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Résumé

L’isolation d’'une couche de graphite d’un atome d’épaisseur, tres bien
connue aujourd’hui sous le nom de graphéne, realisée par A.Geim et K.
Novoselov (prix Nobel de physique 2010) en 2004, a été une véritable
avancée révolutionnaire qui a ouvert un nouveau domaine de recherche et
a eu un impact important sur de nombreux domaines allant de la physique
de I’état solide a la cosmologie en passant par la chimie des surfaces. La
principale raison pour laquelle un morceau de carbone obtenu avec cette
technique, que méme un éleve du secondaire peut facilement maitriser, a
suscité tant d’attention, c’est qu’il permet d’étudier la matiére a une échelle
réellement 2D, ce qui n’avait jamais été atteint auparavant.

Le graphene est un allotrope 2D de carbone dans lequel les atomes sont
disposés dans un plan de I'épaisseur d’un atome et organisés sur une struc-
ture en nid d’abeille. Le graphene et sa version multicouche, le graphite,
appartiennent a la famille de matériaux dits de van der Waals (vdW). Ces
matériaux sont composés de couches atomiquement minces qui sont main-
tenues ensemble par des forces de vdW tres faibles. Dans chaque couche,
cependant, les atomes sont étroitement liés par de fortes liaisons covalentes.
Cette structure permet de cliver facilement ces matériaux en brisant les
liaisons de vdW entre couches tout en laissant pratiquement intact la dis-
position des atomes dans chaque couche. De maniere plus frappante, en
principe, pour effectuer un tel clivage, aucun équipement sophistiqué n’est
requis et cela peut facilement étre réalisé en utilisant un rouleau de ruban
adhésif. De plus, les liaisons intercouches vdW sont la raison pour laquelle
une couche de matériau atomiquement mince est stable dans les conditions
ambiantes et préserve sa composition chimique. La rupture des liaisons
de vdW n’affecte en aucun cas la surface d’une couche 2D; elle reste donc
chimiquement inerte et ne subit aucune dégradation. Une méthode de
synthese simple et robuste associée a la vitalité exceptionnelle du graphene
sont les facteurs clés du boom des matériaux 2D.

La famille des matériaux 2D vdW n’est de loin pas limitée au graphene.
(C’était le premier, mais peu de temps apres, une pléthore d’autres matéri-



aux s’est rapidement épanouie. Ces matériaux different sensiblement les
uns des autres en termes de propriétés et de domaines d’applications poten-
tielles. Parmi les plus étudiés figurent des isolants tels que le nitrure de bore
hexagonal (h-BN), des semiconducteurs comprenant un groupe important
de dichalcogénures de métaux de transition, des semimétaux représentés
par le graphéne ou WTes, ou encore des supraconducteurs tels que NbSes.
Une telle variété de propriétés, appartenant a une classe de matériaux, est
tres prometteuse pour le développement de nouvelles technologies. Par ex-
emple, disposer des trois composants principaux d’un transistor a effet de
champ (c’est-a-dire un métal, un isolant et un semiconducteur) permet de
construire des circuits intégrés entierement a partir de matériaux 2D pou-
vant potentiellement concurencer la technologie du silicium qui prochaine-
ment atteindra sa limite et ne pourra plus suivre la loi de Moore.

La réduction de la dimensionnalité des matériaux de la 3D a la 2D entraine
des modifications qualitatives des propriétés des matériaux et I’émergence
d’une nouvelle physique. L’exemple tres connu est la quantification des
niveaux d’énergie d’'un matériau provoquée par le confinement spatial du
mouvement des électrons le long d’une des dimensions du matériau. Cet
effet se manifeste par 'apparition de niveaux d’énergie discrets dans la
structure de bande électronique d’'un matériau. Un autre exemple est la
quantification de la conductance transverse, connue sous le nom d’effet
quantique de Hall (K. Von Klitzing, prix Nobel de physique 1985). Pour
les semiconducteurs, la transition de la 3D a la 2D a également des impli-
cations importantes. Par exemple, dans les semiconducteurs, les électrons
chargés négativement et leurs homologues de charge positive, les trous, peu-
vent se lier par des interaction Coulombiennes, formant des quasi-particules
a charge neutre, appelées excitons. Ces quasiparticules présentent un grand
intérét, par exemple dans la réalisation d’états quantiques cohérents, e.g.
formation de condensat d’excitons de Bose-Einstein. Dans les semiconduc-
teurs 3D, les électrons et les trous de ces paires sont généralement tres
faiblement liés, car le potentiel de Coulomb qui les maintiennent ensemble
est considérablement affecté par la masse environnante, ce qui réduit leur
durée de vie et limite leur utilisation a des fins de recherche. Dans le cas
2D, cependant, le potentiel de Coulomb est beaucoup moins affecté et la
liaison de la paire électron-trou est fortement améliorée. L’énergie de liai-
son de ces excitons peut atteindre 0.5 eV, ce qui permet leur observation
méme a température ambiante.

Cette these se concentre sur les propriétés électroniques et optiques des
semiconducteurs 2D de vdW et de leurs hétérostructures. En particulier,



une grande partie de nos travaux est basée sur des expériences menées
sur des couches atomiquement minces de dichalcogénures de métaux de
transition du groupe 6 et de leur membre le plus étudié MoS, . Les
propriétés de transport électronique de ces matériaux sont principalement
étudiées a l'aide de grille électrique a base de liquide ionique. Dans cette
technique, un matériau est intégré dans un transistor a effet de champ,
dont le diélectrique de grille est un liquide ionique (connu sous le nom
anglais de "ionic-liquid gate field effect transistor (IL FET)"), dans lequel
la réponse du matériau est sondée en fonction de la tension de grille ap-
pliquée. L’utilisation d’une grille avec IL est particulierement adapté a
I’étude de matériaux 2D et permet de mesurer des caractéristiques telles
que 'amplitude de la bande interdite de semiconducteurs dans la descrip-
tion de particule unique ou l'alignement de bande dans des hétérostruc-
tures semiconductrices. Les IL FET permettent également d’étudier les
propriétés des matériaux sous une densité de porteurs de charge élevée,
ce qui permet de sonder l'interaction électron-phonon dans les semicon-
ducteurs 2D. De plus, les IL FET offrent la possibilité de réaliser des
dispositifs fonctionnels tels que des transistors émetteurs de lumiere ou
des photodétecteurs, fréquemment utilisés au cours de nos travaux. Enfin,
nous profitons de la flexibilité offerte par les matériaux van-der-Waals dans
I’assemblage d’hétérostructures avec des propriétés réglables. En choisis-
sant une combinaison appropriée de matériaux 2D, nous sommes capables
de créer de nouveaux semiconducteurs artificiels avec I’amplitude et la na-
ture de la bande interdite (directe ou indirecte) déterminée par conception.
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10 Introduction

Chapter 1: Introduction

1.1 2D materials and van der Waals heterostructures

The isolation of single-atom-thick layer of graphite, very well known now
as graphene, done by A.Geim and K.Novoselov (Nobel prize in physics
2010) in 2004 was a truly revolutionary breakthrough which opened up
a new field of research and had a pronounced impact on multiple domains
ranging from solid state physics and surface chemistry up to cosmology.
This discovery was particularly outstanding because back at that time at
the 2D limit graphite crystals were predicted to be thermodynamically un-
stable and hence not existing in nature. Nevertheless, several pioneering
experimental works?3 demonstrated the opposite and since then research
on graphene and other 2D materials has been thriving for almost 15 years
and producing about ten thousand scientific publications every year.

The main reason why a piece of carbon obtained with the technique,
which even a middle-school student can easily master, attracted so much
attention is that it provided the possibility to study matter at the truly
2D length scale which was not attainable ever before. Structures replicat-
ing the behaviour of a 2D system have been previously known for several
decades. For example, a 2-dimensional electron gas (2DEG), a system
where electrons are tightly confined along one dimension and free to move
along the other two, had been realized at the interfaces between a semicon-
ductor and an insulator in field-effect transistors!¥l in the 1960s, between
two different semiconductors in quantum well structures®% in the 1970s
and between two different insulators from oxide electronics family!” in the
early 2000s. In all these cases, however, 2D-like behaviour persists only
by bringing into contact two or more materials in composite structures,
called heterostructures. Such a quasi-2D state exists only at the interfaces
between 3-dimensional materials and cannot be observed separately from
them. In contrast, truly 2D materials and graphene in particular are single
component materials which are interfaces to themselves.

What is so special about graphene that ensured its incredible success?
Graphene and its multilayered version graphite are members of the so-
called van der Waals family of materials. These materials are composed
of atomically-thin layers which are held together by very weak van der
Waals forces. Within a single layer, however, atoms are tightly bonded by
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strong covalent bonds. This structure enables to easily cleave these mate-
rials across interlayer vdW bonds while leaving the arrangement of atoms
within a layer virtually intact. More strikingly, in principle to perform such
cleavage no sophisticated equipment is required and the main component
that stood behind this astonishing discovery — apart from obviously strong
scientific intuition and enormous dedication of graphene pioneers — was a
roll of scotch tape — an ordinary consumable present in every office. A
piece of graphite stacked between two scotch ribbons can be thinned down
to monolayer thickness by multiple sequential attaching and detaching of
one of the scotch ribbons. This method, coined as scotch-tape exfoliation,
is incredibly simple and reproducible which determined such rapid devel-
opment and expansion of the field of 2D vdW materials. Moreover, vdW
interlayer bonds are the reason why an atomically thin layer of material
is stable at the ambient conditions and preserves its chemical composi-
tion. Breaking vdW bonds do not affect anyhow the surface (e.g. do not
create dangling bonds) of a 2D layer and therefore it remains chemically
inert and does not experience any degradation. Robust and straightfor-
ward synthesis method together with graphene‘s outstanding vitality are
the key factors behind the 2D materials boom.

The family of 2D vdW materials is by far not only limited to graphene.
It was the first one but shortly after a plethora of other materials rapidly
flourished. According to recent theoretical calculations!® about 1800 com-
pounds are thermodynamically stable and can be exfoliated from bulk crys-
tals. These materials substantially differ from each other in terms of prop-
erties and domains of potential applications. Among the most studied ones
are insulators such as hexagonal boron nitride (h-BN)P!, semiconductors
including a large group of transition metal dichalcogenides!'”, semimetals
represented by graphene or WTey " superconductors such as NbSe, 12,
Such a variety of properties reached within one class of materials holds
a great promise for the development of new disruptive technologies. For
example, having available all three principal components of a field-effect
transistor (i.e., a metal, an insulator, and a semiconductor) enables to
build integrated circuits completely out of 2D materials which can poten-
tially challenge the silicon technology which in a very recent future will
reach its limit and will no longer be able to follow the Moore's law.

Reduction of material dimensionality from 3D to 2D leads to the qual-
itative changes of material properties and the emergence of new physics.
The very well known example is the quantization of energy levels of a mate-
rial caused by spatial confinement of electron motion along one of material
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dimensions. This effect is manifested in the appearance of discrete energy
levels in the electronic band structure of a material seen in both quasi-2D
systems like III-V quantum wells!*® and in 2D vdW layers!'*'%. Another
example is the quantization of transversal conductance, known as quantum
Hall effect, first also seen in quasi-2D structures!'® (K. von Klitzing, Nobel
prize in physics 1985) and then observed in graphene®317 and other 2D
materials!’®). Apart from these common effects of dimensionality reduction,
graphene also has a unique property stemming from its linear low-energy
dispersion relation F(k). It accounts for the first experimental observation
of massless Dirac fermions®3 which resembles the behaviour of relativistic
particles in quantum electrodynamics.

For semiconductors the transition from 3D to 2D also has important
implications. For example, in semiconductors a negatively charged elec-
trons and their positively charged counterparts, holes, can bound through
Coulomb interaction into charge-neutral quasiparticles, known as exci-
tons!®. These quasiparticles are of high interest, for example, for real-
ization of coherent quantum states, e.g. Bose-Einstein condensate of exci-
tons!!”). In 3D semiconductors electron and hole in such pair are typically
very weakly bounded as the Coulomb potential holding them together is
significantly screened by the surrounding bulk reducing their lifetimes and
limiting their research use. In the 2D case, however, the Coulomb potential
is screened much less and the bonding in the electron-hole pair is largely
enhanced ). The binding energy of these excitons can be as large as 0.5
eV21] which enables their observation even at room temperature.

Weak interlayer van der Waals forces is the key factor which enables
isolation of atomically thin layers from bulk crystals. It also determines
another prominent advantage that these materials offer — the possibility
to build wvan-der-Waals heterostructures'®?3.  The ease with which an
atomically-thick layer is detached from its bulk also implies that it can
be further readily re-stacked on top of another vdW layer. In conventional
heterostructures (e.g. I1I-V quantum wells, LAO/STO) strong covalent
interlayer bonds allow to assemble together only materials with the same
crystalline lattices and matching lattice constants greatly reducing the va-
riety of combinations. Van der Waals bonding, however, induces no limita-
tion on the parameters of materials which can be used in a heterostructure.
It implies that all compounds from the rich library of vdW materials can
be combined together which opens up immense opportunities for mate-
rial property engineering. For example, the electronic band structure of
graphene can be modified by putting it on-top of h-BN?*20 or supercon-
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ductivity can be induced to graphene by stacking two layers of graphene
under the specific 'magic’ twist angle!?”. For heterostructures assembled
from semiconductors the value of the heterostructure band gap as well as
their optical properties can be varied in a large range by interchanging het-
erostructure constituents?®?’!. VAW heterostructures are a very powerful
and flexible platform offering unprecedented opportunities to study new
physical phenomena.

2004 2010

Figure 1.1: Evolution of graphene production: from micron-size laboratory samples in
2004 to industrially compatible meter-size rolls in 201039,

Shortly after the discovery and particularly after it got largely popular-
ized with the Nobel prize award in 2010, graphene used to be viewed as a
supermaterial capable of solving the vast majority of problems the human-
ity is facing. As time passed the hype has declined and graphene and other
2D materials started to be perceived more conservatively. Now it is a tech-
nology with still incredibly high potential but which is far from its maturity
and which requires significant development. What is certainly impressive
is how fast the production of graphene scaled up from a laboratory sample
to an industrially compatible product. The first graphene flake obtained
in 2004" had lateral dimensions of a fraction of a human hair while al-
ready in 2010 meter-size rolls of graphene were synthesized®"! (figure 1.1).
Such rapid development of manufacturing technology obviously forced re-
searchers to think about applications. Among the most realistic ones from
today‘s standpoint are the use of 2D vdW materials for metrology®!, in
bendable touch screens32 | flexible electronics3 or wearable biosensors for
personalized medicine!®. However, since the fundamental research in this
field is still progressing very rapidly a lot of more astonishing applications
which are not obvious now will most likely come out soon. The lemma
formulated by Herbert Kroemer motivated by the discovery in the field
semiconducting heterojunctions (Nobel Prize 2000) fits also very well for
2D vdW materials: " The principal applications of any sufficiently new and
innovative technology always have been — and will continue to be — appli-
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cations created by that technology'.

1.2 Thesis outline

This thesis focuses on electronic and optical properties of 2D van-der-Waals
semiconductors and their heterostructures. In particular, large part of our
work is based on experiments done on atomically thin layers of group 6
transition metal dichalcogenides (TMDs) and its most studied member
MoSy . Chapters 4 and 5 are solely dedicated to MoS, obtained with
two different methods — chemical vapor deposition (Ch.4) and exfoliation
(Ch.5) — and reveal a substantial difference in electronic transport prop-
erties depending the synthesis method used. Chapter 6 include results
obtained also with other TMDs such as WSy , WSey and MoSey . In chap-
ters 7and 8 vdW heterostructures assembled from TMDs ( Ch.7) and from
TMDs and InSe layers (Ch.8) are investigated.

To facilitate the understanding and interpretation of experimental re-
sults presented in this work we introduce Theoretical background chapter
(chapter 2) where the required theoretical concepts are explained in details.
In section 2.1 we provide an overview on transition metal dichalcogenides,
describe which materials belong to this group, what are their crystalline
structure and chemical composition. We further demonstrate the effect
of dimensionality reduction (i.e., going from 3D to 2D) on the electronic
band structure and optical properties of these materials. Discussing the
optical response of TMDs we pay readers attention on the peculiarity of
excitons in 2D materials and the conditions for their radiative recombina-
tion. We also mention types of defects present in TMDs and their effect
on the properties of TMDs.

In section 2.2 we discuss semiconducting van-der-Waals heterostruc-
tures and their prominent advantages as compared to conventional semi-
conducting heterojunctions based on covalently bonded materials. We ex-
plain such key aspects of heterostructures as band alignment, charge trans-
fer, and band bending which in large extent determine their properties and
the performance of semiconducting devices based on them. Next, we in-
troduce the concept of an interlayer exciton which is viewed as one of the
most important features of vdW heterostructures. We explain what makes
these excitons so attractive and describe the factors that render them ei-
ther optically bright or dark.
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Chapter 3 provides an overview of the main experimental techniques
used in this thesis as well as the details of sample fabrication including
material synthesis protocol and the sequence of steps employed to build
vdW heterostructures.

Four out of five experimental chapters of this thesis include measure-
ments done with ionic-liquid field effect transistors (IL FETs). Ionic-liquid
gating technique is a very powerful experimental method particularly suit-
able for investigation of 2D materials. For example, it allows to measure
the value of a single-particle band gap of semiconductor or probe the band
alignment in semiconducting heterostructures. We find it, therefore, use-
ful to describe in details this technique in a separate section (section 3.1).
There we first introduce the structure of a conventional field-effect tran-
sistor, explain its operation principle and operation regimes. We further
discuss FETs with ionic liquid gate dielectric, their structure, and func-
tioning mechanism. Finally, we explain the main principle behind IL FET
spectroscopy.

In Chapter 4 we study transport properties of large-area MoS, mono-
layers grown by chemical vapor deposition using IL FETs. Under electron
accumulation, the performance of these devices is comparable to that of
FETs based on exfoliated flakes. FETs on CVD-grown material, however,
exhibit clear ambipolar transport, which for monolayers had not been re-
ported previously. We exploit this property to estimate the bandgap A
of monolayer MoS, directly from the device transfer curves and find A =
2.4-2.7 eV. In the ambipolar injection regime, we observe electrolumines-
cence due to exciton recombination in MoS, , originating from the region
close to the hole-injecting contact. Both the observed transport properties
and the behavior of the electroluminescence can be consistently understood
as due to the presence of defect states at an energy of 250-300 meV above
the top of the valence band, acting as deep traps for holes.

The presence of the in-gap trap state in MoSs; monolayer is further
confirmed by the detailed transport characterization shown in Chapter 5
where we investigate the ability of exfoliated monolayers of MoS, to support
high-quality, well-balanced ambipolar conduction. Using ionic-liquid gated
transistors, we demonstrate that, contrary to WS, , MoSe; , and WSes ,
hole transport in exfoliated MoSs; monolayers is systematically anomalous,
exhibiting a maximum in conductivity at negative gate voltage (V) fol-
lowed by a suppression of up to 100 times upon further increasing V.
To understand the origin of this difference, we have performed a series of
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experiments including the comparison of hole transport in MoS,; monolay-
ers and thicker multilayers, in exfoliated and CVD-grown monolayers, as
well as gate-dependent optical measurements (Raman and photolumines-
cence) and scanning tunneling imaging and spectroscopy. In agreement
with existing ab-initio calculations, the results of all these experiments
are consistently explained in terms of defects associated with chalcogen
vacancies that only in MoS; monolayers, but not in thicker MoSs multilay-
ers nor in monolayers of the other common semiconducting TMDs, create
in-gap states near the top of the valence band that act as strong hole traps.

In Chapter 6 we report a combined experimental and theoretical in-
vestigation that reveals a new mechanism responsible for the enhancement
of electron-phonon coupling in doped semiconductors in which multiple
inequivalent valleys are simultaneously populated. Using Raman spec-
troscopy on ionic-liquid-gated mono and bilayer MoSs, WSy, and WSes
over a wide range of electron and hole densities, we find that phonons with
a dominant out-of-plane character exhibit strong softening upon electron
accumulation, while remaining unaffected upon hole doping. This unex-
pected — but very pronounced — electron-hole asymmetry is systematically
observed in all mono and bilayers. By performing first-principles simula-
tions, we show that the phonon softening occurs when multiple inequivalent
valleys are populated simultaneously. Accordingly, the observed electron-
hole asymmetry originates from the much larger energy separation between
valleys in the valence bands —as compared to the conduction band— that
prevents the population of multiple valleys upon hole accumulation. We
infer that the enhancement of the electron-phonon coupling that drives the
softening upon electron doping occurs because the population of multiple
valleys acts to strongly reduce the efficiency of electrostatic screening for
those phonon modes that cause the energy of the inequivalent valleys to
oscillate out of phase.

In Chapter 7we study the transport and opto-electronic response of two
different van-der-Waals heterostructure based on transition metal dichalco-
genide monolayers, namely WSe; /MoSes and WSey/MoS,. By exploiting
the spectroscopic capabilities of IL FETs, we show how the conduction
and valence bands of the individual monolayers determine the bands of
the interface, and we establish quantitatively — directly from the measure-
ments — the energetic alignment of the bands in the different materials,
as well as the magnitude of the interfacial band gap. Photoluminescence
and photocurrent measurements allow us to conclude that the band gap
of the WSes/MoSes interface is direct in k—space, whereas the gap of
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WSey/MoS, is indirect. For WSey /MoSe, we detect the light emitted from
the decay of interlayer excitons and determine experimentally their binding
energy using the values of the interfacial band gap extracted from transport
measurements. The technique that we employed to reach this conclusion
demonstrates a rather general strategy to characterize quantitatively the
interfacial properties in terms of the properties of the constituent atomic
layers. The results presented here further illustrate how van der Waals
interfaces of two distinct 2D semiconducting materials are composite sys-
tems that truly behave as artificial semiconductors, whose properties can
be deterministically defined by the selection of the appropriate constituent
semiconducting monolayers.

Finally, in Chapter 8 we proceed with material property engineering
using van-der-Waals heterostructures and provide a method to build a
composite direct band gap semiconductor out of the two indirect band gap
ones which is particularly relevant for the observation of bright interlayer
excitons. Previous work done on interlayer excitons in vdW interfaces re-
lied on a very limited combination of materials which has the same lattice
symmetry, matching lattice constant and are rotationally aligned, as it
is required to achieve radiative recombination of these excitons. In our
approach indirect band gap semiconductors with either conduction or va-
lence band edges lying in the center of the Brillouin zone — at the I'-point —
are combined yielding a direct band-gap heterostructures in which formed
interlayer excitons, called I'-I" excitons, are always optically bright. A sys-
tematic study of multiple combinations of group 6 TMDs with InSe and
GaSe enabled us to determine the band alignment in these heterointerfaces
and establish the principle mechanism of charge transfer.
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Chapter 2: Theoretical background

2.1 Transition metal dichalcogenides

2.1.1 Chemistry and crystalline structure

Transition metal dichalcogenides are compounds with general stoichiomet-
ric formula MX, 1% where M is a transition metal (i.e., an element with
partially filled d-shell) and X is a chalcogen atom (sulfur, selenium or tel-
lurium). The members of this class of materials are marked in the periodic
table in figure 2.1a. Compounds with metals from group 4-7 form mainly
layered structure while the ones of groups 9 and 10 are usually found to be
nonlayered (e.g. NiSy has an apyrite structure). In layered TMDs atoms
are covalently bonded within the plane while in the out-of-plane direction
they are held together by weak van-der-Waals forces. Weak interlayer forces
enable relatively easy isolation of atomically thin layers down to ultimate
monolayer limit. A TMD monolayer is composed of a layer of transition
metal atoms sandwiched between two layers of chalcogen atoms. Orbitals
of a chalcogen atom in these materials terminate with lone-pair electrons
which determine the absence of dangling bonds and make these materials
chemically stable.

Apart from the chemical composition a crucial aspect determining the
properties of a material is the relative arrangement of atoms in space. A
TMD monolayer frequently adopts 2 different crystalline structures - the
1T (figure 2.1b) and the 2H (figure 2.1c¢) for which coordination of a metal
atom is trigonal prismatic and octahedral respectively. In thicker TMD
layers the 2H monolayer can be stacked either in an ABA (middle column
2.1d) or in an ABC (right column 2.1d) sequence, with the later config-
uration giving rise to the rthombohedral 3R phasel®. The vast majority
of materials discussed in this thesis has 2H structure and we, therefore,
consider only this structure in the following discussion, unless specifically
indicated otherwise.

In figure 2.1e two unit cells representing a TMD bilayer are shown. In
this configuration the lower unit cell is transformed exactly into the upper
one upon an inversion transformation with respect to the inversion cen-
ter 30 (marked with the ¢ point in the figure 2.1e). This implies that these
structures posses inversion symmetry. For a TMD monolayer, however,
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this is not the case. For example, upon selecting a transition metal atom
as an inversion center the chalogen atoms of the bottom layer are mapped
to an empty space and do not superimpose with the ones of the upper
layer. Therefore, in 2H TMD monolayers inversion symmetry is broken.
Through similar considerations one can see that the inversion symmetry is
preserved for stacks composed of even number of layers and is broken for
odd number of layers.

The TMDs that we will consider crystallize in a hexagonal lattice. The
first Brillouin zone (BZ) of a 2D hexagonal lattice is shown in figure 2.1e.
The center of the BZ, k,=k,=0, is conventionally referred to as the I
point. The BZ corners consist of 2 inequivalent groups denoted as K and
-K pointsB7. Each one of the three points within one of the groups are
equivalent, as they are related to each other by reciprocal lattice vectors.
The K and -K points are linked by time-reversal symmetry (i.e., they
transform into each other upon time reversal transformation). At approx-
imately halfway between I' and K points lie the () points. These points
are important because of the corresponding band extrema in the electronic
band structure of TMD multilayers as discussed in section 2.1.2.
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Figure 2.1: Chemistry and crystalline structure of TMDs. (a) The periodic table showing
the transition metals (shaded with blue, pink, green violet) and the chalcogen elements
(shaded with orange), taken from Ref. 10. (b,c) Crystalline structures of TMD monolayers
representing the 1T (b) and the 2H (¢) structures with trigonal prismatic and octahedral
metal coordination respectively, taken from Ref. 10. (d) Stacking polytypes of bulk TMDs,
adapted from Ref. 35. (e) Two unit cells representing 2H TMD bilayer with the inversion
center 7 located in-between the cells, taken from Ref. 36. (f) The first Brillouin zone of a
2D hexagonal lattice, taken from Ref. 37.

The electronic properties are largely determined by the coordination
environment of the transition metal and by the number of d-electrons in-
volved in the bound formation. Table 1 shows the summary of electronic
properties for many of these compounds. Depending on the filling of the
non-bonding d bands TMDs can be semiconductors, metals, semimetals!%,
They can support superconductivity. In this thesis we study semiconduct-
ing TMDs and focus mainly on group 6 TMDs.
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Table 1: Electronic properties of TMDs

Group M X Properties
4 Ti,Hf Zr | S,Se, Te Semiconducting
Narrow band metals or semimetals.
g V:Nb,Ta | 5,5¢,Te Superconducting. Charge density waves
6 Mo,W | S,Se,Te Semiconducting, WTes is semimetal
7 Tc,Re | S,Se,Te Small-gap semiconductors
10 PPt | S.Se Te Sulfides and sglemdes are §emlconduct1ng
Tellurides are semimetals.

2.1.2 Band structure of semiconducting TMDs

There is a number of important aspects in the band structure of semicon-
ducting TMDs which largely determine the electronic and optical proper-
ties of these materials and are particularly relevant to interpret the exper-
iments done in the context of this thesis. One is the effect of the spatial
confinement on the band structure in different parts of the Brillouin zone
(i.e., how the band structure changes upon varying the thickness of the
material). Another one is the strength of the spin-orbit coupling and its
coupling to the valley degree of freedom, leading to the so-called spin-valley
locking. These properties are similar for the different group 6 TMDs, and
here we select MoS, as an illustrative example to showcase this behaviour.

Indirect-to-direct band gap crossover

With the development of modern micro- and nanofabrication techniques
enabling the patterning of structures and devices at the nanometer scale
material dimensionality has become a crucial design parameter. A very
prominent example of the effect of dimensionality reduction is the quanti-
zation of the energy levels seen in quantum wells of III-V compounds!'3.
In this case the size of a structure and, hence, confining potential along
one of material dimension is considerably reduced. Such a spatial confine-
ment of charge carriers makes the physical properties of the material to
be entirely governed by quantum mechanical effects. In semiconducting
TMDs dimensionality reduction also plays a pivotal role and governs the
evolution of their electronic band structure in the crossover from 3D to 2D.

We start with discussing the band structure of bulk MoSs . In figure
2.2a the calculated band structure of MoSs is shown representing the en-
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ergy bands as a function of lattice wave vector (i.e., dispersion relation).
The continuum of states forming the valence and conduction bands are
separated in energy by a region with no electron states available. The
lowest energy state that an electron can occupy in the conduction band is
called conduction band minimum (CBM), while the highest energy state in
the valence band — valence band maximum (VBM). The energy difference
between CBM and VBM determines the size of band gap. Of particular
interest are the different bands extrema present in the conduction and va-
lence bands, at the Q, I' and K points. For bulk MoS, (figure 2.2a) the
global extrema of the conduction and valence bands lie at the Q and the
I' points respectively®®. Having CBM and VBM at the different points
in the momentum space implies that a material is an ¢ndirect band gap
semiconductor.

Energy

Bulk" '4|_ | 4]/ 2L A el A
I MKQFF MKQFF MKQF r MKQF
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Figure 2.2: Calculated band structure of MoS, (a) bulk, (b) 4 layers, (c) 2 layers and (d)
monolayer, taken from Ref. 38. (e) Schemes of the atomic orbitals primarily involved in
the formation of the conduction and valence band edges of MoS, , taken from Ref. 39.
(f) Calculated band structure of MoS, monolayer with (the left panel) and without (the
right panel) spin-orbit coupling included, taken from Ref. 37.

nergy e

Upon decreasing the thickness of MoS; down to few nanometers the
position of band edges at the Q and the I' points shifts in energy. In fig-
ures 2.2b,c the band structure for 4 and 2 layers are shown, where the
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CBM and the VBM progressively increase their energy, resulting in an in-
crease of the band gap. This change in energy originates from the nature
of atomic orbitals involved in formation of these bands. In the case of
the I' point it is a combination of p, orbitals of S atoms and d.» orbitals
of Mo atoms, which have strong out-of-plane character as shown in figure
2.2e. Such orbital geometry leads to strong electronic coupling between
TMD layers. The charge carriers in this system can be viewed analogously
to the well-known particle in a box model. According to this model the
energy of a particle E, is inversely proportional to the interbarrier spacing
L (E, = n?h?/8mL?). Accordingly, the energy of bands at the Q and the
I' points in TMDs increases with decreasing the number of layers.

The position of the local conduction and valence bands extrema at the
K point — unlike the bands at the QQ and I" points — are almost not affected
by the change in thickness. These bands are formed by the dg2_,» + d,,
orbitals of Mo atoms and the p, + p, orbitals of S atoms with mainly in-
plane character® and therefore weak interlayer coupling. That is why
the energy of the bands at the K/-K points almost does not change upon
varying the thickness of MoSy; . As a result, when the thickness is re-
duced down to the monolayer limit (figure 2.2d), the energy separation
between the bands edges at Q and I" becomes larger than the one at the K
point. Thus, bands extrema at the K point become global and the band
gap becomes direct. This indirect-to-direct band gap crossover is a very
remarkable property of group 6 TMDs making them particularly attractive
for novel opto-electronic applications.

Spin-orbit coupling

Spin-orbit coupling (SOC) is a relativistic effect caused by the interac-
tion between the particle spin with its motion in a potential. A prominent
example of this phenomenon is the coupling between electron spin (S) and
its orbital angular momentum (L) due to its motion around a proton in
an atom. In the electron reference frame it is the proton which rotates
around it. This circulation of the positively charged proton creates a mag-
netic field which acts on the electron magnetic dipole moment generated
by its spin. This coupling leads to the splitting of electron energy levels
caused by the Zeeman effect. The strength of the SOC is proportional to
the scalar product of the electron orbital momentum and its spin L - §. In
TMDs spin-orbit coupling is important to fully capture all the features of
the electronic band structure. It is particularly strong for the band edges
at the K/-K points as they originate from the d-orbitals of the heavy tran-
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sition metal 404 Strong SOC lifts the spin degeneracy of these bands

and thus makes them spin-polarized (see figure 2.2f). In monolayers the
magnitude of the bands splitting at the K /-K points is of the order of hun-
dreds of meV in the valence band and of tens of meV in the conduction
band.

Valley degree of freedom

The corners of the first Brillouin zone of TMDs are composed of two
inequivalent groups of high symmetry points referred to as K and -K (see
figure 2.1f). The energy of bands extrema at these points are the same.
Such energy degenerate bands are called electron valleys. As discussed in
section 2.1.1, K and -K points are related to each other by time reversal
symmetry. Carriers in K and -K valleys should, therefore, have opposite
spins (figure 2.3a). Having a particular spin rigidly linked to a particular
valley is called spin-valley locking.

In TMD monolayers, where the band extrema at the K/-K points are
global, the optical selection rules for the interband transitions impose that
the carriers in K and -K valleys couple to circularly polarized light of op-
posite helicity®”. Tt is, therefore, possible to selectively populate these
valleys by illuminating a monolayer with laser having either o, or o_ po-
larization as shown in figure 2.3b. Thus, K and -K valleys having the
same energy can be distinguished due to the spin-valley locking and be
separately addressed with o,/ o_ photon. The possibility to discriminate
between energy degenerate valleys provide TMD monolayers with the val-
ley degree of freedom!*2*4. This property enables the observation of new
phenomena. For example, the new type of Hall effect — the valley Hall ef-
fect has already been reported in TMD monolayers, where the transversal

voltage is generated by imbalanced valley currents at device edges!*>9.

2.1.3 Optical properties of semiconducting TMDs

The emergence of a direct band-gap in monolayers together with the spin
splitting of bands and the valley degree of freedom make TMD particularly
attractive to study optoelectronic phenomena. In addition, the reduced di-
mensionality suppresses screening of interactions between charge carriers,
which differentiate the properties of 2D TMDs from those of conventional
3D semiconductors. It is, therefore, important to understand the essential
aspects of light-matter interaction in atomically thin TMDs.
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Figure 2.3: (a) Scheme of K/-K valleys with corresponding spins in a TMD monolayer.
(b) Optical selection rules for the interband transitions in TMD monolayers, taken from
Ref. 37

In semiconductors light-matter coupling is responsible for such phenom-
ena as reflection, transmission, absorption and scattering of light. Upon
illuminating a semiconductor with a beam of light an electron in the va-
lence band is excited to a state in the conduction band leaving a hole in
the valence band. This process, in the absence of interaction between elec-
tron and hole (i.e., having independent electrons and holes), is governed by
material absorption cross section determined by the joint density of states.
In the presence of interaction, instead, the formation of an electron-hole
complex with correlated motion occurs. This complex is an elementary
excitation of the semiconductor called exciton.

Fxcitons in 2D

An exciton is a two-body quasiparticle whose motion can be decom-
posed into two components — the motion of an exciton center-of-mass (CM)
and the relative motion of the electron and hole. Within the effective mass
approximation the degree of freedom associated to the CM is analo-
gous to that of a free particle with kinetic energy Ej. = A*Q?,./2M where
M=m, + my, and Q., = k. + kj, — exciton wave vector. In 3D the relative
motion of electron and hole can be well approximated by the motion of
an electron around a proton in a hydrogen atom. The quantized series
of energy states — known as the Rydberg series — is defined according to
—13.6eV —L— where p = o ”;‘T’L‘h is the reduced exciton mass, n — principal
quantum number which is integer. Summing these two components and
adding the semiconductor band gap yields the exciton dispersion relation:

1 h?

2
E..(n,Qu) = B, — 13.6¢V ex 2.1
(TL Q ) g € m0€2n2 + 2M ( )

which is depicted in figure 2.4b. A series of discrete levels is followed
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by continuum of states at the n — oo limit. The onset of this continuum is
defined as the free-particle band gap and the lowest energy excitonic state
(i.e., with n=1) is the optical band gap. The difference between these two
energies gives the exciton binding energy Ep" which is governed by the sec-
ond term in (2.1).

(a ) energy
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Figure 2.4: (a) Dispersion relation of an exciton, taken from Ref. 13. (b) Schematic
representation of excitons in 3D and 2D, taken from Ref. 20. Screening of the Coulomb
potential is largely reduced in the 2D case due to the change of dielectric environment.

In the 2D case2%2! the solution of the hydrogen atom problem yields
the energy spectrum given by —13.6evm. As compared to the 3D

solution the n? term in the denominator is replaced by (n —1/2)2. For the
1S exciton state (i.e., with n=1) it implies 4 times increase in the exciton
binding energy. Another important distinction comes from difference in
size of excitons in 2D and 3D. In 2D semiconductors excitons are confined
within atomically thin layers of material, which considerably reduces their
radius. The electric field induced by electron-hole Coulomb interaction ex-
tends outside the material where it experiences much less screening due to
the dielectric environment as compared to the 3D case where the field is
largely attenuated by material® (see figure 2.4c). The enhanced Coulomb
interaction leads to the increase of the exciton binding energy which in 2D
TMDs can be as large as several hundreds of meV. A large E;* value also
implies a very sizeable difference between the free particle band gap and
the optical gap. Values of E, and E,, are usually determined by different
experimental techniques and their precise assignment is getting particular



2.1 Transition metal dichalcogenides 27

important for TMDs.

A neutral electron-hole pair can also acquire an additional electron or
hole and form the three-particle state (analogous to hydrogen ions H~ or
HJ). This charged exciton state is called trion. It is formed in the pres-
ence of finite density of charge carriers. Adding an electron or a hole to an
exciton increases the binding energy of this state. The optical band gap of
a trion is therefore lower than the one of the respective exciton. In TMD
monolayers the difference between these two gaps, called the trion binding
energy E{Mo" is as large as 20-40 meV 74 which enables to observe trions

even at room temperature.

Bright and dark excitons

After its formation, an exciton can recombine either by emitting a photon
(i.e., being optically bright) or through a non-radiative path like impurity-
assisted recombination (i.e., being optically dark). For the radiative re-
combination to occur the exciton and the resultant photon momenta have
to match as required by momentum conservation. This condition is visu-
alized in figure 2.5a, where the exciton dispersion is combined with the
free-space photon dispersion c¢*qj (g is the projection of photon wave vec-
tor on material plane). In this representation an exciton is bright if its
CM wave vector ), lies within the area delimited by c*q, called the light
cone, and dark if K., is outside this cone (i.e., Qe > c*g)*. The pho-
ton momentum is a very small quantity and the condition for the radiative
recombination to occur can be approximated with ()., =~ 0. This condi-
tion is met for excitons in direct band gap semiconductors as the electrons
and holes of which they consist are residing at the CBM and VBM with
the same momentum and hence ()., = 0. For indirect band gap semicon-
ductors, the CBM and the VBM are displaced in momentum space and
Qer > 0. In this case, nevertheless, the exciton can still recombine ra-
diatively if the momentum conservation is satisfied by involving a phonon
with the required momentum.

Apart from momentum conservation whether an exciton is bright or
dark is also determined by the presence of optical selection rules®%®1. As
mentioned before carriers in TMD monolayers posses valley (7) and spin
(o) degrees of freedom. Exciton states having the same spin and with elec-
tron and hole occupying the same valley (K or -K) are bright, while states
with different spins or different valleys are dark (figure 2.5b).

Interestingly, in TMD monolayers the spin configuration of bands is dif-
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Figure 2.5: (a) Exciton dispersion matched with the free-space photon dispersion (i.e.,
light cone). Excitons with kinematic momentum @)., inside the light cone are optically
bright, while those with @Q., outside the cone are dark. (b) Schematic representation of

spin and valley dependent optical selection rules for TMD monolayers. Figures are taken
from Ref. 21

ferent in Mo- and W-based compounds. For MoSs and MoSe, the highest
energy conduction band and the lowest energy valence band have the same
spin, whereas for WSy and WSe,y spin values are opposite253].  There-
fore, the lowest energy transition in W-based TMDs is spin-forbidden and
the excitons formed from the carriers residing in these bands are optically
dark. However, as it was discussed in section 2.1.2, the spin splitting in
the conduction band of TMD is significantly smaller than the one of the
valence band. For example, in WSes this splitting is ~ 30meV. At room
temperature the higher energy conduction band can be populated due to
thermal excitation of carriers from the lower energy one, thus enabling
radiative exciton recombination. Upon decreasing temperature, however,
the intensity of this process decreases and nearly vanishes at T=4K 3.
In Mo-based compounds the opposite trend is observed — the intensity of

exciton recombination increases upon cooling down.

2.1.4 Defects in TMDs

The properties of an ideal material are mainly determined by its chemical
composition and its crystalline structure. In reality, however, ideal mate-
rials do not exist as imperfections of the crystalline structure and in the
chemical composition, such as crystalline defects or impurities, are always
present. These imperfections, depending on their type and concentration,
can have a profound effect on the material properties. For semiconduc-
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tors, in particular, impurities play a key role. For instance, dopants (i.e.,
intentionally induced chemical impurities) can drastically change the con-
ductivity of a semiconductor and turn it into a metal. The possibility to
modify the conductivity of a semiconductor lies at the heart of the MOS-
FET technology where the doping profile of a silicon wafer defines its semi-
conducting and metallic (i.e., source and drain contacts of a FET) regions.
Often, however, defects can affect the material properties in a detrimental
way. It is therefore crucial to characterize defects that are typically present
in a material and to be able to control them.

In TMDs several types of defects can be present such as stacking faults,
line defects (e.g. dislocations or grain boundaries), point defects (e.g.
chalcogen vacancies and divacancies, transition metal vacancies and their
complexes), antisite defects (e.g. when a Mo atom is substituted by a S
atom in MoS, )[54]. One of the most abundant ones, however, are chalco-
gen vacancies/divacanies. They have the lowest formation energy®! which
determine their high concentration in naturally occurring crystals. The

density of sulfur vacancies in MoS,; monolayer, for example, can be as high
as 1%10'% cm=206],

Chalcogen vacancies impact the electronic band structure and induce
additional density of states. Depending on their energy, these states can
have radically different effects on the material properties. If a defect-
induced state is situated inside the valence or conduction bands, it can
hybridize with delocalized states present at the same energy and has a lim-
ited influence on the material property. When, however, the energy of these
states falls into the band-gap, the defect can act either as dopant or as trap
for free charge carriers. The presence of traps can considerably deteriorate
carrier mobility as carriers get localized at defect sites causing transport
to occur in the hopping regime rather than in the band-like regime”. In-
deed, the presence of in-gap states can hinder ambipolar conduction, as
observed in MoSs monolayers discussed in more details in Chapter 5.

Another type of defects relevant for TMD layers synthesized with chem-
ical vapor deposition (CVD) are grain boundaries. Grain boundaries are
usually absent in exfoliated TMD layers. Formation of grain boundaries
occurs due to merging of crystallites originating from multiple nucleation
sites. Usually the crystalline orientation of these grains are random and
lattices of neighbouring crystallites are misaligned. Electronic transport
across such large angle grain boundaries is significantly deteriorated as
compared to the single crystal case. One approach to overcome this prob-
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lem is the use of the appropriate growth substrates enabling epitaxial film
growth. In this case the orientation of crystallites is determined by the
growth substrate, so that upon merging they do not form large angle grain
boundaries. For example, for the CVD growth of MoSs; a sapphire sub-
stratel® can be successfully employed for this purpose as discussed in
Chapter 4.

2.2 Semiconducting van-der-Waals heterostructures

Semiconducting heterostructures are one of the key components of modern
microelectronic industry which find application in different types of func-
tional devices. For example, heterojunctions based on I1I-V compounds are
largely used in high-electron-mobility transistors enabling high-frequency
operation, a functionality critical for such fields as satellite communication,
radio astronomy or mobile telecommunication. In a particularly efficient
type of solar cells — multi-junction solar cells — stacks of semiconductors
with different band gaps are key to allow efficient light absorption in a
large range of wavelengths. In quantum cascade lasers, intersubband tran-
sitions across periodic series of semiconducting heterostructures allow to
emit in the long wavelength range (from 2 to 250 um), a feature that is
exploited for remote chemical sensing or collision avoidance radar. Besides
this plethora of applications, semiconducting heterostructures are also at
the heart of fundamental discoveries such as the integer and fractional
quantum Hall effect.

Despite all these impressive achievements, the field of semiconducting
heterostructures faces serious limitation because of the very limited ma-
terials that can be effectively combined together. This limitation stems
from the fact that constituent materials forming these heterostructures are
connected by strong covalent bonds. For this to happen over a large area
the materials have to have the same lattice symmetry and matching lattice
constants. Even though there are a number of techniques to adjust the
lattice parameters of junction constituents (e.g. using pre-strained sub-
strates) they do not significantly enlarge the possible combinations and
can lead to defect formation (e.g. edge or screw dislocations) degrading
the properties of a heterostructure.

For heterostructures formed out of vdW materials, however, the lim-
itation of lattice compatibility is no longer present. In this case, the in-
terlayer bonding is realized through very weak van-der-Waals forces (the
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strength of a vdW bond is about two orders of magnitude lower than the
one of a covalent bond). Therefore, a vdW heterostructure can be eas-
ily created by selecting the desired combination of components from the
rich library of known vdW materials irrespective of their lattice constants
and crystal symmetry?>?]. Furthermore, vdW heterostructures provide a
rotational degree of freedom. Lattices of constituent layers can be freely
rotated with respect to each other to match the required alignment angle
which has already led to the emergence of very remarkable phenomena in-
cluding superconductivity in twisted bilayer graphene®” or satellite Dirac
peaks in graphene-boron nitride stacks?*20. Such flexibility makes vdW
heterostructures highly attractive as a powerful playground to study new
physical phenomena of fundamental interest.

In this thesis we will focus on heterostructures assembled from semi-
conductors. To correctly interpret experimental results discussed in the
following chapters, in this section we introduce a key aspect of semicon-
ducting heterostructures, namely the band alignment. We further consider
a special type of excitons present in these heterostructures — interlayer ez-
citons — and discuss the features which make them particularly appealing
both for fundamental studies and for novel applications in photonic circuits.

2.2.1 Band alignment

The majority of properties of a semiconductor is determined by the elec-
tronic states having energy in the vicinity of conduction and valence band
edges. Similarly, for semiconducting heterostructures the relative position
of CBM and VBM in the constituent materials, i.e., the relative alignment
of the bands in the two materials, is of primary importance. There are
3 types of possible band alignment!™! as shown in figure 2.6a-c. Here we
consider the relative alignment between two different semiconductors — A
and B — for which the conduction and valence bands are pictured in green
and orange respectively.

Type 1

In this type of alignment (figure 2.6a) the conduction band edge of a
semiconductor A has lower energy than the one of a semiconductor B, and
at the same time the valence band edge of A lies above that of B. Thus, the
band gap of semiconductor A is completely inside the band gap of semicon-
ductor B. Let us now consider a structure where the material A is placed
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in-between two layers of material B, as shown in figure 2.6d. The energy
difference between conduction and valence bands of the heterostructure
components — called band offset — creates potential barriers which confine
both electrons and holes within material A. Thus, this structure can be
viewed as two potential wells — for electrons and for holes — the depths
of which are determined by the respective band offsets. Charge carriers
in such well can be considered analogously to the particle in a box model
with, however, finite barrier height. According to this model, the energy
of charge carriers inside the well increases with decreasing the thickness of
material A, which is a well-known consequence of quantum confinement.
Hence we can effectively increase the size of the band gap by changing the
material thickness in a heterostructure.

This type of band arrangement is used in applications that require both
types of charge carriers to be localized within the same semiconductor.
For example, it has successfully been employed in double heterostructure
lasers®? 09 This type of lasers are very notable as they greatly impacted
our modern world since their invention and their importance was marked
by the physics Noble Prize of 2000 (H. Kroemer and Zh. Alferov). In this
laser a smaller band gap material (e.g. GaAs) is sandwiched between two
layers of larger band gap material (e.g. AlGaAs) which are n- and p-doped.
Under forward bias electrons and holes from the n- and p-doped AlGaAs
layers are injected respectively into the conduction and valence bands of
the GaAs layer. Electrons and holes simultaneously present in the same
material recombine and emit photons. Such localization of charge carriers
within a thin layer largely enhances radiative recombination rate and hence
increases the laser efficiency.

In 2D TMDs charge carriers are naturally confined within the distance
determined by the thickness of the material which can be as thin as a
monolayer. Therefore, the effects related to the quantum confinement can
be readily observed in single component materials without the need to as-
semble heterostructures. One of these effects is the increase of the band
gap of MoS, with decrease of its thickness discussed in section 2.1.2. VAW
heterostructures with type I band alignment, nevertheless, also have some
advantages. For example it is possible to significantly enhance light ab-
sorption in the smaller band gap material as it was shown, for example,

for MoSs - ReSs system[m].
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Figure 2.6: Types of band alignment in semiconducting heterostructures representing
type I(a), II(b), and III (c). Heterostructure stacks enabling charge carriers confinement
in type I (d) and type II (e) heterostructures.

Type 11

In this case (figure 2.6b) the conduction band minimum of material A
lies inside the band gap of material B (i.e., the energy of the CBM of A
is lower than that of B), but for the valence band edge the situation is the
opposite: the VBM of B falls inside the band gap of A. Similarly to the
type I case, sandwiching semiconductor A between two layers of semicon-
ductor B results in a potential well for electrons in A. Holes, in turn, can
be confined in a potential well in the opposite case, i.e., if a layer of B is
clamped between two layers of A (see figure 2.6e). The effective band gap
of this heterostructure is determined by the energy separation between the
CBM of A and the VBM of B. This is a noteworthy feature of this stag-
gered alignment, as it opens up the possibility to engineer the band gap
of a heterostructure by selecting an appropriate combination of materials,
with the desired CBM to VBM energy spacing.

Type 111

In this alignment (figure 2.6¢) the conduction band edge of semiconduc-
tor A lies below the valence band edge of semiconductor B. Heterostruc-
tures with such alignment effectively do not have a band gap, which im-
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plies that there are states available for electron or hole conduction at all
energies. It is particularly remarkable that the combination of two nom-
inally insulating materials yields a conducting heterostructure. Materials
in which conduction and valence bands overlap are called semimetals. In
type III heterostructures such overlap is determined by the choice of the
constituents and they can be, therefore, viewed as artificial semimetals.

Charge transfer and band bending

The picture of band alignment presented above forms the basis to de-
scribe the band diagram of heterostructures as we show here. We first
discuss the case of conventional 3D heterojunctions and then address the
important aspects which accompany the formation of 2D vdW heterostruc-
tures. In figure 2.7a we show the position of bands of two different 3D semi-
conductors (A and B) before the contact. Although the discussion here is
based on type II heterostructure the most considerations made hold true
also for type I and III alignment.

We consider the specific situation in which the two materials — A and
B — have their chemical potentials close to the conduction (i.e., n-doped)
and valence (i.e., p-doped) bands, respectively. When the heterostruc-
ture is formed (figure 2.7b) the electrochemical potential u aligns across
the whole volume, leading to the redistribution of charge carriers in the
interface region*%%. Electrons diffuse from the n-doped semiconductor to-
wards the p-doped one, while holes move in the opposite direction. This
charge redistribution creates, in turn, a potential difference — the built-in
voltage — which generates drift current of opposite direction. At the ther-
mal equilibrium these diffusive and drift currents balance each other. The
built-in voltage established in the interface region causes the formation
of the space-charge regions where the position of conduction and valence
bands varies in space. This spatial variation of bands is called band bend-
ing. In conventional 3D heterojunctions, depending on the initial doping,
the space-charge region can extend over several hundreds of nanometers.

In 2D vdW heterostructures the alignment of the electrochemical poten-
tial also leads to charge transfer between the two materials. The important
distinction from the 3D case arises, however, from the heterostructure di-
mension. The characteristic thickness of a 2D heterostructure is of the
order of a few nanometers, even less than 2nm for a heterostructure built
from two TMD monolayers. This thickness is so small, that it prevents the
formation of any sizeable band bending (i.e., there is simply not enough
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Figure 2.7: Energy-band diagrams of two isolated 3D semiconductors (a) and their het-
erostructure at the thermal equilibrium (b). The alignment of electrochemical potential p
leads to charge transfer between the semiconductors and formation of built-in voltage in
the interface region. The established potential changes the position of the bands resulting
into band bending.

space for the bands to vary continuously with position). Therefore, a sim-
ple band diagram shown in figure 2.6b is sufficient to illustrate the position
of the bands across the whole heterostructure. Another related implica-
tion of atomic-size thickness of vdW heterotructures is that now there is
no longer distinction between surface and bulk properties. A 2D vdW het-
erostructure is an interface by itself.

2.2.2 Interlayer exciton

In section 2.1.3 we have introduced the concept of exciton as a bound
electron-hole pair. In TMD monolayers excitons have remarkably large
binding energy which makes them stable even at room temperature. These
materials are, thus, a powerful platform to study excitons. Semiconducting
vdW heterostructures extend these possibilities even further.

In vdW heterostructures, in the same way as in single component mate-
rials, electrons and holes can bound by Coulomb force and form excitons.
In this case, however, there are two possibilities. If both electrons and
holes are confined within the same heterostructure constituent, as shown
in the upper panel of 2.8a, then the resultant excitons are called intralayer
excitons. Interlayer excitons — bound states formed by charge carriers re-
siding in different layers of a heterostructure (figure 2.8a lower panel) — are
another possibility. Interlayer excitons can be readily observed in type II
heterostructures where an electron from the material with the lower lying
conduction band edge bounds to a hole in the material with the higher
lying valence band edge as it is shown in figure 2.8b. In the further discus-
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sion on properties of interlayer excitons we will consider heterostructures
with this type of band alignment.

The spatial separation of charge carriers in interlayer excitons has two
important implications. The first one is the increased exciton radius a as
compared to an intralayer exciton. In addition, in interlayer exciton the
parameter a can be controlled by introducing an insulating spacer (e.g. a
layer of h-BN) between the semiconducting layers in order to bring elec-
trons and holes further apart!!%6364  The possibility to tune a is advan-
tageous because it allows to control and increase the exciton lifetime /6]
7 (7 ~ @?®). The enhancement of 7 can be very dramatic. For example,
from time-resolved measurements!® the lifetime of an intralayer exciton
in WSey monolayer is estimated to be at the order of tens of ps, while the
results obtained for an interlayer exciton in WSes/MoSey heterostructure
provide the value of 7 of about 100 ns. The long lifetime allows interlayer
excitons to propagate over large distances before recombination, which is
critical, for example, for optoelectronic applications where these excitons
can be used as information carriersl%”. The second consequence of inter-
layer carrier separation is the formation of an out-of-plane electric dipole
moment D, as it is shown in figure 2.8a. The presence of D,., allows
to control the motion of interlayer excitons electrostatically and hence to
build functional devices powered by these excitons, for example, exciton

optoelectronic transistors [68],

To benefit from the discussed advantages of interlayer excitons, how-
ever, they are required to recombine radiatively. An interlayer exciton is
optically bright if its kinematic momentum ()., lies within a photon light
cone™ ™ and the optical selection rules, discussed in section 2.1.3, are
met. Similarly to intralayer excitons, an efficient radiative recombination
of interlayer excitons is achieved when @).,=0, which is the case for di-
rect band gap semiconductors (i.e., when CBM and VBM are matched in
momentum space). In a heterostructure with type II band alignment the
conduction and valence band edges originate from different heterostruc-
ture components. Their momentum-space coordinates are determined by
the band structure and the size of the Brillouin zone of each of the compo-
nents which, in turn, depends on the material lattice constant. Usually, it
is very difficult to find the combination of materials with the same lattice
symmetry and lattice constants and thus obtain a direct band gap het-
erostructure. For example, despite the fact that all group 6 TMD mono-
layers have their CBM and VBM at the K/-K points, being combined
into a heterostructure their band extrema will be displaced relatively to



2.2 Semiconducting van-der- Waals heterostructures 37

(a) intralayer exciton (b)
XOOCOOOE -}
. . \ \
interlayer exciton N \
5000000 _
OO OO

(C) (e) (f)

ex

3

’Qex K Qex=0
) K K
‘ /%) /%)
k k
>  ——

Figure 2.8: (a) Schematic real space representation of intra- and interlayer excitons, taken
from Ref. 69. The interlayer carrier separation in an interlayer exciton creates an out-
of-plane electric dipole moment D.,. (b) Interlayer exciton in type II semiconducting
heterostructures. (c) Brillouin zone alignment between two different TMD monolayers in
a vdW heterostructure when the components have different lattice parameters (the upper
panel) and when they are the same but the lattices are rotationally misaligned (the bottom
panel). In both of these cases the CBM and VBM, lying at the K/-K points, are displaced
in the momentum space and interlayer excitons formed in these heterostructures acquires
finite kinematic momentum @, as shown in (d). When the lattice parameters are the
same, as it is the case for WSey/MoSe, heterostructure, and the lattices are aligned (e)
then the CBM and VBM match and Q., = 0 (f).

each other in the majority of combinations because of the difference in
their lattice constants as shown in figures 2.8c,d. Only for WSey/MoSe,
heterostructure, where the lattice mismatch between the constituents is
negligible, it is possible to match the CBM and VBM and in which the ex-
istence of radiative recombination due to interlayer exciton has been solidly
proven experimentally ?*%%(see figures 2.8e.,f). In the other combinations
the lattice difference is large and hence ()., > 0 which suppresses radia-
tive interlayer recombination. Furthermore, even if the lattice-matched
components are chosen the heterostructure’s CBM and VBM can be still
displaced in the momentum space due to rotational misalignment of the
constituent lattices during heterostructure assembly (figure 2.8c bottom
panel). So far, achieving radiative recombination of interlayer excitons in
vdW heterostructures remains rather challenging and relies on a very lim-
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ited combination of materials.

The situation can be changed radically if the exciton kinematic momen-
tum ()., is always zero irrespective of material lattice constant mismatch
or rotational twist. That can only be attained when both conduction and
valence band edges of a heterostructure are situated in the Brillouin zone
center — at the I' point. Among vdW materials potential candidates for
the valence band edge are layers of group 6 TMDs with thicknesses larger
than monolayer, in which the VBM is at the I' point. For the conduction
band edge layers of InSe or GaSe can be employed. These heterostructures
are discussed in details in Chapter 8.
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Chapter 3: Experimental techniques
and device fabrication

3.1 Ionic liquid FETs

A field effect transistor is a key component of all modern electronic devices.
Apart from powering our everyday gadgets a field effect transistor itself
can be used as research tool for characterizing materials. One remarkable
type of transistors used for purposes of our research is the ionic-liquid gate
field effect transistor (IL FET). The vast majority of electronic transport
measurements presented in this thesis take advantage of IL FETs. In this
section we, therefore, provide an explanation of the operation principle
of ionic-liquid gating, discuss details of ionic liquid gated FETs, and the
possibility to use them to perform spectroscopy.

3.1.1 Field-effect transistor

To introduce IL FETs we first discuss the operation principle of conven-
tional FETs. Even though there exist several different types of FETs, the
common principle behind all these devices is the modulation of the electri-
cal conductance of a device channel with an electric field. A schematic rep-
resentation of one of these transistors — the metal-insulator-semiconductor
field-effect transistor (MISFET) — is shown in figure 3.1a. The main com-
ponent enabling the change of the FET conductance is the MIS stack
composed of a metal gate, a gate insulator, and a semiconductor. This
MIS stack acts as a parallel plate capacitor in which charge carriers can
be electrostatically accumulated at the gate/insulator and the insulator/
semiconductor interfaces/*%?. Two metal electrodes — the source and the
drain electrodes — are deposited to contact the semiconductor layer from
two sides. Upon applying a bias voltage Vpg between the source and the
drain contacts a potential difference is established across the semiconduc-
tor which, in the presence of mobile charge carriers, enables the flow of
current. The amount of charge carriers present is controlled by the voltage
Vs applied between the metallic gate and the source contact (kept at the
ground potential) as shown in figure 3.1a.

The mechanism of charge accumulation in a FET can be readily un-
derstood by looking at the band diagrams of a MIS stack shown in figures
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3.1b,c. Here a p-doped semiconductor (i.e., with the electrochemical po-
tential u close to the valence band) is considered, but an equivalent mech-
anism holds also true for the n-doped semiconductor. For V=0V (figure
3.1b) no charge accumulation occurs in the semiconductor and the transis-
tor is in the off state. When a negative Vg is applied (figure 3.1c¢) positive
charge carriers are accumulated at the semiconductor/insulator interface.
Such local increase in the concentration of charge carriers bends the va-
lence band edge up and brings it closer to p. The formation of conducting
channel occurs once the VBM reaches p which brings the transistor into
the on state. The value of Vizg corresponding to the opening of the channel
is called the threshold voltage Vyy,.
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Figure 3.1: (a) Schematics of a MISFET which includes a metal gate separated from a
semiconductor channel by a gate insulator and two metal electrodes — the source and the
drain electrodes, taken from Ref. 4. The schematics also shows a typical bias configuration
enabling MISFET operation. Energy band diagrams for Vgs=0V (b) and upon applying
a finite negative Vg (c).

When the value of Vg is below Vj;, certain amount of charge carriers
are still present in the channel and transistor operates in the subthreshold
regime. This regime determines how sharply a transistor can be turned on
or off. An important figure of merit describing this regime is the subthresh-
old swing defined as:

kBT(1 + C“C) (3.1)

sh = In(1
S " n( 0) q Cm
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where C\. and C}, are accumulation region and gate insulator capaci-
tance respectively. S5 4, represents value of gate voltage required to change
the value of source-drain current by one order of magnitude. At room tem-
perature the ultimate limit of S;_4, (with C,. — 0 and C}, — o0) is equal
to 60mV /dec!¥.

FET operation regimes
To understand how a FET operates it is important to also look at its
current-voltage characteristics (Ips-Vpg) which are called FET output curves.
These curves are obtained by varying the source-drain potential Vpg and
measuring the source-drain current /pg with fixed value of the gate-source
potential V5. Depending on the values of Vpg and Vzg a FET can oper-
ate in three regimes — linear, saturation and ambipolar injection. To better
visualize these regimes we will use a simple but illustrative approach based

on diagrams of FET channel potential ™,

To start let us write the Ohm’s law in the form of
J = p‘enkE (3.2)

where J is the current density, F is the electric field across a FET channel,
1¢ and n are the electron mobility and density respectively. For the mo-
ment, we discuss electron transport and the hole transport will be treated
later. The electric field E can be represented as the derivative of the chan-
nel potential V., with the respect to position in the channel, F = dV,;, /0.
For simplicity we consider the linearly varying potential plotted as a solid
blue line in figure 3.2b, equal to zero at the source contact and reaching
Vps at the drain contact. Even though in real transistors V., has a more
complex spacial dependence the linear approximation is sufficient for the
purposes of this chapter. Next, applying a gate voltage Vg between FET
source and gate contacts changes the effective potential in the channel
which is now determined by Vgs-Ven(x) as shown in figure 3.2c. The 2-d
carrier density n accumulated with the gate voltage can be determined from
the insulator capacitance and the difference between Vg and the electron
threshold voltage V5, according to n(z) = C(Vgs — Vep(x) — Vi5)/e. Tak-
ing J=Ips/W and substituting n and £ in (3.2) we obtain the expression
for the current in the channel as:

Ve
Ips =WpC(Vas — Van(x) — ti)axh (3.3)

Integrating (3.3) over the channel length L yields:
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Figure 3.2: (a) Schematics of a MISFET. (b) Variation of channel potential V., across
the channel length when Vpg bias is applied between the source and drain contacts. Here
we assume linearly varying potential. (¢) The effective potential established across the
channel when a gate voltage Vg is applied between the source and the gate electrodes.
This bias condition (Vgs — Vpg > V%) enables accumulation of electrons in the FET
channel. The accumulated carrier density is proportional to the shaded gray area. (d) A
typical FET current-voltage characteristic (Ips vs Vpg). Upon increasing Vpg value the
FET is brought sequentially into linear, saturation and ambipolar injection regimes. (e)
Schematic diagrams of FET channel potential corresponding to FET linear (1), pinch-off
(2), saturation (3) and ambipolar injection (4) regimes.

L L . o OVep,
| Ipsde = [T W C(Vas — V() - ) da (3.4)
Linear dependence of V,;,(z) on x implies that % = Y25 The current

is constant across the channel and therefore fOL Ipsdr = Ipg x L. Thus:

W L
Ips =7 x ' xC | (Vas = Vanlx) = Vig)dz x Vs (3.5)

The third term in (3.5) is the average induced charge density which can
be readily determined from the channel potential diagram from figure 3.2c.
We first consider such bias conditions in which the applied effective gate
voltage (solid blue line in figure 3.2c) is larger than the electron threshold
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voltage (Vas — Vps > Vj5,). In this case the whole blue line lies above the
red dashed line marking V5 and the integral in the third term of (3.5) is
simply the area delimited by these two curves &(Vas — Viu(x) — Vi5)dx =
L(Vgs — V5 —1/2Vpg ), shaded in grey in figure 3.2c. From equation (3.5)
we have:

|1/% V3
Ips = fﬂeo((VGS —Vi)Vbs — 12)5) (3.6)

When Vg — V5 > Vps the quadratic term in (3.6) can be disre-
garded. Ipg thus varies linearly with Vpg and the FET operates in the
linear regime. In a typical FET output curve, represented in figure 3.2d,
this regime is manifested in a linear increase of current at low values of
Vps. The corresponding FET channel potential diagram is marked with
(1) in figure 3.2e. Under this bias condition only electrons are present in-
side the channel.

Increasing further Vpg brings the effective channel potential closer to
the electron threshold voltage. Once the blue line intersects the red dashed
line (i.e., when Vpg > Vigg — Vj5 ) the transistor reaches the pinch-off
(diagram (2) figure 3.2e). Past this voltage the electron channel detaches
form the drain contact. The transistor is now brought into the saturation
regime (diagram (3)) and Ipg stays constant:

Ios = yen“C(Vas — Vii)? (3.7

If Vpg is increased even more the effective potential at the drain contact
changes its sign. When it becomes more negative than the hole threshold
voltage V! the transistor enters the ambipolar injection regime. Under
these conditions both electrons and holes are simultaneously present in the
FET channel (see diagram (4) in figure 3.2¢) and their spatial distribution
can be modulated by Vpg . The source-drain current is no longer constant

and starts to increase again with Vpg as seen in figure 3.2d.

3.1.2 Ionic liquid FETSs

In a conventional MISFET a metal gate is separated from the semiconduct-
ing channel with a solid insulator, which is typically a SiOs layer thermally
grown on top of a degenerately doped silicon wafer. In FETs with an ionic
liquid gate dielectric — as it becomes clear from its name — the solid gate
insulator is replaced by the liquid one. This liquid dielectric is composed
of oppositely charged ions which are free to move in the presence of an
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electric field. A scheme of an IL FET is shown in figure 3.3a. As in the
case of a MISFET source and drain electrodes are lying on top of a semi-
conductor layer. The gate electrode is now, however, displaced from the
channel region to the side of the device substrate. An additional electrode,
called the reference electrode, is introduced into the device structure. The
role of the reference electrode is explained below. A layer of ionic liquid
covering the semiconductor channel, the gate and the reference electrodes
completes the device.

In this transistor configuration, the modulation of the channel conduc-
tivity also occurs through the electrostatic accumulation of charge carriers
driven by the potential difference between the source contact and the gate
electrode. The applied gate-source voltage Vg attracts ions of opposite
charge to the gate/IL and IL/semiconductor interfaces forming two electric
double layers (EDLs) at these interfaces [73-75] - For example, positive gate
voltage brings positive ions at the channel area resulting in the accumu-
lation of electrons in the semiconductor. These EDLs can be thought of
as two capacitors with a thickness of about 1 nm. While in MISFETs the
potential drop throughout the operation occurs across the whole thickness
of the solid insulator in IL FET it happens only at these two EDLs with the
rest of the liquid dielectric staying as a neutral mixture of ions. The exact
voltage applied to the FET channel is probed with the reference electrode,
which eliminates the effect of the potential drop at the gate/IL interface
and only measures the drop at the IL/semiconductor interface.

The nanometer thickness of the EDL implies a tremendous increase in
the gate capacitance Cg as compared to more conventional devices (e.g.
the gain compared to a typical MISFET with 300 nm SiO, layer is more
than two orders of magnitude). The very large gate capacitance is one
of the crucial properties of IL FETs, advantageous for a number of ap-
plications. For example, it enables to accumulate high density of charge
carriers upon applying rather small Vg . The electrochemical potential
of a semiconductor can, therefore, be tuned over the large range which is
particularly beneficial, for example, for studying ambipolar transport prop-
erties in large band gap semiconductors!”7" . In conventional MISFETs the
range of charge carriers that can be accumulated and, hence, the range in
which the electrochemical potential of a semiconductor can be tuned is
limited by the maximum gate voltage that can be applied determined by
the breakdown voltage of the solid insulator. Usually, in these devices it is
possible to study transport properties of only one type of charge carriers in
a semiconductor (either electrons or holes, depending on the initial doping
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Figure 3.3: (a) Schematics of an ionic-liquid gated FET showing the source and drain
contacts, the side gate, and the reference electrode. The diagram also shows the typical
bias configuration required for the device operation. The applied gate voltage creates two
electric double layers which act as two capacitors at the gate/IL and IL/semiconductor
interfaces. (b) Source-drain current Ipg as a function of reference voltage Vs acquired
from a multilayer MoS,; IL FET used as an example to demonstrate how value of band
gap is determined with IL FET spectroscopy. The red dashed lines are an extrapolation
of the FET linear regime to Ipg = 0 V, as needed to extract the values of electron Vi
and hole V;? threshold voltage. The difference between V5 and V}} provides the value of
the single-particle band gap.

of a material). In IL FETs the magnitude of the applied gate voltage is
also restricted. In this case the allowed Vg values, called the electrochem-
ical window, is determined by the chemical stability of the ionic liquid ™!,
Vs values outside this window decompose the ions and largely degrade IL
FET performance. The electrochemical window strongly depends on the
ionic liquid used and it is, therefore, important to properly select the liquid
according to the purposes of an experiment. The ionic liquid exploited in
this thesis enabled to sweep p over the conduction band, the band gap and
the valence band of the vast majority of the investigated materials and,
thus, probe transport characteristics (e.g. mobility or charge density) of
both electrons and holes.

Another beneficial aspect of ionic-liquid gating is the possibility to re-
alize novel functional devices. For example, IL FETs can be employed as
light-emitting transistors”"). As it is discussed in section 3.1.1 under cer-
tain bias conditions, hardly reachable in FETs with solid dielectrics, it is
possible to simultaneously inject electrons and holes into a FET channel
thus creating a p-n junction. Electrons and holes upon arriving at the
junction can recombine with each other and emit photons. Remarkably,
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the position of the p-n junction and hence the light-emitting region can be
electrostatically controlled with the source-drain bias.

3.1.3 Spectroscopy with IL FETs

As it was mentioned earlier an IL FET is a research tool in itself, because it
enables the characterization of different aspects of the electronic properties
of the semiconductor integrated into it. In particular, it allows to do spec-
troscopy of energetic levels of a material and determine, for example, the
value of the single particle band gap A of a semiconductor!"®77 780 or the
band alignment in 2D vdW heterostructures?). The method is based on
the acquisition and analysis of FET transfer characteristics (i.e., Ips-Vas
curves). To illustrate the principle of the IL FET spectroscopy we recall
that in a FET the change of the gate voltage AVgg and the change of the
material chemical potential Ay are linked by the relation!

€2n

eAVgs = Ap+eA¢ = Ap + o (3.8)
e

where n is the density of charge carriers, Cg — gate capacitance.

Sweeping the gate voltage Vg in a transistor leads to the change of
i and the variation of the electrostatic potential A¢ = en/Cq. For the
transistor off-state (i.e., when p is inside the band gap) value of n cor-
responds to the density of in-gap states induced by defects or impurities.
In high quality materials n is usually low making the numerator in eg—g
also low. The denominator is the gate capacitance which for IL FETs is
extremely large. We can, therefore, neglect the second term in (3.8). This
yields eAVgs = Ap, i.e., the change of the gate voltage is directly equal
to the change of the position of y inside the gap. Tuning Vgg from the
conduction to the valence bands, thus, directly gives the distance in energy
between the bands‘ edges which is the value of single particle band gap.
The exact value is calculated according to AV,,, = V;5 — Vi To determine
precisely values of electron and holes threshold voltages the FET transfer
curve should be measured as a function of reference voltage rather than
applied gate voltage Vig. That is because plotting data in this way en-
ables to account only for the potential drop occurring in the FET channel
and exclude the one at the gate/IL interface. Values of Vj5 and V! are
determined by interpolating respective FET linear regimes to Ipg=0 as it
is shown in figure 3.3b.
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3.2 Photoluminescence

In this type of spectroscopy a material is illuminated with a beam of
monochromatic light and the resultant emission spectrum is recorded. In
simple terms, a sufficiently high-energy photon incident on a semiconduc-
tor excites an electron from the valence to the conduction band leaving
its positively charged counterpart — a hole — in the valence band. Within
a very short time the charge carriers relax to their respective bands® ex-
trema (CBM for electrons and VBM for holes). Electron further relaxes
back into the valence band (i.e., recombines with hole) and the system
returns into the ground state. The recombination can be accompanied by
radiative emission or occur via a non-radiative path, as discussed in sec-
tion 2.1.3. Photoluminescence spectroscopy relies on the measurement of
radiative recombination processes, that determine the emission spectrum
of the semiconductor.

In TMDs, due to strong Coulomb interaction, an excited electron and a
hole in the valence band form a bound exciton state already at room tem-
perature. The photoluminescence output of TMDs is, therefore, mainly
dominated by the recombination of excitons rather than unbound electron-
hole pairs. In figure 3.4a a typical PL spectrum of a monolayer MoS, at
room temperature is shown. The spectrum reveals two Lorentzian-like
peaks marked with A (the lower energy peak) and B (the higher energy
peak). These peaks are due to recombination of excitons composed of car-
riers residing in the K /-K valleys. The emergence of two peaks is caused by
the large spin splitting of the valence band at the K/-K points. PL spec-
troscopy also allows to resolve transitions due to indirect excitons. These
transitions have, however, much lower intensity as it is seen, for example,
for the indirect I'-Q exciton in MoSs bilayer marked with I in figure 3.4a.

Photoluminescence excitation spectroscopy
In a typical PL experiment the excitation energy of a laser is adjusted
to probe the transition of interest in resonance in order to maximize the
number of outcoming photons. In the presence of several distinct transi-
tions responsible for radiative recombination it appears useful to be able
to continuously vary the energy of excitation to establish their relative
contributions. The technique in which the PL spectrum is acquired as a
function of the laser excitation energy is called photoluminescence excita-
tion spectroscopy (PLE). This type of spectroscopy is particularly beneficial
for studying interlayer excitons in type II heterostructures. The intensity
of the interlayer exciton is largely determined by the amount charge carri-



48 3.8  Photocurrent

(a) A (b) Intensity (a.u.) (C) MoSe, WSe, ..
4- m ’; e ° .'°‘
3 =M >1.75 2l
S ]— BL — % -
= 5 =
2 21 c 1.6 1.65 1.7 1.75
2 t Energy (eV)
= c1.65 g i
Bl % (d) Qs
O'-'—r—'—r—'—r— @
1.5 1.8 2.1 1.3 1.34 1.38 =7
Energy (eV) Energy (eV) MoSe, WSe,

Figure 3.4: (a) Photoluminescence spectra of mono- and bilayer MoS, showing peaks due
to A and B excitons for the monolayer and additional low energy peak due to indirect I'-Q
exciton for the bilayer. (b) Photoluminescence intensity of interlayer exciton as a function
of laser excitation energy (PLE map) for WSes/MoSe; heterostructure. The enhancement
of the interlayer peak occurs at energies corresponding to the intralayer excitons of WSe,
(1.74 ¢V) and MoSe; (1.64 ¢V) as it is seen in (c¢) where the PL intensity along the white
dashed line is plotted. (d) Band alignment diagram of WSe;/MoSes heterostructure.
Figures (b)-(d) are adapted from Ref. 28.

ers at the respective conduction and valence band edges of heterostructure
constituents. The resonant population of these bands, in turn, occurs at
the excitation energies matching the band gaps of the constituents. An
example of a PLE plot is shown in figure 3.4b where PL spectral intensity
of the interlayer exciton is mapped as a function of excitation energy for
WSe;/MoSe; system [?8]. The pronounced increase of the interlayer exciton
peak intensity (see figure 3.4c, d) occurs at the energies corresponding to
the intralayer exciton states of WSey (1.74 V) and MoSe;, (1.64 €V) which
serves as a solid indication that this peak is indeed due to interlayer re-
combination.

3.3 Photocurrent

In this technique current in a semiconductor generated by the photoex-
citation (i.e., the photocurrent) is probed as a function of energy of the
incoming light. Unlike PL spectroscopy, where the investigated sample
acts as an emission source and the outcoming photons are detected with
an external instrument, in photocurrent spectroscopy the sample itself is
the detecting device. A photocurrent experiment is done by attaching two
metallic contacts to a sample as shown in figure 3.5a. There exist several
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ways to measure photocurrent. One of the possibilities, which is used in
experiments described in this thesis, is to put both electrodes at the same
ground potential. In this configuration the contacts are short-circuited and
the resultant photogenerated current is called the short-circuit current Igc.
Throughout the measurements a laser beam is positioned close to one of
the contacts and the value of Ig¢ is recorded while changing the laser ex-
citation energy.

(a) (b) minority
carriers EC
¥ d \
<y hv
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Figure 3.5: (a) Schematics of a device for a photocurrent experiment. The photocurrent
Isc is measured in the short-circuit configuration where both of electrodes are put at
the same ground potential. (b) Energy band diagram of a metal/semiconductor junction.
The potential barrier established at the junction interface favours the drift of the minority
carriers towards the contact and opposes the majority carriers from entering the contact.

The common microscopic picture to understand the emergence of pho-
tocurrent is the spatial separation of photoexcited charge carriers by an
electric field. For the sake of simplicity here we discuss only the case of
photocurrent generated by an electric field at the metal /semiconductor in-
terface. Let us first recall the band alignment at this interface. Bringing a
metal and a semiconductor into contact leads to the alignment of the elec-
trochemical potential on both sides of the junction. In the semiconductor,
this results in bending of the valence and conduction bands at the interface
as discussed in section 2.2.1 and depicted in figure 3.5b. In this specific
case, and if we consider a p-doped semiconductor, band bending creates a
potential barrier (the Schottky barrier), for holes (the majority carriers),
which prevents them from entering the metal contact. For electrons (the
minority carriers), however, such band bending favours their drift into the
contact. Thus, upon optical excitation, it is the minority charge carriers
that exit the semiconductor and contribute to the photocurrent8!). The
picture of carrier extraction is equivalent for n-doped semiconductors (with
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the only difference that the minority carriers in that case are holes).

This quantitative discussion is based on the idea that photoexcited
states consist of separate electrons and holes. In TMDs, however, it is not
the case because the vast majority of optically excited carriers are bound
into excitons already at room temperature. To identify contribution of ex-
citons to the photocurrent they are required to dissociate. In the discussed
experimental set-up splitting of excitons is achieved due to the built-in
voltage present in the contact area. Note that photocurrent is generated
irrespectively of whether an exciton is optically bright or dark. It is the
major advantage of this technique as compared to the photoluminescence
spectroscopy.
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3.4 Raman spectroscopy

Raman spectroscopy measures inelastic scattering of monochromatic light
that, in the case relevant for our work, is caused by molecular or crystalline
vibrations in the material investigated. Raman scattering includes three
steps as shown in figure 3.6a. In the first stage, an incident photon with
energy hw; excites an electron in the sample into a virtual electronic state.
The particle in the excited state can interact with vibration of the crys-
talline lattice, so-called phonons, upon gaining or losing energy hwp;, where
wpy, is the frequency of the excited vibrational mode. Finally, the excited
electron collapses back into the ground state by emitting a photon. The
difference in energy between the incident and the emitted photon gives rise
to the Stokes (when Aw; — hwpp>0) and anti-Stokes (when hw; — hwp;,<0)
lines in the Raman spectrum. The intensity of Raman-scattered light is
usually plotted as a function of Raman shift Ak:

1 1
Ak =— —
)\i )\sct

where \; and A\, are wavelengths of incident and scattered photons respec-
tively. The emission line at Ak=0, called the Rayleigh line, corresponds to
elastic scattering i.e., the one that does not involve any energy loss or gain
(see figure 3.6b). Typically, the Rayleigh scattering dominates as only 1
out 10° photons are inelastically scattered.

(3.9)

Phonons in a material can be either Raman active or not depending
on the symmetry of the crystalline lattice. In TMDs several phonon vi-
brational modes are resolved with Raman spectroscopy. For example, for
2H monolayer MoS, there are two characteristic modes!®?) marked with
FEyy and Aj, in the spectrum of figure 3.6c. The FEy, mode correspond to
the in-plane oscillation of atoms while the A;; mode — to the out-of-plane
vibrations as depicted in the inset of figure 3.6¢c. The positions of these
peaks can be used to detect thickness®? and quantify strain present in the
material %3,

In this thesis the Raman spectroscopy is primarily used to probe the
electron-phonon interaction in TMDs as a function of accumulated charge
carrier density. A simple picture of the electron-phonon interaction can
be represented in the following way. In solids ions of crystalline lattice
oscillates around their equilibrium positions creating, thus, locally an elec-
trostatic potential. This potential, known as deformation potential, affects
the mobile charge carriers present in the material. In turn, changing the
number of free carriers also influence the vibration frequency of a lattice
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Figure 3.6: (a) The sequence of Raman scattering process which includes the excitation
of an electron in a sample into a virtual electronic state, subsequent inelastic scattering
with lattice vibration and the final collapse of the excited state back into the ground state
with emission of a photon. (b) Schematic representation of Raman spectrum showing
Rayleigh, Stokes and anti-Stokes lines. (¢) Raman spectrum of MoSs monolayer showing
the characteristic Fy, and A, vibrational modes.

and thus shifts the energy of phonon vibrational modes. The change in
frequency of the Raman modes Aw due to electron or hole accumulation is
linked to the magnitude of the electron-phonon coupling (EPC) g according
to:

Aw, ~ —N(er){g*)Fs. (3.10)

where N(er) is the density of states at the Fermi energy, er, and (g2) g is
the screened electron-phonon coupling (squared) for the v-th phonon mode
averaged over the entire Fermi surface. The EPC in TMDs is discussed in
details in Chapter 6.
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3.5 Device fabrication

In this section we describe the sequence of fabrication steps employed to
make samples used in optical and electronic measurements. We start with
two synthesis approaches, micromechanical exfoliation and chemical vapor
deposition, followed by the transfer technique used to assemble van-der-
Waals heterostructures and the fabrication technique utilized to build ac-
tual devices.

Exfoliation

The first method which enabled to successfully obtain atomically thin lay-
ers of van-der-Waals materials is micromechanical exfoliation or simply ex-
foliation. This rather straight forward from today‘s standpoint technique
opened up the complete experimental field of 2D materials and determined
its fast expansion. Here, a piece of bulk crystal, which is either extracted
from naturally occurring mines or synthesized with a chemical vapor trans-
port, is attached to a stripe of scotch tape as shown in figure 3.7a. It is
then thin downed by putting a second stripe of tape on the other face
of the crystal and detaching it further (figure 3.7b). This step is itera-
tively repeated until the required crystal color, roughly corresponding to
the thickness and density of material crystallites yielding atomically thin
flakes, is achieved as shown in figure 3.7c. Such scotch tape is deposited
on a Si/Si0O, substrate, which is cleaned prior to use sequentially in nitric
acid, deionized water and isopropanol. After rubbing the substrate/tape
stack for approximately 5 minutes (figure 3.7d) the scotch stripe is slowly
detached. The substrate is further inspected under an optical microscope
to find flakes of the required thickness which is established using combi-
nation of optical contrast, atomic-force microscopy and photoluminescence
measurements. Optical microscope images of a Si/SiOy substrate after ex-
foliation are shown in figures 3.7e,f.

Chemical vapor deposition
Exfoliation method despite its great success in obtaining high quality 2D
materials, is facing a principal limitation that it cannot be scaled-up to
produce large-area layers. An alternative approach to overcome this issue
is chemical vapor deposition (CVD). In this technique a continuous film
of a material is formed on a growth substrate via chemical reaction be-
tween precursors. For example, the growth of a CVD monolayer of MoSs ,
discussed in Chapter 4, occurs through the reaction of Mo-containing com-
pound MoO3 with sulfur. The exact protocol used in this thesis includes the
following steps. Ceramic crucibles loaded with powders of MoOj3 and sulfur
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Figure 3.7: (a)-(d) Sequence of steps showing the process of exfoliation of vdW materials.
(e),(f) Optical microscope images of Si/SiO, substrate after exfoliation containing MoSs
flakes of different thickness.

are put into a tube furnace in the way that the one with MoOj is positioned
in the middle of the furnace and the one with sulfur approximately 20 cm
upstream as schematically depicted in figure 3.8a. As a growth substrate
a polished c-plane sapphire is used which is placed "face-down" on a holder
above the MoOs-containing crucible. Sapphire substrate enables epitaxial
growth of MoSs monolayers which significantly improves its properties as
compared to the other growth substratesP®l. The synthesis is done under
constant flow of Ar (75 sccm) with the temperatures of MoOgs and sulfur
reaching 700 and 250 °C, respectively. The growth of the CVD film starts
from formation of multiple triangular-shaped crystallites distributed along
the substrate. Their size increases continuously throughout the deposition
until they eventually merge into a continuous film (figure 3.8b).

Transfer
2D van-der-Waals materials, as it is discussed in section 2, can be freely
assembled into van-der-Waals heterostructures by stacking the required
combination of components. In this work we exploit the so-called dry-
transfer technique which is based on the use of polycarbonate (PC) trans-
fer stamps®. These stamps are fabricated according to the following
procedure. First, a solution of polycarbonate granules in chloroform with
concentration of 50mg/ml is prepared, which is then spin coated on a glass
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Figure 3.8: (a) Schematics of a CVD set-up. (b) Optical microscope images of CVD MoS,
monolayers representing different growth stages.

plate at 3000 rpm for 60 seconds. The obtained PC film is detached from
the substrate and positioned on top of a glass plate/PDMS stack where
it is fixed with a scotch tape. The final stamp is baked at 100 °C for 60
seconds. The optical image of a typical PC stamp is shown in 3.9a.

The transfer itself is done on an in-house built transfer stage inside a
glove box with controlled nitrogen atmosphere. The PC stamp is clamped
in vacuum holder and positioned on top of the area of a substrate con-
taining a flake to transfer. It is further brought to the contact with the
flake using micromechanical manipulator and heated up to 120 °C. Right
after reaching 120 °C the stamp is cooled down to 70 °C and lifted up.
The flake is thus picked up from the substrate. In the next step, the stamp
with the flake is aligned and brought to the contact with a target substrate
and then heated up to 180 °. Immediately after achieving this temperature
the stamp is lifted up leaving the flake covered with the PC film on the
substrate (at T=180 °C the PC film detaches from PDMS). The substrate
is then put into chloroform to remove PC residues.

FElectron beam lithography and contact deposition
Patterning of a flake or a CVD layer into an actual device used in elec-
tronic transport measurements is done by electron-beam lithography. In
this technique a film of positive e-beam resist (polymethyl methacrylate
(PMMA)) is spin-coated on a substrate containing a flake and baked at
180 °C for 2 min. The substrate with the resist is patterned with electron
beam according to the design and then developed in IPA /water solution.
In the next step a metal film is deposited on top of the PMMA mask using
electron beam evaporation. The final device is obtained after lift-off done
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Figure 3.9: (a) Optical image of a PC stamp used to assemble vdW heterostructure with
the dry-transfer technique. The PC film and the PDMS stamp are delimited by the blue
and the red dashed rectangles respectively. (b) The main steps illustrating the transfer
procedure.

by dissolving the PMMA mask in acetone.
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Chapter 4: Ambipolar light-emitting
transistors on chemical vapor
deposited monolayer MoS,

4.1 Introduction

Monolayers of semiconducting transition metal dichalcogenides (TMDs)
based on molybdenum and tungsten are at the focus of considerable atten-
tion because their electronic properties enable the investigation of interest-
ing physical phenomena and offer a significant potential for future appli-
cations®%0. These monolayers are direct band-gap semiconductors that
interact strongly with light, properties that make them attractive for the re-
alization of opto-electronic devices®”. Indeed, a variety of structures — such
as photodetectors®¥l, solar cells®9 light-emitting diodes® 9% and light-
emitting transistors’” — has been investigated and shown to be promising
either because of their particularly good performance (e.g. very high sen-
sitivity of photo-detectors [88]) or of their rather unique functionality (e.g.
the possibility to control the emission of circularly polarized light!).

So far, the vast majority of opto-electronic devices based on semicon-
ducting monolayer TMDs has relied on individual flakes exfoliated from
bulk crystals. Nevertheless, the development of a viable technology will
require the realization of structures produced through a controllable and
scalable process. Progress in this direction is well on its way, as the growth
of large-area, high-quality atomically thin layers (down to monolayers)
of MOSQ[58’94’100], MoSes [101’102], WS, 1031 and WSe, 14 has already been
demonstrated by means of chemical vapor deposition (CVD). CVD-grown
atomically thin layers of semiconducting TMDs have indeed started to be
used for the realization of integrated circuits!'%), gas- and photosensors 106
and flexible transistors!'%”). Only limited work, however, has focused on
opto-electronic applications, possibly because most opto-electronic func-
tionalities rely on the occurrence of ambipolar transport, which is ex-
tremely difficult to observe experimentally in CVD-grown monolayers of
semiconducting TMDs. Indeed, ambipolar transport in CVD-grown mono-

The results presented in this chapter have been published as Evgeniy
Ponomarev, Ignacio Gutiérrez-Lezama, Nicolas Ubrig, and Alberto F. Mor-
purgo, Nano Lett., 2015, 15 (12)
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layers has been reported for the first time only recently in WSe,, 1% and

its observation required sweeping the gate voltage by approximately 200
V, a range by far not compatible with practical applications.

Here, we report on the use of high-quality, large area CVD-grown MoS,
monolayers to realize ionic liquid (IL) gated field effect transistors (FETs)
that work both in electron and hole accumulation. We exploit these am-
bipolar FETs to perform two different types of experiments. First, we take
advantage of the very large capacitance of the ionic liquid gate to quantita-
tively estimate the single particle band gap A of MoS,; monolayers directly
from the FET transfer curve, a measurement that could not be done until
now because — contrary to the case of thicker MoS, layers!'% — ambipolar
transport in monolayer MoS,; had not been reported yet. From measure-
ments on different devices, we obtain values of A ranging from 2.4 to 2.7
eV. Secondly, we drive our ionic liquid gated FETs in the ambipolar injec-
tion regime, in which charge carriers of opposite polarity are injected at the
source and drain contacts. In this regime, we detect electroluminescence at
the energy corresponding to recombination of excitons in monolayer MoS,,
from the region close to the hole injecting contact. A detailed analysis of
the spectra of the emitted light and of their evolution with applied bias
shows — consistently with the result of gate-dependent transport measure-
ments — that the confinement of the light emission near the contact region
is caused by impurity states broadly distributed in an energy range of 250-
300 meV above the top of the valence band, acting as deep traps for holes.
Our results lead to an internally consistent microscopic scenario accounting
for the observed transport properties and electroluminescence of monolayer
MoSs. Additionally, they demonstrate the possibility to employ large-area
CVD-grown MoSy monolayers to realize ambipolar devices enabling light
emission and operating on a voltage scale compatible with practical appli-
cations, a conclusion that has technological relevance for the development
of opto-electronic devices based on atomically thin semiconducting TMDs.

4.2 Growth and characterization of CVD MoS, mono-
layers

Large-area MoS; monolayers are grown by CVD on sapphire substrates
through chemical reaction of a molybdenum containing precursor (MoO3)
and sulfur, adapting a protocol reported in Ref. 18. In short (see Ref. 18
for details), crucibles with the precursors are loaded into a tube furnace,
so that the MoOg3 powder is positioned in the middle of the furnace and
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the sulfur approximately 20 cm upstream. The substrate is placed ’face-
down’ on top of the crucible containing MoOgs. The growth is done under
a constant flow of Ar (75 scem) with the temperatures of MoO3 and sulfur
reaching 700 °C and 250 °C respectively. As shown in Ref. 58, this process
— in combination with the use of polished c-plane sapphire substrates —
enables the epitaxial growth of MoSs monolayer with a very small number
of tilted grain boundaries. An image of a synthesized MoSs; monolayer is
shown in figure 4.1a (the red arrows point to the edges of the film).

The monolayer nature and the uniformity of the material are assessed
by optical characterization. Figure 4.1b shows a Raman spectrum of a
CVD-grown MoSs; monolayer (red curve) together with the spectrum of a
bare sapphire substrate (blue curve). The peaks at 384.4 cm™! and 404.6
cm ! (see figure 4.1c), only visible after the growth process, correspond to
the E%g and the A, vibrational modes characteristic of crystalline MoSs.
Their precise energy provides a first indication that the material is indeed
a monolayer 4. This is confirmed by the photoluminescence (PL) spec-
trum shown in figure 4.1dB%M% (purple curve). A peak at approximately
660 nm (1.88 V) is seen, due to the recombination of so-called A-excitons,
which matches the peak measured on exfoliated MoS,; monolayers (green
curve; similarly to what reported previously "$19 the higher energy shoul-
der originating from the B-exciton transition that is seen in the exfoliated
monolayer is not detected in the CVD-grown material). We conclude that
both Raman and PL measurements show that the material grown is mono-
layer MoSs.

To probe the material homogeneity we map the PL signal by illumi-
nating as-grown monolayers locally with a laser beam (the spot size is ap-
proximately 1 pum in diameter). We focus on the energy of the A-exciton
peak and its full width at half maximum (FWHM), which are sensitive to
defects") and impurities™?. Maps of these two quantities are shown in
figure 4.1e, f. Except for individual points (originating from a glitch in the
measurements), the A-exciton energy ranges from 657.3 to 662.6 nm (i.e.,
from 1.871 to 1.887 ¢V) and the FWHM from 22.1 to 26.6 nm (i.e., from
63.5 to 76.4 meV). We compare these ranges with the spread measured on
five distinct exfoliated MoSy monolayers, for which the peak position varies
in the range 657.8-672.5 nm (1.844-1.885 e¢V) and the FWHM ranges from
23.6 to 36.9nm (67.5-101.1 meV). Our large-area CVD-grown monolayers,
therefore, exhibit smaller spread in optical properties than the sample-
to-sample variations found in individual MoSs monolayers exfoliated from
bulk crystals. We conclude that the homogeneity of our CVD-grown MoS,
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Figure 4.1: Raman and photoluminescence spectra of CVD-grown MoS; monolayers. (a)
Optical image of CVD-grown MoS; on a sapphire substrate. The red arrows point to the
edges of the MoS, monolayer; the dashed square delimitates the area on which the Raman
and photoluminescence spectra shown in (e) and (f) were measured. (b) Raman spectra
of a CVD-grown MoS,; monolayer on sapphire (red) and of the bare sapphire substrate
(blue). (c) Portion of the Raman signal originating from CVD-grown MoS,, exhibiting
the characteristic Eég and A, peaks found in monolayers. (d) Comparison between the
photoluminescence spectra of CVD-grown (violet) and exfoliated (green) monolayer MoSs.
The peaks observed in the CVD monolayer at about 1.78 eV and lower energies originate
from the sapphire substrate (the peak at about 2.05 eV seen in exfoliated MoS, is due
to B-exciton recombination). Maps of the A exciton position (e) and full width at half
maximum (f) extracted from the photoluminescence spectra measured on CVD-grown
MOSQ.

monolayers is satisfactory.
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4.3 Ambipolar transport and band gap determina-
tion

Electronic transport measurements are done using FETs realized on as-
synthesized material (see figure 4.2a for a schematic illustration of the
devices and the inset of figure 4.2b inset for an optical microscope image of
an actual device). The gold electrodes used to measure transport, a planar
gate electrode and an additional contact acting as reference electrode are
realized using electron-beam lithography, metal evaporation, and lift-off.
A subsequent annealing step in an inert Ar atmosphere is performed at T
=200 °C to lower the contact resistance!!’3l. A small droplet of ionic liquid
(EMI-TFSI) is deposited on top of the devices™ ™! just before loading the
them into a vacuum chamber (p~ 107% mbar), where they are kept at room
temperature overnight (to pump out humidity and oxygen) before starting
the electrical measurements. Using FETs realized in this way allows us
to measure transport without the need to mechanically transfer the MoSs
monolayers onto a different substrate, a step that can easily introduce de-
fects detrimental for the observation of ambipolar transport.

Figure 4.2b-d show representative transfer curves (current Igp as a func-
tion of gate voltage V¢ for different values of source-drain bias Vgp) and
output curves (current Igp as a function of Vgp for different V¢ values) of
our devices measured under electron accumulation. Virtually no hysteresis
is observed upon increasing the gate voltage and sweeping it back, as long
as the maximum value of V¢ remains within a few hundreds milliVolts from
threshold (see figure 4.2b). Increasing the range over which Vg is swept
results in a larger hysteresis (see figure 4.2¢) and is accompanied — upon
repeated cycling of Vo — by a shift in threshold voltage to lower values,
in complete analogy to what is commonly observed in IL-gated devices re-
alized on exfoliated flakes. The value of the square resistance Ry for Vg
~ 1 V above threshold is approximately 10 k2, only slightly larger than
the value measured on exfoliated MoS; monolayers at a comparable gate
voltage. At this same gate voltage we measure the carrier density from
Hall-bar shaped devices identical to the ones discussed here (see section
4.6.1 for details) and obtain n ~ 10 ¢cm™2, from which we extract the
room-temperature electron mobility to be u = 1/(Rgne)~10 cm? V-1s~1,
This value is comparable to what has been reported earlier for exfoliated
and (top-quality) CVD MoS; monolayers!?89%114],

The current upturn seen past the saturation regime at large positive
Vsp and small (to moderate) Vi values is worth commenting (see figure
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Figure 4.2: Electrical characteristics of monolayer MoS, ionic liquid-gated field-effect
transistors. (a) Scheme of an ionic liquid-gated field-effect transistor (FET) realized using
an as-synthesized MoS, monolayer, showing the source and drain contacts, the side gate
and the reference electrode. (b) Source-drain current Igp under electron accumulation
measured for two values of source-drain bias Vgp as a function of gate voltage Vi (FET
transfer curves). The inset shows an optical microscope image of a device, in which the
channel is defined by a window made in a PMMA layer (so that the IL is in contact
with the MoSs only in this region). The scale bar in the inset corresponds to 20 ym. (c)
Transfer curves of the same device shown in (b), showing a larger gate sweep range (that
ultimately results in the occurrence of hysteresis, as commonly seen in devices based on
exfoliated MoSy monolayers). (d) Igp as a function of Vgp for different V¢ values (FET
output curves) showing the typical behavior observed in an ambipolar transistor (i.e., an
upturn in Igp is seen at sufficiently large Vgp, past the saturation regime).

4.2d for Vgp = 1.5 V or larger). It is an experimental manifestation of the
onset of the ambipolar injection regime, in which electrons and holes are
simultaneously injected at the two opposite contacts in the transistor'?,
and it implies the occurrence of ambipolar transport. This observation
is interesting because — contrary to monolayers of other semiconducting
TMDs — for MoS, monolayers the manifestation of ambipolar conduction
had not been reported yet (neither on exfoliated nor on CVD-grown ma-
terial). To confirm the occurrence of ambipolar conduction we measure
the full transfer characteristic by sweeping Vg up to large negative values.

Figure 4.3a shows the source drain current Igp measured at Vgp = 0.5
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V, as a function of the potential of the reference electrode (V,¢f), as is
necessary to estimate the band gap (see below). The occurrence of hole
conduction when V,.; exceeds (in absolute value) -2 V is apparent.
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Figure 4.3: Estimation of the band gap of CVD grown monolayer MoS, from the transfer
curves of an ionic-liquid gated transistor. (a) Source-drain current Igp as a function of
reference voltage V,.r, measured for Vgp = 0.5 V. The red lines are an extrapolation of the
linear regime to Isp = 0 V, as needed to extract the threshold voltage (whose position for
holes and electrons is indicated by the vertical blue-dashed lines). The difference between
the threshold voltage of holes and electrons provides an estimate of the band gap (A =
2.7 €V in the present case). (b) Semi logarithmic plots of the data shown in (a). The red
lines are the linear regressions made to estimate the sub-threshold swing. The dashed
ellipse emphasizes the presence of an anomalously large contribution to the source drain
current very deep in the hole subthreshold regime, due to in-gap states at energies close
to the top of the valence band.

We use the data of figure 4.3a to estimate the value of the band gap
A of CVD-grown MoSs monolayers. To this end, we extract the values of
the threshold voltages for electron V¢, and hole V% conduction from figure
4.3a, from which we obtain A = e(V¢,-V! ). Recent work on IL-gated tran-
sistors realized on WS, bulk!™, mono/bilayers™™, and bulk MoTe,[™16]
has shown that this estimate is reliable to approximately 10% — or bet-
ter — even when imperfections are present in the devices, mainly thanks
to the extremely large geometrical capacitance of the IL gate. In MoTe,
bulk devices, for instance, A = e( V§,-V%) was found to agree with scan-
ning tunnelling data and optical spectroscopy data, even in the presence
of significant unintentional doping and of sizeable hysteresis in the device
transfer curvel™. Similarly to the case of bulk MoTe, devices, in our
CVD-grown MoS; FETs the subthreshold swing for holes and electrons
measured at T= 240 K is respectively 99 and 115 meV /dec (see figure
4.3b). These values, approximately twice larger than the ultimate limit
S=kT /e In(10)=47 meV /dec, are indicative of contact non-ideality or of
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the presence of trap states inside the band gap. Indeed, in-gap states near
the top of the valence band are visible in the left panel of figure 4.3b, where
they manifest themselves in the enhancement of Igp measured deep in the
hole subthreshold region (put in evidence by the dashed ellipse). Never-
theless, just as in the case of MoTes, it still makes sense to estimate the
band gap from the device transfer curve. Depending on the specific device
on which the analysis is done, we find band gap values A = e(V¢,-V1)
ranging from 2.4 to 2.7 eV. When compared to existing estimates reported
in the literature (2.15-2.5 eV, as obtained from scanning tunnelling spec-
troscopy 1718 and frequency-dependent photocurrent measurements[lm]),
our measurements contribute to constrain the true value of the band gap
of MoS; monolayers. In this regard we emphasize that, when extracting
the gap from the ambipolar FET transfer curves, it easy to understand
how different physical processes lead to an overestimation of the value of
A, but not to an underestimation. Our experiments therefore strongly
suggest that the actual value of A has to be 2.4 €V or smaller.

4.4 Light-emitting transistor

Having established the occurrence of ambipolar conduction in IL-gated
CVD-grown MoSs transistors, we go back to the ambipolar injection regime
and search for electroluminescence. Figure 4.4a shows the output curve of
one of our transistors measured at Vg = 0.5 V, in which Vgp is swept well
past the onset of ambipolar injection (starting at Vgp ~ 3 V). To detect
light emission, we image the device under the microscope using a CCD
camera. Images taken when the device is biased at increasingly larger Vgp
values are shown on the right side of figure 4.4a. For Vgp < 4 V, no emitted
light is detected within the experimental sensitivity. For larger Vgp, elec-
troluminescence from spots localized near hole-injecting contact becomes
visible. If Vgp is increased further, the light intensity emitted from these
spots, as well as their number, increases. Light emission, however, contin-
ues to occur only near the interface with the hole-injecting contact.

The observed behavior is different from the one expected for ideal oper-
ation of light-emitting transistors!'?%, in which case the location where light
is emitted from shifts in the channel upon varying Vgp. To ensure that
emission does indeed occur from exciton recombination in the MoSs mono-
layer, and not from uncontrolled processes associated to carrier injection
from the metal, it is therefore important to measure the electrolumines-
cence energy spectrum. This is shown in figure 4.4b (red curve) together
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with the PL spectrum measured on the same devices, away from the con-
tact region (blue curve; as discussed above — see figure 4.1d — the large
sharp line at 690 nm and the smaller features just above 700 nm originate
from PL of the sapphire substrate). The dominant peak in the electrolumi-
nescence spectrum coincides with the one in the PL spectrum, confirming
that the light emitted from the bright spots indeed originates from exciton
recombination in the MoSs monolayers. The electroluminescence spectrum
shows an additional smaller and broader peak at approximately 770 nm
(1.6 V), whose origin is discussed in detail below (in the PL spectrum ac-
quired at room temperature this peak is absent but it appears after cooling
the sample to T = 77 K; see section 4.6.2 figure 4.6) and in Chapter 5.

At a first glance, the behavior of the observed electroluminescence ap-
pears similar to the phenomenology that has been reported previously !
in devices realized using exfoliated monolayer MoS;. A more careful in-
spection of the data, however, shows that important differences are present
in the two cases, in particular in the evolution of EL spectrum upon in-
creasing the applied bias. As we discuss below, the possibility to compare
the gate-dependent ambipolar transport data with the bias dependent EL
measurements in our devices provides strong evidence for a simple physical
scenario that explains virtually all our observations. This scenario enables
us to draw consistent conclusions about some aspects of the properties of
CVD-grown MoS,; monolayers, most notably of the in-gap states present
at energies just above the top of the valence band.

To understand the behavior of the EL observed in our devices, it is
important to realize that under the ambipolar injection conditions leading
to light emission, transport occurs in the so-called space charge limited
regime!'?1122 for both electrons and holes. In this regime the charge car-
riers responsible for the current flow are not accumulated by the applied
gate voltage, but are injected from the contacts (electrons at one contact
and holes at the other), due to the large applied bias. As it is well estab-
lished, the space charge limited transport regime is extremely sensitive to
defects acting as trap for charge carriers, whose presence determines the
profile of the electrostatic potential inside the material, and therefore the
spatial distribution of the injected charge. In particular, a large density of
‘deep traps’ — i.e., traps having an energy many times larger than kT can
result in the spatial localization of carriers close to the injecting contact
at low bias, and charge can penetrate deeper into the material only when
a sufficiently high bias is applied (if the density of deep traps is large, the
bias required to induce complete detrapping may be too high to be reached
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Figure 4.4: Electroluminescence in a CVD-grown MoSs monolayer ionic-liquid FET. (a)
Source-drain current Igp as a function of source-drain bias extending to large Vgp values,
as it is needed to drive the device into the light-emission regime. The inset shows an image
of the device with the region of the channel close to the hole injecting contact — where light
emission occurs — delimited by a white dashed line. The three panels on the right show
images of this region for three different values of bias (pointed to by the black arrows).
Light emitting spots (red spots in the image) appear upon increasing Vgp. The scale
bar in the inset corresponds to 20um. (b) Comparison between the photoluminescence
(blue curve) and electroluminescence (red curve) spectra (Vsp = 4.1 V) measured in the
same device, showing that the electroluminescence peaks at the energy expected from the
recombination of A excitons in MoS, (the intensities of both curves are normalized to the
A-exciton peak). A smaller and broader peak is seen in the EL spectrum originating from
trapped excitons; in PL the same peak is observed but only at lower temperature (see
Supplementary Information). (c¢) Normalized electroluminescence spectra recorded for
different values of source-drain bias Vgp demonstrating the decrease of the lower energy
peak with upon increasing bias, consistently with what is expected for trapped excitons.

in the experiments without causing device failure)!'?"1?3], These consider-

ations are relevant here because, as mentioned earlier, the measurement of
Isp as a function of V,.s (Figure 4.3a) shows that a large density of states
is present in the gap at an energy approximately 250-300 meV above the
top of the valence band. At room temperature, these states act as traps for
holes with a trapping energy of 10-kT or larger (i.e., they are deep traps),
and cause the space charge due to the injected holes to remain localized
close to the injecting contact. This explains why the position where elec-
troluminescence originates from does not shift significantly upon increasing
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Vsp. The exact origin of these trap states is discussed in Chapter 5.

In the spectrum of the measured EL, the effect of trapping manifests
itself in the shallow peak seen at energies below the peak at 660 nm orig-
inating from the recombination of 'free’ excitons, as usually observed in
MoS, (see the red line in figure 4.4b). Indeed, the broad peak is 250-300
meV lower in energy than the free exciton peak, and this difference corre-
sponds quite precisely to the energy of the trap states determined by the
analysis of [gp — vs — V,.; shown in figure 4.3a (in simple terms, the broad
low-energy peak is due to excitons formed by an electron and a trapped
hole that emits a photon of lower energy when recombining). The de-
pendence of the amplitude of broad peak on Vgp — shown in figure 4.4c
— is consistent with the trapping scenario that we have outlined: as the
applied bias increases, the amplitude of the shallow peak decreases rela-
tively to the main ’free’ exciton peak because a larger Vgp tends both to
fill trap states and to de-trap holes, thereby increasing the number of free
excitons relative to that of trapped ones. Interestingly, the trend shown
in figure 4.4c leads to a sharpening of the spectrum upon increasing Vgp.
This behavior is qualitatively the opposite of what has been observed by
Sundaram et al.! in the EL of exfoliated MoS,; monolayers, where the
spectrum of the emitted light broadened very significantly in energy upon
increasing Vgp. The large bias-induced broadening was attributed to hot
photoluminescence, a conclusion that certainly appears plausible in those
devices, because the power-per-unit-surface injected under the biasing con-
ditions needed to observe EL was approximately 10* times larger than in
our experiments. These considerations illustrate how electroluminescence
in MoSy monolayers can exhibit different behavior depending on the trans-
port regime. It is only through the careful combined analysis of detailed
aspects of the transport and opto-electronic processes — which in our de-
vices is made possible by the use of an ionic liquid gate — that a consistent
microscopic picture of the properties of MoS, monolayers can be estab-

lished.

4.5 Conclusion

In conclusion, we have demonstrated the possibility to realize ionic-liquid
gate field-effect transistors on large-area MoSy monolayers grown by chem-
ical vapor deposition. Characterization of the material uniformity, of the
transistor electrical characteristics, as well as the observation of electro-
luminescence show that the properties of devices realized on CVD-grown
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monolayers are as good as those of existing devices based on exfoliated
material, and in several regards better. The observation of clear ambipolar
conduction in the transfer curves of FETs, which had not been previously
reported for exfoliated MoS, monolayers, allows us to extract specific infor-
mation about the electronic properties of the material, including the size
of the band gap and the identification of the in-gap states acting as trap
for holes. Thanks to this information we have established a clear physi-
cal scenario that accounts in a consistent way for the results of transport
and electroluminescence measurements. Finally, these results have techno-
logical relevance because the use of semiconducting monolayers transition
metal dichalcogenides in future opto-electronic applications will necessarily
rely on devices fabricated on large-area material produced by a controllable
and scalable technique.
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4.6 Appendix

4.6.1 Hall effect measurements

As part of the electrical characterization of our CVD-grown MoSy; mono-
layers, we have measured the electron mobility using ionic liquid gated
field-effect transistors realized as discussed in the main text, comprising
multiple contacts disposed in a Hall bar configuration. An optical micro-
graph of one of such devices is shown in the inset of figure 4.5a. The Hall
bar configuration allows us to measure the Hall effect that develops upon
the application of a perpendicular magnetic field (see figure 4.5a; Vgp =
0.25V, Igp =10 pA, V-V, = 0.75 V). From the measured Hall resistance
we extract the density of accumulated electrons and from the longitudinal
resistance the carrier mobility, which are plotted in figure 4.5b as a function
of V-V, (red up triangles and blue squares, respectively; T=250 K).
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Figure 4.5: Hall effect in MoS,; monolayer ionic liquid gated FETs. (a) Hall voltage Vg
as a function of magnetic field B measured at Vg-Vy, = 0.75 V and T = 250 K. The
red line is a linear fit to the data. (Inset) optical microscope image of a multi terminal
Hall bar device. The device geometry is defined by a window made in a PMMA layer,
which determines the region where the ionic liquid is in contact with MoSs . The scale bar
corresponds to 25 um. (b) Electron density and mobility extracted from the measurement
of the Hall and longitudinal resistance for different gate biases at T = 250 K.

4.6.2 Evidence for trap state in photoluminescence measure-
ments

In the main text we have shown clear evidence for the presence of in-gap
states close to the top of the valence band, acting as traps for holes. These
states manifest themselves in the Igp-vs-V, s curve, in the electrolumines-
cence spectrum and in the bias dependence of this quantity. Somewhat
surprisingly, however, these hole trap states are not visible in the photolu-
minescence spectrum shown in the main text, measured at room temper-
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ature (where they should manifest themselves as a broad peak at energy
lower than the main emission line). Figure 4.6 shows that, after cooling
down the sample to 77 K, a broad peak at lower energy is indeed present,
providing clear evidence for the presence of hole trap state also in PL mea-
surements. The data shown in figure 4.6, therefore, confirm the internal
consistency of our measurements and of their interpretation (why — con-
trary to the case of electroluminescence — the peak in PL is only visible
at low temperature is currently unclear. Possibly, the difference between
EL and PL originates from the way in which excitons are generated in EL
and PL measurements: in the first case, electrical injection generates low-
energy electrons and holes, whereas in the second case photo-generation
generates high-energy carriers and excitons are formed after energy relax-
ation has occurred).
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Figure 4.6: Photoluminescence spectrum of CVD-grown monolayer measured at T = 77
K.
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Chapter 5: Hole transport in exfoliated
monolayer MoS,

5.1 Introduction

Extensive studies of monolayers (MLs) of group VI semiconducting tran-
sition metal dichalcogenides (TMDCs) have demonstrated that all these
materials share many electronic properties. For example, they all have a
direct band gap at the K and K¢ points, 33110124 3 finite Berry curvature
in the K and K* valley[*24%12% responsible for the occurrence of the valley
Hall effect!®>6] an extremely strong spin-orbit coupling (as large as a few
hundreds meV in the valence band),[36’39’40] very large exciton binding en-
ergies due to the reduced screening characteristic of 2D systems, (20:126:127)
stable trion excitations*"*¥, and more. Differences are also present, such
as the relative sign of the spin orientation at the conduction band mini-
mum (CBM) and valence band maximum (VBM) — the same for Mo-based
compounds and opposite for W-based ones — that leads to a different tem-
perature dependence of the measured photoluminescence.®2%3 Although
important for specific physical phenomena, these differences mostly con-
cern more subtle aspects of the electronic properties.

Having access to a broad class of semiconducting 2D materials with
many similar properties is very attractive because — for instance — it facil-
itates the realization of van der Waals heterostructures obtained by stack-
ing two or more monolayers of different TMDCs on top of each other. It
should be realized, however, that these considerations do not take into
account that real materials unavoidably contain defects that are specific
to each individual compound, and that drastically affect their electronic
response. This is certainly the case for the systems considered here, since
in semiconductors defects generally determine crucial characteristics such
as the work function, 2 the position of electrochemical potential, 129130
the transport properties (e.g., the carrier mobility[55’57]), the rate of non-

The results presented in this chapter have been published as Evgeniy
Ponomarev, Arpad Pésztor, Adrien Waelchli, Alessandro Scarfato, Nicolas
Ubrig, Christoph Renner, and Alberto F. Morpurgo, ACS Nano, 2018, 12
(3). The STM measurements were done in collaboration with the group of
Prof. Christoph Renner by Arpad Pasztor and Adrien Waelchli.
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radiative electron-hole recombination, ™! etc. That is why an increasing

research effort is currently being devoted to the investigation of defects
present in all types of semiconducting 2D materials, whose identification,
understanding and control will be necessary if these systems will eventually
be employed in technological applications (not to mention the possibility
to exploit new functionalities that are sometimes offered by defects in 2D
materials, such as — for instance — their ability to act as single photon
emitters 1327 137).

One important aspect that is seemingly common to semiconducting
TMDC monolayers is their ability to support well-balanced ambipolar
transport. Measurements done on suitable field-effect transistor (FET)
devices upon sweeping the gate voltage show that an equally good conduc-
tivity is found in a same monolayer irrespective of whether the chemical
potential is in the conduction or in the valence band. This feature is par-
ticularly relevant for the realization of opto-electronic devices, since it is
the ability to transport simultaneously electrons and holes that allows the
controlled generation of electroluminescence from electron-hole recombi-
nation or the conversion of light into an electrical signal. Surprisingly,
however, if we look at experiments reported on exfoliated monolayers of
common group VI semiconducting TMDCs, well-balanced ambipolar trans-
port has been observed in MoSes, 138 WSey, 139 and WS,,[™ but not in
MoS,. This is unexpected both because exfoliated MoS; monolayers are
probably the most studied among these compounds (which is why they
are often used to benchmark other 2D semiconductors) and because for
thick exfoliated MoSy multilayers excellent ambipolar conduction is rou-
tinely observed. [109:140]

Motivated by these considerations, here we investigate ambipolar con-
duction in exfoliated MoSs monolayers using ionic liquid-gated FETs and
demonstrate a systematic and reproducible anomalous behavior of trans-
port upon hole accumulation. Specifically, after the onset of hole conduc-
tion a virtually complete suppression of source-drain current is observed
in all devices as the gate voltage is biased to shift the chemical poten-
tial deeper into the valence band. In contrast, experiments on identical
devices realized on exfoliated bi, tri, and tetralayer MoS; show excellent
ambipolar conduction, demonstrating that the anomalous hole transport is
an inherent characteristic of monolayer MoS, devices. By combining tran-
sistor measurements, gate-dependent optical studies (photo-luminescence
and Raman spectroscopy), scanning tunneling imaging and spectroscopy,
and a thorough analysis of existing studies based on ab-initio calculations,
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we establish the origin of this phenomenon as due to the presence of atomic-
scale defects that induce states inside the band-gap of MoSs monolayers,
approximately 300-400 meV above the top of the valence band. These
defects — whose manifestations are consistent with what is expected from
sulfur vacancies®%M1 — act as traps for holes and prevent hole conduc-
tion in exfoliated MoS,; monolayers. The phenomenon is specific to MoS,
monolayers — and not to monolayers of other semiconducting TMDCs or
to MoSs bilayers/thicker multilayers — because only in MoSs monolayers
the states created by chalcogen vacancies near the top of the valence band
appear to be inside the band gap.

5.2 Anomalous hole transport in exfoliated mono-
layer MoS,

The most effective way to investigate ambipolar transport in TMDC mono-
layers is by integrating them into a FET employing an ionic liquid top
gate, as illustrated schematically in figure 5.1a. The very large capaci-
tance of the ionic gate allows the electrochemical potential to be shifted
over a large range — from deep in the conduction band to deep in the va-
lence band — as demonstrated experimentally by the ambipolar conduction
observed in WSy, WSe, 139 and MoSe, 138142 monolayers. For FETS us-
ing exfoliated monolayers of MoSs, however, a similar observation has not
been reported, and our measurements show that an unexpected behavior
indeed occurs when the gate is biased to shift the electrochemical poten-
tial into the valence band. Specifically, figure 5.1b shows transfer curves
(source-drain current Igp as a function of gate voltage V¢ at a finite ap-
plied source-drain bias Vgp) measured on two of our devices representative
of the behavior of eight nominally identical devices that we investigated.
Upon increasing Vg above the electron threshold voltage (Vij) carriers
are accumulated in the conduction band and the source-drain current in-
creases steeply (the estimated value of electron density n. at the largest
V¢ value reached approximately n, = C,(Vg—V¢)/e = 7-101? cm ™2 where
C, = TuFem~? is the capacitance per unit of the ionic liquid™7; values
as large as n, = 2 — 3 - 10 cm™2 can be obtained at larger positive Vg
values!!*3). This is the behavior that is commonly expected in a field-effect
transistor.

As V¢ is swept past the onset of hole transport, however, we observe
that after an initial increase, Igp exhibits a maximum followed by a steep
drop to a virtually vanishing current, with the conductivity on dropping by
approximately two orders of magnitude (see the inset in figure 5.1b). De-
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Figure 5.1: Anomalous hole transport in FETs based on exfoliated monolayer MoS,. (a)
Schematics of an ionic-liquid gated FET based on monolayer MoSs. (b) Representative
FET transfer curves (i.e., Isp versus Vg at fixed Vgp) showing electron transport for
Ve > 0.3V and an anomalous transport behavior upon hole accumulation: for Vg <
-1.9V, after an initial increase, the source-drain current decreases to vanishingly small
values if V¢ is swept to larger negative values. Depending on the device either one (blue
curve, Vgp = 100mV) or two (red curve, Vgp = 20mV) peaks in Igp are seen upon hole
accumulation. In all cases, as V¢ is swept back from large negative values, Igp remains
low (the arrows indicate how V¢ is swept). (Inset) Same data shown in panel (b) plotted
in terms of conductivity og. (c¢) Igp-vs-V measured for different values of Vgp: the
measurements, done in sequence, show that the current suppression at large negative
V¢ does not originate from a permanent device degradation (the inset shows an optical
microscope image of a device). In (b) and (c) the relative V-shift visible in the transfer
curves originates from bias stress caused by prolonged measurements done on this specific
device. (d,e) Source-drain current Igp as a function of source-drain bias Vgp. Panel (d)
focuses on the linear and saturation regimes (respectively shaded in light blue and light
green). Panel (e) shows a much larger Vgp range; the large increase in current for Vgp >
2V is due to the ambipolar injection regime (light orange shaded region) in which electrons
and holes are injected at opposite contacts. The abrupt decrease in Igp, occurring just
after the onset of hole accumulation, is a manifestation of the same effect seen in panel

(b).

pending on the specific device either one or two peaks in Igp are observed,
as shown by the red and blue curves in figure 5.1b. With any further in-
crease of gate voltage to more negative values Igp stays low, and remains
low as the gate voltage is swept back to Vi = 0V. The phenomenon is
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reversible upon re-cycling Vi from zero to large negative values and back,
implying that the observed behavior is not due to a permanent degrada-
tion of the device. This can be concluded from figure 5.1c, which shows
transfer curves acquired successively one after the other, by sweeping Vi,
for increasingly large Vgp values. The phenomenon was observed in FET
devices with source and drain contacts made of two different materials (Au
and Pt), indicating that the current suppression — and the corresponding
anomalous behavior of transport upon hole accumulation — is not due to a
contact effect.

The anomalous behavior of hole conduction in MoSs monolayers is also
clearly visible in the FET output characteristics, ¢.e., when measuring the
source-drain current Igp as a function of source-drain bias Vgp at a fixed
gate voltage V. At low positive Vgp values, with the gate biased to have
electron accumulation, the usual transistor behavior is observed, with Igp
increasing linearly until the onset of the saturation regime, occurring at
Vsp =~ V-V, past which Igp stays constant (figure 5.1d). As Vgp is in-
creased up to much higher values, Igp starts to grow again rapidly (figure
5.1e), because the applied source-drain bias causes the channel potential
to reverse its polarity and to exceed the threshold for hole accumulation
near the drain contact. This is the so-called ambipolar injection regime in
which the steep increase in Igp is due to holes injected from the drain con-
tact. In the experiment we see that, sweeping Vgp past the point when Igp
starts to increase (orange shaded area in figure 5.1e) causes a rapid drop
of current, and the current stays low as Vgp is swept back. We conclude
that, irrespectively of the way in which holes are accumulated in the MoS,
monolayer channel — either by sweeping the gate voltage or the source-
drain bias — an unexpected anomalous suppression of Isp is observed in all
cases.

The observed phenomenon is inherent to monolayers, and is absent in
ionic liquid gated FETs realized with MoS, bilayers or thicker multilayers.
Figure 5.2 shows the transfer curves of devices fabricated on bi, tri, and
tetra layer MoSs, in which the measured Igp is excellently balanced (i.e.,
the magnitude of the measured current is approximately the same upon
electron and hole accumulation), with no indication of any anomalous be-
havior. These observations explain why earlier experiments on ionic lig-
uid gated FETSs realized using thick (essentially bulk-like) exfoliated MoS,
crystals1%9149 have reported high-quality ambipolar transport, despite the
absence of hole current in monolayers.
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Figure 5.2: Ambipolar transport in MoS, multilayers. Source-drain current Isp as a func-
tion of gate voltage V¢ for FETs fabricated on MoSs multilayers, containing respectively
two, three, and four monolayers. Well balanced ambipolar transport is seen in all cases.
The black dashed lines are the extrapolation of Igp to 0 nA, as required to extract the
values of threshold voltage (the thresholds for hole and electron conductions in the lay-
ers of different thicknesses are indicated by the vertical solid lines of the corresponding
colors). The band gap is obtained from E,,, = e (V§, - V).

Note that, as the thickness of the MoSs layer is increased, the range of
gate voltages in which the current vanishes (i.e., in which the electrochem-
ical potential is located inside the band gap) decreases. This is because
ionic liquid gating used on systems with a small density of states, such as
in the gap of a semiconductor, has spectroscopic capabilities"®7 ™ and
the difference in Vi; between the threshold voltage for electron and hole
conduction is a direct measure of the band gap (to increase the precision
with which the gap is determined, data should be plotted as a function of
a reference potential — which avoids effects caused by a possible voltage
drop at the gate-liquid interface — but in high quality devices the refer-
ence potential and the gate voltage nearly coincide). We conclude from
these measurements that the band gap is AV2L = 1.6 eV for MoS, bi-

gap

layers, AV%]) = 1.4 eV for trilayers, and AV;laLp = 1.25 €V for tetralayers,
in all cases with a precision of approximately 10%. Importantly, since
the threshold voltage determines the energy of accumulation of individual
charge carriers in the respective band, the values extracted are the ac-
tual band gaps of the different multilayers — as measured for instance from
scanning tunneling spectroscopy '8/~ and not the exciton energies which
are commonly measured in optical experiments. Irrespective of these con-
siderations, we re-iterate that these experiments unambiguously show that

the suppression of conductivity under hole accumulation is a distinct prop-
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erty of exfoliated MoS, monolayers.
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Figure 5.3: In-situ optical characterization of an ionic liquid-gated MoS; monolayer FET.
(a) Measurement scheme to perform gate dependent photoluminescence and Raman spec-
troscopy on a MoS; monolayer. (b) Raman spectra showing the characteristic vibrational
modes of MoS; monolayers (Ey, and A;,) for different V¢ values. No significant changes in
position or line-width of these modes is seen upon applying a large negative gate voltage,
corresponding to values for which holes are accumulated in the channel. (c) Photolu-
minescence spectra for different values of Vi showing that the A-exciton peak of MoS,
monolayer remains unchanged.

The systematic anomalous hole transport behavior observed in MoSs
monolayer devices is unexpected and an explanation is called for. In view
of the very large negative gate voltage required to populate the valence
band, one may wonder whether the correspondingly large electric field (es-
timated by dividing the maximum applied gate voltage by the thickness of
the ionic liquid double layer, and reaching up to several tens of MV /cm)
can actually affect the crystalline structure of the material. Indeed, such
a drastic structural effect has been reported previously for MoTe, 144145
and its occurrence in monolayer MoS,; cannot be excluded a priori. To
address this question we performed Raman and photoluminescence spec-
troscopy of ionic-liquid gated MoSs; monolayers in-situ , in the presence
of a large negative gate voltage (see schematics in figure 5.3a). Selected



78 5.8 In-gap trap states in MoSs monolayer

Raman spectra collected at different Vi values, from 0 V up to -3.3 V (see
figure 5.3b), show no change in the characteristic Ey, and A;, modes of
2H MoS, throughout the Vi range investigated (the same is true for other
parts of the spectrum that we looked at). Results from photoluminescence
(PL) spectroscopy are shown in figure 5.3c, with a clear peak centered
at about 670nm that originates from the A-exciton recombination in MoSs
and represents a characteristic signature of MoS; monolayers. Remarkably,
the peak (broadened by large potential fluctuations generated by the ionic
liquid gate) remains unchanged, irrespective of the applied gate voltage.
The observed insensitivity of Raman and PL measurements to the gate
voltage indicates the absence of significant structural changes in the MoSs
monolayers, and allows us to exclude that the reentrance of the insulating
state observed at large negative V; has a structural origin.

5.3 In-gap trap states in MoS; monolayer

What makes the suppression of hole current in exfoliated MoS, monolayers
even more surprising is that FETs realized on large-area monolayers grown
by chemical vapor deposition (CVD) do exhibit good ambipolar charac-
teristics. ) The top panel of figure 5.4 shows the conductivity (on) of a
device realized on such a CVD monolayer (blue curve) that, in contrast
to what is measured on a device realized using an exfoliated monolayer
(green curve), exhibits rather conventional ambipolar conduction. From
the data, we first extract the threshold voltage for electrons (which co-
incides for CVD-grown and exfoliated monolayers) and holes (which can
only be determined for the device realized on the CVD-grown monolayer);
then we compare transport in the electron and hole subthreshold regimes
by looking at the source-drain current Isp on a logarithmic scale (Figure
4, bottom panel). In the electron sub-threshold regime (light-blue shaded
region in figure 5.4) the conductivity is higher and the subthreshold slope
is less steep for the device realized on the CVD-grown monolayer. This
behavior is due to a broader tail of disorder-induced localized states that
in CVD-grown monolayers is present inside the band gap near the bottom
of the conduction band. It is expected, because CVD-grown monolayers
are generally more disordered than exfoliated ones, due to a larger density
of grain boundaries.

A very different behavior is observed in the hole subthreshold regime
(light yellow shaded region in figure 5.4): the current enhancement ex-
tends much more deeply into the gap and it is much larger (by nearly
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two orders of magnitude) for exfoliated monolayers as compared to CVD-
grown material. Furthermore, the very pronounced broad peaks seen in the
source-drain current measured on exfoliated monolayers — also present at
comparable energy in CVD-grown material, albeit much less pronouncedly
— seem to indicate the presence of discrete energy states. These observa-
tions indicate that the nature of disorder affecting states near the top of
the valence band is qualitatively different from that influencing states near
the bottom of the conduction band. Specifically, finding that the effect of
disorder near the top of the valence band is much stronger in exfoliated
MoSs monolayers despite their superior structural quality indicates that
the origin of the effect is not due to the presence of grain boundaries, but
rather to other kind of defects. These observations also strongly suggest
that disorder at energies near the top of the valence band has the same
origin in exfoliated and CVD-grown monolayers, since the sub-gap states
are present in the same range of energies in the two cases.

5.4 Origin of the anomalous hole transport

To investigate the nature of the discrete in-gap energy states near the top
of the valence band we employ scanning tunneling microscopy (STM) and
scanning tunneling spectroscopy (STS). These techniques provide detailed
information on the local crystalline and electronic structure of a mate-
rial down to the atomic scale. STM measurements were performed on a
CVD-grown monolayer deposited on a dielectric substrate (Si0y/Si), made
conductive by electrostatic accumulation of charge carriers (i.e., by inte-
grating it into a FET device; the set-up scheme and FET transfer char-
acteristics are shown in figure 5.5a and 5.5b respectively). Under these
conditions, with a large positive gate voltage applied to the Si back gate,
we can successfully establish stable tunneling conditions, as it is needed to
take high-quality images and perform tunneling spectroscopy. Figure 5.5¢
demonstrates that atomic resolution can indeed be achieved through the
observation of the triangular atomic lattice of MoSy. Atomic resolution is
further highlighted by the intense six-fold symmetric peak structure in the
image Fourier-transform. These results illustrate how STM measurements
performed under an applied gate voltage allow the local properties of the
material to be investigated.

We probe the spatial distribution of the local density of states (LDOS)
by acquiring STS spectra over a dense grid. A map obtained in this way is
presented in figure 5.5d, where we plot the differential tunneling conduc-
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Figure 5.4: Comparison of ambipolar transport in FETs based on CVD-grown and exfo-
liated MoSs monolayers. Top panel: Conductivity og as a function of reference voltage
V,ep for CVD-grown (blue curve) and exfoliated (green curve) MoS; monolayer devices.
The red dashed-dotted lines are an extrapolation of the conductivity o5 measured in the
linear regime to 0 S, from which we determine the threshold voltages for electrons and
holes. Bottom panel: Semilogarithmic plots of the data shown in the top panel. The sub-
threshold regimes for electrons and holes correspond to the light blue and the light yellow
shaded areas. The higher conductivity of CVD-grown monolayer FET in the electron
subthreshold regime originates from the larger density of structural defects present. In
the hole subthreshold region the exfoliated monolayer FET exhibits conductivity almost
two orders of magnitude higher than the CVD-grown one, as well as a very different qual-
itative behavior of transport as compared to electrons (subthreshold electron transport is
featureless, whereas for holes distinct peaks in conductivity are seen). These observations
are indicative of the very different nature of disorder affecting electron and hole transport
in the respective subthreshold regimes.

tance dI/dV measured at a fixed dc bias (Vy, = -1.5 V). Three regions
can be identified. The first region occupies the majority of the scanned
area and is composed of semiconducting spectra (such as spectrum 1, on
the left side of the figure) with a band gap value of 2.1 eV, or just slightly
larger (which is why the differential conductance measured at Vi, = -1.5
V vanishes). This value of the gap confirms that the material studied is
indeed a monolayer. In the two other regions — delimited by the green
(region 2) and red (region 3) dashed lines — additional states are visible,
and manifest themselves as an enhanced tunneling conductance inside the
gap of monolayer MoS,. Interestingly, in both cases the image shows that



5.4  Origin of the anomalous hole transport 81

dl/dV LDOS (a.u.)

Figure 5.5: Atomic-scale study of monolayer MoS,. (a) Schematic representation of the
configuration used to perform STM/STS measurements on a CVD-grown MoS, mono-
layer. The monolayer is grown on a doped Si substrate acting as a gate covered by a
thermally grown SiO, 285 nm thick layer. STM/STS measurements are done with a pos-
itive applied gate voltage that makes the MoSy monolayer conductive (see the transfer
curves shown in (b), measured on the same structure used for STM/STS experiments)
(c) Atomic resolution STM image (Vy, = 1V, I, = 10pA, Vi = 70V) of MoS; monolayer
showing the triangular atomic lattice, further highlighted in the inset by the six-fold sym-
metric structure visible in the 2D Fourier transform of the image. (d) Local STS map
showing the differential conductance dI/dV measured at Vy;,, = -1.5V as a function of tip
position. Three regions are identified: region 1 (which occupies most of the image) with
no states inside the band gap (violet STS spectrum); region 2 (delimited by the green
dashed line) in which pronounced states are seen in the spectrum, close to the top of the
valence band; region 3 (delimited by the red dashed line) with in-gap states visible in the
tunneling spectrum close to the top of the valence band that are broader in energy. Note
that the sub-nanometer size of regions 2 and 3 indicates that the in-gap states originate
from atomic-scale defects and is compatible with sulfur vacancies. The STM image in (c)
and the STS map in (d) were collected from different areas of a same sample.

the states have sub-nanometer dimension, indicating that they originate
from atomic defects (no more specific fingerprints enabling a direct identi-
fication of the defects could be obtained on gated CVD-grown MoS, layers
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on Si0Oy, which prevents the direct identification of the defects by STM
imaging alone). The states have energy close to the top of the valence
band, as illustrated by spectra 2 and 3 on the left side of figure 5.5. Specif-
ically, in region 2 the in-gap states lead to a fully developed, broad peak
400 meV above the top of the valence band, and in region 3 in a shoulder
at a comparable energy (again 300-400 meV above the top of the valence
band). The energy of these features (i.e., their distance from the top of
the valence band) coincide with what we observed in measurements of the
source-drain current as a function of gate/reference potential (see figure
5.1b and figure 5.4). From this we conclude the in-gap states created by
atomic scale defects are the same states acting as hole traps, which are re-
sponsible for the observed anomalous transport properties discussed above.

The combination of all the measurements presented so far (transport
experiments on exfoliated and CVD-grown MoS,; monolayers, their com-
parison, the comparison with the normal ambipolar behavior observed in
other semiconducting TDMCs, photoluminescence and Raman measure-
ments, and the STM and STS measurements just discussed), in conjunc-
tion with theoretical investigations based on ab-initio calculations reported
in the literatureP6130:14L146,147] 1 5int to a realistic and fully consistent sce-
nario accounting for the experimental observations. Specifically, we claim
that the atomic scale defects that we observe and that are responsible for
the anomalous hole transport in exfoliated MoS,; monolayers are individ-
ual or clustered sulfur vacancies, which are known to be present in relative
high density in MoSy bulk crystals, and therefore also in exfoliated mono-
layers. Spectroscopy measurements show that they create in-gap states
near the top of the valence band acting as traps and strongly affecting
hole transport, which is in agreement with expectations based on ab-initio
calculationsP%141147 More specifically, it is known in the context of semi-
conducting TMDC monolayers that the detailed analysis of the electronic
states generated by sulfur and selenium vacancies is complex, as these de-
fects create different types of localized states. However, if we confine our
attention exclusively to defect-induced states near the top of the valence
band (i.e., those states that can act as effective traps for holes), the results
of virtually all existing ab-initio calculations®6-130:141146.147) ip dicate that
only in the case of MoS,; monolayers these states are inside the band gap.
In other semiconducting TMDC monolayers (WS,, MoSes, and WSes) the
energy of states near the top of the valence band generated by sulfur or
selenium vacancies is actually in the band. As a result, in these other
monolayers the defect states do not act as hole traps, because they can
hybridize with delocalized states at the same energy. That is: sulfur va-
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cancies explain why only in MoSs monolayers hole transport is anomalous.
For MoSs bilayers or thicker multilayers the absence of any anomaly in hole
transport is explained in a similar way: the decrease of the band gap with
increasing the number of layers (by at least 0.5 eV for bilayers as compared
to monolayers, and more for thicker multilayers) makes the states induced
by sulfur vacancies "fall" into the valence band, preventing them from act-
ing as hole traps.

Sulfur vacancies also accounts for other aspects of our observations. In
particular, as we have remarked above, the defects affecting hole trans-
port are the same in exfoliated monolayers and CVD-grown ones, albeit
in CVD-grown monolayers their effect is less intense. Sulfur vacancies are
compatible with this conclusion, as they are expected to be present in both
systems. This is not the case for most other types of atomic defects: in-
deed, mineral MoS, crystals are known to contain a number of different
impurities!"), but these same impurities are neither necessarily present
in the Mo and S source material used for CVD growth, nor would they
be effectively transferred to the monolayer during the growth process if
present. That is why finding that the defects responsible for hole trapping
are the same in exfoliated and CVD-grown monolayers strongly constraints
the number of possibilities, and sulfur vacancies is one of the few. Finally,
sulfur vacancies also naturally explain why the effect of disorder on hole
transport is much less pronounced in devices fabricated on CVD-grown
material, simply because under the conditions at which CVD growth is
done a large excess of sulfur is present, which leads to largely reduced den-
sity of sulfur vacancies as compared to that present in exfoliated flakes.

5.5 Conclusion

Simple theoretical considerations suggest that monolayers of group VI
semiconducting transition metal dichalcogenides all possess very similar
electronic properties and functionality. Inasmuch as this may be the case
for ideal defect-free systems, actual materials contain defects whose in-
fluence on the physical properties can (and do) strongly depend on the
compound considered. Here we have shown that this is clearly the case for
hole transport, which in monolayer MoSy — but not in monolayers of other
common TDMCs — is strongly affected by defects naturally present. Our
results very strongly support the conclusion that these naturally present
defects are sulfur vacancies, and explain why these defects have a differ-
ent effect in MoSy monolayers as compared to monolayers of other similar
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compounds, i.e. the fact that for MoS, monolayers sulfur vacancies cause
localized defect states at energies inside the band gap. They also illus-
trate a possible solution to minimize the influence of these defects on the
performance of devices realized using monolayer MoSs, namely the use of
material grown in a large excess of sulfur.

There is a broad consensus that 2D semiconducting materials have an
important potential for technology in the long term. It is clear that exploit-
ing this potential cannot only rely on properties of the idealized systems,
but has to take into account the effect of defects unavoidably present,
understand it in detail, and find strategies to minimize it. Our results
illustrate how this can be done in a concrete specific case.
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Chapter 6: Enhanced electron-phonon
interaction in multi-valley
materials

6.1 Introduction

The electronic and elastic properties of solids are determined by the inter-
action between charge carriers and the elementary excitations associated
with the vibration of the crystalline lattice, namely the phonons. In view of
its fundamental relevance, the nature of the interaction between electrons
and phonons has been investigated in great depth in many different con-
texts149151 In the simplest possible terms, electron-phonon interaction
can be understood as originating from the electrostatic potential generated
by the lattice distortion associated to the ionic displacement in the presence
of a phonon. In other words, exciting a phonon in a crystal displaces the
charged ions forming the lattice from their equilibrium positions, thereby
generating a local charge imbalance and a corresponding electrostatic po-
tential (known as deformation potential [°21%3)) which in turn directly
acts on all mobile electrons.

Depending on the specific type of material considered and on the level
of detail needed for a precise microscopic understanding, the situation can
be more complex. For instance, in some systems (among which, graphene)
the coupling between the lattice deformation associated to certain phonon
modes and charge carriers is described in terms of a vector potential, rather
than an electrostatic one’™15% In these cases, the phonon perturbation
of the electronic Hamiltonian is formally equivalent to a magnetic field %%,
Also, the influence of electron-phonon interaction on physical phenom-
ena depends strongly on whether the energy and momentum relaxation of
electrons is fast or slow relative to the phonon frequency, corresponding

to the so-called adiabatic or anti-adiabatic limit of electron-phonon cou-

The results presented in this chapter have been submitted to Physical
Review X and uploaded to https://arxiv.org/abs/1901.08012v1, Evgeniy
Ponomarev, Thibault Sohier, Marco Gibertini, Helmuth Berger, Nicola
Marzari, Nicolas Ubrig and Alberto F. Morpurgo. The DFT calculations
and theoretical analysis were done in collaboration with the group of Prof.
Nicola Marzari by Thibault Sohier and Marco Gibertini.



86 6.1 Introduction
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Irrespective of the specific situation, what is key to understand electron-
phonon interaction (and its strength) in solids is electrostatic screening!'>!.
Indeed, the deformation potential generated by the excitation of a long
wavelength phonon tends to be screened by the spatial redistribution of
the electrons present in the system, which self-consistently reduces the
strength of the electron-phonon coupling!*®® 161 Screening is expected to
be much more effective in the adiabatic regime —since then electrons are
able to equilibrate sufficiently fast in response to the ionic motion— and
a much weaker electron-phonon coupling is accordingly expected in this
regime as compared to the antiadiabatic one. Conversely, if the nature of
the electron-phonon coupling is described in terms of a vector potential,
as we mentioned it is the case for some of the phonons in graphene 12163
screening cannot influence electron-phonon coupling!®>64 (just like no
spatial distribution of charge carriers can screen a magnetic field). In this
case, electron-phonon coupling is expected not to be significantly affected

by the presence of charge carriers.

In semiconducting materials hosting only a small density of mobile
charges, electrostatic screening is poor and a strong electron-phonon in-
teraction is expected. Addition of charge carriers (e.g., by doping) can
drastically improve screening and cause the strength of electron-phonon
interaction to decrease, as observed in a variety of semiconductors (e.g.,
SrTi031%167 and other transition metal oxides!'®®!). For those cases in
which electron-phonon interactions cannot be screened, one would expect
no effect from the addition of charge carriers, as it happens in graphene 5.
In virtually no case, however, the strength of electron-phonon interaction
in a semiconductor is expected to increase significantly upon adding charge

carriers.

In contrast with this established understanding, here we uncover a yet
unidentified mechanism that causes a very significant strengthening —and
not a weakening— of electron-phonon coupling in atomically-thin semicon-
ductors upon increasing electron density. Our work relies on a joint exper-
imental and theoretical investigation of Raman spectroscopy performed on
mono and bilayers of different semiconducting transition metal dichalco-
genides (TMDs; MoS,, WSy, and WSey) as a function of density of ac-
cumulated charge carriers. By integrating all these atomically-thin layers
in ionic-liquid-gated field-effect transistors (FETs) we have measured the
evolution of the Raman spectrum as a function of electron and hole density
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up to approximately 5x 10" ¢cm™2. In all investigated mono and bilayers,
the experiments reveal unambiguously that the electron-phonon interac-
tion systematically softens out-of-plane vibrational modes only when elec-
trons are accumulated in the FET channel, while leaving them unaffected
upon hole doping. To identify the origin of this unexpected electron-hole
asymmetry we have performed density-functional-theory (DFT) calcula-
tions in the most realistic framework currently available, accounting for
the reduced dimensionality of the materials and for the presence of a finite
density of charge carriers!’). The calculations allow us to conclude that
the observed phonon softening originates from a pronounced increase in the
strength of the electron-phonon coupling that occurs whenever the charge
carriers in the systems populate simultaneously two inequivalent valleys.
Besides accounting for the observed electron-hole asymmetry (as a direct
consequence of the different valley structure in the conduction and va-
lence bands of atomically-thin semiconducting TMDs), this finding reveals
an aspect of electron-phonon coupling that had not yet been appreciated.
Specifically, the strengthening of the electron-phonon coupling is caused
by charge transfer between inequivalent valleys with opposite deforma-
tion potentials. Being local in real space, this inter-valley charge transfer
decreases the spatial variation of charge associated with the phonon per-
turbation, making it insensitive to screening. The phenomenon —expected
to be of rather general validity— had not been identified so far, most likely
because the models commonly used to describe electron-phonon interaction
theoretically do not consider the presence of multiple inequivalent valleys.
Equipped with the understanding resulting from the work presented here,
we discuss how existing experiments on superconductivity in TMDs (both
gate-induced 17172 and spontaneously occurring[”?’*”ﬂ) could provide
evidence correlating the enhancement in electron-phonon interaction due
to multivalley populations to the occurrence of the superconducting state.

6.2 Electron-hole asymmetry of out-of-plane Raman
active mode in TMDs

Our experiments consist in measurements of the Raman spectrum of mono
and bilayers of different semiconducting TMDs (WSes, WS,, and MoS,)
as a function of carrier density. The density and polarity of charge car-
riers is varied continuously by employing these atomically-thin crystals as
active parts of ionic-liquid-gated FETs (see figure 6.1(a) for a schematic
illustration). It has been shown in a multitude of experiments over the
last several years that ionic-liquid gating is extremely effective in combi-
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nation with semiconducting TMDs, as it allows the accumulation of large
densities (even in excess of 10 cm™2) of both electrons and holes in a
same devicel/67779.80.170,178-183] * Ope of the characteristic manifestations of
the possibility to vary the charge density and type over such a large inter-
val is the occurrence of ambipolar transport, which can be observed upon
sweeping the gate voltage Vg (see figure 6.1(a) for an example). In the
present context, the occurrence of ambipolar transport is useful because
it allows us to obtain a fairly accurate estimate of the carrier density in
the devices used for the Raman measurements in-situ. In practice, in the
experiments we record the Raman spectrum at many different values of ap-
plied gate voltage and —as we vary Vg— we also apply a small bias voltage,
Vgsp between the source and the drain electrode to measure the current,
Isp, passing through the transistor channel. This allows us to determine
the threshold voltage for electron and hole conduction ~V¢ and V;}— from
which we directly estimate the density of electrons and holes at any given
value of Vg asn, = M and n;, = M (where C'is the capacitance
per unit area obtained from previous experiments on analogous devices, in
which Hall-effect measurements were performed to determine the density of
charge carriers). We estimate the uncertainty in the value of carrier density
extracted in this way to be approximately 20-30 %, which is sufficient for
the purpose of this work (a more precise determination would require mea-
suring the Hall resistance using a superconducting magnet which cannot
be done in the same set-up that we use to perform Raman spectroscopy).
For more details concerning the fabrication and operation of ionic-liquid
FETs based on atomically-thin TMDs we refer the reader to our earlier

work [76:77:80]

Characteristic Raman spectra from bare monolayers of WSey (blue
line), WS, (orange line), and MoS, (green line) are shown in figure 6.1(b).
We focus on the most prominent features in these spectra, whose assign-
ment in terms of Raman active vibrational modes has been discussed exten-
sively in the literature!!8* 1881 Using for simplicity the same nomenclature
as in the bulk, these are the in-plane (Eg,) and the out-of-plane (Aig)
modes, as indicated in figure 6.1(b), which are seen in all group-VI TMDs.
The displacement pattern of these phonon modes is schematically reported
in figure 6.1(c). For WSy and MoS, these features are spectrally separated
while for WSes the modes hybridize due to an accidental degeneracy in the
phonon dispersion relation, and appear as a single peak at about 250 cm™.
The degeneracy is also present in the calculated phonon dispersion relation
of WSes in figure 6.1(d), on which we point to the modes observed in the
Raman spectroscopy data. For most peaks the observed frequency corre-
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Figure 6.1: (a): Schematics of a ionic-liquid-gated monolayer TMD, showing the biasing
configuration employed to operate the device as a field-effect transistor, as well as the
microscope objective used to focus the laser light on the device and to couple the light
emitted to the spectrometer. (b): Raman spectra measured at room temperature of bare
exfoliated monolayers of WSey (blue line), WS, (orange line), and MoS; (green line). The
peaks visible in the curves originate from the A,, Eo,, and 2LA(M) modes, as indicated
in the figure. (c) Sketches of the atomic displacement pattern for the different Raman
active modes. (d) Phonon dispersions of a pristine WSe, monolayer in absence of doping
obtained by DFT calculations. In WSe; the A, and Eg, modes are degenerate at the
[-point making them undistinguishable in the Raman spectrum, as can be seen in (b).

sponds to the value of the corresponding mode at the I'-point. However
one of the peaks, visible in the spectra of both WSe; and WS, and labeled
2LA(M) (see figure 6.1(b)), is due to a double resonant process!!8%19,
which occurs because the frequency of the laser used in our measurements
matches an electronic transition (C absorption for WSe; and the B-exciton
for WSQ)[lgl]. Although it is not the main point of interest here, the pos-
sibility to observe this mode is relevant because it allows the investigation
of the coupling between electrons and phonons at finite momentum, i.e.,

away from center of the Brillouin zone, as indicated by the corresponding
label LA(M) in figure 6.1(d).

To illustrate the results of our Raman spectroscopy measurements as a
function of accumulated charge density we start by discussing the case of
WSe; monolayers. The source-drain current Isp as a function of Vg (for
Vgp = 50 mV) measured in the device used for the Raman measurements,
is presented in figure 6.2(a) and exhibits clear ambipolar behavior. The
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Figure 6.2: (a): Source-drain current Isp as a function of gate voltage Vg measured on a
WSe, monolayer (source-drain bias Vgp = 50 mV), exhibiting clear ambipolar transport.
This curve is measured in-situ, with the device mounted in the set-up used to perform
Raman spectroscopy, and it enables us to estimate the density of carriers at any given
value of Vg as discussed in the main text. (b) Left: Raman spectrum of WSe, monolayer
at selected gate voltages indicated in the legend and corresponding to the values of Vg
marked with the dashed lines of different colours in (a). The peak near 250 cm™! originates
from the degenerate A;, and Esy modes, and the one near 250 cm™ is due to a resonant
electronic process involving the LA(M) mode. In all cases the black lines are fit of the data
to Lorentzian-shaped peaks centered around the energy of the different modes identified.
Right: zoom in on the spectral region around the peak due to the resonant process
involving the LA(M) mode. (c) Left: Peaks in the Raman spectrum of WS, bilayer
originating from the Ey, and 2LA(M) modes for different values of gate voltage (see
legend in the right panel). Right: Peak in the Raman spectrum due to the A;, mode
measured at the gate voltages indicated in the legend (black lines are fits of the data
obtained by introducing a Lorentzian-shaped peak for each one of the modes involved).
As for WSe, monolayer the spectra are strongly affected upon electron accumulation;
the Aj, and 2LA(M) modes shift to lower wavenumbers (i.e. softening) and decrease in
intensity, whereas they are left virtually unchanged upon hole accumulation. The position
of the Ey; peak remains constant for both electron and hole accumulation.

increase of Igp at positive values of V¢ indicates accumulation of electrons
in the FET channel while the increase of Isp at negative Vg corresponds to
the accumulation of holes. As explained above, we use these measurements
to estimate the density of electrons and holes as a function of Vg. Figure
6.2(b) shows the Raman spectra measured for selected values of Vg indi-
cated by the vertical dashed lines in figure 6.2(a). For positive values of Vg
electrons are accumulated (green and red lines, i.e. Vg = +1.2 and +1.5
V, corresponding respectively to n, ~ 1.5 x 1013 and 2.5 x 101 cm™2),
for negative Vg values the gate accumulates holes (orange line, i.e. Vg
= -1.5 V, corresponding to n; ~ 6 x 10® cm™2), whereas for Vg = 0 V
(blue line) the chemical potential is in the gap and the semiconductor is
neutrall'¥?. Upon electron accumulation the Raman peak originating from
the hybridized A,/Es, mode exhibits a clear softening, shifting towards
lower wavenumbers by an amount Aw ~ 3 —4 cm ™', as well as a decrease
in intensity as compared to Vg = 0 V case. In contrast, accumulation
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of holes leaves the Raman spectrum virtually unchanged: the peak does
not exhibit any appreciable shift, and only its height decreases slightly.
The same trends upon varying Vg are observed for the resonant Raman

peak originating from the 2LA (M) mode, shown in the right panel of figure
6.2(b) 193],

Since in WSe; monolayers the degeneracy of the Eg, and A;, modes
prevents us to study separately the evolution of the two individual Raman
peaks upon accumulation of charge carriers, in figure 6.2(c) we show data
from bilayer WS,, in which these modes are well separated in frequency.
The corresponding Raman peak positions at Vg = 0 V are located respec-
tively at w = 355 ecm ™! — figure 6.2(c), left panel- and 417 cm™! — figure
6.2(c), right panel. The same figures also show the Raman spectra mea-
sured at selected values of V¢, in a range of carrier density somewhat larger
than for monolayer WSes. For values of Vg corresponding to hole accu-
mulation only a negligible shift in position, and at most a small change in
amplitude, are seen for all peaks. In contrast, upon electron accumulation,
the Aj, and the 2LA(M) modes exhibit a clear softening similarly to what
is observed in WSey (the position of the Ey, mode remains unaffected even
for electron accumulation).

Figure 6.2 reveals a number of clear trends of the Raman active modes
in WSe, monolayer and WS, bilayer, such as the insensitivity of all phonon
modes to hole accumulation, and the softening of out-of-plane modes upon
electron accumulation. We have performed gate-dependent Raman spec-
troscopy measurements on mono and bilayers of WSey, WSy and MoS,
following a procedure identical to the one described here above for WSes
monolayer and WS, bilayer, and found that these trends are generically
present in all the investigated atomically thin crystals of semiconducting
TMDs. To illustrate and compare quantitatively the results of measure-
ments performed on different systems we plot for each one of them the
change Aw in the frequency of the different phonon modes relative to the
value measured at threshold for electron or hole accumulation (i.e., , for
each system we plot Aw versus Vg — Vi§, and Vg — V). The results of these
measurements for the A, modes in all the investigated mono and bilayers
are summarized in figure 6.3(a) and 6.3(b). The data for the Ey;, modes
in monolayers are shown in figure 6.3(c). It is clear from this systematic
experimental analysis — which goes well beyond what had been done un-

til now [19419] _ that the same behavior is common to all atomically-thin
group-VI TMDs.
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WSe; (blue open squares), and WS, (green open circles) monolayers as a function of gate
voltage (bottom axis), relative to the threshold voltage for hole accumulation (left panel)
and for electron accumulation (right panel). The values of electron and hole density
corresponding to the applied gate voltage —estimated using the capacitance of the ionic
liquid gate, ney, = 1C|Vg — V"~ is indicated on the top axis (the capacitance values are
largely determined by the density of states, as discussed in note!*2l). The position of the
Raman peak originating from the A;, mode remains unchanged for all TMD monolayers
upon hole accumulation and shifts upon electron accumulation. (b): Same as (a) for
the A, mode of bilayers of the same TMD compound, MoS, (yellow open triangles),
WSe; (blue open squares), and WS, (green open circles). The trends and the order of
magnitude of the frequency softening are identical in mono and bilayers. (c): The E,, peak
in monolayer MoSs (yellow open triangles) and WS, (green open circles) remains constant
irrespective of the applied gate voltage (the left panel corresponds to hole accumulation
and the right one to electron accumulation; for WSe, the investigation of the Ey; mode is
prevented by the degeneracy with the A, mode). The same insensitivity of the Ey, mode
to charge accumulation is seen in bilayers (not shown). (d): To summarize the effect
of electron and hole accumulation on the softening of the A;, and Ey, phonon modes
we compare the absolute shift of the peak position at the highest gate voltage value for
all different investigated mono and bilayer TMDs, ]VG—Viflh =
panels summarize the values measured for the A, and Es, mode respectively, for either
electron (blue bars) or holes (red bars). It is clear from these plots that only the Aj,
modes (with an out-of-plane motion component of the atomic displacement) are affected
by introduction of carriers, and only if electrons are accumulated.

To quantify the strength of the influence of electron and hole accumu-
lation on the frequency of the different phonons, we plot for all systems
investigated the frequency shift of the A, and Eyy modes measured at the
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highest value of applied gate voltage applied (relative to the corresponding
threshold voltage), [Va — Vi$"| = 0.6 V, for which we have obtained data
for both mono and bilayer, as well as for electron and hole accumulation.
Figure 6.3d demonstrates clearly that, for both mono and bilayers, only
Raman active phonon modes with an out-of-plane component of the atomic
displacement are influenced by the presence of charge carriers, whereas the
Eg, mode — for which the atomic displacement is in-plane — is left unaffected
by the presence of free charge. The data also make the strong electron-hole
asymmetry in the softening of the out-of-plane modes very apparent for all
the different TMDs investigated. The order of magnitude of the effect —
which is what we discuss here — is the same in all cases, corresponding
to a shift of 2-4 cm™! for the A;; mode (for a more detailed quantitative
analysis it should be recalled that — since the value of the capacitance used
is different for mono and bilayers and for electron and hole accumulation
— the same value of gate voltage relative to threshold does not correspond
to the same carrier density[19?]).

6.3 Theoretical analysis

The experiments discussed in the previous section show unambiguously
that a strong electron-hole asymmetry in the softening of the phonon fre-
quency is a generic property of atomically-thin semiconducting TMDs. The
microscopic mechanism at the origin of this asymmetry, however, is not
known and, especially for monolayers, finding such a pronounced asymme-
try is unexpected. Indeed, the low-energy electronic states in WSey, WSo,
and MoS, monolayers at the bottom of the conduction band and at the
top of the valence bands — centered around the K/K’ points — are often
described in terms of massive Dirac fermions, a conceptual framework that
may lead one to expect a high degree of symmetry in the physical response
upon accumulation of electrons and holes. Even though the very different
strength of spin-orbit interaction in the conduction and valence band limits
the validity of these considerations, whether and how spin-orbit interaction
can cause such a strong asymmetry in the phonon properties upon electron
and hole accumulation is very far from obvious.

The purpose of this section is to present a theoretical analysis showing
that the strength of the electron-phonon interaction in these materials is
governed by whether or not multiple valleys (the I' and K valleys in the
valence band and the K and Q valleys in the conduction band, see fig-
ure 6.4) are simultaneously populated by the accumulated charge carriers.
In other words, it is the rather different valley structure of the conduc-
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tion and the valence bands that is ultimately responsible for the difference
in the coupling to phonons of electrons and holes, and that causes the
observed electron-hole asymmetry in the softening of the phonon frequen-
cies. In this regard, spin-orbit interaction does play a prime role, because
its strongly asymmetric strength between valence and conduction bands
governs the energetic alignment of the different valleys, and therefore de-
termines whether — at any given value of carrier density — one or multiple
valleys are populated.

This conclusion is based on DFT and density-functional perturbation
theory (DFPT) calculations, which provide an extremely powerful tool to
identify all trends in the observed dependence of the phonon frequency on
the density of accumulated charge. DFT, however, cannot reproduce the
experiments at a detailed quantitative level. This is because a full quanti-
tative agreement would require a precise prediction of the relative energetic
alignment of the valleys present in the valence and conduction band, which
is well-known to be extremely sensitive to multiple parameters!'%20% from
the choice of exchange-correlation functional to details of the crystal struc-
ture and screening from free carriers or the environment. Indeed, even
experimental attempts to determine precisely the energetics of the differ-
ent valleys seem to give scattered results, depending — for instance — on
the substrate employed in the experiments (see Table 2). The situation
is even more complex for bilayers, where the electric field associated with
the FET doping influences the relative energy of the valleys in a way that
cannot be precisely predicted at this stage. As such, our analysis aims
exclusively at exploiting the possibility to tune parameters and conditions
in the controlled environment of DFT simulations to identify the physical
processes that explain our experimental results, and not at reproducing in
quantitative detail the observed carrier density dependence of the phonon
frequencies. That is also why —in view of the subtle effects caused by the
gate electric field in bilayers— we focus our theoretical analysis exclusively
on TMD monolayers.

We first note that the softening is expected when describing electron-
phonon interactions within the Born-Oppenheimer approximation, where
electrons remain at all times in the ground state corresponding to the
instantaneous lattice configuration. This implies that phonons can be con-
sidered as static perturbations acting on the electrons, which in turn affect
the vibrational properties of the system. In this regime, the expression
for the change in frequency of a phonon at I' with respect to the neutral
semiconducting case reads (see Refs. [207-209)
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Table 2: Energy separation AFErk between the top of the valence band at K and I" in the
monolayer TMDs investigated in this work. Experimental results are taken from angle-
resolved photo-emission spectroscopy (ARPES) measurements in the literature. DFT
data refer to calculations done in the present work.

AFErk (meV)
MoS, WS, WSe
Exp. 150201 51012081, 5602061 500151
310[199,202] 24()[204] 300 [205] 89()[197]
DFT (this work) 60 230 490

Figure 6.4: The low-energy valley structure of the conduction and valence bands is com-
mon to all the TMD monolayers investigated here. This figures illustrates it by showing
the low-energy parts of the conduction and valence bands of WSy monolayers (the grey
shaded hexagon represents the Brillouin zone). The top of the valence band (shown in
orange and blue) is formed by a single spin-degenerate valley around I and a spin-split,
two-fold degenerate valley at the K/K’ point. The bottom of the conduction bands (repre-
sent in green and red) is composed of an almost spin-degenerate valley at the K/K’ point
(with degeneracy two) and a six-fold degenerate spin-split valley approximately midway
between I' and K, normally referred to as the Q point.

Aw, =~ —N(ep){g*) Fs. (6.1)

Here we assume the limit of zero temperature, N(cp) is the density of
states at the Fermi energy, ex, and (g2) pg is the screened electron-phonon
coupling (squared) for the v-th phonon mode averaged over the Fermi sur-
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face. It follows that softening (Aw, < 0) is expected only for phonon modes
that are strongly coupled with the electronic states on the Fermi surface.
For instance, this is not the case of the pure Ey, longitudinal optical mode,
which affects electrons by generating a long-range scalar potential (known
as Frohlich interaction) that in the presence of free carriers (either elec-
trons or holes) is perfectly screened in the long-wavelength limit, so that

(g2) ps =~ 0.

The Born-Oppenheimer approximation is a good description only for
systems that are in the adiabatic limit. This requires the phonon energy
fuw, to be much smaller than the carrier relaxation rate h/7 (w,7 < 1),
where 7 is the carrier momentum-relaxation lifetime. The value of 7 can
be estimated from the experimentally determined carrier mobility that —
under the conditions of the experiments — is typically pu ~ 15 cm?/Vs for
both electrons and holes. When compared to the characteristic phonon
frequencies probed in our experiments, the resulting value of 7 ~ 10 fs
gives w,7 < 1. The Born-Oppenheimer approximation is therefore fairly
well justified. Note also that, even when w, 7 ~ 1, theory allows the phonon
softening to be estimated ag!1?%208:210];
Aw() By

) m (6.2)

where Aw, is given by Eq. (6.1). It follows directly from this expression
that the adiabatic limit represents an upper bound for the phonon soften-
ing measured in experiments by at most a factor of two.

Since DFT calculations of phonon frequencies are done within the Born-
Oppenheimer approximation, they are an appropriate tool to simulate the
softening in monolayer TMDs. We first investigate which phonon modes
are sensitive to accumulation of charge carriers by computing phonon dis-
persions of neutral, electron-doped and hole-doped monolayer TMDs using
DFPT2M, Since simulations require overall charge neutrality, the accu-
mulated charge is compensated by the presence of gate electrodes, and the
correct boundary conditions for 2D materials are provided by cutting off
the Coulomb interactions in the direction perpendicular to the layers!%,
In these initial calculations, spin-orbit coupling is not included and a rel-

atively large electronic temperature is used to smear the Fermi surface.

Representative DFPT results are shown in figure 6.5 for WSy;. When
a finite density of carriers is included, we observe a softening in various
branches at several phonon wave vectors. In particular, we see that the
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Figure 6.5: Dispersion relations of the different phonons branches, calculated as described
in the main text, along the high-symmetry path M-I -K of monolayer WS,. Lines of
different colours correspond to either neutral (grey lines) monolayers, or monolayers under
electron (blue lines), and hole (red lines) accumulation (calculations are done for 0.02
electrons or holes per unit cell).

A1, mode softens at I' both for electron and hole accumulation, and at M
for electron accumulation only. Similarly, the frequencies of the in-plane
acoustic modes (LA and TA) decrease at K both upon electron and hole
accumulation, and at M exclusively for electron accumulation. On the con-
trary, the Eo, mode remains unaffected. For all the phonon modes detected
in the experiments, therefore, the simulations succeed in reproducing which
modes soften upon accumulation of charge carriers. However, the overall
agreement between calculations and experiments is poor. The magnitude
of the softening is largely overestimated, well beyond the factor [1+4 (w,7)?]
accounting for deviations from the purely adiabatic approximation of DFT.
In addition, softening appears also upon hole-doping for the A, mode at
', in contrast with the experimental results.

To investigate the origin of the discrepancy between measurements and
simulations, we focus our attention on the A, mode'%]. We computed the
A, frequency at I' as a function of carrier density using a finite-difference
DFT scheme for the three monolayer TMDs investigated here. At this
stage, we made calculations more realistic by including spin-orbit coupling
through fully-relativistic pseudopotentials, and by describing the occupa-
tion of electronic states according to the room-temperature Fermi-Dirac
distribution (for which we made a much denser sampling of the Brillouin
zone). Again, all calculations include a cutoff of the Coulomb interaction
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to implement the correct periodic boundary conditions, and gates to main-
tain overall charge neutrality and properly simulate a FET configuration.

Results for monolayers of the three different TMDs investigated exper-
imentally are shown in figure 6.6, both for electron and hole accumulation,
in a range of carrier densities comparable to that explored in the experi-
ments. In contrast to the very systematic results of the Raman measure-
ments (see figure. 6.3), the evolution of the calculated phonon frequency
upon electron and hole accumulation is different for the individual TMDs,
and appears at first sight to offer no systematics. In particular, we find
that for WSy (figure 6.6a) a large softening occurs on the electrons side,
but the A;, mode frequency decreases also upon hole doping (see also fig-
ure 6.5). For WSey (figure 6.6b) instead a significant softening is present
only for electrons and not for holes, whereas the opposite is true for MoS,
(figure 6.6¢). Despite this seemingly erratic behavior, there is a clear and
systematic correlation between the softening and the fractional occupation
P of the different valleys plotted in the bottom panels of figure 6.6.

In all cases a strong softening of the A, mode occurs only when two
inequivalent valleys are simultaneously occupied, whereas the frequency
of this mode remains constant whenever the accumulated carriers occupy
exclusively one of the valleys. Specifically, the rapid decrease of the A,y
frequency upon electron doping in WSs and WSe, originates from the
simultaneous occupation of the K and Q valleys (see figure 6.6 a and b,
respectively). Consistently with this idea, in MoSs only the K-valley
is populated, and no significant softening is observed. Analogous trends
are seen upon hole accumulation: A large softening is present in MoS, ,
for which the K and I' valleys are simultaneously occupied, whereas no
softening is visible in WSes; where holes populate only the K valley (see
figure 6.6¢c and b, respectively). The case of WS, monolayers (figure 6.6a)
confirms this notion. In this case, the frequency of the A, mode is insen-
sitive to hole doping for small concentrations —when only the K valley is
occupied— and starts to soften past 0.02 holes/unit cell, when holes begin
to populate both the K and the I' valley. In all cases a very pronounced
softening is always seen when two distinct valleys are populated, whereas
whenever only one valley is populated the change in phonon frequency is
typically at least one order of magnitude smaller.

It follows from these considerations that the energy separation between
valleys, which governs their relative occupation, plays an essential role in
determining the magnitude of the shift in phonon frequencies (i.e., the
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Figure 6.6: Top panels: Results of ab-initio calculations showing the dependence of the
A, mode frequency (blue circles) on carrier density n in monolayer WSy (a), WSey (b),
and MoSs (c), for either electron (n > 0) or hole (n < 0) accumulation, as indicated in
each panel. The range of carrier density considered in the calculations roughly corresponds
to that explored in the experiments (see figure figiraman(a)). For WSey, and MoS, we
also plot the results for the E;, mode (orange empty circles), which is found not to
shift, in agreement with experiments (for WS, the E;, mode is degenerate with the
A,z mode which experimentally prevents its separate determination upon varying carrier
density). Lower panels: relative fractional occupation P of the different valleys upon
hole and electron accumulation, as extracted from ab-initio calculations done to obtain
the density dependence of the phonon frequencies shown in the corresponding top panels.
Different symbols refer to the K (orange squares), Q (blue circles), and I' (green triangles)
valleys. Note how in all cases —i.e., for all the different monolayers and upon both electron
and hole accumulation— there is a perfect correlation between the shift of the A, mode
and the multiple occupation of valleys (i.e., the K and I' valley in the valence band
upon hole accumulation, and the K and Q valley in the conduction band upon electron
accumulation).

strength of the electron-phonon coupling) upon carrier accumulation. To
confirm this conclusion — and to provide further support for the effect of
multivalley populations — we have performed additional calculations ex-
ploiting the extreme sensitivity of TMDs’ band structures to the in-plane
lattice parameter and the vertical positions of the chalcogen atoms! 9,
The goal of these calculations is to artificially tune the energy separation
between valleys in order to check whether, as we expect, the softening
of the A, mode is affected significantly. We have analyzed the behav-
ior of MoSs monolayers using the experimentally-reported crystal struc-
ture (rather than the fully relaxed one obtained by minimizing forces and
stresses at the DFT level), for which the energy separation AFErk between
the K and I" valleys in the valence band increases from 60 meV to 220 meV
(see figure 6.7c), and the energy difference AEkq between the K and Q
valleys in the conduction band decreases from 230 meV to 30 meV. To
reduce the spurious effects of thermal broadening in these calculations, we
intentionally determine band occupations by using a cold-smeared distri-
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bution?? with T = 150 K, instead of a broad Fermi-Dirac distribution at
T = 300 K as above.

The outcome of the calculations is illustrated in figure 6.7, where we
compare the carrier-density dependence of (a) the frequency of the Aj,
mode and (b) the fractional valley occupations obtained with either the
DFT-relaxed structure (empty symbols, see also figure 6.6(c)) or the ex-
perimentally reported one (full symbols). It is apparent that the results
are distinctly different in the two cases. Upon hole accumulation a large
frequency shift and a simultaneous population of the K and I'" valleys are
present for calculations performed using the DFT-relaxed structure. In
contrast, no shift in frequency occurs in the calculations performed with
the experimentally-reported crystal structure, where the fractional occu-
pation of the K valley remains equal to one, i.e. only the K valley is
populated. This is exactly the behavior that we would have anticipated
as a result of the increased AFErk for the experimentally-reported crystal
structure. Consistently, the reduction in AExq (see figure 6.7c) in the
experimentally-reported structure leads to a non-negligible occupation of
the Q valley in addition to the lowest-lying K valley, causing a very large
enhancement of the Aj, softening upon electron accumulation.

We therefore conclude that the scenario hypothesized above is correct:
for all monolayers investigated here, and for both electron and hole ac-
cumulation, a very sizable softening of the A;, mode occurs only when
charge carriers populate multiple inequivalent valleys. Through Eq. (6.1),
this directly implies that also the strength of the electron-phonon coupling
for the A, mode in semiconducting TMDs is large only when two valleys
are occupied. Such a mechanism had not been identified earlier. It is nev-
ertheless extremely likely that this mechanism is at play in many other
material systems besides semiconducting TMDs, and relevant to explain a
variety of physical phenomena (see, e.g., the discussion of superconductiv-
ity in section 6.4).

The insight gained on the importance of the simultaneous occupation
of multiple valleys can now be exploited to discuss in more detail the re-
sults of our Raman spectroscopy experiments (see figure. 6.3). To start
with, the complete absence of phonon softening upon hole accumulation
indicates that AFErk is sufficiently large in TMD monolayers to avoid the
partial occupation of the I' valley (in addition to the dominant K valley),
for hole concentrations as large as ~ 5 x 10'3 em~2. According to the same
logic, the phonon softening observed upon electron accumulation indicates
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Figure 6.7: Effect of the crystal structure of monolayer MoS, on the softening of the
A, mode (a) and on the fractional occupation P of the K (squares), Q (circles), and T’
(triangles) valleys (b) upon carrier accumulation. Empty symbols represent quantities ob-
tained by means of ab-initio calculations performed using the fully relaxed DFT structure
of monolayer MoS, whereas full symbols represent the same quantities obtained using
the experimentally-reported structure. Panel (c): band structure of undoped MoS, close
to the top of the valence bands (left) or to the bottom of the conduction bands (right) cal-
culated using the experimentally-reported (continuous lines) or the DFT-relaxed (dashed
lines) crystal structure. Note how the different structures very significantly change the
distance in energy between the top of the K and I' valleys in the valence band and be-
tween the bottom of the K and Q valley in the conduction band. As discussed in the main
text, this distance in energy determines whether or not multiple valleys are occupied upon
electron or hole accumulation in the calculations, with a corresponding strong effect on
the shift of the A, phonon frequency.

that AEkq in the conduction band is sufficiently small, so that —at room
temperature— both the K and Q valleys are populated in monolayers of all
TMDs upon accumulation of ~ 1072 electrons per unit cell. Additionally,
it is clear from figure 6.3a that phonon softening upon electron accumu-
lation is much more pronounced in W-based TMD monolayers, indicating

that AExkq is smaller for WS, and WSez than for MoS; .

All these conclusions are fully consistent with what is known about
monolayers of semiconducting TMDs. The energy difference AFErk re-
ported in Tab. 2 from ARPES measurements is consistent with having only
the K valley occupied upon accumulation of a density of holes reaching up
to ~ 5 x 1013 ¢cm~—2 [206:213.214] * Giypilarly, although no sufficiently system-
atic ARPES study of the conduction band of monolayer TMDs has been
reported yet, analogous measurements on the doped surface of bulk TMDs
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(where doping should be limited to the first few layers) have shown?'! that
it is relatively easy to populate both the K and Q valleys in the conduction
band (i.e., AFkq in monolayer TMDs is significantly smaller than AErk).
Moreover, the observation of a larger softening in W-based monolayers,
associated with the K and Q) valleys being closer in WS, and WSe, than
in MoS; , is compatible with the fact that AEkq is largely controlled by
spin-orbit coupling (stronger in W-based compounds).

These considerations also make clear why the strong sensitivity of the
phonon frequencies to the precise energy separation between valleys severely
affects the ability of DFT to make reliable quantitative predictions. In
particular, the spurious softening predicted on the hole side of MoSs (see
figure 6.6¢) originates from the large underestimation of AErk in DFT as
compared to experiments (see Tab. 2), which leads to an erroneous occupa-
tion of both the K and I' valleys even at very small doping concentrations
at room temperature. Something similar, although not as severe, happens
also for WS, , for which the DF'T prediction for A Erk is not much smaller
than the experimental results in Tab. 2, but it is still sufficient to lead to
a spurious softening at large hole doping. Finally, the discrepancy with
experiments might arise also from a partial failure of DFT in accounting
for band-structure renormalization effects that influence the doping depen-
dence of AErk and AEkq.

6.4 Multivalley population mechanism of the electron-
hole asymmetry

Finding that the strength of the coupling of electrons to phonons is dras-
tically amplified when multiple inequivalent valleys in a given band are
populated is a phenomenon that had not been identified in the past, and it
is important to build a robust physical understanding. To this end, recall
that electron-phonon coupling can be qualitatively understood by consid-
ering how the band structure is perturbed by the displacement pattern
of the ions associated to the phonon under consideration!'52153:160]  Fig_
ure 6.8 shows the effect of the A;, mode on the band structure of undoped
monolayer MoSy (for better clarity, spin-orbit coupling is not included; we
checked that this has no qualitative consequences on the arguments here
below). Although the amplitude (up to 0.12 A) of the A;, mode has been
intentionally exaggerated with respect to typical room-temperature mean-
square displacements to illustrate this effect, the large variation of both
the valence and conduction bands signals the presence of a very strong
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electron-phonon coupling. This strength can be quantified by taking the
first derivative of the band energy reported with respect to the atomic dis-
placement, which is proportional to the bare electron-phonon coupling for
that band (see the right panel of figure 6.8).

The introduction of free carriers —in our experiments by means of field-
effect doping— allows for the possibility of electrostatic screening, and
generically tends to decrease the strength of the electron-phonon coupling.
In a simple Thomas-Fermi picture, whether or not the bare electron-phonon
coupling is screened effectively by the free carriers depends on whether the
evolution of the band induced by the phonon displacement pattern leads
to a spatial variation of the density of charge carriers. In this regard, the
situation can be very different depending on whether one or more valleys
are populated.

Energy (eV)

r1.481.64
d (A)

Figure 6.8: Variation of the first-principles energy bands of monolayer MoS, induced by
the displacement pattern of the A;, mode at I' (a rigid vertical motion of the chalcogen
planes in opposite directions, with a variation of the distance d between the plane of
sulphur atoms and that of molybdenum atoms — see inset). To emphasize the effect, the
amplitude of the displacement has been set to 0.12 A, both in compression (red) and
dilation (blue), with respect to the equilibrium value d = 1.57 A (gray). On the right we
report the evolution of the band edges of the K and Q valley in conduction and of the I'
and K valley in valence, as a function of d. The same colours as in the left panel have
been used to identify different values of d. The absolute value of the slope of each curve
at the equilibrium value of d (marked with a vertical dashed line) is proportional to the
bare electron phonon coupling of the corresponding band with the A;; mode at T'.

To understand why, we consider a phonon near I' (q — 0) as a frozen
atomic displacement with very long, but finite, wavelength. The static dis-
placement associated to such a phonon shifts the valleys up and down in
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energy locally in space, following the local amplitude of the long-wavelength
Ay, mode. In the adiabatic limit, the population of the electronic states
will change to keep the system in the lowest energy state. Now, if only a
single valley is occupied (say the K valley in the conduction band), the only
possibility for the free carriers is to follow the spatially varying position of
the bottom of the valley to keep the Fermi level constant (or more appro-
priately the electrochemical potential, since we are considering the atomic
displacement as frozen). This implies a spatial variation of the charge of
the free carriers that self-consistently screens the potential of the lattice
displacement, thereby strongly suppressing electron-phonon coupling.

When at least two valleys are occupied, the situation can be very differ-
ent if the atomic displacements associated with the phonon mode lead to a
relative out-of-phase energy shift. This is indeed so in monolayer TMDs for
the Q and K valleys in the conduction band and for the K and I'" valley in
the valence band (see figure 6.8). In this case, in the presence of the atomic
displacement (and when electrons/holes have the time to relax their en-
ergy and momentum during the phonon perturbation, i.e. in the adiabatic
limit) charge transfer between the valleys must also occur locally in real
space for the system to stay in the ground state. Since part of the charge
is now involved in this ’local’ process, the charge that can be displaced to
screen the spatially varying potential generated by the phonon is reduced,
hindering the effectiveness of screening. In other words, in the presence of
two valleys that shift out-of-phase in response to long-wavelength phonon
excitations, screening becomes much less effective in reducing the strength
of the electron-phonon coupling.

Within the controlled environment of our DFT calculations, we know
that this is the mechanism responsible for the strong softening of the A,
mode in all cases when two valleys are simultaneously occupied. We con-
clude that this mechanism also explains the Raman measurements. For
this mechanism to have a strong effect, it is essential that the phonon
mode considered causes an out-of-phase shift in the energy of the two val-
leys, because this maximizes the amount of inter-valley charge transfer
that occurs locally in real space. For the Eg, mode detected in our Raman
measurements on semiconducting TMDs, for instance, this is not the case:
the long-range Frohlich potential associated with the Eg, phonon near I
shifts the energy of the two valleys in the same direction and by compa-
rable amounts so that no (or minimal) inter-valley charge transfer occurs
locally. As a result, despite the presence of multiple inequivalent valleys,
the response of the system to Ep, phonons is similar to the canonical case
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with one single valley populated, with a strong electrostatic screening that
suppresses the electron-phonon coupling.

It follows from these considerations that the underlying physical pro-
cesses responsible for the enhancement of electron-phonon coupling in the
presence of simultaneously populated inequivalent valleys is of quite gen-
eral validity. As such, it is likely to occur in a multitude of materials and
to have different experimental manifestations. It is quite remarkable that
such a mechanism had not been identified earlier. We believe that this
is because the analytic theoretical models commonly employed to treat
electron-phonon interaction consider only one family of carriers (i.e., one
single valley) coupled to phonons, and in these models the mechanism is
simply not present.

Superconductivity provides an example of a physical phenomenon for
which the enhanced electron-phonon coupling mechanism that we have
identified may be at play. It appears that much of the existing data on
gate-induced superconductivity observed in some of the TMDs (e.g., WS,
and MoS, ) is consistent with having the superconducting instability set-
ting in only when multiple valleys are occupied'™>?1%l. Having multiple
valleys occupied would explain, for instance, why gate-induced supercon-
ductivity in WSy starts occurring at a lower electron density than in MoS,
(170,171,182 ' hecause, as we discussed here above, the energy difference be-
tween the K and Q) valley is smaller in WS, than in MoS, . It also explains
why so far gate-induced superconductivity in semiconducting TMDs has
been observed only upon electron accumulation and not with holes!70-18%]
this is because with the hole concentrations that can be reached by field-
effect doping only the K or I' valleys are filled, so that the strength of
the electron-phonon coupling remains weak. Indeed, in NbSe; —a metal
having a similar valence band structure as WS, and MoS,, but the Fermi
level very deep relative to the top of the valence band 7218l robust su-
perconductivity is observed'™ 177 and both the K and the I' valleys are
occupied. The multi-valley mechanism responsible for the enhancement of
the electron-phonon coupling is likely at play for other superconducting
materials, with MgBs providing a notable example. Indeed, also in MgB,
multiple inequivalent valleys are known to be simultaneously occupied and
to move out-of-phase in energy when atoms are displaced according to a
specific phonon pattern'). More work is needed to fully substantiate the
relevance of multivalley population for the occurrence of superconductiv-
ity in all these systems, but the known experimental phenomenology does
provide significant circumstantial evidence supporting such a scenario.
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6.5 Conclusion

In conclusion, we have identified a strong and systematic electron-hole
asymmetry in the vibrational properties of mono and bilayers of semicon-
ducting TMDs, by performing Raman measurements on ionic-liquid-gated
transistors. The experiments very systematically show that out-of-plane
modes — such as the A;, mode near zone center — soften significantly as
the concentration of free electrons in the conduction band is increased,
while they are left unaffected upon hole accumulation. By performing a
theoretical analysis based on first-principles simulations, we have revealed
that the phonon softening originates from a previously unidentified mecha-
nism that amplifies pronouncedly the strength of electron-phonon coupling
when two inequivalent valleys are simultaneously populated. This mecha-
nism explains the asymmetry in phonon softening observed experimentally
in the Raman spectroscopy measurements as due to a much larger energy
separation between valleys in the valence bands as compared to the con-
duction band. As a result, in the range of carrier densities accessed in the
experiments, simultaneous occupation of multiple valleys occurs only upon
electron accumulation and not for holes.

It is surprising that this mechanism had not been identified earlier.
This is most likely due to the fact that analytic theoretical models used in
the discussion of electron-phonon interactions commonly treat the case of
a single family of carriers (i.e., a single valley) that is coupled the lattice
vibrations. It is nevertheless clear from our discussion that the microscopic
processes responsible for the enhancement of electron-phonon interaction
in multi-valley systems are physically robust. Hence, the same mechanism
should be at play in many different material systems (i.e., not only in
semiconducting transition metal dichalcogenides), and manifests itself in a
variety of physical phenomena. This is likely the case, for example, of su-
perconductivity. Existing experiments on transition metal dichalcogenides
appear to indicate that the occurrence of superconductivity —either gate-
induced in MoSy and WS,, or intrinsically present in NbSes— correlates sys-
tematically with having multiple valley populated. Similar considerations
can be made for other materials, with the case of MgBs being particularly
notable. Although further evidence will be required, these examples un-
derscore how the identification of a previously unappreciated mechanism
enhancing the strength of electron-phonon interaction can have an impor-
tant impact in the interpretation of many different phenomena observed
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experimentally.
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Chapter 7: Semiconducting van der Waals
interfaces as artificial semiconductors

7.1 Introduction

The absence of covalent bonds between the layers of van der Waals (vdW)
materials is essential not only to allow the exfoliation of monolayers of
excellent electronic quality from bulk crystals, but also to give an unprece-
dented flexibility in employing these monolayers to assemble new types of
heterostructures 22202211 Tt is because of the absence of covalent bonds
that monolayers of different compounds can be stacked on top of each other
without constraints imposed by the need to match their crystalline lattices
or by chemistry compatibility. As a result, a very rich variety of building
blocks — including semiconductors$1%  semimetals?? | topological insu-
lators??3, magnets?242%] superconductors!'>?26] and more — can be read-
ily combined together to create artificial systems that were impossible to
realize until now. That is why 2D materials offer a truly unprecedented po-
tential to discover new physical phenomena or to engineer novel electronic
functionalities. First examples are provided by the emergence of minibands
and of satellite Dirac points in graphene-on-hBN?+20 the possibility to in-
duce strong spin-orbit interaction in systems of Dirac fermions in graphene-
on-semiconducting transition metal dichalcogenides (TMDs)!?27228 or the

occurrence of superconductivity in magic-angle graphene bilayers!?7.

Despite the vast scope of possibilities enabled by vdW interfaces, a
systematic microscopic understanding allowing the interfacial electronic
properties to be predicted in terms of those of the constituent monolayers
is missing. Developing such an understanding in general is difficult, because
depending on the specific interface considered many different microscopic
processes — hybridization of the electronic states in the two monolayers, re-
laxation of the crystalline structure, interaction effects®!, etc. — can play
a prime role. To progress at this stage it is useful to focus our attention on
an important class of systems for which we can exploit existing intuition,
namely that of semiconducting monolayers forming an interface that also

The results presented in this chapter have been published as Evgeniy
Ponomarev, Nicolas Ubrig, Ignacio Gutiérrez-Lezama, Helmuth Berger,
and Alberto F. Morpurgo, Nano Lett., 2018, 18 (8)
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behaves as a semiconductor, whose properties can be deterministically con-
trolled by selecting the two constituent semiconductors in the vast palette
of existing 2D materials.

At the simplest level, the strategy is to choose the constituent monolay-
ers with an appropriate band alignment, so that the conduction band of the
interface is inherited from one of the monolayers and the valence band from
the other (as it happens in so-called type II semiconducting heterostruc-
tures) 2291 Under these conditions, many key interfacial semiconducting
properties are distinct from those of the constituents, but uniquely deter-
mined by them. These include the size of the band gap (defined by the
energetic alignment of the bands in the two monolayers), whether the gap
is direct or indirect in k—space (determined by appropriately selecting the
crystalline lattices of the materials forming the interface), the joint density
of states governing absorption and radiative processes (directly linked to
the properties of the bands in both constituent monolayers), and more.
The interface is therefore a composite system that possesses unique semi-
conducting properties defined at the assembly stage by the choice of the
constituent monolayers, which fully determine the low-energy optoelec-
tronic response of the system detected experimentally. In other words, the
interface truly behaves as an artificial semiconductor whose properties —
that determine the optoelectronic response — are created by design.

Whereas over the last couple of years considerable experimental ef-
fort has focused on vdW interfaces of different semiconducting 2D mate-
rials28230:231 " only a very limited amount of work has been done to probe
transport and optical properties on a same structure, enabling a full un-
derstanding of the energetics of vdW interfaces. That is why developing
the ability to probe the properties of vdW interfaces based on 2D semi-
conductors to determine quantitatively — directly from experiments — how
these properties are related to those of the constituent 2D materials, is
now a key priority. Here, we start addressing these issues by means of a
systematic investigation of the transport and optoelectronic properties of
two prototype vdW interfaces based on semiconducting TMD monolayers,

namely WSes/MoSes 28] and WSe, /MoS, [232]

Transport investigations rely on ionic liquid gated field-effect transis-
tors[7:233.234] realized on structures that enable the individual monolay-
ers, and their interface, to be measured separately on a same device. By
exploiting the spectroscopic capabilities of ionic liquid gating!76:7779.235]

these devices enable us to establish a direct relation between the bands
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of the vdW interface and those of the constituent monolayers, and to de-
termine quantitatively and precisely the offsets between the bands of the
different monolayers, as well as the magnitude of the interface band gap.
To probe whether interband transitions in the vdW interface are direct or
indirect in k-space we perform photoluminescence (PL) and photocurrent
(PC) experiments. Radiative decay of interlayer excitons is observed in
WSey /MoSe; but not in WSey/MoS,, in agreement with the expectation
that the interfacial interband transitions are direct in the first case and not
in the second!™. The binding energy of interlayer excitons in WSe,/MoSe;
can then be determined by directly comparing the frequency of the light
detected in PL with the value of the interface band gap extracted from
transport experiments, something that had never been done earlier. All
together, the results presented here show that vdW interfaces behave as
artificial semiconductors whose response — determined by the choice of the
constituent materials — is virtually indistinguishable from that of a natu-
rally existing 2D semiconducting material.



7.2 Band alignment in vdW heterostructures 111

7.2 Band alignment in vdW heterostructures

The device configuration employed for our transport measurements — es-
sential to obtain the results discussed below — is illustrated in figure 7.1
for the MoSy/WSe;y system. The MoSs; and WSes monolayers are exfo-
liated onto a Si/SiO9 substrate (see Figure la and 1b). Using a by-now
conventional "pick-up" technique based on polymer stamps!?6/, the WSe,
monolayer is transferred onto the MoSs monolayer with the aid of a motor-
ized manipulator stage under an optical microscope. Figures 7.1c and 7.1d
show microscope images taken after the transfer and after having attached
contacts. The final step is the application of the top ionic liquid, leading to
a device structure such as the one represented schematically in figure 7.1e
(with the gate and reference electrodes also shown). The important as-
pect of this device geometry is that the different parts of the structure can
be measured independently in a field-effect transistor configuration, while
being directly connected to each other. This is key as it allows a direct
quantitative comparison of relevant quantities measured in the different
parts of the device.

Figure 7.2a shows the source-drain current (Igp) measured on the dif-
ferent parts of a device based on WSe,; and MoSe; monolayers, as a function
of gate voltage Viz (Vsp = 50 mV; see the schematics on top). The left, cen-
ter, and right panels (blue, red, and green curves) show the current flowing
through the WSes monolayer, the WSe, /MoSes interface, and the MoSey
monolayer, respectively. Excellent ambipolar characteristics are observed
in all cases, demonstrating that for the monolayers, as well as for the inter-
face, sweeping Vi allows shifting the chemical potential from the conduc-
tion to valence band. As discussed earlier in multiple occasions!76:7779,235]
when the current is plotted as a function of reference potential V,..r, these
measurements provide spectroscopic information. That is because, due to
the very large capacitance of the ionic liquid, a change in V,..; corresponds
to a shift in chemical potential Ay = eV,.s as long as the density of states
in the system is small (which is the case if the chemical potential is shifted

inside the gap of a semiconductor) [76],

The current Igp measured on the different parts of the structure plot-
ted as a function of V.. is shown in figure 7.2b. The current through
the vdW interface — the continuous red curve — quite precisely overlaps
with the dashed green curve (i.e., the current flowing through the MoSey
monolayer) when the conduction band of the interface is populated, and
with the blue dashed curve (i.e., the current flowing through the WSe,y
monolayer) when the valence band is populated. It follows from this ob-
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Figure 7.1: Device structure enabling the quantitative characterization of van der Waals
interface and of their constituent monolayers. Optical microscope images of a MoS, (a),
a WSez (b) monolayer (delimited respectively by the green and the blue lines), and of
the structure assembled by transferring the WSe, monolayer to overlap partly with the
MoSs one. (d) Optical microscope image of a device based on the structure shown in
(c¢) with Pt/Au contacts enabling separate transport measurements to be done on the
three regions (MoSs monolayer, WSey monolayer and their interface). The scale bars
in all images are 5 pum. (e) Schematics of an ionic-liquid gated FET based on a device
structure comprising two monolayers and their interface, such as the one shown in (d).
The schematics also shows — not to scale — the gate and the reference electrode, as well
as the typical bias/measurement configuration needed to perform the transistor electrical
characterization.

servation that the interface conduction and valence bands are respectively
the conduction band of the MoSes monolayer and the band of the WSe,
monolayer. This shows directly how the bands of the vdW interface —
and therefore all other low energy properties — are fully determined by the
choice of the individual constituents. Finding that the overlap is virtually
perfect indicates the absence of an energetic shift between the bands of the
interface and the corresponding bands of the constituent 2D materials (or
of any other significant modifications of bands in the interface region), in
agreement with the expected absence of any significant interfacial dipole
between the layers forming the vdW interface.

To make these considerations systematic and quantitative, we compare
the values of threshold voltage for electron and hole conduction (V}} and
i5,), for the different parts of the device. At threshold, the chemical po-
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Figure 7.2: Spectroscopic characterization of a vdW interface and its constituents by
transport measurements in ionic liquid gated devices. (a) Top panel: Schematic repre-
sentation of device configuration, showing the three different parts measured (left: WSe,
monolayer; center: vdW interface; right: MoSe; monolayer). Bottom panels: FET trans-
fer curves (i.e., Isp as a function of Vi at fixed Vgp) for the monolayers and the interface
(see legends), all exhibiting perfectly balanced ambipolar transport. (b) Same curves
shown in (a) plotted versus reference potential V,.; (curves of a same color in (a) and (b)
represent measurements done on the same part of the structure). The current through the
interface (red curve) matches the current through MoSe, (green curve) when the chemical
potential is in the conduction band and the current through WSe, (blue curve) when the
chemical potential is in the valence band. The black dash-dotted lines represent the linear
extrapolations done to determine the electron/hole threshold voltages for each curve, from
which we obtain the corresponding conduction and valence band offsets (CBO and VBO,
respectively), as well as the vdW interface band gap (Ayaw). (c) shows the resulting
band diagram corresponding to a type II (staggered) alignment ¥ of the MoSe; and WSe,
bands. (d) shows similar curves and an identical phenomenology for the WSes/MoSs
system. In MoS, monolayers hole transport is suppressed by in-gap states originating
from S vacancies®® and yet the interface exhibits excellent hole transport, because the
interfacial valence band originates from WSes,.

tential is located right at the edge of the corresponding band®, i.c., at
the bottom of the conduction band at threshold for electron transport and
at the top of the valence band at threshold for hole transport. There-
fore, since a shift in reference potential corresponds to an equal shift in
chemical potential, the difference of measured threshold voltages provides
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a measurement of the energetic position of the bands in the different parts
of the device. Specifically, the difference between V¢ and V;! corresponds
to the band gap in the part of the device on which the measurements are
done; the difference between the values of V¢ (V;) measured on two differ-
ent parts of the devices gives the offset of their conduction (valence) bands.

The threshold voltages V;? and V}$ are determined by extrapolating to
zero the source-drain current Igp measured as a function of V¢ (the ex-
perimental error depends on the specific device, and is typically less than
5 % (It is this error that is responsible for the experimental uncertainty
in the position of the bands, and hence for the band offsets and the band
gap extracted from the measurements. What is most strongly affected from
this uncertainty are the intra-and interlayer exciton binding energies, which
are are small quantities, obtained from the difference of much larger values
(that is why the relative error on the extracted exciton binding energy is
large).)). We first check the values of the band gap for the MoSe; and WSey
monolayers, and find A(MoSes) = e(V5 (MoSey) —V#(MoSey) ) = 2.06 eV
and A(WSey) = e(V5 (WSey) —V/(WSey) ) = 1.73 eV, in good agreement
with values reported in the literature [206,237.238]  For the WSe, /MoSe;, inter-
face the band gap is found to be A(WSes/MoSes) = (V5 (WSey /MoSes)
— V" (WSey/MoSey) ) = 1.48 eV and the same procedure to determine the
conduction band offset (CBO) and valence band offset (VBO) between the
MoSe; and the WSe; monolayers gives Ecpo(WSey/MoSes) = 0.34 eV and
Eveo (WSez/MoSey) = 0.66 eV. Figure 7.2¢c summarizes these values in a
single band diagram. The same analysis performed on the WSe; /MoSs sys-
tem (see figure 7.2d) gives a value of the interface band gap of Ayyse, /oS,
= 1.08 eV, comparable to what found in recent scanning tunnelling spec-
troscopy experiments!?3%. For this interface we could only determine the
conduction band offset between the two monolayers, Ecpo(WSes/MoS,)
= 0.63 eV, because — as we recently discussed in Ref. 235 — in monolayer
MoSs the presence of defects states near the top of the valence band pre-
vents good quality hole conduction. In this regard, it is worth emphasizing
how remarkable it is that the interface exhibits ideal ambipolar behavior,
even though hole transport is drastically suppressed in one of the con-
stituent monolayers.

To finalize our discussion of transport, we complete the analysis of the
characteristics of FETs realized on the different vdW interfaces. Repre-
sentative output curves, i.e., the source-drain current Igp as a function of
source-drain voltage Vgp for different values of gate voltage Vi, are shown
in figure 7.3a for a WSey/MoS, interface. Except for a small hysteresis,
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Figure 7.3: Electrical characteristics of a WSey/MoS, interface FET. (a) Source-drain
current Igp as a function of source-drain bias Vgp for different Vg values (FET output
curves) showing the behavior characteristically observed in devices based on high quality
individual semiconducting monolayers. (b,c) FET transfer curves in semi-logarithmic
scale in proximity of the electron (b) and hole (c¢) threshold. The red lines represent the
linear regressions made to estimate the subthreshold swing S.

the output curves exhibit a virtually ideal behavior: the linear regime is
observed at low Vgp, followed at larger positive Vsp by a well-defined sat-
uration regime, and by a steep increase in Igp if the source-drain bias
is increased further to enter the ambipolar injection regime (i.e., when
electrons and holes are injected at opposite contacts) 2], We also deter-
mined the subthreshold swing by looking at the semi-logarithmic plot of
the transfer curves, and found S = 98 mV/dec and S = 74 mV/dec for
electron and hole transport, respectively (see figures 7.3b and 7.3c). Both
these values are very close to the ultimate room-temperature limit of 66
mV /dec!¥. Together with the ideal ambipolar behavior shown in figure
7.2, these measurements demonstrate that the quality of FETs realized on
vdW interfaces is comparable in all regards to that of FETs realized on
individual TMD monolayers.

7.3 Optoelectronic properties of vdW interfaces

Next we discuss the optoelectronic properties of the vdW interfaces, start-
ing with PL. measurements performed on the WSe;/MoSes system. The
room-temperature interface PL spectrum is shown in figure 7.4a (solid red
curve). It consists of two main peaks centered around 1.36 eV and 1.6 eV,
with the latter exhibiting a shoulder around 1.55 €V (see figure 7.4b). A
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comparison with the spectra of the MoSe; (green curve in figure 7.4a) and
WSey (blue curve in figure 7.4a) monolayers shows that the 1.55 eV shoul-
der originates from the recombination of intralayer exctions in MoSe,. The
1.6 eV peak is due to the recombination of charged excitons — i.e., trions
— in WSe; all in agreement with values reported in the literature!47240) |
Trion formation is responsible for the red shift measured in the vdW inter-
face as compared to the energy of the PL measured in the WSe; monolayer
part of the same device, which is due to neutral excitons. In the interface
region, trions form because a small amount of thermally activated charge
is transferred between MoSe; and WSes; indeed the red-shift disappears at
low temperature, as we show below for the case of the WSes/MoS,; where
the same phenomenon occurs. In short: the 1.55 €V shoulder and the 1.6
eV peak are well accounted for by intralayer transition, consistently with
the fact that their energy is larger that the band gap of the WSey/MoSes.

Contrary to these features, the 1.36 eV peak in the interface PL spec-
trum shown in figure 7.4a is obviously absent in the spectra of either
constituent monolayer. This peak is a manifestation of interlayer exci-
tons formed by electrons and holes located in different layers — a hole in
WSey and an electron in MoSe, in the present case — with the correspond-
ing transition represented by the diagonal red arrow in the inset of figure
7.4a128:09241 - Consistently with this attribution, the energy of the transi-
tion is smaller than the single particle interface band gap, A(WSez/MoSes)
= 1.48 eV, as extracted from transport. With the experiments giving us
both the interfacial band gap and the interfacial exciton recombination
energy Epr, the binding energy of the interfacial exciton (X?) can be de-
termined to be Exo(WSey/MoSez) = A(WSey/MoSez)—FEpr, = 120 meV.
Despite any possible reduction due to the enhanced screening caused by the
presence of the ionic liquid, this is a rather large value, as expected from
recent estimates!'”). Importantly, finding that the interfacial exciton (X?)
decays through a radiative transition strongly supports the conclusion that
the band gap of the WSey/MoSe, interface is direct in k—space [70] | That
is because the constituent monolayers are nearly perfectly lattice matched
and their crystallographic orientations have been intentionally aligned dur-
ing the device fabrication.

Following the same logic/™ | no PL from interlayer excitons is ex-

pected in WSey/MoS, interfaces irrespective of the alignment of the crys-
tallographic axis of the constituent monolayers, because of a 5 % mis-
match in their lattice constants. The mismatch implies that the K/K’
points of the WSey; and MoS, monolayers are located at different points in
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Figure 7.4: Photoluminescence of vdW interfaces and their constituent monolayers. (a)
Normalized room-temperature PL spectra of WSey (blue curve) and MoSe; (green curve)
monolayers and of their interface (red curve). The peaks at 1.55 eV in MoSe, and at 1.65
eV in WSe, originate from intralayer A-exciton recombination. The interface spectrum
exhibits an additional peak at 1.36 eV due the recombination of interlayer excitons, formed
by electrons in MoSe; and holes in WSe,. The light-green shaded area represents the
interval of energy inside the interface band gap A(WSey/MoSes), extracted from transport
experiments. The inset represents the alignment of the band, and the arrows indicate
the optical transitions detected in the PL spectra. (b) Decomposition of WSey/MoSey
interface PL spectrum seen in (a) as a sum of the three identified radiative transitions
(the formation of trions in the interface region is responsible for the red-shift of the PL
peak due WSe, intralayer exciton recombination; see main text). (c) Same as (a) for the
WSey/MoS, system. The blue, green and red curves represent the PL of the individual
WSe, and MoS, monolayers, and of the interface, respectively. No sign of a radiative
interlayer transition is seen in this case. Also here, the WSe, PL peak is red-shifted in the
interface region due to the formation of trions, but at 7' = 4.2 K the red-shift disappears,
as shown by the PL spectra plotted in (d).
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k—space, preventing direct interlayer transitions?2. The PL spectra for
the WSey/MoS, system is shown in figure 7.4c, for a device in which the
crystallographic axis of the monolayers have been carefully aligned. The
PL from the interface (red line) exhibits two peaks, at 1.59 eV and at 1.84
eV. The latter coincides with the peak originating from direct intralayer
exciton transitions in MoS,, as it can be inferred from the PL spectrum
measured on the MoSs monolayer (green line in figure 7.4c). Similarly to
the case of the WSes/MoSes interface, the 1.59 eV peak is due to intralayer
trion recombination in WSe,, and is red-shifted relative to the recombina-
tion of neutral excitons in the isolated WSes (blue line in figure 7.4c). Here
as well, trions in WSey are formed in the interface region due to a small
density of thermally activated charge carriers transferred from MoS,. In-
deed, when the PL spectrum of the interface and of WSe, are measured at
T = 4.2 K — with thermal transfer of carriers fully suppressed — the shift
disappears and the position of the peak measured in the isolated WSe,
monolayer coincides with the position of the peak measured in the WSe,
forming the interface (see figure 7.4d; the only difference is that the peak
of the isolated monolayer is sharper).

The most relevant aspect of these measurements is the absence of any
features at energy smaller than those originating from intralayer transitions
in the individual monolayers. As the single particle band gap extracted ear-
lier from transport experiments is A(WSes/MoSy) = 1.08 eV, any possible
interlayer transition should be visible below this energy. However, no sig-
nal is observed here even though our spectrometer is sensitive down to 0.8
eV. Several devices with different rotational alignment were studied with
no significant difference in their PL response: in no case a peak with en-
ergy smaller than 1.08 eV was observed. The experimental results therefore
fully support the conclusion that the band gap of the WSe; /MoS, interface
is indirect in k—space.

More information about the interface interband transitions can be ob-
tained from photocurrent spectroscopy(0%?#2.  Whereas the outcome of
PL experiments strongly depends on the competition between radiative
and non-radiative decay processes, PC spectroscopy reveals details of op-
tical interband transitions in a way similar to optical absorption measure-
ments2#324 - Figure 7.5a,b show the short-circuit current Isc —i.e., the
PC measured with short-circuited contacts — for the WSey /MoSe; and the
WSes/MoS, interfaces, as function of laser excitation energy. We discuss
exclusively the spectral dependence of the PC, and not on its absolute

magnitude, which critically depends on details of the experiments (the de-
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Figure 7.5: Photocurrent spectroscopy. (a) The short-circuit current, Isc, measured on
a WSey/MoSe, interface as function of incident photon energy (blue line) is compared
to the interface PL spectrum (red line). The light-green shaded region marks the energy
interval below the interface band gap, as extracted from transport measurements. The
inset zooms-in on the two curves at low energy. It is apparent that the PC onset occurs in
correspondence of the interlayer exciton transition and that a steep increase in Ig¢ occurs
just below 1.5 €V, i.e., in correspondence of interfacial interband transitions (the interface
band gap is A(WSey/MoSey)=1.48 €V). (b) PC spectrum measured on the WSe;/MoS,
interface (blue curve) together with the corresponding PL spectrum (orange curve). The
inset zooms-in on the photocurrent at energy smaller than the intralayer transitions,
showing that a slowly increasing photocurrent is present, starting from approximately
1 eV, close to the interface band gap A(WSey/MoS;)=1.08 eV. The slow increase is
consistent with the indirect nature of the interlayer transitions.

vice geometry, the applied gate voltage, the spatial profile of the incident
light, etc.; see section 7.5.1).

As it is apparent from a direct comparison with the PL spectra (see
figures 7.5a,b and their insets), both interfaces exhibit a measurable PC
starting at energies well below the energy of the excitonic transition in the
constituent monolayers. For the WSey/MoSes interface, the PC becomes
measurable near the onset of the PL line associated to the interlayer exci-
ton radiative decay (exhibiting a shallow maximum near the PL peak, see
the inset of figure 7.5a). It then starts to increase steeply in correspon-
dence of the vdW interface gap A(WSey/MoSey) = 1.48 eV. This behavior
is expected, since interlayer transitions in the WSe,/MoSes interface are
direct in k—space. For the WSey/MoS, interface the PC onset is just un-
der 1.08 eV (Figure 7.5b and its inset), and the PC increases only slowly
as the energy is increased up to approximately 1.6 eV, at which point a
steeper enhancement is observed due to direct intralayer exciton absorption
in WSe,. Finding that the PC onset energy matches the value of band gap
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is interesting, since the PL of the WSes/MoS, interface did not show any
feature at A(WSey/MoSs) = 1.08 eV. Overall the expected behavior, and
in particular the slow increase in PC at energies smaller than the intralayer
transitions, is consistent with the interfacial band gap of WSe;/MoS; being
indirect in k—space. For both interfaces, therefore, the PC measurements
fully support the conclusions drawn from transport and from PL measure-
ments.

7.4 Conclusion

In summary, our work demonstrates an approach to characterize system-
atically the basic properties of semiconducting van der Waals interfaces,
enabling a quantitative relation with the corresponding properties of the
constituent 2D materials to be established. More specifically, our experi-
ments show directly how the interfacial conduction and valence bands are
independently determined by the conduction and valence bands of the con-
stituent monolayers, they allow the full quantitative determination of the
energetics of the system (including the single-particle band gaps of the
two materials and of the interface, the values of the band offsets, and the
exciton binding energies), and provide definite information about the di-
rect /indirect nature of inter-band transitions. These conclusions have been
obtained for two specific interfaces, but the experimental method that we
have demonstrated can be applied to any other system of the type discussed
here. Even more important in the broader context, the experiments show
that the opto-electronic response of semiconducting vdW interfaces — in-
cluding transport in transistor devices, photoluminescence, photocurrent,
etc. — is virtually indistinguishable from that of an individual semiconduct-
ing monolayer. Nevertheless, there is clearly a very important difference
between the two cases, namely that the material properties of an individ-
ual monolayer are given and cannot be modified, whereas the properties of
interfaces can be deterministically defined by appropriately selecting the
constituent monolayers in the vast portfolio of existing semiconducting 2D
materials. As such, vdW interfaces are composite systems that behave in
all regards as artificial semiconductors with properties that can be engi-
neered by design at the assembly stage.
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7.5 Appendix

7.5.1 Scanning photocurrent microscopy

In the main text we have discussed the spectral dependence of the pho-
tocurrent measured in our devices, and not the magnitude that — as we
mentioned — depends on many experimental details of the structure and of
the conditions under which the measurements are done. To illustrate this
last point, here in figure 7.6b we show a map of the short-circuit current
Isc (i.e., of the photocurrent) obtained by scanning the laser spot over
the surface of a representative WSes/MoSy device (whose optical micro-
scope image is shown in figure 7.6a). The magnitude of the photocurrent
depends on the position of the illumination spot and reverts its sign as
the illumination spot is displaced from one contact to the other. That is
the behavior expected in this measurement configuration, because the net
photocurrent is determined from the imbalance of photoexcited carriers
that exit the device at the two contacts (for a discussion see, for instance,
Ref. 81). This map clearly shows that the magnitude of the photocurrent
depends on the way the device is illuminated (it would also depend on
many other parameters, such as, for instance, the gate voltage). The spec-
tral dependence of Igc, however, is the same irrespective of these details,
as we verified by measuring it at different positions of the illumination spot.

To exclude any possible effect of the contacts on Ig~ we also probe the
photocurrent response of interface FETSs in the presence of a p-n junction
formed inside the channel away from the contacts. In ionic-liquid gated
FET a lateral p-n junction can be defined and controlled electrostatically
upon driving the transistor into the ambipolar injection regime (i.e., the
regime in which both types of charge carriers are simultaneously present in
the FET channel, see figure 7.3a (main text) for Vg = 0.6 V) as has been
demonstrated for multiple occasions!""138l. Once the p-n junction is created
and its position is defined by the appropriate bias conditions, the device
is cooled down to T = 77 K, below the freezing point of the liquid, which
immobilizes the ions in such a way that the p-n junction is also "frozen" in
the transistor channel. Figure 7.6c shows the Igp vs Vgp curve measured
after cool down, with the rectifying behavior confirming the presence of
the p-n junction. The presence of the p-n junction is also demonstrated by
the photocurrent map (figure 7.6d). Indeed the photocurrent is observed
to peak in the center of the channel where the p-n junction is, and not any-
more at the contact (as shown in figure 7.6b for the unbiased device). We
have checked that the photocurrent spectra acquired from the p-n junction
region coincide with the ones observed when the contacts are illuminated,
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Figure 7.6: (a) Optical microscope image of the sample area from which the PC map shown
in panel (b) was collected. (b) Photocurrent map (i.e., Isc as a function of illumination
position) measured on a WSes/MoS, interface transistor upon illumination with a 1125
nm (1.1 eV) excitation wavelength. The edges of the metal contacts and of the WSe; /MoS,
interface are indicated with the white dashed and solid black lines respectively. (c) Source-
drain current Igp as a function of source-drain voltage Vsp acquired after driving the FET
into ambipolar injection regime at room temperature and cooling it down to T = 77K.
Rectification of the Isp indicates the formation of the p-n junction. (d) Photocurrent map
measured on a WSey /MoSe, interface transistor in the presence of a p-n junction formed
by cooling down the ionic liquid to T = 77K upon illumination with a 750 nm (1.65 eV)
excitation wavelength.

indicating that the photocurrent probes the interface properties and is not
influenced by contact effects.
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Chapter 8: A universal approach for bright
interlayer excitons in van-der-Waals
interfaces

8.1 Introduction

Heterostructures of two-dimensional (2D) semiconductors — distinct atom-
ically thin layers held together by van der Waals interactions — have shown
that it is possible to host and engineer radiative recombination of interlayer
excitons (XJ})128296971 " These excitons, consisting of a bound state between
electrons and holes residing in the conduction and the valence bands of dif-
ferent constituents of a heterostructure (see figure 8.1a for an illustrative
scheme), have high binding energies and large tunable lifetimes rendering
them attractive both for studying coherent quantum states!' and for the
development of excitonic devices®”%8 . Furthermore, the possibility to ro-
tationally align the lattices of the constituent 2D layers introduces a new
degree of freedom, which has lead to the discovery of a new type of inter-
layer excitons, the so-called moiré excitons®*® 24l All these remarkable
phenomena, however, can be exploited solely if an interlayer exciton recom-
bines radiatively —i.e., is optically bright— which is achieved only when
the conduction band minimum (CBM) of one heterostructure component
coincides in momentum space with the valence band maximum (VBM)
of the other, as illustrated in figure 8.1c. This stringent constraint sub-
stantially reduces the number of materials that can be combined to yield
radiative interlayer exciton recombination!"®7! in particular given the fact
that most of the 2D semiconductors used hitherto have their band edges
in the corner of the first Brillouin zone. As illustrated in figures 8.1(e)-
(f), in such a case the relative positions of the distinct band edges become
very sensitive to lattice mismatch and rotational alignment between the
2D layers. Thus, the experimental observation of interlayer excitons in
vdW heterostructures has been reduced so far to very few combinations
between layered semiconductors throughout the available possibilities in
the immense family of 2D materials.

The results presented in this chapter are currently in preparation
for submission, Nicolas Ubrig, Evgeniy Ponomarev, Daniil Domaretskiy,
Takashi Taniguchi, Kenji Watanabe, and Alberto F. Morpurgo
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However, these strict limitations, linked to the rotational alignment and
lattice mismatch between the layers, can be naturally lifted by selecting
constituents with respective band extrema in the center of the first Bril-
louin zone (i.e., where k=0) — at the I" point. In such a situation CBM and
VBM are always superimposed in momentum space no matter the shape,
the size, or the alignment of the first Brillouin zones of the constituents
(figure 8.1d). Hence, an interlayer exciton formed out of carriers residing
in these bands (which we refer to as I'-I" exciton in the following for sim-
plicity) has to recombine radiatively, as long as the optical selection rules
are respected. Due to the van der Waals interaction which holds together
the layers, a 2D vdW heterostructure allows to combine compounds with
very different structural properties and rotational symmetries. This fea-
ture is in clear contrast with what could be done so far with conventional
semiconductors!'® and provides the opportunity for unprecedented combi-
nation of materials. For instance, all multilayered group VI TMDs have
the VBM at the gamma point and can therefore be used as a constituent
layer for hosting holes. Among potential candidates which are predicted to
align with TMDs and have the CBM located at the I' point are few layers
of ITnSe 2492501

Here we report on optical transitions at the I'-point as robust method
for the observation of radiative recombination of interlayer excitons in
atomically thin vdW heterostructures. In all presented combinations we
observe photoluminescence originating from the recombination process of
interlayer excitons formed out of carriers residing at the I'-point. These
experimental findings assert that our approach allows to combine a large
number of materials irrespective of their lattice parameter and their ro-
tational alignment in order to yield bright interlayer recombination. We
further demonstrate that upon freely interchanging the compounds the
emission energy of the exciton can be tuned over a wide spectral range
from the visible to the near-infrared. The systematic variation of the con-
stituents and their thickness allows us to identify the relative band posi-
tions between the constituents. The resulting band alignment elucidates
the main mechanisms of the charge transfer in these heterointerfaces.

8.2 Bright interlayer I' — I' excitons

We first evidence the existence of I'-I" excitons in a prototype heterostruc-
ture composed of bilayers of WS, and InSe, representative of the behavior
we observe systematically in all other heterostructures we present here. To
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Figure 8.1: (a) Schematic real space representation of an interlayer exciton. (b) Interlayer
exciton in type II semiconducting heterostructures. (c) Aligned (right panel) and mis-
aligned (left panel) in the momentum space conduction band minimum and valence band
maximum in type II heterostructures. (d) Schematic representation of band structure of
InSe bilayer /WS, bilayer heterostructure. (e)-(g) Alignment of the first Brillouin zones of
heterostructure constituents with CBM and VBM situated at the Brillouin zone corners
(the K/-K point). (e) and (f) depict the situation when the heterostructure components
have the same lattice parameters and are rotationally aligned (e) and misaligned (f). (g)
represents the case when the constituents have different lattice parameters. Only for the
alignment shown in (¢) CBM and VBM of heterostructure overlap in the momentum space
enabling radiative recombination of interlayer excitons.

avoid degradation of the constituents, the heterointerface is assembled by
complete encapsulation between thin layers of h-BN. Our samples contains
three distinct regions — the interface and the corresponding individual con-
stituents as depicted by a representative specimen in figure 8.2a — which
enables each area to be measured and characterized separately. The pho-
toluminescence spectra of every individual region measured at T = 5 K
are shown in figure 8.2b. The spectrum of bilayer WSy corresponding to
the dark blue line in figure 8.2b, includes a higher energy peak (~ 2 eV)
with double structure due to excitons (and trions) formed out of carriers
excited at the K point and a low energy peak (~ 1.7 eV) attributed to
indirect K-I" recombination. In the bilayer InSe sample area only a peak
at ~ 1.9 eV corresponding to the so-called A transition in this material
is resolved (light blue spectrum in figure 8.2b). The spectrum of the het-
erostructure region (red line in figure 8.2b) is dominated by a peak at about
1.55 eV and lies at lower energies than any of the spectral features of both
individual constituents. The appearance of an additional peak in the het-
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erointerface area strongly indicates the emergence of a radiative interlayer
transition developed upon the formation of the interface.

We elucidate the nature of this transition by performing temperature
dependent PL measurements in the interface region. The experimental
data presented in figure 8.2¢ show the evolution of the PL peak in the in-
terface region upon lowering the temperature down to 5 K. The integrated
intensity of the heterostructure peak (X{) progressively increases while the
peak position experiences a blue-shift upon decreasing the temperature
from 250 K to 5 K. This behavior is characteristic for a transition which is
direct in momentum space. For instance, the direct K-K exciton transition
(XXVSQ) in bilayer WSy shows qualitatively the same trend. In contrary, as
presented in figure 8.2d, the peak due to indirect K-I' transition (IXBNS2)
in WS, drops in intensity with decreasing temperature as expected from
phonon mediated indirect transitions. Therefore, we conclude that the low
energy peak emerging in the heterostructure originates from a transition
which is direct in the momentum space.
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Figure 8.2: (a) Optical microscope images of a WS, and a InSe bilayer , of h-BN layer (~
10 layers), and of the assembled heterostructure. (b) Normalized photoluminescence spec-
tra of WS, (dark blue line), InSe (light blue line) and of their interface (red line) acquired
at T=5K. The peaks in WS, at 2 eV and 1.7 eV correspond K-K and K-I' exciton recom-
bination respectively. The feature in the InSe spectrum at 1.9 eV is due to A transition in
this material. The heterostructure spectrum is dominated by the peak at 1.55 eV which is
absent in the spectra of both of the constituents. (c),(d) Temperature dependence of the
PL signal of the heterostructure (c¢) and of WSy (d) regions. The increase of integrated
intensity of the heterostructure peak with the decrease of temperature demonstrates that
this peak is due to transition which is direct in the momentum space. (e) Dependence of
the heterointerface peak position on the laser power. (f) Integrated intensity as a function
of temperature of heterointerface (open blue squares), WSy K-K (open red squares) and
WS, K-T' (open black squares) peaks.

The interlayer nature of the optical transition is demonstrated by the
observation of a blue shift of the transition energy with increasing laser
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power. In figure 8.2e we show that the position of the PL peak shifts
to higher energies by more than 50 meV when increasing the laser power
before saturating at higher excitation power of about 200 pW. Similar be-
havior is reported for instance in MoSe;/WSey heterostructure®®, where
the shift is a direct manifestation that the dipole of the exciton points out
of the 2D planes and electrons and holes are confined in different layers (see
also the sketch in the inset of figure 8.2e). The energy blue shift of the PL
emission stems from the repulsive Coulomb interaction between excitons
when electrons and holes are confined in different layers. The increase of
the illumination power leads to an increase of the interlayer exciton den-
sity which enhances the repulsive interaction between the dipoles of the
interlayer excitons and results in a subsequent blue shift of the PL line.
In contrast, the same experiment performed in bare bilayer of WSy does
not show any detectable shift of the PL lines since, in this case, excitons
remain dominantly confined within the atomic plane of the TMD layers.
The blue shift of the PL peak of the heterointerface, which is observed in
all our investigated samples, is therefore the direct evidence of the forma-
tion of interlayer exciton in bilayer InSe/WSs heterostructures.

The experimental findings combined together allow us to unambigu-
ously establish the nature of the low energy peak in the heterointerface
area. This transition is due to radiative recombination of interlayer exci-
tons reproduced in multiple samples (3 in total for bilayer-bilayer hetero-
junctions). Additional proof for the interlayer nature of these excitons is
brought by photoluminescence excitation spectroscopy, presented in sec-
tion 8.5.1, where the pronounced enhancement of the heterointerface peak
intensity occurs at the energies corresponding to the intralayer transitions
of both of the heterostructure components. Furthermore, the transition
originating from the heterointerface area is direct in momentum space ir-
respective of rotational alignment between components (in none of the
samples the constituent layers have been intentionally aligned with respect
to each other) which have an in-plane lattice mismatch of about 15%.
Therefore this transition most likely originates from recombination of an
exciton formed out of an electron at the CBM of InSe (the I" point) and a
hole at the VBM of WS, (the I' point) — i.e., a I'-I' exciton.

8.3 Band alignment probed with I'-I" heterointerfaces

We next investigate whether the discussed mechanism of I'-I' transition
can robustly yield radiative recombination of excitons (as long as CBM
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and VBM stays at I') by modifying the band structure of the constituent
materials. Both WS, and InSe are known for the sizable change of their
band structures when going from bilayers to thicker multilayers[124249.250]
We, therefore, first start by studying two series of heterostructures in which
thickness of either InSe or WS, layers are varied. More specifically, in the
first series the thickness of the InSe layer is progressively increased from
two to seven layers, and the thickness of WS, is kept fixed to bilayer. Pho-
toluminescence spectra of this series, acquired at 5 K, are shown in figure
8.3a. In all cases the peak due to I'-I" exciton is resolved and the emis-
sion energy redshifts from 1.58 to 1.28 eV when increasing the thickness of
InSe from 2 to 7 layers (see figure 8.3b). In the second series, where we
vary the thickness of WSy and keep the number of InSe layers constant at
four, the recombination due to I'-I" exciton is also solidly preserved. The
heterointerface peak redshifts between 2 and 3 layers and remains further
constant for thicker WS, layers (see figure 8.3¢). The omnipresence of a
radiative interlayer transition is consistent with having the relevant band
extrema of the constituents at the I'-point and their band alignment is of
type II, in all cases.

The systematic observation of the interlayer transition through such a
large variation of materials enables us to establish the relative band align-
ment between the heterostructure constituents. Determining the precise
band alignment between two semiconductors is an arduous task but with
the independent measurement of the optical transition energies in every
individual area of a sample we construct the band diagrams shown in fig-
ures 8.3d and e, for varying InSe thickness with bilayer WS, and varying
WSy thickness with four layer InSe, respectively. However, for sake of
simplicity we assume that in the conduction band of bilayer WS, the K
and Q valleys are nearly degenerate in energy and the optical band gap
determined from our PL measurements coincides with the single particle
band gap. In the first series (figure 8.3d) the increase of the number of InSe
layers in the heterostructure — the constituent hosting the electron of the
interlayer transition — leads to the decrease of the interlayer peak energy
which implies that the energy (with the respect to vacuum level) of the
conduction band of InSe itself lowers meanwhile its valence band, whose
energy is given by the band gap of InSe, shifts towards higher energies.
We note that starting from five layers InSe the valence band of InSe lies
between the K- and the I'-valleys of WS, . In the second series, where the
constituent providing the hole of the I'-I" exciton (i.e., WSy ) is varied, the
energy of the interlayer transition remains nearly constant for layer thick-
nesses larger than bilayer. The position of the VBM in WS, ., therefore,
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also stays constant for these thicknesses while the energy of the conduction
band decreases rapidly with increasing WSy thickness. Remarkably, the
same conclusion on the energy position of TMD VBM has been drawn in
a recent ARPES experiment %! (where the band structure up to the Fermi
level of WS, is experimentally resolved).
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Figure 8.3: (a) PL spectra of I' - I' heterointerfaces assembled from bilayer WS, and
InSe of different thickness. (b), (c¢) I' - I' heterointerface peak position as a function of
number of InSe layers used in combination with WS, bilayer (b) and number of WS,
layers combined with four layers of InSe (c). (d), (e) Band diagrams of WS, bilayer/ InSe
N-layer (d) and WSy N-layer/ InSe 4L heterostructure series.

The obtained band diagrams allow to deduce the fundamental mech-
anism of charge transfer occurring in these heterointerfaces which further
help to interprete spectral features resolved in the PL spectra. For all ex-
periments described in figure 8.3 the laser excitation energy is tuned to
the energy of the K-K exciton (2.03 eV) of WSy (see section 8.5.1). This
optical excitation creates an electron and a hole in the K-valley of WS,.
Subsequently, the electron and the hole are transferred to the I'-valleys of
InSe and WS, respectively, because these bands represent the lowest local
energy states in the system. A momentum direct interlayer I'-I" exciton
can be formed out of these carriers, which recombines radiatively lead-
ing to the main PL peak in figure 8.3a. However, from the inferred band
alignment in figure 8.3d, we can see that in heterostructures with bilayer
WS, and InSe of five or more layers the valence band at I'-point of InSe
is energetically higher than the K valence valley in WS,. This opens an
additional relaxation path for photoexcited holes towards the I' -point of
InSe. This leads to the emergence of a high energy shoulder present in the
PL spectrum of heterostructures composed of five layers of InSe seen in
figure 8.3a. This additional peak coincides with the intralayer transition
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of the respective InSe thickness since holes transferred to the I' -point of
InSe form an exciton with electrons transferred to the I' -conduction valley

also in InSe. This scenario demonstrates the very efficient charge tranfer
between WS, and InSe.
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Figure 8.4: (a) PL spectra of I' - I' heterointerfaces assembled from 4L InSe combined
with 2L MoSe, (red line), 2L WS, ( light green line) and 2L MoS, (blue line). (b)
Differential reflectance spectrum of 4L InSe/2L WSey I' - T' heterointerface. (c¢) Band
diagrams obtained from the spectra of (a) and (b).

The I'-T" exciton is a general phenomenon and it goes beyond the spe-
cific pair of materials discussed above. The combination of semiconductors
can be picked out literally at random as long as the type II alignment is
preserved and the respective band extrema stay at the I'-point. For ex-
ample, selecting MoS,; or MoSe, (see figure 8.4a) as a component for the
valence band edge or GaSe (see figure 8.6) — as the one for the conduction
band edge always yield radiative I'-I' peaks resolved in PL. It is surpris-
ing in this context that no PL signal could be detected from a InSe/WSe,
heterojunction. However from the PL measurements performed on the
heterostructures shown in figure 8.3d — and assuming similar band offset
between different TMD compounds as for monolayers?” — the interlayer
exciton energy in InSe/WSe, is expected at about 0.85 eV, as deduced
from the reconstructed band diagram shown in figure 8.4c which shows
the alignment of an InSe (four layers) with the TMD bilayers investigated
in this work. This spectral interval is at the detection limit of this tech-
nique and to characterize this heterointerface we measure the differential
reflectance of a InSe/WSey (4L / 2L) heterostructure, presented in figure
8.4b. In consistency with our estimation a clear peak at about 0.89 mV
is observed in the spectrum, consistent with having a momentum space
direct transition at this energy. The possibility to obtain a semiconductor
with direct band gap in the near-IR is very remarkable and can be very
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attractive for application in telecommunication.

8.4 Conclusion

Our work demonstrates a robust approach for the observation of radiative
interlayer excitons in van-der-Waals heterostructures. It is based on the
use of heterointerfaces in which the CBM of one of the constituents and
the VBM of the other are in the center of the first Billouin zone, the I"
-point, which yields artificially created semiconductors with direct band
gap. Systematic photoluminescence studies show that these heterointer-
faces always host bright interlayer excitons (except for the case when the
recombination energy is below the limit of the measurement system) ir-
respective of lattice parameters, lattice symmetry or rotational alignment
of the components combined together. Our approach allows also to probe
the band alignment and reveal the main mechanism of charge transfer in
van-der-Waals heterostructures.

8.5 Appendix

8.5.1 Photoluminescence excitation spectroscopy

To understand the origin of the low energy peak emerging in the het-
erostructure region we perform photoluminescence excitation spectroscopy
(PLE) measurements. In this experiment photoluminescence of the het-
erostructure is probed as a function of laser excitation energy. Figure 8.5a
shows PLE map of 2L WS, /2L InSe heterostructure where pronounced in-
crease of the PL signal is seen at laser energy of 2.45 eV and 2.03 eV. These
peaks appear at the energies corresponding to A and B intralayer excitons
in WS, . The enhancement of the low energy heterostructure peak at the
transition energies of one of the heterostructure constituent component
strongly suggest that this peak is due to interlayer recombination.

8.5.2 Photoluminescence of WS,/GaSe heterointerface

Radiative recombination due to I' - I' excitons is also observed in heteroin-
terfaces in which GaSe is used as the component for the conduction band
edge. Photoluminescence spectrum of heterointerface assembled from bi-
layer WSy and 6 layers GaSe is shown in figure 8.6 (light blue line), where
I' - T" exciton recombination is resolved as a peak at 1.63 eV.
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Figure 8.5: (a)Photoluminescence intensity of the heterointerface peak as a function of
laser excitation energy (PLE map) for 2L WS, /2L InSe heterostructure. The enhance-
ment of the peak occurs at energies corresponding to the intralayer A (2.03 eV) and B
(2.45 eV) excitons of WS,. (b) PL intensity along the white dashed line (panel (a)) shown
with open green circles.
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