift to
higher energies with increasing kj according to the curvature of the parabolic
dispersion of the electron bands (see Fig. 4.4a). Moreover, it is again noticeable
that the high-angle LW region dominates the angular spectrum in such distances.
The peak-shifting effect due to the parabolic dispersion is noticeable in the
total LDOS spectrum (Fig. 4.5a) where the various contributions of the exciton
resonances overlap and the LDOS spectrum does not show distinct peaks rather
a broadened enhancement above the exciton resonance (~ 2 eV).

The dependence of LDOS to distance d is presented in Fig. 4.5b where,
as previously shown in the case of a dipole over a gold surface, the LDOS
significantly drops after 10 nm revealing that the biggest contribution comes
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Figure 4.4: (a) Band diagram schematic of zero momentum (purple) and
finite momentum (red) electronic transitions, associated with far-field and
near-field interactions, respectively. (b) Angular spectrum representation of
the LDOS for a dipole over a MoS, monolayer as a function of energy. Peaks
appear above 2 eV due to the exciton resonances which shift to higher energies
with increasing k (optical properties of MoS; provided by Fadil Iyikanat at
ICFO, Barcelona, through first-principles calculations in the framework of
many-body perturbation theory).
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Figure 4.5: (a) Total LDOS spectra showing the increase of LDOS at energies
above the A exciton resonance (2 eV) for a distance between dipole and TMD
of d =1 nm. (b) LDOS as a function of distance underlining the increase
below 10 nm due to LW modes for a photon energy of iw = 2.5 eV. (c) LDOS
dependence on the thickness of the TMD for a distance d = 1 nm, using the
assumption that the optical properties for different numbers of layers do not
drastically change [66] for a photon energy of fiw = 2.5 eV

from LW modes that have a strong dependence to distance in few nanometers
scale. Finally, we study the dependence of LDOS to the number of TMD
layers. Due to lack of information on the angular spectrum of the optical
properties of multilayer TMDs we complete the analysis at the basis of the
assumption that the optical properties remain the same and only the thickness
is changing. In fact, despite the transition of TMDs from direct to indirect
bandgap semiconductors from monolayer to bilayer the optical properties do
not differ significantly [66]. The result is shown in Fig. 4.5¢c. A non-intuitive
effect is observed, the LDOS is dropping with the number of TMD layers.
This can be explained qualitatively if we consider that in the monolayer case,
the induced optical field distribution extents outside of the material more than
in the multilayer case. This increases the interaction between the dipole and
the optical modes of the material increasing the LDOS. With increasing TMD
thickness this interaction decreases which causes the LDOS to drop. Indeed,
in previous experimental studies, it has been observed that the decay rate of
emitters close to TMDs decreases with thickness [67, 68].

4.4 Conclusions

In this chapter we discussed the different optical modes that are excited at
layered structures when the emitter is situated at nanometric distances. We
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4 Density of optical states in 2D material systems

found that the main contribution to the LDOS comes from LW modes commonly
associated with emitter quenching. This study reveals the possibility to use these
lossy channels in order to efficiently generate excitons by optically coupling to
TMDs at nanometric distances through ET. In the next chapter we investigate
such possibility by optically coupling TMDs to tunnel junctions.
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Energy transfer from tunneling electrons to

excitons

This chapter is based in part on the publication: S. Papadopoulos *, L. Wang *, T. Taniguchi,
K. Watanabe and L. Novotny, Energy transfer from tunneling electrons to excitons, arXiv:

2209.11641 (2022). * These authors contributed equally.

n the previous chapter we analyzed the different optical modes that can be
I excited by a point dipole at layered structures. We revealed theoretically,
in that way, the possibility of efficiently generating excitons in TMD-coupled
LEDs in an unconventional way, by inelastic electron tunneling coupling to
near field modes, that can contribute to the electrically driven luminescence. In
this chapter we study this possibility experimentally and we present results that
suggest strong coupling between tunneling electrons and TMD excitons.

5.1 Exciton generation in TMDs

In the past, exciton generation in optoelectronic devices has been studied
through optical excitation [16, 19, 23-25, 69], external carrier injection [13,
58, 70-82], or employing pre-existing charges in the material [83]. Here we
make use of atomically thin 2D materials and the flat interfaces between them
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5 Energy transfer from tunneling electrons to excitons

to preserve optical coupling in near-field distances between a TMD and a
tunnel junction. To decouple charge injection effects, as presented in Ch. 3,
the TMD is placed on top of a gold-hBN-graphene tunnel junction, i.e. outside
of the tunneling pathway as shown in Fig. 5.1a. The emission spectrum
presented in Fig. 5.1b features a distinct peak at the exciton energy of the
TMD. We interpret this observation as exciton generation by energy transfer
from tunneling electrons, which is further supported by a theoretical model

based on inelastic electron tunneling.
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Figure 5.1: Exciton generation in TMD-coupled tunnel junctions. (a) Device
composed of a WSep-coupled graphene-hexagonal boron nitride (hBN)-gold
tunnel junction. The WSe; layer is stacked on top of the junction. When a bias
voltage V}, is applied between graphene and gold, excitons are generated
in WSey. (b) Measured spectrum at room temperature of the electrically

generated emission for Vi, = 2V. The peak position matches the WSep
exciton energy and the spectral width matches the thermal energy kgT.

5.2 TMD-coupled tunnel junctions

The devices are fabricated by stacking mechanically exfoliated flakes of 2D
materials with a dry pickup and transfer technique (see Appendix A.1). The
resulting tunnel junctions consist of a graphene and a gold electrode separated
by a 2.3 nm thick hBN acting as a tunneling barrier. The TMD is stacked on
top of the junction and optionally separated from the graphene electrode by a
second hBN layer.

Figure 5.2a shows a false-color microscope image of the device with an
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Figure 5.2: WSe,-coupled tunnel junction. (a) Optical microscope image in
false-color of a fabricated WSe;-Graphene-hBN-gold device. The different
flakes are outlined. The encapsulating hBN flake is not shown for clarity. The
dashed frame indicates the device area depicted in (c) and (d). (b) Recorded
emission spectra from the whole device area. Contributions from radiative
mode coupling (photon-coupling) and non-radiative mode coupling (exciton-
coupling) are observed. Real space (c,d) and Fourier space (e,f) images of the
emission from the dashed box in (a) for V}, = 2 V. The full emission spectrum
is used in (c) and (e) whereas a bandpass filter with a center wavelength of
900 nm and 40 nm full-width-half-maximum (fwhm) is used in (d) and (f).
Only half of every Fourier space is imaged for ease of comparison. The white
solid lines are the rotational averages of the two Fourier spaces in (e) and (f).
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5 Energy transfer from tunneling electrons to excitons

outline of the different flakes. The device area is indicated by a white dashed
box. The tunnel junction area is defined by the overlap of the gold electrode
and the graphene flake. The WSe; flake is only partially covering the tunneling
area. This creates two different tunneling regions, with and without WSe, on
top. We electrically and optically characterize the device by applying a bias
voltage (V},) between the gold and graphene electrodes, as indicated in Fig. 5.2a,
and we collect the emitted light with a high-numerical aperture objective (see
Appendix A.3). The spectra emitted from the whole tunneling area for various
Vp values are presented in Fig. 5.2b. There are two distinct contributions in
the spectra. A broad emission at lower energies and a narrow emission peak at
1.63 eV (762 nm). The broad emission shifts to higher photon energies as Vy, is
increased. This behavior suggests that the emission originates from inelastic
electron tunneling that couples to radiative modes of the free-space continuum
(photon-coupling) with eV, being the cut-off energy of emission as presented
in Ch. 3 for a graphene/hBN/gold heterostructure. The narrow peak at 1.63 eV
corresponds to the neutral 1s A-exciton of WSe, and its narrow width of around
25meV can be attributed to graphene filtering as discussed in Ch. 2.

To further our understanding, we study the emission distribution for differ-
ent spectral regions. Real space images of the photon emission are presented
in Fig. 5.2c, where we observe that the area covered by WSe, dominates the
emission and in Fig. 5.2d, where the emission is filtered by a bandpass filter
at 900 nm. This is a spectral region where the excitonic contribution is much
reduced and the emission extends over both device areas. This indicates that the
broad low energy contribution indeed originates from photon-coupling and is
not associated with the presence of WSe,. To understand the angular emission
of the device we record Fourier-space images. Fig. 5.2e shows the Fourier
space image of the full emission spectrum whereas Fig. 5.2f depicts the Fourier
space image of the bandpass filtered light around 900 nm. For the spectrally
filtered measurement at 900 nm, the emission vanishes at the center of the
Fourier space (kx = k, = 0) (Fig. 5.2f) indicative for an out-of-plane dipole
orientation. This is characteristic of inelastic electron tunneling where the
transition dipole is oriented along the electron path. On the other hand, when
measuring the full spectrum, the Fourier space image (Fig. 5.2e) is not zero at
kx = ky = 0, which indicates an in-plane contribution. This extra contribution is
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5.2 TMD-coupled tunnel junctions

associated with the excitonic emission of WSe,, which is known to originate
from in-plane transitions [84]. We emphasize that in our devices any exciton
generation due to electron-hole injection is avoided due to the WSe; being
outside of the tunneling pathway. This is further supported by the fact that very
similar emission spectra are observed for negative Vy, (see Appendix B). For
these reasons we conclude that excitons are generated in the TMD by ET from
tunneling electrons.

We continue to investigate this exciton generation process by considering the
band diagram shown in Fig. 5.3a. Upon application of bias V}, electrons tunnel
from one electrode to the other, elastically or inelastically. In the latter case,
the transition dipole associated with the energy loss AE couples to available
optical modes of the environment. Some of these modes are radiative (photons)
as in the case of the broad emission observed in Fig. 5.2b, or non-radiative, as
in the case of ET. This ET mechanism generates excitons in WSe;, and their
spontaneous decay contributes to the narrow emission peak in the spectra of Fig.
5.2b. Thus, the excitonic emission observed in our device is a two step process,
in which the transition energy is first transferred to the WSe, exciton and then
spontaneously emitted (excifon-coupling). In Ch. 3 we discussed that tunneling
from graphene to gold is facilitated by the interaction with phonons making
in reality the exciton generation process described here a three step process.
However, this discussion is omitted in this chapter by treating the tunneling
process with no coupling to optical modes as quasi-elastic.

Next, we compare the ET efficiency to the photon-coupling efficiency. To
do that we first break down the processes to the involved interactions (see
pictorial representation in Fig. 5.3b) and we assign conversion efficiencies.
Both photon- and exciton-coupling processes describe an electron-to-photon
(e-y) conversion. Photon-coupling is a first order process for which we define
an e-y conversion efficiency as ne.y. Exciton-coupling is a second order process
in which we can assign a combined efficiency 7'e.y = e I)x-y, Where nex is
the ET efficiency and 7.y is the exciton to photon conversion efficiency. From
the spectra shown in Fig. 5.2b, we can infer a value of 4.3 for the ratio between
the photon-coupled emission and the exciton-coupled emission. We calculate
the ratio 7e.x/7e-y using the following relationship,
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Figure 5.3: Photon and exciton coupling of inelastic tunneling electrons. (a)
Band diagram of the TMD-coupled tunnel junction. A voltage V}, is applied
across the hBN barrier between graphene and gold electrodes. Part of the
electrons tunnel inelastically. They either couple to radiative modes (1) or
couple non-radiatively to the TMD via ET (2). The generated excitons decay
radiatively making the ET process detectable in the farfield. Band offsets not
in scale. (b) Pictorial representation of the physical processes involved in
the light emission. In (1) electron-hole recombination is followed by photon
emission. In (2) ET is depicted as a virtual photon v, that couples to the
TMD and creates an electron-hole pair (x). The electron-phonon interaction
that facilitates the tunneling between graphene and gold, as described in Ch. 3
is omitted in this description.
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where Iy is the exciton coupled emission, I, is the photon coupled emission,

S.D

1, and n | is the collection efficiency for an in-plane and an out-of-plane
dipole, respectively. The 7y, expresses the PL efficiency of the WSe; flake
which is measured to be around 1.5-107°. The low value results from graphene
quenching [33]. We arrive at an estimation of the ratio Z‘;—j =10*. This result
indicates that ET is orders of magnitude more efficient than direct photon
emission. In order to shed light on this surprising finding we analyze in the next
section the density of optical states near a monolayer TMD.
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5.3 Optical density of states near monolayer TMDs

5.3 Optical density of states near monolayer TMDs

In Ch. 4 we mentioned that when a dipole interacts with an absorbing material
at a distance much smaller than the wavelength, the largest fraction of the
dissipated power is associated with non-radiative energy transfer (ET) from
the dipole to the material [50, 64]. The rate of this process is related to the
local density of optical states (LDOS) pop¢. In Fig. 5.4 we show the calculated
angular spectral density of the LDOS, ({jp—,;"l‘m, as a function of k| for the simple
case of a dipole at 2nm distance from a TMD monolayer. Here, kj is the
wavevector component along the plane of the TMD monolayer (see inset in
Fig. 5.4) and ky is the wavenumber for a photon energy equal to the exciton
energy of WSe,. The calculated pop¢ for kj < ko includes radiative modes
associated with photon emission (p;) whereas the region k| > ko accounts for
non-radiative modes (py;) associated with ET. py; is orders of magnitude higher
than p;. Moreover, the influence of the TMD on p; enhancement is negligible.
Hence, the TMD introduces mainly additional non-radiative decay channels
that are associated with near-field ET (popt = pnr), and is the reason for the
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Figure 5.4: LDOS near a TMD. Angular spectral density of popt for the case
of an out-of-plane dipole placed 2 nm away from a monolayer WSe,. Optical
properties are taken from [22]. The contribution of non-radiative modes (onr)
is substantially higher than the contribution of radiative modes (py). The
calculation assumes a photon energy of 1.68 eV, matching the exciton energy
of [22]. The x-axis is normalized by the vacuum wavenumber kg and the
y-axis is normalized by pg/kp, where pg is the vacaum LDOS. The inset
illustrates the calculated system.
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5 Energy transfer from tunneling electrons to excitons

high Z:; ratio. The ET process in our measurements is highly efficient and

shows that near-field interactions at nanoscale distances are dominating the

LDOS. Here, we probe this non-radiative interaction by using a direct-gap
semiconductor whose luminescence is a direct measure for the ET efficiency.
In essence, the TMD acts as a receiving optical antenna that enhances the
LDOS and converts non-radiative modes to a measurable signal. We refer to
this process as electron-photo-luminescence (ePL) since it is triggered by an
electron that transfers energy through optical modes to WSe,.

5.4 Dependence on TMD-Graphene separation

To further test our interpretation, we study the dependence of the excitonic
emission on the distance between the TMD and the tunnel junction. A device
schematic is shown in Fig. 5.5a where we vary the coupling to the TMD
by changing the thickness ds; of a hBN spacer layer (s-hBN) in different
device regions. Figure 5.5b shows the emitted light from a device where the
s-hBN presents steps in thickness in the tunnel junction area. Four regions of
emission are created. Three with different s-hBN thicknesses (6, 5 and 4 layers)
and one without WSe, on top. We observe that the emission gets stronger
the thinner the s-hBN is. As evidenced by the spectra shown in Fig. 5.5¢ the
enhanced emission can be entirely attributed to the strength of the excitonic
peak. We thus find that the excitonic contribution increases for thinner s-hBN in
contrast to the broadband background that does not show any major change. A
comparison of the excitonic emission intensity Iy for different ds at V, =2V
is given in Fig. 5.5d. To be able to compare the rate of excitonic emission of
different devices we normalize the measured emission intensity Iy by the area of
emission and by the relative PL efficiency of the flake. Finally we normalize by
the photon-coupled background emission Iy in every device. This normalization
is necessary because in every device the tunneling barrier thickness may vary by
+0.33nm. This has a minor effect on the optical coupling but it can drastically
affect yinel through the momentum matrix element P (Eq. 3.6). This impacts
the exciton generation rate I'y making the direct comparison between different
devices difficult. However, since I, is directly proportional to P we use it
to normalize the Iy emission and be able to compare devices with different
TMD to tunnel junction distances (Fig. 5.5d). The data points in Fig. 5.5d
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Figure 5.5: Energy transfer distance dependence. (a) Schematic of a
TMD separated from the tunnel junction by a spacer-hBN (s-hBN). The
coupling strength between TMD and the tunnel junction is varied using
different s-hBN thicknesses ds. (b) Real-space image of emission from
the WSe»/hBN/Gr/hBN/gold device. Strongest emission is observed from
the thinnest s-hBN region. The emission is filtered with a bandpass filter
(Acenter = 750 nm and fwhm = 40 nm). The scale bar is 4 um. (c) Spectra
measured on areas with different s-hBN thickness and for V, = 2V. The
broad spectral background corresponds to direct photon coupling and is also
observed in areas with no WSes. (d) Excitonic emission I as a function of ds.
The values are normalized with the PL efficiency, the emission area and the
intensity of background emission. The measurement point at ds = 0 nm refers
to the device presented in Fig. 5.2. The three points between dg = 1 nm and
2.5 nm refer to the device presented in Fig. 5.5b and the point at ds = 5nm
refers to a third device that is presented in Appendix B. The dashed curve is
the result of Eq. 5.2 for the material system illustrated in a. The dielectric
functions for graphene, hBN and gold are taken from [61, 85, 86]. The solid
curve is a fit with an inverse square distance function. D + ds is the distance
between the TMD and the center of the b-hBN layer as illustrated in (a).
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5 Energy transfer from tunneling electrons to excitons

clearly show that the rate of exciton generation, and hence the ET rate, decay
superlinearly with the separation ds. Iy can be modeled by calculating the
exciton generation rate I'y. By using inelastic tunneling theory [47] T'x assumes

the following expression,

0
ine1 (@ Vb)

*Y
[x(V, ds) o j(; 00@) [Popt (@, ds) — popt(w,00)]dw (5.2)

where w is the angular frequency, y?nel is the inelastic tunneling spectral rate in
vacuum and pg is the vacuum LDOS.

As shown pictorially in Fig. 5.6, in our model the exciton generation rate is
defined by the overlap of the inelastic spectral rate in vacuum with the LDOS
and the absorption spectrum. We approximate the LDOS responsible for exciton
generation by popt(w, ds) — popt(w,00) which assumes that the states provided
by the TMD, leading to exciton generation, vanish for dg — co.

The LDOS calculation process of multilayer structures is presented in
Ch. 4. The calculated I'y as a function of distance dg and for Vi = 2V is
plotted in Fig. 5.5d. It agrees well with the distance dependent measurement.
Interestingly, both T’y and the measured data can be described by a simple
inverse square law, as shown in Fig. 5.5d. Similar observations were reported
for ET between optically excited TMDs [87]. There is good agreement between
our theoretical model and our experimental measurements that supports further
our interpretation.

5.5 Monolayer vs bilayer TMD

We continue our study by using a different TMD (MoSe;) and by comparing

ET for monolayers (1L) and bilayers (2L). Figure 5.7a shows a schematic of

ePL
2L )

) owing to the indirect bandgap of 2L

the device and the measured ePL spectra. The emission for 2L MoSe; (I

ePL
1L

MoSe;. To compare this ET-mediated photoluminescence (ePL) with optically

is less intense than for 1L MoSe; (I

excited photoluminescence (PL), we optically excite the two regions with a

laser and measure the corresponding emission spectra [ }fﬁ and IZPI%,

The measurements are presented in Fig. 5.7b. The center wavelengths and the

respectively.

shapes of PL and ePL spectra match very well, which supports the interpretation
that ePL corresponds to spontaneous exciton emission. We note however, that
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Figure 5.6: Spectral break-down of exciton generation rate I'y. Pictorial
representation of Eq. 5.2 where the ovelap of the spectral components defines
I'x.
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occurs near Vi, = 1.75V, as shown in Fig. 5.7¢c, which depicts the integrated

depends on Vy,. In fact, I gEL is stronger than I¢ ™~ for low voltages and a crossing
spectral intensity for different voltages. By employing the model in Eq. 5.2 we
are able to reproduce this effect qualitatively. The result of this calculation is
given in the inset of Fig. 5.7c. The reason for this voltage dependence are the
different optical properties of 1L and 2L MoSey, i.e. the absorption spectrum
of 2L MoSe? features a cut-off energy at lower energies than the 1L MoSe;.
This explains the earlier onset-voltage for IS~ in Fig. 5.7c. Moreover, the two
curves are also affected by the dependence of the LDOS on flake thickness. The
rate of ET to a 2L TMD is lower compared to a 1L despite the fact that the 2L
TMD is thicker, as discussed in Ch. 4.

5.6 Discussion

The exciton generation mechanism, discussed in this chapter, is an electro-
magnetic phenomenon that is usually neglected in the analysis of tunneling
driven systems. The tunneling probability of an electron relies on the available
electronic states but also optical states. In semiconducting materials, exciton
resonances provide non-radiative optical states that couple strongly with in-
elastic electrons increasing the tunneling probability. This leads to near-field
generation of excitons even for applied voltages below the electronic bandgap
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Figure 5.7: Tunnel junctions coupled to monolayer (1L) and bilayer (2L)
MoSe;. (a) ePL emission spectra from a device with 1L and 2L MoSe;.
Spectra taken at V = 1.9V. The inset shows the device schematic. (b)
PL emission from 1L and 2L regions of the same device. (c) Integrated
intensities of the ePL spectra in (a) as a function of Vy,. The inset shows the
corresponding theoretical curves based on Eq. 5.2.

of the material, thus contributing to sub-bandgap emission. Such low voltage
emission has been previously studied with interpretations varying from direct
exciton formation [58] to Auger scattering [79]. Here we show that ET from
tunneling electrons can contribute to this sub-bandgap emission. Moreover,
in terms of the efficiency of the process, in our measurements we observe
electron-to-photon conversion efficiencies between 10™7eV ™! and 10 6eV !
at excitonic energies. The main limitation comes from the low quantum yield
of TMDs that is at the order of 107 in our devices. This value decreases even
further due to gold and graphene quenching. A way to overcome this limitation
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is by gating the structure and/or tuning the distance from the graphene electrode
for optimized emission. More discussion on these possibilities is included in
Ch. 8.

5.7 Dipole orientation

It is worth mentioning that the transition dipole orientation and the excitonic
dipole are perpendicular to each other as illustrated in Fig. 5.8a. Such a
disagreement in orientation decreases the coupling between them. In case the
two dipoles are positioned on top of each other the coupling is zero. However,
for slightly misaligned dipoles the coupling is not zero and is comparable to the
optimum case where the two dipoles are parallel. To show that, we calculate
the dipole orientation factor x as [88]

K = fie flex —3(fle - ) (flex - ) 5.3)

where fi; and flex are the unit vectors of the tunneling electron and exciton
dipoles, respectively and t is the unit vector of vector r that connects the two
dipoles (see Fig. 5.8b). For the coupling between two single dipoles (0D-0D)
the rate of ET (kgr) is proportional to x2/1%. We calculate the normalized x?/r%
quantity for different horizontal and vertical displacements between them (X,y)
in Fig. 5.8b. We can see that around x = 0 nm the coupling is zero due to the
fact that the two dipoles are on top of each other. However, for increasing
distance x the kgt increases since the radiation patterns of the two dipoles start
overlapping. This increase in kgt is comparable to the values achievable in the
optimal case where the two dipoles are parallel as shown by the calculation
in Fig. 5.8c. As an example, for x = 0.15 nm and y = 0.5 nm, the kgt for the
case of perpendicular dipoles (Fig. 5.8b) is only 30% weaker compared to the
case of parallel dipoles for x =0 nm and y = 0.5 nm (Fig. 5.8¢c). Of course,
in the case of parallel dipoles a bigger part of the x, y parameter space shows
increased kgt making the parallel dipole configuration much more efficient. In
practical terms though, a 2D vertical tunnel junction, as in our design, couples
at a much bigger area to TMDs than in the case of a horizontal tunnel junction
that necessarily has reduced dimensionality (OD or 1D) with that compensating
for the lack of agreement in dipole orientation.
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Figure 5.8: (a) The tunneling electron dipole and the excitonic dipole are
perpendicular to each other. (b,c) Calculation of k2/r (proportional to kgt)
for the case of (b) perpendicular and (c) parallel dipoles for different x and y
values as presented in the inset of b and c. The colorbar is common between
bandc.

5.8 Conclusions

We investigated ET from a tunnel junction to TMD excitons. Our studies are
based on vdW tunnel devices in which the TMD is placed outside the electronic
pathway, ensuring that there is no direct charge injection into the TMD. We
studied emission spectra as well as real space and Fourier space emission
patterns and we concluded that when the tunnel junction is under bias excitons
are generated. This observation is understood by ET from tunneling electrons to
excitons. Emission from excitons is observed even when the TMD is separated
from the junction by a hBN spacer layer. Our calculations reveal that non-
radiative modes of the LDOS are strongly increased at the exciton energy.
These non-radiative modes are responsible for the efficient energy transfer
from the tunnel junction to the TMD. Our theoretical model based on inelastic
tunneling theory and near-field coupling is in agreement with our experimental
results. Finally, we discuss that the lack of agreement in orientation between the
tunneling electron dipole and the excitonic dipole reduces the coupling between
them. However, this is compensated first by the interaction of horizontally
misaligned dipoles which is still comparable to the case of parallel dipoles and
second from the increased tunneling area of our vertical tunnel junctions as
compared to horizontal ones.
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Exciton-assisted electron tunneling

This chapter is based in part on the publication: L. Wang *, S. Papadopoulos *, F. Iyikanat *, J.
Zhang, J. Huang, T. Taniguchi, K. Watanabe, M. Galame, M. L. Perrin, F. J. Garcia de Abajo and
L. Novotny, Exciton assisted electron tunneling in van der Waals heterostructures, just accepted

in Nature Materials (2023). * These authors contributed equally.

n the previous chapter we investigated light emission from tunnel junctions

which were optically coupled to TMDs. We observed excitonic emission
which we attributed to ET from tunneling electrons to excitons. The ET
mechanism appeared to be orders of magnitude more efficient than direct
coupling to radiative modes. We also showed theoretically that this increase in
efficiency is related to LDOS enhancement that affects the inelastic electron
tunneling rate T'jhe (Eqs. 3.5 and 3.7) . As a consequence, an increase in the total
current is expected. Although LDOS enhancement in optical antennas driven
by tunneling has been observed optically in the past [51-53], the signature of
Tinel in the current has not been yet observed. This happens due to the small
size of the antennas compared to the overall tunnel junctions or due to elastic
current masking the inelastic contribution. Moreover, in cases where the tunnel
junction is the antenna itself [52] the electronic states are not sufficiently defined
to allow discrimination between I'¢; and I'j,e. Reference measurements without
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6 Exciton-assisted electron tunneling

the optical effects are not possible, in that case, since the tunnel junction is the
optical antenna itself. In the case of TMD-coupled tunnel junctions as presented
in this work, the TMD covers a big area of the overall tunnel junction and the
2D material platform allows us to design reference tunnel junctions without a
TMD, on the same chip. In this chapter we present results on electron transport
in TMD-coupled tunnel junctions where an increase in current is observed that
can be associated with inelastic tunneling enhancement.

6.1 Transport measurements of TMD-coupled and
uncoupled tunnel junctions

In this section we compare two tunnel junctions, one uncoupled and one
TMD-coupled, as shown in Fig. 6.1a and b, respectively. The tunneling
barrier of the two junctions is 2.3 nm thick hBN. We source the voltage and
we measure the current for each. The I-V measurements are presented in
Figs. 6.1c, d for the uncoupled and TMD-coupled device, respectively. The
two curves look identical with a small scaling factor difference due to the
different tunnel junction area. We look at the transport characteristics in more
detail by calculating the current derivative (dI/dV). In that way we evaluate the
conductance of the device as a function of Vy, as shown in Figs. 6.1e, f. The
gap-like effect of the phonon-assisted tunneling is observed in both devices for
Vp around 0 V as described in section 3.1.3, indicating that the TMD does not
affect the low voltage tunneling regime. A small increase in conductance is
observed around V=-1.6 V, however the effect is not clearly discernible and
evaluating higher voltages is not possible without damaging the device due to the
breakdown voltage of hBN being around 1 V/nm [89]. Although the transport
characteristics between the two devices do not present significant differences,
we showed in Ch. 5 that efficient optical coupling occurs between tunneling
electrons and TMDs that could lead to an increase in inelastic tunneling current.
However, such an increase is challenging to spot due to excess of elastic
tunneling current in our measurements®.

As a next step we study again uncoupled and coupled devices but with

*We remind the reader that references to elastic current in Gr/hBN/gold devices refer to
quasi-elastic phonon-mediated current as discussed in Ch. 3.
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Figure 6.1: (a) A Gr/hBN/gold and (b) a WSe,/Gr/hBN/gold tunnel junction,
both with a thin hBN tunnel barrier of around 2.3 nm. (b) I-V and (c)
dI/dV curve of a Gr/hBN/gold device. (e) I-V and (f) dI/dV curve of a
WSe,/Gr/hBN/gold device.

a thicker hBN layer as tunneling barrier. We fabricate two tunnel junctions
without and with WSe, (see Fig. 6.2a, b) and with a thick hBN barrier of around
3-4 nm. We measure the current while sourcing the voltage in both. The I-V
curves are presented in Figs. 6.2c, d. We first observe that the current has
dropped around 5-6 orders of magnitude compared to the devices presented
in Fig. 6.1 due to the exponential decrease of the total current with the barrier
thickness. Moreover, the curve becomes more asymmetric. We attribute this
increase to gold’s DOS increase at negative voltages [56]. The two I-V curves do
not differ substantially. We move on by comparing the respective conductance
curves presented in Figs. 6.2¢, f. Remarkably, we observe a clear difference
between the two curves. In contrast to the reference device, however, we
now observe a pronounced resonance peak at ~1.69 V. The energy of 1.69 eV
matches well that of excitonic excitations in monolayer WS, [90, 91], which
provides strong support in favor of the exciton-assisted tunneling mechanism.

The WSe,-coupled device presents a peak around V,=1.69 V which can be
attributed to the 1s A-exciton with energy 1.65 eV. The small shift in energy is
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6 Exciton-assisted electron tunneling

possibly related to the background conductance slope. Such a feature does not
appear at the conductance curve of the uncoupled device. This lets us conclude
that the observed peak is related to the WSe, A-exciton and since the TMD is
situated outside of the tunneling pathway lets us interpret such a signature as

exciton-assisted tunneling by ET from electrons to excitons.
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Figure 6.2: A Gr/hBN/gold and (b) a WSe»/Gr/hBN/gold tunnel junction,
both with a thick hBN tunnel barrier of around 3-4 nm. (b) I-V and (¢)
dl/dV curve of a Gr/hBN/gold device. (e) I-V and (f) dI/dV curve of a
WSe,/Gr/hBN/gold device.

In order to provide further evidence of the excitonic nature of the peak
appearing in the conductance curve in Fig. 6.2f we expand our study by looking
at different TMD devices, measured at various temperatures down to 10 K. The
results for WS, WSe;, MoS, and MoSe; devices are shown in Fig. 6.3.

In all four devices we observe the same temperature trend: the peaks
become sharper due to the decreased thermal broadening and shift towards
higher energies. For the WS, device, we observe a shift in peak position to
larger bias voltages, from ~2.05V (290 K) to ~2.07 V (10 K), consistent with the
temperature-dependent measurements of excitonic resonances in WS, [92, 93].
Upon closer inspection, we find another resonance near 2.26 V, which becomes
visible at low temperatures for the WS, device (Fig. 6.3a) suggesting coupling
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Figure 6.3: Temperature dependent differential conductance (dI/dV)
measurements for (a) WS, (b) MoS», (c) WSe and (d) MoSey devices.
The devices presented in this figure were fabricated by Lujun Wang with
support from Jing Huang and Sotirios Papadopoulos and measured by Jian
Zhang in EMPA, Diibendorf.

to excitons of higher energy. Measurements for a MoS, device are plotted in
Fig. 6.3b, where a main peak at V4, = 2.1V is observed, exhibiting a similar
temperature dependence as the WS, device. A weak feature appears at slightly
lower V}, and develops into two distinct shoulders at lower temperatures, one
at ~1.92V and another one at ~2.02 V. The irregular features at bias voltages
beyond 2.2V, especially at high temperatures, are attributed to measurement
instabilities. For the WSe, device shown in Fig. 6.3c, we observe a main
resonance at 14, = 1.69V and the temperature dependence is similar to the
previous two devices. The wiggles appearing at higher bias voltages are
assigned to measurement instabilities. The MoSe;, device plotted in Fig. 6.3d
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6 Exciton-assisted electron tunneling

presents the same temperature behaviour. The resonance in this case appears at
W = 1.9V. The smaller feature at ~2.04 V, which becomes more pronounced at
low temperatures, is likely arising from higher energy excitons. The resonances
appear at different bias voltages for every TMD, an observation that hints to
exciton coupling.

By using PL spectroscopy, as described in Ch. 2, we can measure the
energies for the TMD direct excitons in our devices. Table 6.1 presents the
measured A and B exciton energies (Ex,, Ex,) as compared to the bias voltage
in which the dI/dV peaks appear for all studied TMDs (column 2 and 3). The
two energy values do not agree. The difference in energy between the two
(eVpear-Ex,) is calculated in column 4 of Table 6.1. All dI/dV peaks appear at
higher energies than the corresponding A excitons. It appears that the interaction
that manifests itself through the increased current, is not in agreement with
direct exciton transitions.

In Ch. 3 we introduced a Gr/hBN/gold light emitting tunnel junction where
we discussed that the tunneling between graphene and gold is facilitated with
an electron-phonon interaction that bridges the momentum mismatch between
the K-point and I'-point. Following this interaction an electron can decay
into a photon through a direct transition. In Ch. 5 we introduced the concept
of such a decaying electron coupling to direct excitons that can radiatively
decay, as described also by the bandagram presented in Fig. 6.4a. The lack
of agreement however between the dI/dV peak energy values and the direct
exciton energies measured through PL spectroscopy leads us to investigate other

material Ex,, Ex, ak eVypeak-Ex,  spectroscopy k- p theory
PL (eV) V) (meV) [94, 95] [96]
(meV) (meV)
WS, 1.98, - 2.07 90 120 58
MoS, 1.87,2.0 2.1 230 150 256
WSe; 1.64, - 1.675 35 -150/-80 32
MoSe, 157,172 19 330 130/ 190 163

Table 6.1

56



6.1 Transport measurements of TMD-coupled and uncoupled tunnel junctions

a two-step process b
El
K
M K Q r
K direct
o exciton
d one-step process
c
El ,
Kk
A / K indirect
\ ’ gr

exciton

graphene

Figure 6.4: (a) Bandagram of a two-step tunneling process where the
momentum is conserved by an interaction with a phonon and the energy
is conserved by creating a direct exciton. The phonon energy is much
smaller than the exciton energy thus it is neglected from the picture for
simplicity. (b) Band structure of a TMD including the K-point and Q-point.
(c) TMD 18t BZ. The distance between some of the K-Q combinations
(black-arrow) in momentum space has values around 17nm™! coinciding
with the momentum mismatch between graphene and gold. The precise
K-Q momentum difference for various TMDs is WSo: 17.65nm ™1 , MoSy:
17.28nm™1, WSes: 17.05nm™1 and MoSe»: 16.92nm™1. (d) Bandagram
of the proposed one-step tunneling process in which both momentum and
energy is conserved by the creation of an indirect exciton.
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6 Exciton-assisted electron tunneling

possible mechanisms.

Indirect excitons formed between neighboring K-points and Q-points have
slightly different energies than the direct ones. However, as far as momentum
conservation is taken into account, for neighboring K-points and Q-points,
as illustrated in Fig. 6.4b, indirect excitons cannot provide the necessary
momentum (~6.5 nm~"'). However, by investigating the 15! BZ of the TMD
(Fig. 6.4c) we find that there are combinations of K-points and Q-points (marked
with a double black arrow) that provide coincidentally a momentum value

around the missing momentum of 17 nm™!.

This enables us to imagine a
one-step process, as presented in the bandgram of Fig. 6.4d, where energy
and momentum conservation are both fulfilled by a single indirect exciton.
Reported measured and calculated values of the AExq quantity (Fig. 6.4b) are
given in column 5 and 6 in Table 6.1. These values appear to be close to our
measured eV peqr-Ex, values. Especially in comparison with the k- p theory
results the values agree to a great extent. The agreement is not as high for
the measured values of AExq however any discrepancy of this kind might be
coming from the fact that the exciton binding energies are not taken into account
in the measurement of electron energies between K and Q bands [94, 95]. The
aforementioned allows us to interpret the observed dI/dV peaks as an increase
of inelastic tunneling current due to coupling to excitonic species in a one-step
process where K-Q indirect excitons contribute to the overall momentum and
bridge the gap between gold and graphene. However, a two-step process at
which the excitonic species do not carry sufficient momentum (direct excitons)
and the momentum is provided by phonons is still possible since the excitonic
light emission observed in these devices and presented in Ch. 5 suggest creation
of direct excitons.

6.2 Tunneling barrier thickness dependence

Towards understanding the reason for which the conductance peaks are only
discernible in devices with 3-4 nm hBN barrier, it is instructive to study the
relation between I'e] and yine in a simplified model. Let us consider an MIM
tunneling system as described by its band diagram in Fig. 6.5a, similar to the
one presented in Ch. 3.

To form an intuitive analytical model we proceed to some simplifications.
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6.2 Tunneling barrier thickness dependence

Figure 6.5: (a) Band diagrams of a metal-insulator-metal (MIM) tunnel
junction under bias where electron can tunnel either elastically or inelastically
with rate I'g and spectral rate density yine], respectively, for a tunnel barrier
thickness d,. (b) When the barrier thickness increases (dj, > d) both rates
drop but the ratio yjnel/Te] increases.

First, we assume that the insulator barrier potential is high enough to be
approximated as flat and that the two electrodes are only weakly coupled
meaning that the insulator thickness is assumed infinite for the description of
the wavefunctions on the left and right electrodes. This allows us to write the
wavefunctions of the states ywg and v, inside the tunneling barrier, as single
decaying exponential functions [97],

YL =vyroe (6.1)
YR =yroe <@ (6.2)

where ¥R o and 1 o are the amplitudes yp and 1, wavefunctions, respectively
and « is the decay constant of the wave function inside the tunneling barrier.
This allows us to write the transfer and momentum matrix elements through
Egs. 3.4 and 3.6 as [97]

n%x

T=—yLowroe™ (6.3)

P = —ilikdyoyroe <4 (6.4)
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6 Exciton-assisted electron tunneling

Finally, by further assuming that the decay factor and amplitudes of states, as
well as the electronic density of states, do not change significantly within the
range of energies provided by the eV}, separation we use Eqgs. 3.3 and 3.5 to
calculate I'¢] and Yipe] as

Lo = 201Ky} gy ge > proreVy (6.5)

me’h?x2d?

—oxd Popt(fw)
3m2eg R

Yinel = Wi(ﬂ//%,oe pLP T (eVy — hw) (6.6)

The ratio between the two rates is then given by

Yinel _ ed? Popt(hw)
Ty 6m2eohVy Fhw

(eVp—hw) (6.7)

As expected this spectral ratio depends linearly on the LDOS. Most interestingly
though, it presents a quadratic dependence to distance d which is the separation
of the two electrodes. Both I'¢; and yine] components drop exponentially with
distance, due to the exponential decay of the wavefunctions in the barrier, as
illustrated in Fig.6.5a, b. However, as Eq. 6.7 suggests, Yinel  d? T'] which
means that by increasing the tunneling distance, current signatures of inelastic
processes increase compared to elastic ones. This relation fits qualitatively
with our observation that devices with thicker barriers exhibit a measurable

contribution of inelastic tunneling due to exciton coupling.

6.3 Conclusions

In this chapter we explored the transport characteristics of TMD-coupled tunnel
junctions. We performed a comparison between TMD-coupled and uncoupled
devices and we observed that for the cases where the tunneling barrier is thick
enough (around 3-4 nm) resonant peaks appear in the conductance curves. These
peaks appear in energies that do not exactly match the direct exciton energies
of the corresponding TMD which leads us to investigate other excitonic species.
We find that there are indirect excitons with reported energies closer to the ones
observed in the dI/dV peaks. In addition, these excitons formed between the

60



6.3 Conclusions

K-point and a Q-point from another K-point neighborhood can carry enough
momentum to bridge the momentum gap between graphene and gold. This
makes electron tunneling a one-step process rendering it surprisingly efficient
as it is suggested by the strong peaks at the dI/dV curves. However, this increase
in efficiency does not lead to high emission efficiency due to the generation
of mostly indirect excitons. Summing up, we interpret the dI/dV peaks as
exciton-assisted inelastic electron tunneling due to optical coupling between
electrons and excitons demonstrating in that way an all-electrical measurement
of optical properties of TMD monolayers. Indirect excitons appear as possible
candidates since they match the momentum difference between graphene and
gold tunneling electrons. However, the excitonic light emission observed
suggests additionally the existence of a two-step process at which the excitonic
species do not carry sufficient momentum (direct excitons) and the momentum
is provided by phonons.
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Ion migration in monolayer MoS, memristors

This chapter is based on the publication: S. Papadopoulos, T. Agarwal, A. Jain, T. Taniguchi,
K. Watanabe, M. Luisier, A. Emboras and L. Novotny, lon Migration in Monolayer MoS>
Memristors, Phys. Rev. Applied 18, 01401 (2022).

n this chapter we shift our attention to an alternative application of 2D

heterostructures namely the realisation of TMD-based memristors. In a
period where Moore’s law is highly challenged [2] and the demand of modern
society for high-density memories is constantly increasing [98], fundamentally
new electrically switchable structures are needed to further push technological
limits. Memristive devices (or memristors) have shown great potential as
alternative building blocks for non-volatile memories and computing applica-
tions beyond the von Neumann architecture [99]. Memristors with multiple
resistive switching states enable the realization of neuromorphic computing
on a hardware level, making it important to investigate such structures further
[100].

A memristor is a resistor with memory. Under applied bias Vy,, it switches
from a high-resistance state (HRS) to a low resistance state (LRS) as shown
in Fig. 7.1a, with the change in resistance being non-volatile. The initial
conception of a memristor by Chua in 1971 [101] and its first experimental

63



7 Ton migration in monolayer MoS, memristors

b Ag
£] LRs — . .
e Ag 528
8 HRS ions 3
SiO, ° So Filament
Voltage &
8 0%
[ ] ! X 2
L Pt

Figure 7.1: (a) Typical hysteretic I-V characteristics of a memristor where
with increasing voltage the resistive state switches from high (HRS) to low
resistance (LRS). In the case of a bipolar device, resetting is accomplished
with an opposite applied voltage. (b) Illustration of an ion migration
memristor. Ag ions directionally diffuse to the Pt electrode, when the device
is under bias V. A filament is formed that changes the resistive characteristic
of the device from HRS to LRS.

demonstration in 2008 [102] were followed by substantial research efforts to
investigate the mechanisms involved in memristive switching and optimize
their characteristics. Since then, several memristive mechanisms have been
observed, such as electrochemical metallization [103], valence-change [104]
and phase-change effect [105]. As an example, Fig 7.1b illustrates the process
of operation of a memristor based on ion migration. When voltage is applied
across the Ag/SiO,/Pt tunnel junction Ag ions migrate from Ag to Pt [106, 107].
Their gradual accumulation leads to a formation of a filament (electrochemical
metallization) that when it bridges the tunneling barrier the device switches to
the LRS phase exhibiting memristive behavior in that way. Current state-of-
the-art memristor cross-bar arrays feature ~ 10nm-sized active regions, at par
with today’s silicon CMOS integrated circuitry [108]. Further scaling down the
dimensions of memristors brings more challenges than benefits especially in
terms of stability, reproducibility and robustness.

The rise of two-dimensional (2D) materials has attracted attention to them
as an alternative platform for potentially miniaturizing memristive devices
[109-116]. Recent reports have shown very low leakage currents in 1L MoS;
based memristors compared to traditionally used oxides, allowing thickness
scaling down to less than 1nm [115, 117, 118]. However, the underlying
mechanisms behind the memristive effects observed in 2D materials are not
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yet completely understood, especially in devices employing monolayers for
switching [115, 116, 118]. While in monolayer TMDs, a recent STM study has
shown that point defects like sulfur vacancies can give rise to memristive effects
through Au ion migration [28], in multilayer TMDs independent studies have
revealed contrasting findings, attributing the underlying mechanism to either
phase-transition or defect mediated atomic migration [110, 119]. However,
a detailed investigation into the influence of varying defect densities and
fabrication process parameters on the memristive characteristics in 2D TMDs
is still lacking.

Here we perform a comparative study of memristors built by intentionally
introducing defects in 1L.-MoS; together with pristine ones fabricated by defect-
free contact techniques. Our experimental findings reveal that memristors
comprised of defective TMDs switch at lower voltages as well as exhibit
a stronger change in resistance compared to pristine ones. We support our
observations with ab initio quantum transport simulations and develop a model
that suggests the existence of an optimum range of defect densities at which the
resistive switching difference is maximum.

7.1 Device Preparation

Our memristors were built by sandwiching 1L.-MoS, between 1L-graphene and
50 nm of gold (Au) top and bottom electrodes, respectively, in a vertical charge
transport configuration. MoS; crystals synthesized by chemical vapor transport
(CVT) with 99.9999% purity were purchased from 2D Semiconductors®.
MoS,, graphene and hexagonal boron-nitride (hBN) flakes were mechanically
exfoliated from bulk crystals on Si/SiO; substrates. A poly-dimethylsiloxane
(PDMS) stamp covered by a thin polycarbonate (PC) film [120] was used
to sequentially pick-up top hBN, graphene and MoS, flakes in air. The
resulting stack was then transferred on top of Au electrodes pre-patterned
by photolithography on a glass substrate (see Appendix A.1). It is known
that evaporation of contact metals, including Au can introduce a significant
amount of defects in MoS, and lead to metal-MoS, chemical bonding [121].
The use of graphene as a top electrode in our devices allows for evaporation-
free fabrication, thereby preventing any inadvertent defect generation in MoS,
due to metal evaporation and decoupling the influence of contact metallization
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7 Ton migration in monolayer MoS, memristors

on the memristive behavior, something that has been overlooked in previous
studies [117]. The dry pick-up and assembly avoids polymer and solvent
contamination at any stage, resulting in pristine interfaces. Moreover, the
asymmetric electrode configuration allows for material oriented analysis of the
results connecting the memristive effect to Au ion migration as it is discussed
later in this manuscript. Furthermore, the top hBN encapsulation avoids material
degradation during measurements under ambient conditions. Thus, the above
fabrication methodology preserves the purity and high crystal quality of our
MoS, flakes at every step, allowing us to study MoS; in its pristine state, in
strong contrast to previous studies [115]. In order to compare the memristive
performance between pristine MoS, and those with increased defect densities,
we also built devices by intentionally introducing defects in MoS, flakes after

exfoliation.
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Figure 7.2: (a,b) Photoluminescence spectra of (a) an as-exfoliated (pristine)
MoS, flake on Si/SiOy substrate and (b) after HV annealing at 400 °C
(defective). X4, Xg and Xt refer respectively to the A-exciton, B-exciton
and trion spectral contributions, fitted with Voigt distribution functions.
Both spectra were measured from the same MoSj region with 532 nm laser
excitation at 24 yW power under ambient conditions and were normalized
to the peak intensity of the spectrum in (a) for ease of comparison. Inset in
(a) shows an optical microscope image of the MoS, flake before annealing
(monolayer outlined by black dashed line). The scale bar is 12.5 um.

In Ch. 2 we discussed defect generating processes and the impact of them
in the PL emission. We use these two methods, i.e. vacuum annealing and
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Ar sputtering in order to controllably generate defects in the MoS, crystal.
Figures. 7.2a and b show the PL spectra of a monolayer MoS, flake before
(pristine) and after HV annealing (defective) is presented. A strong enhance-
ment of the A-exciton (X,4) PL contribution is observed after annealing that
serves as evidence for creation of S vacancies, as discussed in Ch. 2. Lastly,
in order to study the impact of defects introduced during evaporation of metal
electrodes on the memristive behavior of MoS» devices, we also fabricated
devices with graphene as the bottom electrode and evaporated Au as the top
electrode, following an inverse stacking sequence. It has been shown that during
Au-evaporation, Mo and S atoms can be substituted by Au atoms leading to
defects in the MoS, layer [121] that can favor the formation of conductive
channels and thereby enhance the memristive effect.

7.2 Electrical Characterization

The memristive performance of the devices prepared with different defect
densities and fabrication procedures was electrically characterized by applying
a voltage pulse sequence and measuring the current with a low noise source-
meter. A periodic triangular bipolar pulsed sweep was performed with an offset
voltage Vieaq to allow for low voltage estimation of the resistance after every
applied pulse (see Fig. 7.3a). Pulsed electrical measurements have a dual benefit.
Firstly, continuous electrostatic stress for long periods of time is avoided, which
was found to increase the lifetime of our devices and allowed us to study
their behavior at voltages as high as 7.5V without any apparent degradation.
Secondly, this procedure prevents any inadvertent parasitic hysteresis due to
charge accumulation from influencing our measurements. This ensures that
the hysteresis we observe arises solely from a non-volatile resistance change,
indicative of memristive behavior. Pulsed I-V measurements of devices with
pristine and vacuum annealed MoS; are plotted in Figs. 7.3b and c respectively
for comparison. Every point in the plot corresponds to the average value of
the current flow during an applied voltage pulse versus the magnitude of that
pulse. In the pristine device, we only observe a weak hysteresis even after
applying significantly high voltages (Vpeak = £7V). In the case of vacuum
annealed MoS,, the hysteresis gets enhanced and appears at lower applied
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Figure 7.3: (a) Schematic illustration of a memristor built by sandwiching
1L-MoS; between graphene and Au electrodes. The top hBN flake used for
encapsulation has been omitted from the illustration for clarity. Electrical
measurements were performed using pulsed voltage sweeps to eliminate
hysteresis. After each write pulse, the device resistance was probed with
a much lower read voltage (Vigaq = 100 mV). Pulse duration and period is
10 ms and 30 ms respectively. (b,c) Pulsed I-V measurements of memristors
with pristine and defective 1L.-MoS; flakes showing an enhanced switching
behavior after high temperature annealing. The black arrows indicate the
voltage sweep directions in both plots. All measurements were carried out at
room temperature.

voltages compared to the pristine MoS, device. We attribute this effect to
the increased defect density of the MoS, flake caused by high temperature
annealing. This is the first indication that an increase in defect density can
provide the means for a stronger memristive performance. Moreover, the
devices switch from a high resistance state to a low resistance state only with a
positive voltage applied at the Au electrode while graphene is grounded. This
polarity dependent switching behavior is a strong indication that this effect
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relies on material specific properties. More specifically, we attribute this effect
to the migration of Au ions from the Au electrode to the defect sites of the MoS,
flake. It is well known that Au atoms can ionize and migrate under the influence
of an applied electric field. Defect sites offer an energetically favorable state
for Au ions to bond with the MoS, crystal. This process can be reversed by
flipping the direction of the applied electric field. Since bound Au atoms at
the MoS, flake lower the resistance of the Au-MoS, interface this can lead to
resistive switching effects when excited with a bipolar voltage sweep [28]. We
also observed an increased hysteresis in devices with Ar sputtered MoS, as well
as in those with evaporated Au as a top electrode , which further corroborates
our hypothesis. A comparison of I-V measurements from differently treated
devices can be found in Appendix C.

Although hysteresis in the I-V characteristics is a strong indicator of the
occurrence of resistive switching in our devices, to gain further insight we also
characterized their resistance at low voltages during the pulsed sweep. After
every applied pulse, the device resistance is measured at Vieaqg = 100 mV as it
is indicated in Fig. 7.4a, which shows a timetrace of the applied sweep. Fig.
7.4b presents the change in resistance AR = Rg — Ryeaq during the pulsed voltage
sweep, where Ry is the resistance measured before starting the sweep and Ryeaq
is the resistance measured after each pulse. Results from different devices have
been shown for comparison. Pristine MoS, #1 and #2 refer to two devices
fabricated with the non-invasive fabrication procedure discussed earlier without
doing any treatment of the MoS; flake. Au evaporated #1 and #2 refer to two
devices with evaporated Au top electrode and graphene bottom electrode and
using otherwise untreated MoS,. Ar sputtered and vacuum annealed refer to
devices with MoS, flakes treated with the corresponding methods. In all devices
the same voltage sweep range was used with (Vpeax = £4V). We define the ON
region as the region after the application of the highest voltage pulse and before
the application of the lowest one. The region before and after the ON region
is referred to as the OFF region. A clear difference in the magnitude of AR
between pristine and defective devices can be seen, with the latter exhibiting a
stronger change in AR.

We use AR to compare different devices since it cancels out any other series
resistances such as contact and graphene sheet resistance. However, resistance

69



7 Ton migration in monolayer MoS, memristors

a
__ 50
2 2.5 Roff
>
@ 00 . - :
o-25 Vread i R T= 30 ms E
> 100 mvV | on : !
-5.0 : E :
v ' \ v
b ov av 4V oV
OFF region 7 ~+ _ ON region OFF region
300 T
1 ° > < o > < < o
— o
g 200 \
e
< 100
0
v 4

time
—e— pristine MoS, #1 v Au evaporated #1 <©— Ar sputtered
o— pristine MoS, #2 v Au evaporated #2 =—>— vacuum annealed

Figure 7.4: (a) Time-trace of the applied voltage sweep. Black solid arrows
indicate the low-voltage regions where the resistance is measured. Black
dashed arrows indicate the voltage level positions for 0, 4 and -4 V. Pulse
duration T = 10ms and pulse period T = 30ms. Red and blue arrows indicate
the time instances where the R, and R _;; values are measured respectively. (b)
Time-trace of the low voltage resistance difference AR for different devices
measured during the pulsed voltage sweep presented in (a). The resistance
is measured with Vie,q = 100 mV after every applied pulse. An increase in
AR in the ON region can be observed for all devices. However, the defective
devices show a much stronger increase in AR compared to the pristine ones.

also scales with the vertical junction area in every device, which is difficult
to estimate accurately from optical microscope images due to edge effects
at the graphene/MoS,/Au junction interface. Therefore, the switching ratio,
which is an experimental quantity that is immune to the variations in junction
areas among different devices was also investigated. The switching ratio is
/R where R
the application of the largest and the smallest voltage pulses as indicated in

given by R and R are the resistances of the device after

off off

Fig. 7.4a with blue and red arrows, respectively. The total resistance measured
also includes the series graphene sheet resistance which can vary between
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Figure 7.5: (a) Switching ratio R /R, as a function of Vjeyy for all reported
devices. (b) A comparison of the maximum switching ratio achieved for the
different MoS, treatments associated with different defect types and densities.
Colors in the plot correspond to the legend shown at the bottom.

devices. To estimate its contribution to the overall resistance and subtract
it from R ; and R values we estimated the graphene sheet resistance per
unit of length by fabricating a multi-electrode device where Au electrodes
with different spacings were connected by one graphene flake and performing
transmission line measurements. The estimated graphene resistance was then
subtracted from the total device resistance according to the graphene electrode
length used in each device.

Taking the aforementioned under consideration, in Fig. 7.5a we plot the
switching ratios R /R, for sweeps performed with different Vpeax values for all
devices. Here the values of Vjeqr have been adjusted to account for the voltage
drop across the graphene sheet. Again we observe that in the case of pristine
devices, the ratio reaches a value of 1.1 only at high Vjeax voltages around 6.5 V
whereas for the cases of devices with higher MoS, defect density, the ratio
reaches values as high as 1.6 at much lower Veq values. This clearly indicates
that higher defect densities can lead to memristive switching enhancement,
demonstrating at the same time the ability to control the memristive performance
by controlling the defect density of the active material, monolayer MoS, in
our case. In Fig. 7.5b, we plot the maximum ratio achieved experimentally for
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7 Ton migration in monolayer MoS, memristors

the different MoS, treatment procedures. Interestingly, we find that vacuum
annealing leads to the highest switching ratio at low Vpeax voltages. Our PL
spectroscopic analysis reveals that in this case mainly S vacancies are created
in the crystal whereas in the cases of Ar sputtering and evaporation of Au as
a top electrode, more extended defect sites are expected to be created. The
existence of extended defect states lowers the R ; and hence when Au atoms
diffuse into the vacancy sites, a smaller change in R is observed leading to a
lower switching ratio.

Although increasing the defect density showed an enhanced memris-
tive behavior, our results are in contrast with recent reports of vertical
graphene/MoS,/Au structures using CVD grown 1L-MoS, vacuum annealed
at 600 K [115, 118] where switching ratios up to 10* were observed owing

mostly to its high R . value. However, the fabrication process reported included

off
invasive steps like direct contact with polymers and solvents like PDMS and DI
water among others which compromises the interface quality and introduces
contaminants. In addition to that, CVD grown MoS, crystals are expected to
exhibit high defect densities. The role of high defect densities is explored here

theoretically.
7.3 Quantum Transport Modeling

In order to better understand the expected resistance of such a structure and
explore the theoretical limits of operation we utilize an ab-initio quantum
transport simulation framework [123]. An illustration of the simulation models
considered are presented in Figs. 7.6a, b and c, where different configurations
of the MoS, crystal are taken into account: pristine, with one Vs and with
a migrated Au atom at the Vs site. The cell area of the simulation is A =
2.14 x 3.79 nm?. The resistances are calculated for an interlayer distance
d =4.7 A (Fig. 7.6c). The interlayer distance has been chosen as the one
where R, — R, is maximum. This resistance difference diminishes at smaller
and larger interlayer distances due to the metal induced gap states, and high
tunneling resistances, respectively.

By increasing the number of defects in the cell area of the simulation we
can evaluate the resistance as a function of defect density (colored dots in figure
7.6d). Due to limits on the cell area size posed by computation time, the region
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Figure 7.6: (a-c) Illustration of the atomic models simulated with (a) pristine
MoS>, (b) one sulfur vacancy Vg and (c) with one Au atom at the Vg site. (d)
Resistance as a function of defect density p;. Dots are simulation results
(provided by Tarun Agarwal [122]) evaluated in the device models presented
at a,b and c, for different defect densities and lines are fits of the classical
resistance model. R, is the resistance evaluated in model in c, RVS is the
resistance evaluated in model b and the resistance for defect density p; =0
(pristine) is the resistance of the model in a. The fit function is given in
equation 7.1. (e) Calculated values of resistance difference Ry -R,, and
resistive ratio Ry, /R, using the fitted values in d.

of low defect densities cannot be easily explored thus we employ a classical
model of prediction of the resistance as a function of defect density py. We
define the estimated resistance for the pristine, one Vg and Au at Vj site case as
R, ., R, and R, respectively. The estimated overall resistance is then written
as:

Rpr . Rd
Ra+(Rpr—Ra)pa-A

R(pa) = (7.1)

where R, refers to either R, or R, for one defect, depending on the type of the
defect that is calculated. Details on the formation of the model can be found
in Appendix C. We use the simulation results to fit the function in equation
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7.1 and the result is shown in Fig. 7.6d. Both R, and R,, are dropping with
increasing pz owing to the defect states appearing inside the MoS, bandgap
with R, taking lower values than R, indicating the ability of Au migration
to cause resistive switching. The difference in resistance R, — R, as well the
switching ratio R, /R, is plotted as a function of p4 in Fig. 7.6e. Interestingly
R, — R, is not monotonic presenting a maximum in low p,4 regions. On the
other hand the switching ratio R, /R, is increasing constantly with p; and
with a tendency to saturate. Although the ratio is increasing for high p,, the
resistances R, and R, are dropping significantly making the performance
dependent on any other possible series resistances of the system. However, at

the region where R, — R

. 18 maximum, the ratio R, /R, is already at half of its

maximum value making this region preferable for memristive operation. These
results reveal the need for defect engineering of such memristive devices for
optimized performance. Furthermore, for pg — oo, R, /R, = 6.8. Although
the case of infinite p; seems non-physical it can be translated to the case of
a Au STM tip over a Vs site exchanging a Au atom. Recent studies have
experimentally demonstrated this, reporting a very similar switching ratio for
the same interlayer distance range [28]. This increases the validity of our
simulations and predictive model. Furthermore, our experimental observations
confirm qualitatively the theoretical prediction that increasing the defect density
of the material is increasing the AR and the R ; /R ratio.

7.4 Discussion

We have limited knowledge on the actual defect densities in the fabricated
devices as well as on other possible sources of resistance such as bubbles,
residues and unaccounted contact resistances, hence a precise quantitative
comparison between theory and experiment is difficult. However, the switching
ratio observed experimentally and predicted theoretically lie in the same order of
magnitude. An important result is that the R, (the R

(&)

+ value) drops significantly
with increasing p4 due to defect states in the bandgap when at the same time the
switching ratio saturates. By comparing this with previous results [115] we can
assume that the CVD-grown MoS, defect density is not the intrinsic reason for
which high switching ratios have been observed [115, 118] underlying the role
of the fabrication process in introducing contaminants which are not necessarily
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specific to the active material itself. However, in the case of multiple multilayer
domains at the CVD crystals higher R
thorough analysis of the material quality before fabrication an important step

+ values can be possible making the
towards understanding. Finally, taking into account the experimental results
presented in this text through non-invasive means of fabrication that guarantees
a flat interface, the switching ratio remains low in accordance to theoretical
predictions that can be validated by STM studies previously reported [28] which
further supports the previous argument.

7.5 Conclusions

To conclude, we fabricated different monolayer MoS, memristive devices by
employing non-invasive fabrication methods with pristine, Ar sputtered and
vacuum annealed MoS as well as devices with evaporated Au as a top electrode.
We compared their memristive performance and showed that with increased
defect density, both AR and R
effect to Au ion migration to MoS, defect sites. Our experimental observations

i /R, ratio get enhanced. We attribute this
are in good agreement with numerical and theoretical models. Moreover, we
explored the relation between defect density and memristive performance and
we revealed the existence of an optimum range of defect densities for designing
efficient memristors based on Au ion migration.
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Conclusions & Outlook

In this thesis we explored the optoelectronic characteristics of 2D material
tunnel junctions with the focus on understanding light emission and memory
mechanisms in such heterostructures. By using a combination of only four
materials (graphene, hBN, TMDs and gold) in different configurations it was
possible to investigate different physical mechanisms like inelastic tunneling
emission, electroluminescence, charge injection, energy transfer and ion migra-
tion. Effectively, the work presented can be put in two big categories: 1) Light
emission from van der Waals heterostructures and 2) Ion migration in monolayer
MoS;, memristors. For each category a summary of the main results along with
an outlook are presented in the following sections.

8.1 Light emission from van der Waals
heterostructures

8.1.1 Double tunnel barrier light emitting devices

In Ch. 3 we experimentally demonstrated polarity-dependent electrolumines-
cence with an asymmetric Gr/hBN/TMD/hBN/gold LED. We also observed
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excitonic emission at voltages below the electronic bandgap. The polarity-
dependent emission spectrum is related to the fact that gold has higher DOS than
graphene and TMD’s DOS is in between the two. The emission is understood
as direct tunneling to excitonic states due to an already hole-occupied VB. As
a next step, gate-dependent studies in asymmetric (Fig.8.1a) and symmetric
(Fig.8.1b) devices would shed more light in the mechanisms of direct exciton
creation and interplay between trionic and excitonic emission below electronic
bandgap. In addition, gating has been shown to modulate the luminescence
efficiency of the TMD [24] allowing in that way to evaluate the efficiency limits
of direct exciton creation.

8.1.2 TMD-coupled tunnel junctions

Other possible mechanisms contributing to the emission in TMD-based LEDs,
namely tunneling electrons optically coupling to the excitonic states, were
explored in Ch. 5. There, in order to decouple charge injection effects from
the light emission process, we studied an unconventional and novel design of
light emitting devices where the TMD is sitting on top of a tunnel junction. We
observed excitonic emission that we interpret as ET from tunneling electrons to
excitons, demonstrating in that way that optical coupling between electrons and
TMDs can be efficient in such heterostructures. We showed as well that exciton
generation rate in the TMD is increasing with decreasing distance. However, ET

Figure 8.1: Alternative LED structures, with (a) assymetric and (b)
symmetric electrodes in a gated configuration that allows light collection
through the graphene layers at the top. Vg and V¢ are the gating and the TMD
control voltage, respectively.
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Figure 8.2: (a) Device schematic showing the corresponding rates that define
I'y—ph- (b) I'y_phasa function of distance ds for various T'xg/T'qp ratios. (c)
The distance ds at which T'y_py, is maximum (d{%%) as function of the ratio
Ix/Tq.

from the TMD to graphene quenches part of the emission. Towards optimizing
the design for efficient light emission we calculate the rate with which the

transition dipole is generating excitons that radiatively decay as

Ixph . Tilg
Iy+Tpn Ix+I@g

Teph = (8.1)
where Iy is the decay rate of the transition dipole to excitons, Iy, is the radiative
decay rate of excitons and I'q is the non-radiative decay rate of excitons to
graphene (quenching rate) as presented in Fig. 8.2a. Here we used the relation
between the lifetimes (Txph = Tx + Tph) and the rates (I'x = Ik ph + 'x.q). Our
experimental results and model, as presented in Fig. 5.5d, suggested a 1/d?
dependence for I'y. By assuming the same dependence for I'q we can define
them as

FxO 1—‘qO

= 1 =90 8.2
ds+D)2’ 97 g2 ®-2)

X

where I'yg and I'qo are proportionality factors for the exciton generation and
quenching rate, respectively, D is the distance between the dipole and graphene
and d; is the distance between the TMD and graphene as presented in Fig. 8.2a.
We calculate I'y_pp as a function of ds for different I'xg/T'qo ratios. The result is
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shown in Fig. 8.2b where we observe the existence of an optimum thickness
ds for a maximum I'y_p, depending on the I'xg/T'qp ratio. Figure 8.2¢ shows
the optimum distance d!"“* as a function of the ratio. The little knowledge
we have on that ratio prevents us from defining the optimum distance in an
absolute way. However, ds values around 1-2 nm seem to offer a good I'y.pp, for
a big range of I'xg/T'qo. The model presented in Fig. 8.2 is a simplification of a
more complicated system and there is room for optimizing more parameters.
There are various non-radiative mechanisms that play a significant role in
the efficiency, like gold quenching or other non-radiative decay mechanisms
intrinsic to the TMD (trion formation, non-direct transitions etc.). There are
different ways to tackle such issues. First, the gold electrode can be replaced by
graphene for reducing the quenching and also making use of resonant electron
tunneling as demonstrated in Gr/hBN/Gr tunnel junctions [124]. For reducing
non-radiative pathways in the TMD itself it has been shown that chemical
treatment, gating or strain can enhance radiative decay [23-25], as commented
in Ch. 2, making this techniques worthy of investigation in TMD-coupled tunnel
junctions.

Moreover, the electrical generation of excitons via ET, presented in this
thesis, provides new perspectives for the development of optical sources,
detectors or TMD-based sensors [125]. For example, such structures can
enable all-electrical sensing without relying on external optical sources as in
applications where illumination is necessary. Photocurrent or PL measurements
are commonly used for sensing when at the same time the TMD layer should
be exposed to the environment as demonstrated in NOy, O» or Ny sensing
[29, 126]. Such a concept but all-electrically driven, employing TMD-coupled
tunnel junctions, is illustrated in Fig. 8.3a making use of the fact that the TMD
can be exposed while driven electrically. In terms of source applications, and
under the view of ET being an efficient process, electrical pumping schemes
can also be investigated towards vdW heterostructure lasers [127, 128] where
the optically active material is separated by the driving electrodes. Finally,
the same principle of ET in tunneling junctions can be used between different
TMDs [129] for photodetection enhancement as illustrated in Fig.8.3b. Upon
illumination the TMD that sits outside of the tunnel junction (WS,) can generate
excitons in the TMD inside the junction (MoSe,) through energy transfer. In
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that way the photo-response can be increased while the time response is limited
by the thickness of only one flake (MoSe,) [130] and by the speed of the energy
transfer process that has been shown to occur within picoseconds [129].

Figure 8.3: (a) Proposed device schematic on all-electrical gas sensing.
[lumination was shown to increase the sensitivity [126]. Here electron-hole
pairs are generated by ET through a tunnel junction with the TMD being able
to come in direct contact with the surrounding gas. (b) Photodetection scheme
with MoSe; in a tunnel junction optically coupled to a WS» monolayer.
Photocurrent is generated from electron and hole separation due to light
absorption from MoSe,. Additional response is expected due to photon
absorption and exciton generation in WSy and subsequent ET to MoSe;.

Finally, in Ch. 6 we explored the transport characteristics of TMD-coupled
tunnel junctions and we observed resonant features at excitonic energies. Our
results are understood as exciton-assisted tunneling by optical coupling to
indirect excitonic modes that can bridge the momentum mismatch between
graphene and gold. Our work not only demonstrates an all-electrical method
for measuring optical properties of 2D materials, but also reveals the high
efficiency of the exciton-assisted tunneling process, especially for the cases
where hBN is thick enough to amplify the inelastic tunneling effect. However,
the increased exciton generation efficiency cannot be translated to increased
emission efficiency due to coupling to indirect excitons. An investigation of
different electrode configurations (e.g. graphene-graphene electrodes) might
allow coupling to direct excitons that can lead to an increase in emission
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efficiency. Finally, a more detailed description of the interactions between
excitons and electrons as well as a thorough investigation of the different
exciton characteristics between different TMDs and how these can be related
to the resonant features, might shed light on the mismatch between the energy
values observed in our dI/dV measurements and the reported values for indirect
excitons.

8.2 Ion migration in monolayer MoS, memristors

In Ch. 7 we investigated the role of defects in monolayer MoS, memristors
based on ion migration. We fabricated memristors with different defect generat-
ing techniques and we investigated their memristive characteristics. Moreover,
we theoretically explored the relation between defect density and memristive
performance and we revealed the existence of an optimum range of defect
densities for designing efficient memristors. Our experimental observations are
in good agreement with numerical and theoretical models. Additionally, we
compared our results with previous studies on monolayer MoS, and concluded
that Au-ion migration cannot be the sole reason for the reported results in [115].
Our analysis establishes a clear understanding of the origin of resistive switching
in MoS; monolayers and provide guidelines for controlling their memristive
performance. The monolayer MoS, memristor performance is limited by the
leakage currents. The defect-generating processes introduced in Ch. 2 and
analysed in Ch. 7 can potentially allow the usage of thicker flakes for stronger

1L

Current

3L

Y

Voltage

Figure 8.4: (a) Treated multilayer MoS» memristors for stronger memristive
effects. Control of memristive behavior with illumination. (b) Illustration of
the memristive effect progression with increasing TMD thickness.
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memristive effects (see Fig. 8.4a and b). The use of graphene as a top electrode
allows the investigation of optical addressing and control of the memristive
effect (see Fig. 8.4a). Along with the high refractive index of TMDs this might
be a promising platform towards photonic based neuromorphic computing that
goes beyond the von Neumann logic and avoids the power consumption of
dense electronics. Such studies have been reported for bulk material devices
in the past [106, 131] and the usage of 2D material stacks can enable their
miniaturization.
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Methods

A.1 Fabrication of van der Waals heterostructures

The fabrication process of all the 2D heterostructures presented in this thesis is
done by a dry pick-up method [120] in three steps: 1) Exfoliation, 2) stacking
and 3) transfer. The 2D material flakes used are mechanically exfoliated
on Si/SiO, chips with the scotch-tape method [5]. Part of the bulk crystal
(Fig. A.1a) is removed by the tape (Fig. A.1b,c) and is further exfoliated down
through out the tape area (Fig. A.1d) with repetitive movements as in Fig. A.1b.
Then with a smaller tape we take a part of the exfoliated crystal from the
first tape (Fig. A.le) and we press it against a Si/SiO» chip that was previously
cleaned for 5-10 mins in an O, plasma asher (Fig. A.1f). We then pull gently the
tape in a high angle (almost 180°) as in Fig. A.1g. It is useful to have the chip
on a sticky surface (blue area in Fig. A.1g) to remain stable during this process.
Then the chip is put under an optical microscope and by close inspection we
locate the flakes of interest as presented in Fig. 1.1. Different SiO, thicknesses
are used for exfoliating different flakes. The contrast of graphene and hBN
flakes is higher at 100 nm SiO, whereas the TMDs are better visible at 285 nm
SiO,. After locating all the needed flakes for the design of the heterostructure
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graphite

side view

Figure A.1: (a) A piece of graphite is put on sticky tape (b) where a part of
it remains after removal (c). By repetitive motions as in (b) the graphite is
exfoliated and shared on a big surface (d). With a smaller tape we take part
of the graphite (e) and press it against the substrate (f). We pull the tape at a
high angle for exfoliating the flakes on the substrate (g). Top and side view
of the PDMS droplet on a glass coverslip. (i) Double-sided tape on PC film.
(j) A finalized PDMS/PC stamp.

we start stacking them together. The stacking is done with the help of a miniscus-
shaped Polydimethylsiloxane (PDMS) droplet (Fig. A.1h). The droplet sits
on a glass coverslip and is prepared by letting liquid phase PDMS dry with
the droplet facing down over a hotplate at 80°C for several hours. The PDMS
droplet is then covered by a thin polycarbonate (PC) film. The film is made
by pouring PC dissolved in chloroform on a glass coverslip and later pressing
and sliding a second coverslip on it. After chloroform evaporates, part of the
PC film is removed with a double sided sticky tape 2x2 cm with a hole in the
middle, made by a hole-puncher (Fig. A.1i). This creates a surface with a PC
membrane at the hole. We stick the tape with the second sticky surface on top
of the droplet in a way that the hole with the PC membrane aligns with the top
of the PDMS droplet (Fig. A.1j).

This PDMS/PC stamp is now used for stacking the heterostructure. As
shown in Fig. A.2 the stamp is positioned on top of the flake with a motorized
stage and the help of a microscope. Then the PC film comes in contact with
the flake, with the substrate being at 80°C. All flakes are picked-up one-by-one
until the stack is complete. Then the stack is placed on top of the target substrate
(usually glass) and the substrate is heat up to 176°C. The PC film melts at that
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Figure A.2: Illustration of the stacking process of a hBN/Gr/MoS»/gold
heterostructure.

temperature and is transferred on top of the substrate along with the stack. The
PC film is then dissolved by putting the whole chip in a chloroform bath. We
transfer the stack directly on top of pre-patterned gold electrodes to make the
electrical connection with the flake of interest. The fabrication is done in Ar
atmosphere in a glovebox or in ambient conditions for the devices presented
in Ch. 7. In all devices we use pre-patterned electrodes as part of the stack
(bottom gold electrode) or to contact to the graphene electrode (top electrode).
The pre-patterning is done by photolithography.

A.2 LDOS calculation in multilayer structures

In Ch. 4 and Ch. 5 we calculate the LDOS for complex multilayer structures.
Here we outline the calculation process. Let us start from the simple case of
an s-polarized electromagnetic field impinging on the interface between two
material layers, layer 0 and layer 1, as shown in Fig. A.3. The electric field E
for each side of the interface can be written as

A . B .
Eo = Eo +Epo = > (~kyo = kzo2)e/*07 + -2 (= Ky + kel T (A1)
0 0

A . B ,
E;=Ea +Ep1 = k—ll(— ky1§— kz12)e 0 + k_i(_kyli"f' kaz)e"  (A2)
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Figure A.3: An s-polarized electromagnetic field impinges on the interface
of two different materials.

If i defines the layer number (i =0,1) then k; and kp; are the wavectors for
downward and upward propagating fields, respectively, with k2 k2 + lc2 .
Finally, r is the spatial coordinate vector and A;, B; are the amphtudes for
upward and downward propagating fields, respectively. After defining the fields
in each layer we use the following boundary conditions

nxEy=nxE,; (A.3)
nx Hy =n x H; (A4)

where H=V x E/ jou is the magnetic field with w being the angular frequency
and p being the magnetic permeability. These boundary conditions form
an equation system that can be solved algebraically in order to define the
amplitudes A and B.

This two-layer example can be expanded to systems with arbitrary numbers
of layers (N), as illustrated in Fig. A.4. We can additionaly assume a dipole
source sitting at layer n. The equation system is then written in a matrix format
as
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sl

Figure A.4: A multilayer structure with N layers and a dipole situated at
layer n. The upward and downward propagating fields in every layer are
noted as A; and Bj, respectively, where i =0,..., N — 1.
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where n=0,1,...N — 1 is the index of the layer where the dipole is situated and

the first non-zero term in the signle-column matrix on the right hand side of the

matrix system appears at position 27 —2. In case the dipole is sitting at the first

or last layer then the indices 2n -2, 2n—1 and 21+ 1 might exceed the range

&9
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[0, N —1]. In this case they can just be discarded as they are not involved in the
calculation. In order to solve this equation system we need the matrix on the
left hand side to be square. This is accomplished by incorporating the condition
that Ap = By—1 = 0 since we assume semi-infinite first and last layer and no
other sources than the dipole in layer n. The condition for the case of a dipole
in the first or last layer is Ag =1, By-1 =0 and Ay =0, By-1 = 1 respectively.
The solutions of this system give us the amplitudes of upward and downward
propagating fields for a given k), = k. The LDOS is then calculated by using
Eq. 4.3.

A.3 Electrical and optical measurements

Figure A.5 describes the optoelectronics measurement setup used for all mea-
surements presented in this thesis, except of the measurements in Fig. 6.3 whose
methods are presented later. The connections to the devices prepared with the
previous method are done by wire bonding the pre-patterned gold electrodes
with adhesive copper pads which are put on top of the chip (sample holder view
in Fig. A.5). Then the chip is connected to a sample holder that connects the
copper pads to coaxial cable inputs. The sample holder is placed on top of a
piezo stage on top of an inverted microscope. An ionizing fan is operating on
top of the sample area while connecting it electrically. A similar fan is used
also during the wire-bonding process.

PL measurements are performed by using an excitation laser of 532 nm.
An objective with NA=0.9 is used for excitation and collection. The sample is
put, facing down, on a Nikon TE300 inverted microscope in ambient conditions.
The collected emission is then filtered by a long-pass (LP) filter. The PL
map presented in Ch. 2 is measured by raster scanning the sample area with
a piezostage and collecting the emitted PL with an avalanche photodetector
(APD) with 70% quantum efficiency.

In electrically driven light emission measurements, the sample is connected
to a Keithley Source Meter 2602B, that is used as a voltage source and current
meter. The light emitted by the device under bias voltage is collected by the
objective. All spectra are measured by imaging the real space of emission at the
entrance of a Princeton Instruments Acton SpectraPro 300i spectrometer. The
real and Fourier space (back-focal plane) of emission is imaged at the entrance
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Figure A.5: Illustration of the optoelectronics measurement setup.

of an Andor iXon Ultra EMCCD camera. Changing between imaging real and
Fourier space is done by switching the corresponding lenses in Fig. A.S.

The low-temperature measurements are performed in a variable temperature
probe station. Currents are measured using a Femto DDPCA- 300 current
amplifier. An ADwin Pro II DAC is used to apply the bias voltage and read the
output voltage of the current amplifier.
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SI: TMD-coupled tunnel junctions

Exciton generation in both polarities

As discussed in Ch. 5 the exciton generation process occurs for both bias
polarities. Figure B.1 shows spectra for both polarities where the narrow
emission at exciton wavelengths is observed in both. This observation further
supports the argument that excitons are not created by charge injection as such

a process would be polarity dependent.

TMD coupled device with 5 nm spacer hBN

In Fig. 5.5 we presented the excitonic emission normalized by the PL efficiency
as a function of the thickness of the hBN layer between TMD and graphene
(s-hBN). We use results from different devices with different s-hBN thicknesses
(ds). Here we present results for a device with d¢=5 nm as illustrated in Fig. B.2.
On that device there are two regions, with and without WSe,. In Figs. B.2b,c we
display emitted spectra for both regions where we can observe that even with a
thick 5 nm s-hBN we observe an increase in emission at excitonic wavelengths.

93



B SI: TMD-coupled tunnel junctions

Photon energy (eV) Photon energy (eV)
1.7 1.6 15 1.4 1.3 17 16 15 1.4 1.3

[
o

60

n
o

20V A 20V

=)
=]

®
=]

@
=]

'S
o

n
=]

Photon emission (cts/s/nm)
o

Photon emission (cts/s/nm)

750 800 850 900 950 750 800 850 900 950
Wavelength (nm) Wavelength (nm)

Figure B.1: Spectral symmetry with bias voltage. (a,b) Photon emission
spectra from the WSey-coupled tunnel junction presented in Fig. 5.2 for
(a) positive bias voltage and (b) negative bias voltage. Similar spectral
characteristics are observed.
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Figure B.2: TMD-coupled device with 5 nm spacer hBN. (a) Device
schematic. The WSey is separated from the tunneling junction by a spacer
hBN with 5 nm thickness. The WSe; flake is stacked on top in a way that two
areas are formed: with and without WSe». (b,c) Photon emission spectra from
the two areas (b) without WSey and (c) with WSes. A small contribution in
excitonic wavelengths is still observed even though the WSe; flake is 5 nm
away from the tunnel junction.
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SI: Monolayer MoS, memristors

C.1 I-V measurements

In Ch. 7 all fabricated devices were electrically characterized by applying
pulsed voltage sweeps. The hysteretic effect observed in the I-V characteristics
is attributed to a non-volatile memory behavior. The devices with increased
defect density in MoS, show a more pronounced hysteretic behavior in I-V
measurements as it is shown in Fig. C.1 where all the presented measurements
have been acquired with the same electrical excitation with a Vjeax = 4V. In
the case of pristine MoS, there is no hysteresis observed in such low voltages.

C.2 Resistance model as a function of defect density

The electron transport simulations can only provide values of resistance for a
limited defect density range due to the increasing size of the cell in the case of
low defect densities below 0.1 nm™~2. For that reason we form a classical model
of resistance evaluation as a function of defect density in order to be able to
extrapolate values for a bigger range of defect densities using the estimations
of the numerical simulations. Let us assume a crystal area with pristine and
defective domains as it is illustrated in Fig. C.2a. The sub-domains indicated by
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Figure C.1: (a-d) I-V measurements recorded for the same peak voltage (4V)
for memristive devices with differently treated 1L MoS, flakes.

dashed lines refer to a cell area A equal to the one used in the simulations. We
assume a number of total cells N and a number of defective cells n. Assuming a
parallel conductance model the total overall conductance of such a crystal area
is given by:

GN=Gpr(N—n)+Gd~n (Cl)

where Gy is the total conductance for all the N cells, G, is the cell conductance
of a pristine cell and G is the cell conductance of a defective cell. G4 can
either refer to the conductance of the case of one V; or a Vs substituted by an
Au atom as illustrated in Fig. 7.6. By defining the defect density as

n
N-A

04 = (C.2)
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C.2 Resistance model as a function of defect density

we can arrive to an expression that describes the conductance for arbitrary
defect densities of a cell with area A.

G(pa) = Gpr +(Ga = Gpr) pa- A €3

This equation is then fitted to the simulation results for obtaining the values
of Gy, and G4. The result for both cases, Vs and Au-substituted V and their
corresponding conductance Gy, and G, as a function of defect density p is
shown in Fig. C.2b. Written in resistances equation C.3 can be written as

Rpr 'Rd
Rq+(Rpr—Ra)pa-A
where Rg =1/Gg and Ry, = 1/Gpy.

R(pa) =

(C4)

a b 5
cell area A —> TC: @ Gup == Gy fit
K o z4 @ G, == Gy fit
pristine | ° O3 ~®
cell g ° -
g2 ~e
defective N - s o —
cell ol -
/ 8 - - — 2 hd
0.
tota’\ll.a'&ea N : number of total cells 0.0 0.2 0.4
n : number of defective cells defect density [nm~2]

Figure C.2: (a) Illustration of the model assumed for calculating the total
resistance of a crystal area N- A divided in N cells of area A with n number of
cells having one defect. (b) Simulation results (dots) and fit of the presented
model (dashed lines) of the conductance for different defect densities.
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