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Abstract v

Van der Waals epitaxy of TaSe; and HfSe;-based heterostructures on semiconducting sub-
strates

Abstract

Layered transition metal dichalcogenides (TMDCs) have attracted a significant attention in the last
two decades owing to the large variety of properties they offer together with the unique ability of
two-dimensional (2D) materials to be isolated in atomically thin layers or integrated in complex het-
erostructures regardless of the lattice mismatch. However, the lack of scalable fabrication techniques has
hindered their use in practical applications. Especially, if molecular beam epitaxy (MBE) is a technique
capable of growing high-quality semiconductors, the weak coupling between 2D layers represents a seri-
ous challenge for epitaxial growth because it favors rotational misalignment and twin formation. This
makes the choice of an appropriate substrate an important and yet open question.

In this thesis, MBE is employed to grow TaSez on GaP(111)B and GaAs(111)B substrates and HfSez
on GaP(111)B and Si(111). These semiconducting three-dimensional (3D) substrates are commercially
available, but they require a passivation of their surface prior to 2D material growth. This has been
achieved through an annealing under a Se flux for GaP and GaAs, whereas a self-limiting GaSe growth
has allowed the deposition on a GaSe half-monolayer on Si. In each case, once the electronic properties
and the morphology of the resulting surface has been fully characterized, the influence of the growth
parameters during TMDC epitaxy is discussed. The focus on a metallic TMDC (TaSez) and a semicon-
ducting one (HfSes) finally offers the opportunity to grow a 2D metal/semiconductor heterostructure.

In TaSe2 monolayers, Mott insulating 1T or metallic 1H phase can be selectively grown at high or
low substrate temperature, respectively. On the other hand, the stable H polytypes are favored in few-
layers, for which the rotational alignment and crystallinity improve with increasing growth temperature.
However, a rougher morphology is observed around 400-500 °C, whereas at higher temperature, a Se-
deficiency is revealed in the TaSes few-layers accompanied by an interdiffusion with the GaP substrate.
Still, this substrate appears more suited than GaAs, which suffers from a large Se incorporation during
TaSes growth. The 1T-TaSes monolayers reveal a moiré induced by the different GaP lattice parameter,
in addition to the expected v/13 x v/13 charge density wave and Mott insulating phase stable at room
temperature, contrasting with the metallic conductivity of H phases.

By contrast, HfSes grown on GaP exhibits only the 1T phase, and its crystallinity is almost inde-
pendent of the growth conditions, but rather depends on the annealing temperature. The thickness
also plays an important role, the small lattice mismatch with GaP inducing a slight strain in thin layers
which is relaxed with thickness. On Si substrates, however, HfSes suffers from the instability of the GaSe
half-monolayer and the formation of an intermediate SiSe, phase. Electronic characterization suggests
a n-type doping in thin HfSes layers which is reduced in thicker films, leading to a high resistivity. This
n-type character is largely preserved in the TaSez /HfSe2 heterostructures although the latter suffer from
a significant intermixing at the interface.

Keywords: transition metal dichalcogenides, two-dimensional materials, molecular beam epitaxy, het-
erostructures, photoemission spectroscopy, grazing incidence x-ray diffraction
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vi Abstract

Epitaxie de van der Waals d’hétérostructures a base de TaSe> et HfSe; sur substrats se-
miconducteurs

Résumé

Les dichalcogénures de métaux de transition (TMDC) ont suscité un intérét considérable au cours des
deux derniéres décennies en raison de la grande variété de propriétés qu’ils offrent, ainsi que de la capa-
cité unique des matériaux bidimensionnels (2D) & pouvoir étre isolés en couches atomiquement minces
ou intégrés dans des hétérostructures complexes, quel que soit le désaccord de maille. Cependant, le
manque de techniques de fabrication & grande échelle a freiné leur emploi pour des applications pra-
tiques. Notamment, si 1’épitaxie par jets moléculaires (MBE) est une technique permettant de produire
des semi-conducteurs de haute qualité, le faible couplage entre les couches 2D représente un défi majeur
pour la croissance épitaxiale, car il favorise le désalignement dans le plan et la formation de macles. Le
choix d’un substrat approprié est donc une question importante, mais toujours ouverte.

Dans cette these, la MBE est utilisée pour faire croitre du TaSes sur des substrats de GaP(111)B et
GaAs(111)B, et du HfSe; sur des substrats de GaP(111)B et Si(111). Ces substrats semi-conducteurs
tridimensionnels (3D) sont disponibles commercialement, mais leur surface doit étre passivée avant la
croissance de matériaux 2D. Ceci a été réalisé par un recuit sous flux de Se pour GaP et GaAs, tandis
qu’une croissance autolimitée de GaSe a permis le dép6t d’une demi-monocouche de GaSe sur Si. Dans
chaque cas, une fois les propriétés électroniques et la morphologie de la surface obtenue entiérement
caractérisées, I'influence des parametres de croissance lors de ’épitaxie de TMDC est discutée. L’étude
d’un TMDC métallique (TaSez) et d’un semi-conducteur (HfSez) offre enfin la possibilité de développer
une hétérostructure métal/semi-conducteur 2D.

Dans les monocouches de TaSes, la phase isolante de Mott 1T ou la phase métallique 1H peuvent
étre sélectivement fabriquées & haute ou basse température du substrat, respectivement. En revanche,
les polytypes H, plus stables, sont favorisés en multicouches, pour lesquelles ’alignement rotationnel et
la cristallinité s’améliorent en augmentant la température de croissance. Cependant, une morphologie
plus rugueuse est observée autour de 400-500 °C, tandis qu’a plus haute température, une déficience en
Se est révélée dans les multicouches de TaSes accompagnée d’une interdiffusion avec le substrat GaP.
Cependant, ce substrat semble plus adapté que GaAs, qui souffre d’une importante incorporation de Se
lors de la croissance de TaSez. Les monocouches 1T-TaSes présentent un moiré induit par la différence
de paramétre de maille par rapport & GaP, en plus de ’onde de densité de charge en /13 x v/13 attendue
pour ce matériau et de la phase isolante de Mott stable a température ambiante, contrastant avec la
conductivité métallique des phases H.

En revanche, HfSe; préparé sur GaP ne forme que la phase 1T, et sa cristallinité est presque indé-
pendante des conditions de croissance, mais dépend plutét de la température de recuit. L’épaisseur joue
également un role important, le faible désaccord de maille avec GaP induisant une légeére contrainte dans
les couches minces qui se relache avec I’épaisseur. Sur substrats de silicium, cependant, HfSe, souffre de
I'instabilité de la demi-monocouche de GaSe et de la formation d’une phase intermédiaire de SiSe,. La
caractérisation électronique suggere un dopage de type N dans les couches minces de HfSez, qui est réduit
dans les couches plus épaisses, conduisant a une résistivité élevée. Ce dopage N est largement préservé
dans les hétérostructures TaSes/HfSes, bien que ces derniéres subissent une importante interdiffusion a
Iinterface.

Mots clés : dichalcogénures de métaux de transition, matériaux bidimensionnels, épitaxie par jets mo-
léculaires, hétérostructures, spectroscopie de photoémission, diffraction des rayons x en incidence
rasante
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Introduction

The miniaturization of field-effect transistor (FET) devices has been so efficient to exponen-
tially increase the device density for decades that, 60 years after the enunciation of Moore’s law,*
the latest technology nodes are still named after a length such as "3 nm" or "2 nm", even though
these denominations no longer have a physical meaning since the shortest channel length should
only reach ~14 nm in 2025.2 Indeed, as the device miniaturization is facing both technical chal-
lenges and physical limits, the current and future improvements rather consist in increasing the
device density using different architectures (silicon-on-insulator, gate-all-around, ground plane),
high-x gate dielectrics, and vertical device stacking. To reduce further the channel length, a
smaller semiconductor thickness would be highly desirable to overcome the short channel effect.?
However, the 3D semiconductors undergo a drastic decrease of their carrier mobility* and thermal
conductivity with thickness.® A possible solution may lie in two-dimensionnal (2D) materials,
which are crystals consisting of atomically thick layers containing covalent bonds over two dif-
ferent directions of space but that are held together by weak van der Waals (vdW) forces in the
out-of-plane direction. The absence of dangling bonds on their surfaces explains they maintain
good properties at very low thickness, and therefore makes them appealing for future electronics.b

Even though layered materials have been known for a long time, they only have attracted
much attention since the successful exfoliation of single and few layers of graphene by Novoselov
and Geim in 2004.” This study not only proved the stability of individual 2D-layers, but also high-
lighted the gate control possibility it offers. However, since the metallic conductivity of graphene
is not desirable for many applications, the need for semiconducting 2D materials has been rec-
ognized and transition metal dichalcogenides (TMDCs) have been rapidly identified as possible
candidates.? In particular, the discovery of a direct band gap in the monolayer MoS, in 2010° has
pioneered an intensive research on this material, but also more largely on TMDCs to explore the
various properties they offer when they are thinned to the atomic scale.'® In this regard, metallic
TMDCs are not only expected to be valuable as contact materials for 2D semiconductors,'! but
also exhibit exotic phenomena due to strong electron-electron interaction.!?

2D vdW crystals

Chalcogenides -
(MoS,, MoTe,, In,Ses...) Boron nitride

N\ 0ot e R

Metallic/Semimetallic Semiconducting Insulating

Graphene Black phosphorus

Figure 1: Some representatives of the main 2D-material families, reproduced from Yin et al.*®.

The popularity of 2D materials mostly ought to the versatility of the top-down approach,
consisting in the mechanical exfoliation of layers from a crystal followed by their transfer to
the desired substrate or structure, and the good quality of the starting material which enabled
the rapid demonstration of working devices.'* However, the method is not reliable and only
small flakes are transferred, enabling few devices to be made. This leads us to consider a more



2 Introduction

traditional approach, referred as bottom-up, in which the materials and heterostructures are
formed on the targeted substrate using growth techniques such as molecular beam epitaxy (MBE)
or metal-organic chemical vapor deposition (MOCVD). They are scalable and mostly known
for the 3D semiconductors, even though the growth of 2D materials using MBE was already
pioneered by Koma et al.'® two decades before the exfoliation. At this time, the motivation was
to benefit from the absence of interlayer covalent bonds in 2D materials to grow high quality
heterostructures with sharp interfaces regardless of the lattice mismatch. In theory, this enables
any combination of 2D materials to be made, in stark contrast with 3D materials for which the
lattice mismatch inevitably induces strain or defects, as shown in Fig. 2. Given the limited
choice of 2D substrates, the concept has been extended to grow 2D materials on 3D substrates
when the surface of the latter is made free of dangling bonds through passivation strategies,
or sufficiently inert, in the so-called "quasi vdW epitaxy".'6 Nevertheless, the weakness of the
vdW forces makes the growth of well-ordered 2D materials challenging since the interaction
with the substrate is precisely what enables a coherent growth at the wafer scale in epitaxy.
Different growth techniques and substrates have been considered to improve the crystallinity
while achieving a wafer scale coverage with a controlled thickness, but no consensus has been
reached yet. In this thesis, the MBE growth of HfSes, a semiconducting TMDC with a high
predicted mobility,'” and TaSes, a metallic one with a suitable band alignment on the latter,'®
is investigated on 3D semiconducting substrates, exploring the influence of the growth conditions
and interaction with the substrates.

S55S -

(4) <— danglingbond  (B) <—vander Waals () aals gap

225>~

Figure 2: Schematic representation of (a) 3D epitaxy, (b) vdW epitaxy and (c) quasi vdW epitaxy,

reproduced from Koma!®.

In Chapter 1, the different families, properties and applications of TMDCs are introduced.
The existing fabrication methods are briefly reviewed, and focusing on the bottom-up approaches,
the main growth strategies as well as the available substrates are presented.

The experimental techniques that have been employed in this thesis are described in Chap-
ter 2. First, the two MBE chambers, respectively dedicated to III-V and selenides compounds,
are presented as well as the sample preparation procedures. Then, for each characterization
technique, including photoemission spectroscopy, diffraction and scanning probe microscopy, the
measurement principle is briefly introduced and the experimental details are provided, as well as
the data analysis methods.

The growth of TaSes, a metallic TMDC, on III-V substrates is examined in Chapter 3. The
preparation of both GaP and GaAs surfaces is presented, including the growth of buffer layers
and the passivation of the dangling bonds with Se atoms. The influence of the growth conditions
on the phase formation, as well as on the morphology and crystallinity is investigated. Focusing
mainly on GaP, the selective growth of 1T and 1H phases is demonstrated in monolayers. The
rotational alignment of the monolayers is discussed, as well as the presence of a moiré. In
addition, the investigation of the electronic properties reveals a charge density wave (CDW)
and a band gap in the 1T monolayer. The influence of the thickness on the phase formation
is then highlighted, as well as the role of the substrate in the degradation observed at higher
temperature.

Chapter 4 is dedicated to semiconducting HfSes and related heterostructures. The influence
of the growth conditions and thickness are investigated on GaP substrates. The use of Si(111)
substrate is also considered, as a self-limited GaSe growth is shown to efficiently passivate the
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surface through the deposition of a half monolayer. The stability of this surface termination upon
HfSes growth is explored and HfSes; layers grown GaP and Si substrates are compared. Then,
the metal-semiconductor HfSes /TaSey heterostructures grown on GaP are studied, showing little
charge transfer but significant interdiffusion. First attempts of electrical measurements of both
lateral transport in HfSe; and in vertical heterostructures are finally presented.
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Chapter

State of the art of transition metal
dichalcogenide growth

In this chapter, the structure and electrical properties of the TMDCs are presented, as well as
the potential applications for both the semiconducting and metallic ones. Then, the elaboration
techniques are compared. In each case, a particular focus on HfSe, and TaSes; is made, but
the lack of data specific to these two materials encourages us to look at the strategies employed
for the growth of related compounds in order to identify the possible routes for improvement.
In this regard, the influence of the growth conditions on the morphology, grain size and in-
plane alignment are discussed. Finally, a survey of the available substrates highlights the surface
passivation of III-V and Si as a promising approach for the development of 2D materials at larger
scale.

1.1 Layered transition metal dichalcogenides
1.1.1 General properties of 2D-TMDCs

TMDCs are compounds made of one transition metal (d-block in the periodic table) for two
chalcogen atoms (S, Se or Te). Not all chalcogenides are 2D-materials, but the elements that
have been reported to form atleast one layered structure are highlighted in the periodic table in
Fig. 1.1. Note that other stoichiometries than 2 chalcogens for 1 metal exist, but this study will
be restricted to dichalcogenides.
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Figure 1.1: Periodic table of the elements involved in binary compounds for which at least one 2D
structure has been reported, reproduced from Mortelmans et al.?°.
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1.1.1.a Crystal structures of 2D-TMDCs

As any crystalline material, TMDCs exhibit periodic structures. However, in the layered ones,
they are only covalently bounded along two directions, forming infinite thin sheets. Despite being
3 atoms-thick, they are called monolayers (MLs) because they are the thinnest structures that
can be isolated. Several structures are found among the many combinations of atoms that form
2D-TMDCs. In the two most common, the metal atom is either in trigonal prismatic coordination
in the 1H polymorph (Fig. 1.2 (a)), or in octahedral coordination in the 1T one (Fig. 1.2 (b)).
Among the other structures, several variations of the 1T polymorph are referred as distorted
phases since they are similar to the 1T one except that they are forming extra metal-to-metal
bonds, the 1T’ phase represented in Fig. 1.2 (¢) being one example. Finally, a very distinctive
orthorhombic structure is found in Pd dichalcogenides (Fig. 1.2 (d)).
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Figure 1.2: (a-d) Side and top views of different monolayer structures reported in TMDCs. (e-g) Most
frequent polytypes in bulk TMDCs. Adapted from Kim et al.%!.

A crystal is a regular arrangement of atoms in the three dimensions and, even if they can be
thinned down to a ML, macroscopic TMDCs are composed of many of these MLs periodically
stacked one over the other. Several 1T MLs are more likely to stack vertically at the same
position (Fig. 1.2 (e)) while the 1H MLs are expected to be alternatively 180°-rotated in the
2H,, phase (Fig. 1.2 (f)), or to shift horizontally in the 3R phase (Fig. 1.2 (g)). Other stackings
exist and they are usually denoted with an integer representing the number of MLs that are piled
up until the sequence repeats, and a letter referring to the lattice type.?2 The notation 1H does
only refer to a monolayer since there is no report of a stacking of trigonal prismatic layers with
a periodicity of 1.
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Figure 1.3: (a) Phases experimentally reported in TMDCs depending on the transition metal, adapted
from Manzeli et al.?®. (b) Energy difference between 1T and 1H phase for different TMDCs estimated
from density functional theory calculations, adapted from Wang et al.?*.
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To predict which structure a given compound is expected to adopt, density functional theory
calculations of the formation energy can be found in the literature. The energy difference between
1T and 1H phases is presented in Fig. 1.3. For Zr and Hf compounds, the energy difference
is negative which means that the 1T phase is more stable. In Nb and Ta ones, the energy
difference is very small, so even if the 1H phase is the stable one, the 1T structure may be also
be encountered as a metastable phase. Finally, in Mo and W compounds the 1H is largely more
favored compared to the 1T phase. However, this calculation does not investigate the distorted
1T’ and 1T” phases. Other studies have shown that the 1T’ is comparatively more stable than
the 1T phase,?>2% which is confirmed experimentally by the observation of 1T’ as a metastable
phase. The 1H remains however the stable phase for Mo and W compounds, except for WTeq
in which the 17T is slightly lower in energy.?® Similarly, TaTe; and NbTey crystallize in the less
common 1T” structure.?”?8 As evidenced by the periodic table, it is clear that TMDCs with
metal atoms from the same column usually share the same structure. The TMDCs are therefore
classified into groups corresponding to the column from which the metal atom originates. The
groups as well as the structures have a critical influence on the properties discussed in the next
paragraph.

1.1.1.b Electronic properties of 2D-TMDCs

(a) (b)

§

-3 . .
r K M T'DOS (arb.)

Figure 1.4: (a) Calculated band structure and density of states (DOS) in a 1H-TaSez monolayer.?° (b)
Geometry of the first Brillouin zone of a hexagonal crystal.

As any crystalline material, the electronic properties of the TMDCs are determined by their
band structure (Fig. 1.4 (a)). It establishes the allowed energies of an electron in the material
as a function of its momentum. The integration of the band structure over the Brillouin zone
(Fig. 1.4 (b)) gives the density of available states as a function of energy. It features both
regions with non-zero available states, corresponding to the bands, and energy ranges where no
states are allowed. As known from Fermi exclusion principle, two electrons cannot share the
same state, so the bands are filled with electrons from the lowest energy to the highest until the
charge neutrality is reached. The energy of the highest occupied state is called the Fermi energy,
denoted Fr.

Because electrons need available states to move, the bands that only contain filled states do
not contribute to the electrical conductivity.?! As a consequence, materials in which the Fermi
level is between two bands corresponds to insulators. When the energy gap between the last
filled band and the nearest empty band, also called the band gap, is only a few eV, electrons
can be thermally excited from the valence band to the conduction band, and the material is
semiconducting. Extra charge carriers, electrons in the conduction band, or empty states (holes)
in the valence band, can also be injected in the material to increase the conductivity through
chemical or electrostatic doping.
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Figure 1.5: (a) Orbitals in TMDCs before and after covalent bonding. The electrons are represented as
arrows pointing either upwards or downwards as function of their spin. (b) Qualitative representation
of the energy bands in TMDC depending on the structure and position of the Fermi energy, reproduced
from Kim et al.?'. (c) Summary of the structures and properties found in TMDCs depending on the
transition metal, reproduced from Manzeli et al.?®*. (d) Schematics of the five d orbitals, reproduced
from Wilson et al.3?.

The electronic structure of TMDC compounds is represented in Fig. 1.5 (a). Since each
chalcogen lacks 2 electrons to complete its electronic configuration, 4 electrons are required
to form the 6 covalent bonds, leading to an oxidation state of +4 for the transition metal.
Any additional d electrons occupy 3 non-bonding bands that have been mostly ascribed to the
remaining d orbitals. They are represented in orange in the energy diagram in Fig. 1.5 (b) for
the two most frequent transition metal atom coordinations. In the 1T monolayer, the inversion
symmetry of the octahedral coordination causes the degeneracy of the non-hybridized dyy, dy,
and dy, orbitals. They are empty in group IV, and completely filled with 6 electrons in group X.
These compounds are thus semiconducting whereas for the transition metals in between, the 1T
phase is expected to be metallic. Hence, despite the octahedral configuration is more stable from
the steric repulsion point of view,3 it leads to a non-optimal electronic configuration for group
V to VII which favors other structures as reported in Fig. 1.5 (¢). Among them, the trigonal
prismatic coordination breaks the inversion symmetry, and the d,2 orbital becomes the lowest
energy state.3? It is completely filled with 2 electrons in group VI TMDCs, making the 2H phase
stable and semiconducting, while it remains metallic in group V with a single electron. Distorted
1T-phases also splits the energy levels and provides extra metal-metal bonds for electron pairing.
If 1T7-TaTe, and 1T°-WTe, stay metallic or semimetallic,343° a particular atomic arrangement
makes Re compounds semiconducting.36:37

Note that this description is only valid at a certain extent since a band cannot be uniquely
attributed as calculations show a significant mixing of the orbitals.?® Moreover, the bands may
overlap because of the dispersion relation, causing some discrepancies with respect to the above
discussion. For instance, Ti compounds are either metallic or semimetallic despite being in group
IV. Similarly, tellurides tend to be semimetallic, as in Zr and Hf compounds3?4? following the gen-
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eral trend of a decrease of the band gap descending in the chalcogen column. Finally, some group
X compounds undergo a semiconductor-to-semimetal transition with increasing thickness*! 43
which can be ascribed to a reduction of the electron confinement.**

1.1.1.c Collective electronic states in metallic TMDCs

In the previous paragraph, some TMDCs with partially filled bands have been noticed to
exhibit lattice distortions and insulating states, showing the instability of the metallic state.
Although various concepts have been proposed to describe the underlying phenomenons,'24°
the collective electronic states such as the CDWs and Mott insulating phase can be understood
in this framework. Here, their origin is discussed through a very simplified picture, stating in
one-dimension.

One-dimensional model

In the 1930s, Peierls demonstrated that a 1D-chain of atoms with one free electron per atom
can minimize its energy by a small displacement of the atoms, so that the periodicity of the
system becomes twice the initial atom spacing. Such a periodic distortion of the lattice, which is
accompanied with a modulation of the electronic density, is what is called a CDW.45 This results
in the opening of a small gap at the Fermi energy level. As shown in Fig. 1.6, the filled states,
below Er, are moved downwards. As a consequence, the system effectively reduces its energy
for small atomic displacements, for which the elastic energy cost is comparatively smaller.*6
The decrease of the total energy is maximum at 0 K, but as the thermal energy kgT becomes
comparable to the formed gap, some states below Er become empty while some others above
Er are filled and consequently, the energy gain is reduced and the CDW becomes unstable. It
is worth noting that in Fig. 1.6, the metallic band was considered half-filled, so that the wave
vector at the Fermi level ky is exactly half of the reciprocal space vector, leading to a doubling of
the real space lattice. In practical, a band gap could open for any value of kg and the resulting
CDW periodicity can be either commensurate or incommensurate with the material lattice.*”
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Figure 1.6: Illustration of the Peierls instability, adapted from Wen et al.*®. The metallic 1D-chain of
atoms (a) rearrange to form an insulator with a double period (b).

2D and 3D-materials case

Few systems can be considered as purely 1D, so more realistic materials are now considered,
for which the reciprocal space extends over 2 or 3 dimensions. In Fig. 1.7 (a) the Brillouin
zone is considered two dimensional, which is valid for a monolayer TMDC, and the vertical scale
depicts the energy. In this case, the Fermi level becomes a surface and its intersection with the
energy bands are lines. They can be experimentally revealed using angle-resolved photoelectron
spectroscopy (ARPES) and an example for TaSes is shown in Fig. 1.7 (¢). Upon the presence of
a CDW, the bands are folded in a reduced Brillouin zone and a band gap opens at its boundary
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(Fig. 1.7 (b)). However, contrary to the one-dimensional case, it cannot perfectly coincide with
the intersection of the bands with the Fermi surface. Hence, the bands are moved away from
the Fermi surface in specific regions of the reciprocal space,*? while they still cross it in some
others as seen in Fig. 1.7 (d). This results in a reduction of the local density of states, sometimes
refereed as a pseudogap, as observed in NbSe,%Y (Fig. 1.7 (e)), but the material remains metallic.
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Figure 1.7: (a-b) Schematic of a metallic band in a hypothetical 2D crystal (a) without and (b) with
Peierls distortion.?®(c-d) Fermi surface of 2H-TaSe2"! (c) in the absence and (d) presence of a 3x 3 CDW.
(e) Pseudogap revealed by scanning tunneling spectroscopy (STS) in a 2H-NbSes crystal in the presence
of a 3 x 3 CDW.%° The dI/dV signal is considered proportional to the density of states. (f) Schematic
of the Mott-Hubbard transition.®?

Since the Peierls instability is insufficient to describe the insulating states observed in many
TMDCs with partially filled bands, other models have been proposed. One of them was developed
by Mott and Hubbard to explain the insulating states in transition metal oxides based on the
electron localization caused by electron-electron interactions. For this, they consider an array
of identical sites having a half-filled degenerated state. The repulsive Coulomb interaction U
will make the energy of an already occupied site differ from a non-occupied one, so that the
system minimizes its energy if the electrons are evenly distributed.?® However, as the interatomic
distances decrease, the electron hopping makes the energy levels become bands that may overlap
and enable the electron transport. Nevertheless, if U is greater than the bandwidth W, a half-
filled energy band is still expected to split into two separate bands, as depicted in Fig. 1.7 (f), one
being entirely filled and the other one empty, hence the system is expected to be insulating.?
Because of the lower dimensionality, the interaction U between two electrons is stronger in a
2D material due to a reduced screening by other electrons, whereas the hoping, responsible
for electron delocalization, is decreased.?® This makes the electron localization more likely in
2D materials although the interplay with (i) spin interactions, leading to magnetic ordering,
(ii) lattice distortions, as discussed above, and (iii) with the chalcogen p-band must also be
considered.?3
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1.1.2 Semiconducting TMDCs

1.1.2.a Overview

In this paragraph, the properties of the semiconducting TMDCs and their applications are
reviewed. As the most determinant features, their band gap energies are presented in Fig. 1.8.

A [ Indirect band gap
_ Monolayer ] Bulk [] Direct band gap
N Almost direct

|||II||IIIIll .

v v @ L& S ’” SRS ¢ I” -!o: 2;
S «25&’ é@ T FFIF T I ITEFL
\ v v J \ ) \. v J \ v J

IT 2H IT (0] 1T

Do
o
]

—
(=]
1

Band gap energy (eV)
p P
(9] (%]
1 1

e
o
]

Figure 1.8: Experimental band gaps in semi-conducting TMDCs, based on values reported in the
literature.23° The direct and indirect band gaps are close in Re compounds regardless of the thickness.>®
For ZrSes and HfSez, only values for few layers have been reported, but the thickness does not seem to
have a large influence.?®

Among them, the group VI dichalcogenides have attracted most of the attention because
of their direct-to-indirect band gap transition with thickness. They appear particularly suited
for opto-electronic applications since the light-matter interaction is strongly favored in direct
band gap materials, as illustrated by the enhancement of the photo-luminescence in monolayer
samples.’” In addition, this emission can be spectrally very narrow thanks to the large binding
energy of excitons.?®

The 5 direct band gap TMDC monolayers provide a bunch of wavelengths between 627 nm
(WS3) and 1127 nm (MoTey), with an entire tunability within this range using alloys.?%:%° The
band gap can be further reduced in heterostructures,’’ or by increasing the number of layers,
however at the cost of a rapid decrease of the photoluminescence intensity in the latter case.?”

Almost all dichalcogenides exhibit this band gap dependence to thickness, but this is par-
ticularly pronounced in group X dichalcogenides,%? with a 1.6 to 0.25 eV shift in PtS,% and
complete semiconductor to semimetal transition in PtSe; and PtTey,**3 opening applications
in mid-infrared and broadband photodetectors.%* As regards photovoltaic applications, group VI
TMDCs have also been considered first since one monolayer of MoSy or MoSe; can absorb as
much of the solar spectrum as 50 nm of Si or 15 nm of GaAs, despite having wider band gap.%®
Still, the absorbance of a single monolayer remains very low so the recent studies have focused
on 50-300 nm-thick TMDC absorbers®¢-67 and few of them reached an efficiency of 5 %.6%:6
Alternatively, the TMDCs have been used in 2D-3D heterostructures with Si’® and GaAs,”* and
their integration was also proposed for semi-transparent solar windows,”? lightweight and flexible
solar panels”™ or tandem solar cells.”

A different approach to harvest the solar energy is the photocatalytic production of Hy
through water splitting. In this case, 2D materials are promising thanks to their large spe-
cific surface area and good stability in water.”® Still, they must have their valence band below
-5.67 eV and their conduction band above -4.44 eV with respect to the vacuum to be suitable,®
a condition fulfilled by MoSs, WSa, PtSs, and PtSe,.”
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Besides, the monolayer 1H structure has broken inversion symmetry which makes the K and
K’ valleys inequivalent in the Brillouin zone. This induces a coupling between the direction
of the electron momentum and polarized light.”” Interestingly, in the centrosymmetric bilayer
2H structure, an applied electric field can also break the symmetry to enable the valley Hall
effect.” This experiment opens the path toward the so-called valleytronics since the transported
information lies in the valley rather than in the charge. Nevertheless, the observation of these
effects at room temperature remains currently challenging since valley depolarization time is very
short compared to the exciton lifetime.
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Figure 1.9: Phonon-limited electron mobility calculated using local density approximation by Zhang et
al 7.

Regarding applications in electronics, semiconducting 2D-materials are of significant interest
for FETs with very high on/off ratios because they can be atomically thin, which enables a good
control of their carrier density through electrostatic gating.'® With many compounds having
moderate band gaps, TMDCs appear as good candidates. A high carrier mobility would also
be desirable for this application, but the achieved mobilities have remained modest in these
compounds compared to other bulk semiconductors. Still, considering the decrease of the carrier
mobility with thickness in 3D-materials,* TMDCs could surpass the performance of Si in the
future transistor architectures.? Since the experimental values strongly depends on the quality
of the material, contacts and interfaces, Fig. 1.9 presents the expected electron mobilities if the
acoustic photons were the only source of scattering. Based on this calculation, HfSes appears
as the most promising material, with an upper limit of carrier mobility 10 times higher than in
MoS, despite the latter is far more studied. For this reason, it deserves a closer look.

1.1.2.b Hafnium diselenide

As many of the group IV TMDCs, HfSey has been scarcely studied. Apart from few mentions
of the 2H phase,? it is almost always found in the 1T phase. Its band gap, approximately 1.1 eV,
is indirect and does not significantly vary with the thickness,?° indicating a weak interlayer
coupling.? Thus, if this material does not seem particularly interesting from a physicist point of
few, it offers an advantage for practical applications since its properties are relatively invariant
to thickness inhomogeneity. With a bandgap similar to silicon, and a possibly higher mobility,
it could be reasonably considered for future applications in electronics. However, the results of
the few experimental studies available in the literature, reproduced in Table 1.1, are currently
far from the 3600 cm?.V~1's~! calculated by Zhang et al.'”. Different hypotheses could explain
this discrepancy.

First, HfSe; is a polar material, and it has been suggested that the large in plane static
dielectric constant in 1T polytypes would lead to polar-optical phonon scattering that signifi-
cantly decreases the mobility.8! Effectively, Keshri et al. calculated a much lower mobility using
a method that includes the scattering by optical phonons.5?
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Resistivity Mobility Extraction Contact Ref
(Q.cm) (em2.V-1s71) method material clerence
0.02 1.59 vdP /Hall Radhakrishnan et al.83
0.22 FET Cr/Au Kang et al.8*
2.16-3.04 FET Cr/Au Kang et al.®®
2.6-6.5 FET Au Yin et al.8¢
1-4 FET Al,03/Cr/Au Mleczko et al.°
800 4PP Liu et al.87

Table 1.1: Experimentally determined electrical transport properties of HfSes layers. 4PP: Four-point
probe. vdP: van der Pauw.

Extrinsic reasons have also been raised because a high density of defects has been observed
using scanning tunneling microscopy (STM) on a cleaved HfSe, surface,®® and such defect densi-
ties are known to affect the carrier mobility in other TMDCs.8? Liu et al. reported that samples
stored 3 months under vacuum exhibited a Se deficiency and a strong electron doping,®” which
may explain the much lower resistivity found by Radhakrishnan et al.83. Moreover, HfSe, oxidizes
very easily in air,®®%° which raises an additional challenge for device processing. Nevertheless,
this could also offer several advantages since HfO, is a high-x dielectric with a large band gap.?!
The oxidation of the top layers by an Os plasma treatment has been used to reduce the HfSeq
channel thickness without degrading the mobility, which improved the FET performance.®® A
superior interface quality was also noticed when replacing Al,O3 with HfO4 in a metal-insulator-
semiconductor structure.? This suggests a particular compatibility between HfSe, and its native
oxide, similarly to the Si/SiO5 couple.

Finally, it should be mentioned that the performance of 2D material-based devices is usually
hindered by high contact resistances. Because very few studies have been performed on HfSes, it
is still possible that improvements could be made with new contact strategies, in which metallic
dichalcogenides could play a role.

1.1.3 Metallic TMDCs

1.1.3.a Overview

Metallic TMDCs have been mostly studied from a pure research perspective. However, in
this paragraph, a focus will be given on the current and future applications of these materials.

First, they are interesting as electrical contacts, especially for 2D-materials. The different
compounds and polytypes cover a wide range of work functions, some of which are particularly
large especially in sulfides. It makes them suitable for contacting p-type semiconductors, for
which high work function materials are sometimes lacking. However, it should be noted that
some semiconducting TMDCs also have large electron affinity, making the contact with n-type
TMDCs such as HfSe, also feasible.!® One advantage of such 2D-dimensional contacts is their
ability to combine electrical conductivity with a good transparency since they can be thinned
down to few monolayers,”? which could be useful for top contacts in optoelectronic devices.

Also taking advantage of both the layered structure and good electrical conductivity, metallic
TMDCs are promising for the fabrication of batteries. The layered structure not only enables
large contact surface, but can also store small ions such as LiT or NaT. Several metallic TMDCs
have been considered for this application, including the metastable 1T-MoS; and 1T-WSe,.%?
However, in these cases, the performances were strongly degraded if the semiconducting phase
was used instead. Larger specific capacities have been achieved later with TaSes, for which both
phases have presented promising results.?4:9?

Several metallic TMDCs have been reported to have a relatively high temperature super-
conductivity, among which the highest T, have been found in Nb compounds, up to 7.4 K for
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NbSe,.?® This property has been exploited in Josephson junctions, a superconductor-insulator-
superconductor heterostructure, with potential applications in quantum electronics.’”*% Regard-
ing CDW and Mott insulators, a possibility to make a multi-step non-volatile resistive switching
was been recently demonstrated in 1T-TaS;.%° However, the device required to be cooled down
to 165 K to exhibit the high resistivity state, strongly limiting the potential applications. By
contrast, the monolayer 1T-TaSe, is a Mott insulator at room temperature,®® which gives an
interesting perspective for the fabrication of memristive devices.

Finally, with both superconductivity, reported up to 3.8 K,'%° and a Mott insulating phase,
up to 530 K, in addition to the standard metallic behavior, TaSes appears as a very versatile
material.

1.1.3.b Tantalum diselenide

As most of the group V TMDCs, the energy difference between the 1T and 1H monolayers is
small which means that both are easily produced. In addition, the different stacking possibilities
for the H-monolayer, combined with the existence of mixed 1T and 1H compounds make TaSes
one of the dichalcogenide with the largest number of reported polytypes.??

The phase stability of the bulk compounds has already been established in the 1960s and the
resulting phase diagram is reproduced Fig. 1.10. From this, it is clearly seen that the 1T phase
is stable only at high temperature while two different H-phases are stable at room temperature,
namely the 2H, and 4H.. In addition, 4H; and 6R polytypes, which are composed of alternating
1T and 1H layers, are stable at intermediate temperatures. Finally, the 3R phase is metastable at
every temperature but can result from the conversion of 1T into 1H layers at low temperature,'?!
or is usually produced in the presence of a small excess of Ta atoms,'°? as for the 2H,'% and

4H, phases'%* which are other stacking sequences of H-layers.
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Figure 1.10: (a) Phase transitions in bulk TaSes, reproduced from Wilson et al.32. (b) TaSes polytypes,
adapted from Katzke et al.?2.

The electronic properties and CDW of the different polytypes have been summarized in Table
1.2. Despite being metastable at room temperature, the 1T phase has been the most studied
because it exhibits a v/13 x v/13 CDW which is commensurate up to 473 K.10> 1T-TaSe, is
metallic at every temperature, but its surface is a Mott insulator below 250 K.'%6 In monolayer,
though, it has been shown to be insulating well above room temperature.®® It should be noted
that the true origin of the gap in 1T-TaSe, is still under debate,!®” but this question is beyond
the scope of this work so it will be referred as a Mott gap for convenience.

By contrast, the H-phases only undergo CDW transitions below 122 K, but they also exhibit
superconductivity. Interestingly, the critical temperature for superconductivity is lower in the
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Phase Electrical properties Charge density waves

1T Mott insulator < 530 K55 V13 x /13

(ML only) (CCDW < 473 K, ICCDW < 600 K105)
108 V3 x /3

2H, SC<0.14K (CCDW < 90 K, ICCDW < 122 K105)
3R SC < 0.6-1.6 K109:110 V3 x /3199 (ICCDW < 90 K, weak!!'?)
4H, SC < 2.9 K111 V3 x V3 (< 106-115 K104111)

AH V13 x /13 (CCDW < 410 K1%9)

b

plus v/3 x /3 (ICCDW < 75 K'99)
6R Similar to 4H,12

Table 1.2: Electrical properties and CDW in TaSe2 phases. If not specified, the compounds are metallic.
SC: superconducting CCDW: commensurate CDW. ICCDW: incommensurate CDW.

2H'98 phase compared to the 3R'%%10 and 4H,''! ones. Many studies have improved the critical
temperature in different TaSey polytypes, including 1T, through doping,''®!14 alloying!'® and
self-intercalation.'%%1%4 From this, it appears that any source of disorder may in fact be beneficial
to the superconductivity because it tends to suppress the competing CDW,'6 or more exactly
its commensurablility.'”

Finally, the 4H; and 6R polytypes combine properties of both 1T and 1H layers, with the
coexistence of two CDWs.

1.1.4 Electrical contacts on 2D-materials

The importance of good contacts has been highlighted for the use of semiconducting dichalco-
genides in electronic applications. In theory, the quality of a semiconductor contact depends on
the height of the Schottky barriers, which are determined through the Shottky-Mott rule,''®

8 = Par — X (1.1)
8y = Xge+ By — By (1.2)

where §,, and 6, are the energy barriers for electrons and holes respectively, ®,; is the metal
work function, X, is the semiconductor electron affinity and £, the semiconductor band gap.
However, this is rarely valid because of metal induced gap states that are unavoidable at metal-
semiconductor junction. In addition, the direct evaporation of 3D metals on 2D materials usually
causes damages as shown in Fig. 1.11 (a). As a result, the Fermi level is almost pinned at the
semiconductor-metal interface and the barrier height is nearly independent on the metal work
function.''® To overcome this issue, many strategies have been employed, which can be divided
into two categories as summarized in Table 1.3.

Strategies Reducing Fermi-level pinning Opting for in-plane Shottky barriers

3D metals Flat metal contacts Edge contacts
Passivating buffer layer Hybridization of the underlying 2D
2D buff D 1 . . .
2D metals buffer under a 3D meta Seamless metal-semiconductor junction

Vertical 2D-heterostructures

Table 1.3: Summary of the strategies used to decrease the contact resistance with semiconducting
TMDCs.
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The first one consists in reducing the Fermi-level pinning by preventing the formation of
surface states. As an illustration, the intercalation of a thin insulating layer, made of oxide!!®119
or LiF,'2° has been shown to lower the contact resistance. It has also been observed that
conventional metals damage less 2D layers when they are deposited by mechanical exfoliation'!®
or onto a removable polymer buffer layer,'?! resulting in an atomically flat 2D /metal interface
with a preserved vdW gap on top of the 2D material (Fig. 1.11 (b)). In this regard, the use of
2D materials appears as a straightforward way to achieve smooth interface, either through the
introduction of a thin 2D buffer layer under the 3D metal, as demonstrated with Co/hBN'22
and Ag/graphene'?? contacts, or using the 2D material as a whole contact,”?124125 the TMDC
family providing a large choice of metals and semi-metals. If this approach largely prevents the
Fermi-level pinning, the vdW gap and, at a larger extent, the insulating buffer layers, add a
tunneling barrier as a downside.

(a) Top contact (b) vdW contact (c)  Side contact (d) Seamless contact
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Figure 1.11: Various contact strategies, reproduced from Chen et al.!?S.

The second approach consists in transferring the Schottky-barrier from a vertical vdW inter-
face to an in-plane covalent one. Using 3D contacts, it is genuinely achieved by edge contacts,
as illustrated in Fig. 1.11 (¢), taking advantage of the dangling bonds at the termination of the
foil to covalently connect the 2D-layer.'?” However, a similar outcome can also be obtained in
top contacts when a strong hybridization of the TMDC with the metal occurs, resulting in the
metallization of the underlying layers.!2%:129 The Schottky-barrier is no longer between the metal
and the metallized TMDC, but between the latter and the pristine TMDC instead. Finally, both
the hybridized and edge contacts result in a lateral junction and benefit from the suppression of
the vdW barrier as well as the superior in-plane conductivity of the TMDCs.

It is also possible to combine this strategy with the use of a 2D metallic material by making
a lateral metal-semiconductor junction as depicted in Fig. 1.11 (d). This contact is called
seamless because it enables to minimize the creation of defects using two materials that have a
similar structure.!?® Practically, it has been fabricated using a two-step growth,!3° or by locally
converting the semiconducting material into a metallic one through a phase transformation from
1H into 1T in group VI TMDCs,'3! a chemical reaction from MoS, into MooC,'32 or a thickness
variation in PtSey.!33

Finally, a low contact resistance is obtained by associating a low(high) work function metal
to n(p)-type material, provided that one of the above strategies is employed to overcome the
Fermi-level pinning.

1.2 Elaboration of transition metal dichalcogenides

For many of the aforementioned properties and their use in applications, the material quality
is crucial. The latter strongly depends on the elaboration method. In this section, the growth
of millimeter scale crystals is presented first because it has enabled most of the advances with
TMDCs thanks to a small quantity of defects. Then, the methods to obtain thin layers, either
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by exfoliation of the bulk crystals (top-down approach), or by growth methods (bottom-up) are
presented in the perspective of large scale applications, also calling for a control of the thickness
and a uniform coverage over large areas.

1.2.1 Synthesis of bulk TMDC crystals

The growth of pure dichalcogenide single crystals has been made possible in the early 1960s
with the development of the chemical vapor transport (CVT) method for the growth of material
with high melting point.!3* The process is illustrated in Fig. 1.12 (a) and can be described as
follows. First, the precursors are introduced in a sealed chamber, usually a quartz ampule with
typically few grams per litre of the transport agent.!3> The precursors may be the pure elemental
constituents, introduced in the desired stoichiometry,'®® or a powder of the compound, which is
synthesized first to ensure a perfect homogeneity.*” 139 Then, the ampule is placed in a two-
zone furnace so that the precursor evaporates in the high temperature zone and is transported
by a transport agent to the low temperature zone where it crystallizes. The transport agent is
not supposed to be incorporated in the crystal hence a small amount of it can transport a large
quantity of material through many cycles. The most common transport agents are halogens since
volatile metal halide compounds can be formed based on the following reaction!4°

3
NbSeg(s) + 512(9) = NbIg(g) + Seg(g). (1.3)

I has been the most common choice, essentially for practical reasons since it is less toxic and
solid at room temperature.'?® However Bry and, in rare occasions, Cly'#! have also been used,
especially with Mo and W compounds for which I, has been less successful.'*2143 Alternative
halogen sources such as ammonium halides (NH4Cl, NH4Br, NHyI) have been proposed but
seemed less effective, probably because they release undesired gaseous species.'*® Transition
metal halides MCl5'#* and chalcogen halides SeCly and TeCl4'3® genuinely overcomes this issue
since they contain only the elements involved in the reaction. Finally, excess S!36 and Se!3%:139
have also been shown to promote transport alone, avoiding halogen contamination. Depending
on the growth conditions and transport agent, different doping types have been obtained!39:14
but this can also be achieved by introducing dopants in the initial charge.**!

(a) 3 > ) 3 > b 4

rtz
T1 qwu:ol ' "
-
Source + Product #age invert 180° ",

Furnace

~

TR, S A 33
Transport agent v growth i /
" N — crucible Y \
o @ @ Source materials @ Transportagent ( “\ Pdse,
. o
Source materials &
____________ > /

flux mel
transportagent Products {:::3 bipsediind

Figure 1.12: (a) Principle of the CVT, (b) flux method.

The CVT appears thus as a versatile tool for growing millimeter-large TMDC crystals, how-
ever the interest has slightly declined in the last decades in favor of the flux method. The latter
can be described as an equivalent of CVT that involves liquid instead of vapor. The elemental pre-
cursors are dissolved in a solvent, called flux, which is slowly cooled to induce the crystallization.
The flux should have a low meting point and a high boiling point, and must not form stable
compounds with the reactants.'® For TMDC synthesis, Sn,'4” CuSe!*® or Na,K;_,C14%150
fluxes have been used. As an alternative, the chalcogen is introduced in large excess and used as



18 CHAPTER 1. State of the art of transition metal dichalcogenide growth

a solvent in the self-flux variant of this technique.*?'21:152 A single temperature is necessary in

this case, typically between 850 °C*2 and 1100 °C.'53 After a homogenization time, the melt is
cooled at very slow rate, only few degrees per hour,'7 making the whole process duration com-
parable to CVT. Finally, the crystals are filtered from the flux, for instance using centrifugation,
as represented in Fig. 1.12 (b), or dissolution of the melt.147-149:150

The crystals grown by the flux method have shown a superior quality, with a density of
defects of 10" cm™2 based on STM images,'®® which is one order of magnitude below those
grown by CVT.!5* This resulted in extraordinary properties, such as a huge low-temperature
carrier mobility of 167 000 cm?.V~'.s7! and a magnetoresistance of 1 750 000 % reported in
WTey,'®! which would not be achievable without this extremely low defect density. However,
as downsides, both methods require long growth at high temperature and mostly produce thick
crystals of large but uncontrolled dimensions, requiring further processing for integration as
discussed next.

1.2.2 Transfer techniques

A control over the thickness is effectively mandatory for many applications. This is especially
true for some TMDCs that reveal their properties when the number of layers is decreased. For
instance, 1T-TaSey becomes a Mott insulator in monolayer, whereas in group VI TMDCs, the
bandgap becomes direct. In addition, the layers usually have to be deposited on a given substrate
or structure to be integrated into a device. Hence, exfoliation and transfer techniques have played
a significant role in the development of 2D materials physics.

1.2.2.a Liquid-phase exfoliation

It has long been known that 2D-materials could be dispersed in liquids.'?®!%6 In the case
of TMDCs, the exfoliation is facilitated with the choice an appropriate solvent, along with the
use of ultrasonication to dissociate the layers and centrifugation to eliminate the unexfoliated
material.'®” This process, however, produces nanosheets of small lateral size'®® because of the
fragmentation of the layers during the sonication and centrifugation steps.'®®

y sonication A
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Figure 1.13: Schematics of the liquid exfoliation process using ion intercalation, adapted from Lin et
al.r%0,
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An efficient way to force the layer exfoliation consists in the intercalation of ions as depicted
in Fig. 1.13. The use of Li ions seems particularly convenient, due to its inclination to intercalate
TMDC crystals'®! which are easily dispersed in water afterwards.'? This method produces much
larger flakes'®® and favors the exfoliation of monolayers. However, it also induces a phase change
from 2H to 1T in MoS5.1%3 This phenomenon has been explained by the modification in the phase
stability upon electrostatic doping because of their different ionization energies.'®* To prevent
this effect, it has been proposed to replace Li by large ammonium molecules which induce less
undesired doping.'Y In this case, however, the intercalation must be electrolytically triggered as
it was in the first studies.%?

Finally, in spite of some advances, the size of flakes produced by liquid exfoliation remains
small, which inevitably degrades the properties. Thanks to its high scalability and a low cost,
this technique can still find some applications for which a uniform surface coverage is more
important than a good crystalline quality. However, concerning electronics, the rapid progress
in the integration of 2D-materials has essentially been unlocked by the mechanical exfoliation
instead.
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1.2.2.b Mechanical exfoliation

The possibility of isolating a single monolayer of graphene was demonstrated by Novoselov
et al. using mechanical exfoliation.” At that time they did not discussed reproducibility of their
transfer technique, hence following studies were dedicated to the improvement of the exfoliation
yield especially toward larger flakes.'®6 The exfoliation techniques can be applied to other 2D
materials for which the adhesive strength of the vdW interaction is lower compared to their in-
plane tensile strength.'6” A typical exfoliation procedure is represented in Fig. 1.14 (a). First the
material is attached to an adhesive carrier surface, usually a polymer, to be pulled off from the
bulk. Then, the layers are released on the target surface through the debond, usually thermally
activated,'®® or dissolution of the carrier. During both stages, a particular care should be given
to remove slowly the carrier with a small angle to prevent the formation of cracks. Still, the
number of transferred layers is generally uncontrolled and the size of the flakes very small. In
addition, the polymers leave residues that require additional cleaning steps to be removed.!?
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Figure 1.14: (a) Basic adhesive tape exfoliation procedure, reproduced from Yang et al.'™, (b-c) Com-
parison between polymer and metal exfoliation, adapted from Liu et al.*™!.

To circumvent these issues, it has been proposed to use metals instead of polymers.'”? This
method was first introduced by Magda et al. who exploited the strong adhesion of MoSs on gold
to isolate a large monolayer flake.!”™ The latter was then transferred on the desired substrate
using tape while the metal was chemically etched. In this first report, the extra MoS, layers
were lost, whereas Shim et al. developed a process to consistently cleave each individual layer
of a thick 2D-material by controlling the crack propagation thanks to the strong interaction
of graphene with Ni.'™ In the case of TMDCs, gold has been the prevailing choice since it
provides a sufficient adhesive energy to exfoliate most 2D-materials,'™ and it is less affected
by the oxidation which significantly lowers the yield for other metals.!”® To avoid the damage
caused by a direct evaporation of gold on a TMDC, it has been proposed to transfer the Au film
from a flexible substrate.!”” This approach also enables the metal to be patterned and used as
electrical contacts in the transfer via contact method.!”®

Finally, in few years the many limitations of the mechanical exfoliation have been overcome,
and large monolayers have been transferred with minimal damage and residues. Still, progress
remains to be made toward automation, but more importantly, the flake size is also limited by the
availability of large crystals. For this reason, the mechanical exfoliation is nowadays commonly
used to transfer layers grown using chemical vapor deposition (CVD).

1.2.3 Chemical vapor deposition

The CVD regroups the thin films synthesis methods that involve chemical reactions in vapour
phase. Unlike the CVT method, presented in Section 1.2.1, which occurred in a sealed environ-
ment, CVD reactors enable the introduction and exhaust of gaseous species and a control over
the pressure. Another difference is the presence of a substrate as thin layers are usually targeted
in this case. Depending on the precursor choice, the solid-source and gas-source CVD are dis-
tinguished, but many variations of these techniques were reported, among which atomic layer
deposition (ALD) is worth mentioning.
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1.2.3.a Solid-source CVD

In the case of solid sources, metal oxide powders are generally used as precursors!” 180 since

the pure transition metals have very high sublimation temperatures. Similarly to the CVT case,
the addition of alkali metal halides (e. g. NaCl, KI) also promotes their evaporation.!8!:182
More occasionally, transition metal halides (e. g. NbCls, WClg) were directly used.!83184 The
metal and chalcogen precursors are disposed in a different position of a tube furnace so that
their temperature can be separately controlled.'® Then, an inert carrier gas, usually Art79:186 or
N,,'180 sometimes mixed with Hy,'2 flows from the chalcogen precursor to the metal precursor
and the substrate nearby in order to transport the species. It maintains a control over the
pressure and provides another tuning knob.

Typical CVD-grown TMDCs form micrometer-large triangular flakes, that eventually merge
to form a polycrystalline film. However, the full coverage of the substrate with uniform thickness
has appeared challenging. By tuning the Mo partial pressure, Yu et al. have shown a sufficient
control of the layers thickness up to 4 ML thanks to the influence of the substrate. 8 However the
grain size was only few tens or hundreds of nanometers in this case. The deposition of reduced
graphene oxides and other aromatic molecules have been used to promote the lateral growth on
amorphous SiOy substrate.'87188 Alternatively, the addition of Cu, first introduced by Liu et
al.,'® hampers the growth of a second layer, resulting in 30 pm-large monolayer flakes.'%0 Other
strategies to increase the grain size included, for instance, the introduction of a NiO barrier to
reduce the Mo flux,'! or the etching of the unstable nucleus using a O, flux.'92 In the last
case, grain size up to 350 pm have been demonstrated, but the full coverage was not possible
since the growth rate decreased with time. Another common issue is the spatial non-uniformity
resulting from the precursor concentration gradient.!”® Where the flux is too large, the grain
size is reduced because of the high nucleation density, whereas it is limited by the insufficient
coverage when it is too low.!86

Finally, despite promising results concerning the grain size, this technique lacks of scalability
due to the difficulty to obtain a large-scale coverage, as well as the high growth temperatures,
typically between 650 and 850 °C,'82 which limits the choice of substrates and therefore may
require the use of transfer techniques for the integration of the layers into devices.
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Figure 1.15: (a) Solid-source CVD, (b) gas-source CVD, (c) ALD, reproduced from Zhang et al.'®®.

1.2.3.b Gas-source CVD

The gas-source variant of the CVD is intended to overcome the difficulty to maintain a stable
and uniform precursor flux from a solid source using gaseous reactants instead, whose individual
partial pressures can be finely adjusted using a mass flow controller.'®> Because metal-organic
precursors are the most common, this technique is indistinctively referred as MOCVD. As the
precursors can be evaporated or bubbled outside the chamber, a lower growth temperature can
be used, but it should remain sufficient to allow the precursor decomposition.'®® For this reason,
hot wall reactors, in which a gas phase reactions can occur upstream, are distinguished from the
cold wall systems, in which an induction heater confines the reactions close to the substrate.!?*
Two-temperature-zone tubes were also used to form large grains at low temperature, but this
configuration resembles the solid source case and suffered from the same spatial inhomogeneity.%3
Instead, most MOCVD studies have highlighted the ability to grow films of controlled thickness
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and uniform coverage at wafer scale, making this technique suitable for batch fabrication.!?®

Apart from smaller grain size, the main downside is the carbon contamination, that has been
mostly reported when organic chalcogen precursors were used to replace the toxic HaS and HaSe
gases 94196197 byt could also arise from the metal precursor. 8

Various alternative CVD methods have been proposed to increase the grain size, including
the addition of HoO vapor'®® or the use of liquid precursors dip- or spin-coated prior to the
growth!99:200 o1 supplied by the capillary action.?°’ Others have focused on the improvement
of the thickness uniformity and increased of the growth rate.?92 In the next section the ALD is
presented as a rare method capable of a conformal coverage.203:204

1.2.3.c Atomic layer deposition

ALD differs from other CVD methods by the sequential supply of the precursors.?’® Each
of them is introduced separately, so that it adsorbs and reacts on the surface until all reaction
sites are consumed or protected by the steric repulsion of the other adsorbed molecules. Then
the excess precursor and by-products are purged so that the next precursor only reacts with the
surface groups deposited at the previous stage. This cycle enables the growth of a maximum
of one monolayer of the desired material, and may be repeated as many times as required.
This self-limiting process is expected to provide a very precise control of the thickness with
large-area uniformity?°* and the possibility of covering non-flat surfaces.2’* Nevertheless, in
practice, much less than a monolayer may be grown because of the steric hindrance of the
molecules,2%% substantially lowering the growth rate and the control over the thickness. The
second particularity of the ALD process is the ability to deposit at very low temperature, which
makes it compatible with back-end of line processing and temperature sensitive substrates such
as polymers for flexible electronics. To reach very low growth temperatures, the assistance of a
plasma has been commonly used, enabling the growth of crystalline TMDCs down to 100 °C,
however at the cost of a very small grain size.200

Finally, in the review of the CVD methods, a general trend of a high crystallinity at high
growth temperature versus a large-scale uniformity at low temperature has been outlined. The
physical vapor deposition (PVD) presented next mostly follows the same scheme.

1.2.4 Physical vapor deposition

PVD designates thin film elaboration methods that involve phase changes through an inter-
mediate vapor phase, without chemical reactions with other species.

In the most straightforward strategies, the bulk form of the material is used as a single
precursor, which is sublimated and deposited on the desired substrate.'®> As a simple option,
MoS; and WSy have been thermally evaporated in a tube furnace under Ar flux in a configuration
similar to the solid-source CVD.207:298 However this method requires high growth temperature
and is not applicable to every material. For instance, in the growth of MoSy(;_;)Sez, alloys,
elemental Se have been added to compensate for the MoSe; decomposition into MosgSes.2%° To
circumvent the high sublimation temperatures of these materials, alternative methods have been
employed.

Among them, the pulsed laser deposition method uses high-power laser pulses to ablate the
material from a target. The growth can occur in vacuum, however a background Ar pressure
has been shown to be beneficial for MoS; and WS, growth.21921! For this technique, optimized
growth temperatures were reported from 450 °C?'2 to 800 °C.2!0 Despite the deposited material
is expected to have the same composition than the target, a target with excess S content has
been required to obtain a perfectly stoichiometric MoS, film at 700 °C.2!3

In the radio frequency magnetron sputtering method, the vaporization of the TMDC target is
caused by the impacts of an ionized inert gas, usually Ar. Crystalline WS, have been successfully
grown at 300 °C,2'4 and MoS, at 400 °C while it was amorphous at room temperature.?!
In addition, the MoS, layers were not stoichiometric, possibly because the light S atoms are
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preferably sputtered by Ar. Due to the poor quality of the as-grown samples, a post growth
annealing has been used after sputtering in most of the studies. It is usually performed under Ar
with a chalcogen supply?!6:217 although it has also been shown to be beneficial without.?'® Since
the relevance of a growth at low growth temperature is hindered by the need of this annealing
step, an option to recrystallize the film using electron beam irradiation has been proposed.?!?
Moreover, these techniques require the availability of the bulk form of the desired material in
sufficient quality.
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Figure 1.16: (a) Schematics of the PVD and (b) magnetron sputtering techniques, reproduced from
Mattinen et al.2%3,

Alternatively, the elemental constituents may be supplied from different sources, either si-
multaneously or during two distinct steps. A single step growth has been achieved with the
magnetron sputtering of a Mo target in a S atmosphere.??? Besides that, this is mostly the strat-
egy used in MBE, a versatile tool that allows several elements to be co-deposited in ultra-high
vacuum. In this case, the sublimation of refractory metals is generally achieved using an e-beam
evaporator, while effusions cells are commonly used for Se and Te. The high vapor pressure of
sulfur makes it less suitable for MBE although a solution consists in using dissociated HyS in a
plasma cell in the so-called gas source MBE.?21:222 The use of high purity elements and vacuum
conditions makes this technique expensive, but it allows the growth of high purity layers and en-
ables a high controllability. In addition, it achieves an excellent stoichiometry and a good control
of the thickness thanks to the three-temperature method. For this, the substrate temperature is
comprised between the sublimation temperature of the two constituents, so that the growth is
limited by the less volatile.??3 In the case of TMDCs, the high melting point of transition metals
and the high vapor pressure of chalcogens make this range particularly large, as demonstrated
by successful growths reported from 170 °C224 to 900 °C.22%> The low growth rate explains that
a coherent epitaxial growth is more easily maintained compared to other PVD methods, but the
absence of covalent bonds makes a high crystallinity still difficult to achieve for 2D materials as
will be discussed throughout this manuscript.

As for two step growths, the chalocogenization of a predeposited metal coating has been
proposed as a simple way to achieve wafer scale coverage. Transition metals are first deposited
at low temperature by sputtering??® or e-beam evaporation,??” and then annealed at high tem-
perature under a Ar/H,S gas mixture or chalcogen vapor.?28:229 Alternatively, a low tempera-
ture sulfurization has been demonstrated using plasma enhanced CVD for temperature sensitive
substrates.23%:231 It has been noted that the deposition order has an influence, since the depo-
sition of Se first resulted in less-oriented TaSes grains on Au(1l11) substrate possibly due to
interfacial Se.?32 If the method enables the horizontal growth of thin layers, thick layers tend to
be vertically oriented instead.??® In addition, surface roughening caused by metal agglomeration
is an issue that has been solved by a chalcogen deposition at very low temperature prior to an
annealing under thermally cracked S and Se.233 Recently, a new method called hypotaxy used a
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reported graphene template on the metal film to achieve single crystal TMDCs growth during the
chalcogenization step.23* The graphene monolayer being evaporated at the end of the process,
this opens the path of growing high quality TMDC on any substrate.

1.2.5 Comparison of the growth techniques

Finally, a large panel of elaboration techniques has been reviewed and a summary of their
typical characteristics is presented in Table 1.4. The transfer methods are not included since
they require one of these techniques to produce the material first.

CvVT/ Solid-source PLD/
Flux CVD MOCVD MBE sputtering
Temperature g0 1000 00-850152 300-750235 200-900224:236  300-800210,214
range (°C)
Grain size 1-10 mm  0.1-300 pm  0.04-100 pm'93:221  20-500 nm?36  5-20 nm?!3214
Typical chalcogen  chalcogen carbon grain low
defect vacancies vacancies contamination!®” boundaries crystallinity
Coverage poor challenging variable uniform?37 uniform?!!

Table 1.4: Summary of the characteristics of the different elaboration methods.

As previously discussed for CVD and PVD methods, it appears clearly that the techniques
operating at high temperature achieve good crystallinity but at the cost of a non-uniform cov-
erage. Note that the variability in the results obtained in MOCVD is typically related to the
different system configurations, either similar to solid-source CVD or MBE.

If the good device performances demonstrated from TMDC flakes produced by CVT, flux or
CVD confirm the superior quality of the materials grown with these methods, a transfer technique
was generally employed to extract the desired number of MLs from a bulk crystal, or the devices
were directly fabricated on a single flake. These methods are obviously not scalable. On the
other hand, few reports have demonstrated operating devices from a wafer-scale continuous layer.

Among the methods able to control the thickness over a large area, MBE offers several
advantages. First, it covers a wide temperature range compared to other techniques, which is
made possible because the substrate temperature is decoupled from the precursor evaporation.
In addition, the use of a high vacuum environment and high purity elemental sources avoids the
contamination arising from the halogen transport agent or metal-organic molecules. Up to now,
the results have been modest in term of grain size, however the high controllability opens rooms
for improvements.

Therefore, MBE is now considered to grow HfSes; and TaSes, and a detailed review of the
existing results concerning the growth of these two materials is presented next.

1.2.6 State of the art of TaSe, and HfSe, growth by MBE

1.2.6.a Growth of TaSe;

The experiments that have reported TaSes growth by MBE are listed in Table 1.5. The
monolayers have always been grown on graphitized SiC substrates, and highlight a clear trend
with respect to the temperature. The 1H phase is always formed at low temperature while
the 1T one appears at high temperature. However, the transition temperature of 490 °C found
by Nakata et al.??® is significantly lower than the one reported by the group of Crommie.?3?
Although it seems unusual that a metastable phase, the 1T one, is favored at high growth
temperature, this is consistent with the results obtained using CVD.?4% With this technique, the
transition temperature is around 750 °C, closer to the phase stability in bulk (800 °C).19% Tt is
thus possible that the energy difference between the 1T and 1H phases is reduced with increasing
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temperature. Then, the growth of the 1T phase may be kinetically favored in MBE owing to a
greater inclination for growing metastable phases, leading to a lower transition temperature.

Temperature  Thickness

Substrate (°C) (ML) Phase Author (Year) Reference
450 1H
graphene/SiC 490 1 1H+1T Nakata (2018)%3®
560 1T
graphene/SiC 550 1 1H Ryu/Crommie (2018)24!
graphene/SiC 660 1 1T+1H Chen/Crommie (2020)242
graphene/SiC 660 1 1T Ruan/Crommie (2020)243
450 1H
graphene/SiC 600 1 1H+1T Lee/Crommie (2024)23°
750 1T
graphene/SiC 650 1 1T Lin (2020)107
MoSs, MoTe,, ... 300-340 1T-like .
.. SuSes 420-650 510 1H-like Shimada (1991)*4
410 8 4H,+-6R
GaAs-Se 495 16 2H,+2H, Shimada (1996)24°
590 15 9H,+2H,
AIN/Si 450+ 2H+1T-like
HfSeo/AIN/Si 4 2H+1T-like Tsoutsou (2016)*®
MoSe /AIN/Gi 2650 oH
I R I

Table 1.5: Summary of the MBE-grown TaSe2 layers reported in the literature.

Looking at the multilayers, various substrates and thicknesses have been explored. However,
the trends are less evident because many different stackings have been reported, and sometimes
the polytypes could not be precisely identified. Obviously, the 1T phase does no longer dominate
at high growth temperature. Looking at the experiments of Shimada et al.24424% it seems to be
rather the opposite. In these cases, 1T clusters are believed to be quenched in the layers at low
temperature while they are converted into the H phases at higher temperature. This indicates
a strong influence of the thickness that will have to be clarified in the following experiments. It
can also be noted that a post-growth annealing was used in the experiments of Tsoutsou et al.
and Tanaka et al., which could help toward the formation of purer materials. Especially, the
3R phase is supposed to be obtained by annealing the 1T phase in bulk'®! but it has also been
mentioned that excess Ta atoms can favor its formation.!??

1.2.6.b Growth of HfSe,

By contrast to TaSes, very few MBE growths have been reported for HfSe; as shown in
Table 1.6. The influence of the thickness, growth temperature or substrate were only scarcely
discussed. Yue et al. noticed that the film is smooth and well-aligned with respect to the substrate
in monolayer whereas it becomes rough and polycrystalline as the thickness increases.?*6 They
also showed that layers grown at higher temperature are more resistant to oxidation, suggesting
a better crystalline quality. Then, Aretouli et al. reported a disordered surface as-grown whose
crystallinity was improved after annealing.?*” Finally, Li et al. have chosen an amorphous surface
on purpose to get a polycrystalline material.?*® When it was possible to determine the polytype,
only the 1T phase has been found, as expected for this material.
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Temperature Thickness

Substrate Phase Author (Year) Reference

(°C) (ML)

MoS,, HOPG  450-550 ~24 1T Yue/Barton (2015)216
MoSs, HOPG - 1-few 1T Yue/Barton (2015)24
AIN/Si 570+ann.810 6 1T Aretouli (2015)%47

Si0,/Si 750 5-15 nm - Li (2022)248

Table 1.6: Summary of the MBE-grown HfSes layers reported in the literature. HOPG stands for highly-
oriented pyrolytic graphene

Still, the authors have not studied the crystallinity of these layers. Regarding the electronic
properties, a resistive switching has been reported by Li et al., but neither the resistivity nor the
carrier mobility have been measured.?*8

1.3 Main guidelines for van der Waals epitaxy

In this section, the possible strategies to improve the growth of TaSes; and HfSe, by MBE will
be reviewed based on the progress that have been made with other TMDCs. Even if the focus
is made on MBE, some useful insights may also be taken from CVD and MOCVD experiments.

1.3.1 Influence of the growth parameters

Since one advantage of the MBE is the tunability provided by parameters such as the sub-
strate temperature, flux ratios and the growth rate that can be controlled independently, it is
of significant interest to know their respective influence on the crystal quality and film morphol-
ogy. For this, a more fundamental understanding of the growth thermodynamics and kinetics is
required.

1.3.1.a Morphology

In the general theory of epitaxy, three possible growth modes are identified depending on
the surface and interface energy.?’? In the Frank-van der Merwe growth mode, the epitaxial film
grows layer-by-layer, resulting in a homogeneous thickness (Fig. 1.17 (a)). It corresponds to a
complete wettability of the substrate by the film, which requires a lower surface energy for the film
and the film-substrate interface than for the substrate alone. Conversely, if these conditions are
not fulfilled, the Volmer-Weber growth mode takes place and results in the formation of isolated
islands that do not cover the surface (Fig. 1.17 (b)). An intermediate growth mode, named
Stranski-Krastanov, occurs when the film wets the substrate but is constrained by the lattice
mismatch. In this case, a 3D growth appears after the deposition of a certain thickness (Fig. 1.17
(c)) because the elastic energy cost increases the interfacial energy. This effect is normally not
expected in vdW epitaxy for which immediate lattice relaxation occurs.?®! Still, Zhang et al.*?
have calculated a slight increase of the PtSes interlayer binding energy with thickness, consistent
with the particularly large interlayer coupling in this TMDC,5? while a much smaller graphene-
PtSey interaction was predicted. In such case, a deposition of PtSes layer on highly-oriented
pyrolytic graphene (HOPG) is expected to form thick PtSey clusters rather than an uniform
layer, as confirmed by the observation of a 3D growth mode at high temperature.*® It is worth
noting that compared to the [000 1] planes, which are free of dangling bonds in 2D materials, the
surface energy of the lateral planes is much larger. This competing effect favors a 2D growth at
low temperature, when the surface of the grains is sufficiently small compared to their borders.*3

In addition to this thermodynamic point of view, kinetic effects should not be overlooked.
Compared to 3D materials, the absence of dangling bonds on a perfect 2D surface hinders the
nucleation and promotes the diffusion of adatoms in vdW epitaxy. As a result, a significant
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Figure 1.17: (a-c) Schematics growth modes, reproduced from Pohl et al.?°2. (b) Illustration of the
processes involved during vdW epitaxy, reproduced from Rajan et al.253.

number of grains may nucleate from the step edges, leading to more defects and a non-uniform
coverage as illustrated in Fig. 1.17 (d).2%3 Also, if the layer is more defective than the substrate,
the nucleation will be favored on the existing TMDC layers, resulting in multi-layer islands.
In this regard, a sufficient chalcogen supply is required to avoid metal agglomeration, which
inevitably induces 3D growth.?>* To obtain a complete MoS, monolayer, a two-step MBE growth
has been reported, consisting of a relatively short initial stage, not less than 3 hours though,
at relatively low temperature, 750 °C still, to promote the nucleation, and followed by a slower
coalescence stage in which the temperature was increased and the growth rate reduced to switch
to a more thermodynamically controlled growth.?2® This strategy is not dissimilar to the more
widespread usage of a post growth annealing which is known to improve the morphology. For
instance, Pacuski et al. have obtained an almost complete MoSe; monolayer coverage using a low
growth temperature (300 °C) followed by a high temperature annealing (700-750 °C) to flatten
the surface, and repeated the process several times.2%° In both studies, the total growth duration
was more than 10 h, so a new approach referred as nucleation-assisted growth was proposed.?? It
consists in creating defects on the substrate before the growth, for instance using Ge evaporation
on HOPG, so that it can serve as nucleation sites for the TMDC layer.

Although these methods were effective for monolayer growth, it should be noted that the case
of few-layers, which is not well documented, seems not less tricky. In two different studies, a
3D growth has been reported to take place after few monolayers were deposited.??4256 For VSe,
growth, the reduction of the substrate temperature down to 170 °C was successful to recover
a 2D growth??* whereas for NbSey, it has been achieved through the interruption of the metal
supply and the use of a cracking Se cell.26 The reasons behind these effects are not clear yet
and will require further investigation.

1.3.1.b Grain size

Besides the coverage, the second bottleneck for TMDC growth is the poor crystallinity re-
sulting from the high density of small nuclei that produces as many grain boundaries upon
coalescence.

To address this, the most straightforward and explored strategy lies in the reduction of the
nucleation density through an improved lateral diffusion of the adatoms. The chalcogen being
usually provided in large excess, it concerns mostly the transition metal atom which remains
much longer adsorbed on the surface.2°” During this time, the adsorbed atoms diffuse until they
reach either another adatom to form a nucleus, or a preexisting nucleus. The distance they
can travel corresponds roughly to the average distance between two adatoms, and also to the
distance between nuclei after enough of them have been formed. Therefore, the diffusion length
is strongly dependent of the adatom density, which is an equilibrium between the number of
impinging atoms, related to the growth rate, and the incorporated atoms, related to how fast
they can move over this distance. The energy barrier for the atom diffusion, which depends on
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many parameters including the surface and the atom itself,2%” can be overcome by increasing the
substrate temperature.

Thus, it is no surprise that multiple studies reported a decrease of the nucleation density
with increasing growth temperature, and decreasing the growth rate.?36:254:258 By contrast, the
influence of the chalcogen on the metal diffusion is not evident. Rajan et al. found that a high
Se/metal ratio increases the TiSes and NbSesy grain size at 500 °C, when the Se desorption rate
is important, while it has little influence at 300 °C.23% Besides, Yue et al. not only reported a
decrease of the nucleation density at 500 °C under high Se flux, but also observed a reduction of
the growth rate which was explained by the drop of the W sticking coefficient on HOPG.2%* They
calculated that a pure WSes nucleus must contain at least 15 W atoms to be stable whereas a
3-atom metallic W nucleus is already stable at a similar temperature. Thus, they suggested that
Se atoms prevents the formation of metal clusters that would act as nucleation sites.

Finally, these two studies have respectively demonstrated a monolayer flake as large as 600 nm
for TiSey growth at 600 °C,23¢ and a 8 ML-thick island of 1.2 1m,?** confirming that a low
nucleation density is favorable for the crystallinity. However, no continuous films were reported as
it could be predicted from the previous section. This trade-off situation was perfectly illustrated
by the comparison of CVD and MBE techniques, the former leading to in-homogeneous coverage
and the latter suffering from low grain size. In the next section, however, a possible solution is
proposed based on the ability of MBE to grow layers with relatively good in-plane alignment
with the substrate lattice.

1.3.1.c In-plane alignment

TMDCs have a 3-fold symmetry, which means they are invariant by a rotation of 120°.
Two grains with the same orientation can be expected to coalesce whereas a grain boundary
will be inevitably formed otherwise. The most frequent situation is the specific case of two
grains rotated by 60° as depicted in Fig. 1.18 (a), also called mirrors twins, since both are
randomly formed on a hexagonal lattice. This issue is of significant importance since mirror twin
boundaries induce mid-gap states?® and metallic conductivity?*® in semiconducting TMDCs. In
addition, the properties that emerge from the lack of inversion symmetry in 1H monolayers or
3R polytypes, such as the spin and valley polarization, can only be revealed in crystals having a
single orientation.26!
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Figure 1.18: (a) Schematic of mirrors twins and the formation of a grain boundary after stitching,
reproduced from Ma et al.2%2, (b) Principle of the step-edge guided epitaxy, reproduced from Chubarov
et al.?%3.
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To avoid the grain boundaries, the choice of a substrate having the same symmetry as the
layer is a determining factor. Still, because of the weak vdW interaction, grown 2D layers usually
exhibit a large in-plane angular dispersion. A significant reduction of this residual misorientation
has been shown by an increase of the growth temperature and reduction of the growth rate.26
Similarly, a huge improvement toward the suppression of mirror twins has been reported by
increasing the temperature?®® and chalcogen over metal flux ratio in CVD,2%% and decreasing
the metal flux in MBE.??> Such conditions are expected to favor the thermodynamics over the
kinetics so that the most energetically stable configuration is predominantly formed. Apart from
the substrate symmetry, the presence of atomic steps also has a strong influence on the grain
alignment.?%¢ To avoid a random nucleation, a control of the step orientation and density may be
a necessity, as depicted in Fig. 1.18 (b).263 This can be achieved using substrates with a specific
miscut angle along a desired direction.2%” Note that the miscut breaks the rotational symmetry
of the substrate, which explains that single oriented WSes have been achieved indifferently on
(100), (110) and (111) Au terraces from a highly misoriented foil.25°

Besides, it has been shown that for Mo-dichalcogenides, the most stable form of mirror
twin boundaries is Mo-rich.2%® As a consequence, they are more likely to be formed in metal-rich
conditions. For instance, they have been shown to emerge from the migration of S vacancies after
an annealing at 700 °C?%° or from the absorption of excess Mo at 350 °C.27° Conversely, thanks
to the ability of the grain boundaries to migrate,2”! it could be possible to cure the inversion
domain boundaries during a post-growth annealing in a chalcogen-rich atmosphere.272:273

1.3.1.d Summary

In conclusion, the influence of the growth parameters in the aspects discussed above have
been compiled in Table 1.7.
Growth  Chalcogen/metal Post-growth

Temperature rate ratio annealing

Morphology Degrades - Improves Improves

Grain size Improves Degrades Improves Improves

In-plane orientation Improves Degrades Improves Improves
Stoichiometry /Faultlessness Degrades Degrades Improves (Depends)

Table 1.7: Influence of the growth parameters on different figures of merit of the vdW epitaxy.

As already evidenced earlier, the temperature usually leads to a trade-off situation between
an enhanced crystallinity and a degraded morphology because of the increase adatom mobility.
In addition to the grain boundaries resulting from an uncontrolled in-plane alignment and small
grain size, point defects may also be a concern. In MoSs, it has been determined that they were
mostly metal anti-sites (Mo replacing S) and S vacancies,?™* implying a correlation with poor
stoichometry. Therefore, an insufficient chalcogen supply and a too high temperature are ex-
pected to be detrimental, although the influence of the growth rate has also been highlighted.?>7
Finally, it seems that a high chalcogen pressure, a low growth rate and the use of a post growth
annealing are always beneficial, provided that the selenium supply is sufficient during the an-
nealing step. However, the substrate also plays an important role in all the processes that have
been discussed, and will be the subject of the next section.

1.3.2 Substrates for van der Waals epitaxy

Despite the van der Waals epitaxy is supposed to be independent of the lattice mismatch,
the different surface energies of 2D-substrates still influence the growth thermodynamics and
kinetics.?”® In addition, the vdW interaction is sufficient to align the layer with respect to the
substrate lattice.?”® A single crystalline substrate having the same symmetry as the layer is
therefore desired.
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1.3.2.a 2D-substrates

As theorized by Koma et al. in the 1980s, the vdW epitaxy requires a 2D substrate. However,
bulk 2D materials are rare, and apart from those synthesized by the CVT and flux methods,
the naturally occurring ones are graphite, MoS,2”” and micas. After the initial work of Koma
et al.?"® very few authors reported growths on TMDCs.244249:279 Even if the good alignment of
the two TMDCs layers has been remarked,?8? their use is hindered by the large defect density
they contain,?*” their relatively low thermal stability, and the small size of the available crystals.

Micas are comparatively more easily purchased as substrates. They form a family of layered
minerals having similar structures but different compositions. For instance, both muscovite mica
(KAl AlSizO10(OH)4)204:281.282 and fluorophlogopite mica (KMgzAlSi3O19F2)?83:284 have been
used. Their structure is actually monoclinic?®® but the cleavage planes are relatively close to a
hexagonal symmetry, as seen in Fig. 1.19 (a). Therefore, it has been possible to align a majority
of WSes domains below 1.25° of residual misorientation although few other orientations have
been identified at specific angles.26*

OK" <O e SiA3:1) ©OA °OH

Figure 1.19: (a) Crystal structure of muscovite mica with partial coverage of K* ions after cleavage,
reproduced from Arai et al.?®. (b) Crystal structure of graphene. The blue triangles illustrate the two
equivalent orientations of a triangular lattice on it. (c) Crystal structure of a hexagonal boron nitride
(hBN) monolayer. In this case, the two triangles are inequivalent.

Still, the most natural choice when looking for a good quality 2D material with high chemical
and thermal stability is graphene, whose structure is represented in Fig. 1.19 (b). The corre-
sponding bulk material is graphite, which can be produced in a more ordered form, although not
monocrystalline, denoted HOPG. It has been used by many groups, and monolayer flakes up to
600 nm have been grown by MBE on this substrate,?3 suggesting a very high adatom mobility
and low nucleation density. However, as a downside, the grains form predominantly along the
step edges making the uniform coverage difficult to achieve.?™ Finally, the metallic character is
an issue for the fabrication of most electronic devices, for which the layers have to be transferred
on an insulating substrate.

By contrast, hBN which has a similar layered hexagonal structure, is a large band gap
insulator?®” highly desirable for the encapsulation of electrical devices since it provides a charge
impurity-free environment.?®® It has also a very high chemical and thermal stability, and un-
like graphene, the presence of two different atoms in the hBN single layer reduce its symmetry
to 3-fold, making it a perfect choice for TMDC growth. Poh et al. and Pacuski et al. have
demonstrated 60° aligned MoSe; grains,?5%289 while Fu et al. and Zhang et al. have successfully
eliminated mirror twins at higher growth temperatures.??%:2%0 In these studies, exfoliated flakes
were used as a substrate, even if the growth of TMDCs on hBN prepared by CVD on SiC,?%!
Ir(111)%°2 and Ru(0001)?% has also been reported. This raises the question of the availability
of large-scale and high-quality hBN. This is why other substrates are still worth considering.
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1.3.2.b 3D-substrates

Since the early age of the vdW epitaxy, Koma et al. recognized that 3D materials could also
be suitable substrates, provided that they are sufficiently inert.'®> The example that was given
at this time is CaFg(111) for which few TMDC growths have now been reported.¢:294:295 The
F-terminated (111) faces not only have a lower surface energy,2?5297 but it also benefits from
a 3-fold symmetry inherited from the face centered cubic (FCC) structure. As shown in Fig.
1.20, even if the top layer of a (111) surface is a hexagonal arrangement of atoms, the atoms
underneath effectively break the mirror symmetry. The combined influence of the different layers
is much more likely to favor a unique grain alignment in the case a 3D substrate than it is in
graphite, the interlayer distance being much larger in the latter.

Figure 1.20: (a) Comparison of three surface orientations of a mono-atomic FCC structure, adapted
from Ibach et al.?°®. The blue triangles indicate different orientations of a TMDC lattice that would
have an equivalent interaction energy with the FCC surface. The thick borders highlight the directions
exhibiting high number of coincidences between the two lattices. The red triangle on the {111} surface
represents a mirror twin whose energy should differ from that of the blue one since this surface lacks a
mirror symmetry as shown by the side view below.

Also stable and more widespread materials, oxides have attracted a much larger interest,
especially for CVD and MOCVD because of their high temperature stability. The growth on
amorphous oxides seemed appealing for mass production, enabling for instance device staking,'?®
and easier exfoliation thanks to lower binding energies.2?? Particularly SiO, has been considered
because of its compatibility with standard Si substrates. However, El Kazzi et al. reported a
significant Mo and S diffusion through a native SiO5 oxide while this effect could be avoided
using ALD-deposited Al;Og instead. In addition, the layers grown on amorphous substrates
are randomly oriented, whereas comparing crystalline SiOs and a-Al;Og substrates Paul et al.
confirmed that MoS, grains with preferential orientation could only be grown on sapphire.2??
Some authors reported both 0 and 30 ° orientations on the Al,03(0001) surface!?13%0 while
other reports predominant 0° and 60°C corresponding to mirror twins.?’! This discrepancy may
be explained by different surface preparations since a 30° azimuthal rotation of the WSes lattice
has been obtained by changing the initial surface reconstruction.?*? In theory, the (1000) plane
has only a 3-fold symmetry which should favor the growth of oriented grains without mirror twins,
but the large unit-cell of sapphire contains two mirrored layers having the same termination in
opposite directions. Therefore, a careful preparation has been required to achieve step bunching
and expose only the lowest energy planes, and finally suppress the mirror twins.3%3

Owing to exceptional dielectric properties, including a high relative permittivity,3%* SrTiOs
is another commercially available oxide substrate that has been considered for TMDC growth.
It has a perovskite cubic structure, making the (111) surface favorable to single oriented do-
mains, as confirmed by the reduced number of misoriented grains compared to (100) and (110)
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surfaces.357307 Nevertheless, the (100) orientation has been used to induce strain in PtTey3%8

and promote the metastable phase of WSey,?%° which suggests a large interaction with this
substrate.

Apart from oxides, III-nitrides exhibit also a high temperature stability. They are not avail-
able as bulk substrates but the recent advances in the growth of AIN and GaN on Si,?19 Al,033!!
and SiC3'2 make them potential candidates. The group of Dimoulas studied selenides grown
on AIN on Si(111).18247:313 Although the absence of rotational domains was claimed,?'? the
wurtzite structure presents alternated layers in which the direction of the Al-N bond is rotated
by 180°, making it prone to mirror twin formation. In the case of MoSs grown on GaNN, the
layer appeared strongly bonded to the substrate but the epitaxy is still possible thanks to the
small lattice mismatch between these materials.222 However, the interaction with the substrate
has been suspected to favor the metastable 1T phase, which may not be desired.

At this stage, it is worth mentioning that silicon, despite a good thermal stability, is not
suitable since it is expected to react with both chalcogens and transition metals.314315 Recently,
direct synthesis on Si(111) has been investigated by the group of Singh et al.>'63!7 using a
chalcogen pre-growth wetting to prevent the formation of metal-Si bonds. However, the growth
and annealing temperature were limited to 550 °C. The same group compared different substrates
in CVD and showed that the Si surface exhibited the worst morphology, with few-layer islands
and an incomplete coverage.?%2

Metallic substrates have been strongly considered following the good results obtained for hBN
and graphene synthesis. Copper, for instance, is very soft at high temperature which helps the
grain stitching for perfect coalescence.?'® However, the graphene synthesis is in this case highly
simplified by a catalytic effect which enables the growth of exactly one ML.3'% By contrast, a lower
temperature must be used for TMDC synthesis and the reactivity of most metals with chalcogens
limits essentially the choice of substrate to Au.32? Although more recent studies have focused
on the step-edge guided epitaxy to suppress the mirror twins,?’¢ Bana et al. successfully grew
a single oriented MoSy on Au(111) regardless of the substrate atomic steps,26! demonstrating
the potential of this substrate for growing high quality TMDCs. Still, this technique is difficult
to scale since it requires both the preparation of a large-area single-crystalline gold surface, and
the possibility to transfer the layer since a metallic substrate is usually not desired.26¢

Finally, despite of the large diversity of 3D crystals, no ideal candidate has been identified
for large scale TMDC growth.

1.3.2.c Surface passivation of 3D substrates

One possibility to extend the list of suitable substrates is to address the issues of the dangling
bonds through surface passivation techniques. A typical example is the well-known preparation
of bilayer graphene on SiC,??! providing a single crystalline 2D surface at wafer scale. Despite
the popularity of this method, this case will not be discussed as it is not different from HOPG
and because graphene is metallic.

Instead, it would be more appealing to search for semiconducting substrates, for which the
possibility of doping provides an extra versatility. Interestingly, the chalcogen atoms are known
to reduce the density of deep surface traps on III-V semiconductors,??? suggesting an efficient
suppression of dangling bonds and a preservation of their semiconducting character. These
materials appear thus highly compatible with the growth of TMDCs. Hence, it is not surprising
that GaAs, as the most widespread of them, has been already used for vdW epitaxy since
1990.28! Note that in this early study, the sulfur-termination of the surface was obtained through
a chemical treatment with (HN4)2So before the NbSe; and MoSe; growth, whereas the more
recent studies shows that it could be prepared in the MBE chamber through an annealing under
a low pressure of the desired chalcogen.??? Still, the substrate needs to be deoxidized and the
growth of a GaAs buffer layer may be useful to obtain a smooth surface.3”
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The structure of GaAs is presented in Fig. 1.21 (a). It is worth noting that the [111]
and [111] directions are not equivalent in a zinc-blende structure composed of two different
atoms. The Ga-terminated surface is denoted GaAs(111)A while GaAs(111)B designates the
As-terminated surface. In their pioneering work, Ueno et al. did not notice any difference
between (111)A and (111)B orientations, and the following studies have been mainly restricted
to the (111)B.224:237:256 Nevertheless, Ohtake et al. studied the influence of the GaAs substrate
orientation on the growth of MoS,.3?* Surprisingly, the layer had a preferential orientation on
(100), (110) and (111)B surfaces despite the different symmetries. This was explained by
the presence of a 2 x 1 reconstruction on the (100) surface and the fact that the layer always
aligned along the direction with the highest atomic density, regardless of the lattice mismatch.
Still, the film grown on the (11 1)B surface exhibited the smoothest morphology. Comparing the
(111)A and (111)B substrate orientations, larger MoS, grains have been observed on the latter,
suggesting an enhanced surface diffusion on GaAs(111)B.3?® Finally, Ohtake et al. established
that the electronic passivation of this surface could be achieved if 3/4 of the top As atoms are
replaced with Se atoms, as represented in Fig. 1.21 (b),?? contrasting with a previous work
which determined a full substitution of the top As atoms by Se, and the presence of extra Se
atoms in the deeper As layers.?27
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Figure 1.21: (a) GaAs structure and side vew of the (111)A and (111)B surfaces, adapted from Bakulin
et al.3*®. (b) Model for the Se-terminated GaAs(111)B surface proposed by Ohtake et al., reproduced
from Ohtake et al.3?°. (c) Model for the GaSe-terminated Si, reproduced from Ohtake et al.>%°.

Concerning other III-V compounds, the literature on the chalcogen passivation of (111)B
surfaces is scarce. The sulfur passivation of InAs®3** and GaP?3! were reported, whereas for
InP, it has been shown to convert rapidly into few layer In,Ses under selenium pressure at
500 °C.332 By contrast, Se-terminated GaP is expected to have a better thermal stability, owing
to a sublimation temperature 50 °C higher than GaAs,33334 and has recently shown encouraging
results for WSe, growth.?3% In addition, GaP has a small lattice mismatch with Si which opens
a possibility for TMDCs integration on Si. However, the few attempts of GaP heteroepitaxy
on Si(111) have so far been unpromising33%:337 as the difference of polarity induces anti-phase
domains.338

A more straightforward approach has been explored toward the integration of TMDC on
Si. It is well known that gallium selenide, another 2D-material, can be grown directly on Si.?5!
Interestingly, thanks to very close lattice parameters, half a monolayer of GaSe forms at the
surface of the bulk Si substrate.?3® This substrate termination, represented in Fig. 1.21 (c),
provides a large surface band gap?*® and an efficient chemical passivation.?*! In addition, the
absence of rotational domains for GaSe half layer prepared at sufficiently high temperature342:343
makes it promising for the growth of single oriented TMDCs. Ohtake et al. compared bare
Si(111), As-terminated Si(111) and GaSe-terminated Si(111) for the growth of MoSez, and
confirmed that Mo reacts with Si in the first two cases, demonstrating that As does not provide
a sufficient barrier to prevent MoSiy formation, whereas the GaSe passivation was effective since
only Mo-Se bonds were detected.?2? Nevertheless, the use of a too high Se pressure during the
growth results in a surface roughening attributed to the formation of GasSes, and the apparition
of Mo-Si bonds, consistent with the degradation of the GaSe-surface termination.
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Conclusion

In the first section, a survey of the properties and applications of TMDCs has pinpointed
HfSe, as a promising semiconducting material for electronic applications. Among metallic com-
pounds, TaSe; not only appeared interesting as a potential contact, in the H-polytypes, but also
as a room temperature Mott insulator, in the 1T phase.

However, the practical applications for these materials are currently hindered by the lack of
scalable elaboration technique. MBE is suggested as a possible candidate, but a good crystallinity
is difficult to achieve along with a uniform thickness coverage in vdW epitaxy.

Nevertheless, the recent studies highlight that more importantly than an enhanced surface
diffusion, the key to improve the crystallinity could be a good alignment of the layer with respect
to the substrate. A high growth temperature, low growth rate and sufficient Se supply seem to
be the suitable conditions to achieve this. The substrate is also believed to play a major role
and, in this perspective, the GaP(111)B surface seems promising, owing to its 3-fold symmetry,
possible passivation by Se atoms and relatively high thermal stability. Still, because the use a
cheap and widespread substrate is always a key for the adoption of any technology at larger
scale, the Si(111) is also worth considering, but requires a passivation layer.
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Chapter

Experimental techniques

2.1 Molecular Beam epitaxy

2.1.1 System overview

The MBE cluster at IEMN is composed of two growth chambers, dedicated to III-V and
selenides compounds, respectively, and an analysis chamber equipped with low energy electron
diffraction (LEED), X-ray photoelectron spectroscopy (XPS) and ultra-violet photoelectron spec-
troscopy (UPS). They are connected by a tube divided in different sections maintained under
ultra-high vacuum (UHV). At both ends, introduction chambers are used to load and unload
samples on a carrier.

Introduction Introduction
Chamber Chamber
L

Ll

Outgassing
Chamber
TMDC
reactor

Figure 2.1: Overview of the MBE cluster at IEMN.

2.1.2 Sample introduction

GaP and GaAs substrates

GaP(111)B and GaAs(111)B substrates were purchased from Ensemble8 sp. z o.0. and
AXT Inc. respectively. They are cleaved into small pieces and glued with indium on 3" Si
wafers. In some cases, two pieces of substrates with different doping are glued on the same Si
wafer. After introduction in the system, they are first outgassed 12 h at 100 °C under secondary
vacuum and then 1-2 h at 200 °C under UHV.

Si substrates

One-side polished 3" Si(111) wafers are first cleaned under a Os plasma of 100 W for
2 min, deoxidized for 2 min in a 1 % HF solution, rinsed in deionized water, dried under N5 and
finally introduced under vacuum less than 10 min after deoxidation. In this case, the wafers are
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directly transferred under UHV when the pressure reaches the 10~ Torr range in the introduction
chamber and then outgassed 1-2 h at 200 °C.

2.1.3 III-V deoxidation and homoepitaxy

The III-V substrates are first deoxidized in a Riber C21 reactor. It contains cells for various
elements, including an effusion cell for Ga and a valve cracker cell for As, a high temperature
gas injector for phosphine (PHj3) and a radio-frequency hydrogen plasma cell. The PHj flux is
controlled by a mass-flowmeter up to 10 sccm. The molecules are then cracked at 850 °C in the
high temperature gas injector to produce mostly highly reactive P5. The plasma cell enables the
production of reactive H radicals from a 3 sccm Hy flux containing 2 % of Ar at 600 W. For
GaP and GaAs regrowth, the Ga flux is calibrated from the period of the reflection high energy
electron diffraction (RHEED) oscillations®** in a layer-by-layer growth mode during GaAs(001)
homoepitaxy. The equivalent As flux is determined by slowly decreasing the valve aperture until
the 2 x4 GaAs(00 1) surface reconstruction turns to a 4 x 2 one, indicating a change from As-rich
to Ga-rich conditions. The deoxidation and growth precedures are detailed in Section 3.1.

2.1.4 Surface passivation and TMDC growth

The surface termination of III-V and Si substrates as well as the growth of TMDC are
performed in a reactor from Vinci Technologies represented in Fig. 2.2. It is equipped with an
electron-beam evaporator for transition metals, In, Ga and Se effusion cells, a Se valve cracker
cell and a H-plasma cell. A cryopanel filled with liquid nitrogen, an ionic pump and cryogenic
pump enable to achieve a base pressure below 5 x 10710 Torr.
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cooling l T

Sample g
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fluorescent - gun
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Figure 2.2: Growth chamber dedicated to TMDCs.

Transition metals are evaporated from elemental sources using a Telemark 575 electron gun
operating a 10 kV. The Hf and Ta flux are measured using quartz microbalances. One is posi-
tioned below the sample holder to adjust the flux before the growth. The second is closer to the
crucible and is used during the growth to monitor a possible drift of the evaporation rate. A
metal deposition rate of 0.001-0.002 A/s is targeted, leading to TMDC growth rates of 0.004-
0.007 A/s (i. e. 2-4 ML/h), except for thick and high growth rate HfSe, samples for which
TMDC growth rates in the 0.040-0.050 A/ s range are employed.

Regarding selenium, only the Riber VCOR 110 valve cracker cell was used throughout this
work with an evaporator temperature regulated at 190 °C and a cracking zone set at 425 °C
to avoid Se deposition on the valve. These temperatures are lowered down to 136 and 325 °C
respectively for experiments at low Se flux. The selenium to metal atomic ratios are deduced
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from the growth rates measured using the quartz microbalance below the sample holder. In
addition, a beam equivalent pressure, reported as "Se flux", is measured using a Bayart-Alpert
ion gauge. For GaSe-terminated Si surface preparation, Ga is evaporated from a standard effusion
cell operating typically at 880 °C to get a flux of circa 0.15 A/ S.

The substrate temperature is measured using a thermocouple placed behind the sample, and
for temperatures greater than 350 °C, using a pyrometer working at a wavelength of 2.2 pm
and calibrated against the InSb melting point at 525 °C. The difference between both methods
is typically 25 °C or less, but the reported values are systematically those from the pyrometer
when it can be measured. Note that for Si substrate, only the thermocouple values are considered
because of the transparency of the substrate at the pyrometer wavelength. For GaP substrates,
the In at the backside enables the measurement.

If not specified, the standard annealing duration, either for Se-passivation or post-growth
annealing of the layers, is 3 min. During the experiments, heating and cooling rates are 25 °C/min
for Si substrates and 20 °C/min for GaP and GaAs to avoid temperature overshoot. For the
final cooling, the heating is turned off and the temperature decreases quicker than 100 °C/min.
The layers are always exposed to Se during annealing. The Se flux is turned on when the sample
reaches 250 °C when heated and turned off at 450 °C when cooled to avoid Se deposition.

2.1.5 Mask for in-situ patterning

For the growth of patterned layers and localized metallic contacts in the MBE chamber, a
physical mask was designed and is presented in Fig. 2.3 (a). The motifs were laser-cut by Flavie
Braud in a Ta shutter to ensure a sufficient mechanical resistance at high temperature. Then it
was attached to a translator arm in the chamber so that it can be placed at a desired position
under the sample, as in Fig. 2.3 (b), or completely retracted. The distance between the mask
and the sample is about 3 cm to let the Se beam reach the sample from the left side, which
was also cut for this purpose. This however causes a small broadening of the patterns, first
because of the enlargement of the projected shadow with distance, and second because of the
non-negligible spatial extent of the metal source. The crucibles being 45 cm below the sample,
these would result in a broadening of circa 7 % of the motif plus 7 % of the few millimeters
electron gun sweeping span over the source. For this reason, only millimeter scale motifs have
been considered. The mask design with the expected dimensions is provided in Appendix A.

Sample holder
3cm

L R R}

¢ ¢ ¢ o Se valve
’ 42 cm  cracker cell

e-beam evaporator

Figure 2.3: (a) Picture of the mask. (b) Usage of the mask in the MBE chamber. The light coming
from the electron beam evaporator reveals the shadow of the mask on the sample during the growth.
(¢) Schematic of the mask and source disposition in the chamber.

This mask is also intended to be multipurpose. Hence, it contains squares, diamonds, circles,
and lines so that various structures can be formed by only uniaxial translations of the mask,
including Hall squares and staggered vertical heterostructures.
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2.1.6 Selenium capping

For ex-situ measurements, including STM, X-ray diffraction (XRD) and Raman spectroscopy,
the samples are capped with a 20 to 50 nm-thick amorphous selenium layer to protect them from
oxidation. For this, the substrate temperature is maintained below 20 °C while selenium is de-
posited at a rate of 0.5 to 2 A /s. The effective deposition of Se is confirmed by the disappearance
of the RHEED pattern in a few seconds, after which the latter is turned off to avoid adventitious
heating.

For the debonding of the GaP substrate from the Si wafer, a hot plate is first stabilized at
170 °C. The sample is placed on it and the GaP substrate is lifted using a scalpel in less than
30 s to avoid Se evaporation. A color change usually occurs in few seconds and is attributed to
the crystallization of the Se capping, which does not necessarily make it less protective.343

2.2 Photoelectron spectroscopy techniques

2.2.1 Electron photoemission

Photoemission spectroscopy consists in the measurement of the kinetic energy Fyinetic Of
photoemitted electrons upon excitation by photons of energy hv in order to deduce their binding
energy Fhinding in the material. Based on the schematic in Fig. 2.4, the relation between these
two energies is346

Ebinding =hv — Ekinetic - (I)spec (21)

where h is the Plank constant, v is the photon frequency and ®g,e. is the spectrometer work
function. The photon energy required for the measurement of core levels (CLs) corresponds to
X-rays (XPS) while ultraviolet (UV) radiation is preferred for valence levels (UPS).

T VW
E Ekinetic
hv
¢spec
El_' ==
oy, %
CLs —

Figure 2.4: Energy diagram of a photoemitted electron collected by the analyzer.

2.2.2 Instrument

XPS and UPS experiments are performed in a chamber with a base pressure of 2 x 10710 Torr
equipped with a Physical Electronics PHI 5600 instrument represented in Fig. 2.5. For XPS
experiments, an Al anode emits Ka X-rays having an energy of 1487.6 eV. The monochromator
filters the other wavelengths and reduce the linewidth so that a full width at half maximum
(FWHM) of 0.5 eV is achieved on the Ag 3d core level. The angle between the Al X-ray source
and the analyzer is 90°. Electrons are collected within a 14° acceptance angle.

The measurement of the electron kinetic energy is achieved by a hemispherical analyzer.
Electrons are deflected by the electric field between the inner and outer sphere, and the detector
collects only electrons having a kinetic energy between Epass — AE/2 and Epass + AE /2, where
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Figure 2.5: Schematic of the XPS instrument, adapted from Stevie et al.345.

AFE is the resolution and Elp.gs is the pass energy. To ensure a constant energy resolution over
the spectrum, all electrons are measured using the same pass energy Epaes. For this, the kinetic
energy of the photoemitted electrons is adjusted using retarding electronic lenses, so that a scan
over the different retard energies enables the reconstruction of the energy spectrum.

For the acquisition of the whole spectrum, the pass energy and energy step are 58.7 eV and
0.5 eV. To improve the resolution in small scans, they are reduced to 11.8 eV and 0.05 €V,
respectively.

2.2.3 Core level spectra analysis

The binding energy of the core electrons is not only a characteristic of the emitting element,
but is also slightly modified by the chemical environment of the atom. Hence it provides valuable
information on the covalent bonds present in a compound through the general rule that the more
an atom is bonded to electronegative atoms, the larger the binding energy.

Because a given atom can be found in several nonequivalent chemical environments, the core
level spectra have been decomposed using the PHI MultiPak 9.9.3 software. For this, a Shirley
background?” is first subtracted. Except for s CLs, each chemical environment is expected to
produce a doublet because of the spin orbit coupling. For this reason, they are fitted using two
peaks of equal width for which the branching ratio and the energy separation are fixed to the
values in Table 2.1. Each peak is a pseudo-Voigt function made of a sum of a Lorenzian and a
Gaussian, for which the Gaussian proportion is at least 80 %.

Core level Area ratio Spin orbit coupling (eV)

Si 2p 1:0.5 0.61
P 2p 1:0.5 0.86
Ga 3d 1:0.67 0.44
As 3d 1:0.67 0.69
Se 3d 1:0.67 0.86
Hf 4f 1:0.75 1.67
Ta 4f 1:0.75 1.92

Table 2.1: Doublet branching ratio and energy separation for core level decomposition in XPS.348319
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In TaSe;, the metallicity of the compound causes an asymmetry of the core levels which
is better described by Doniach-Sunjic functions.?*® Even though it has a theoretical basis, it
corresponds to a deformation of a Lorentzian line shape so it should be convoluted to a Gaussian
peak to take into account the experimental broadening of the system. In addition, the Doniach-
Sunjic function has an infinite area due to the tail. Doniach-Sunjic-Shirley (DSS) line shapes,®!
implemented in the Casa XPS software,?*2 solution this issue by introducing an energy cut-off.

Doped substrates are used to avoid surface charging effects upon photoelectron emission.
Still, in the presence of a band bending at the surface of a semiconductor, surface photovoltage
is expected to occur because the photogenerated carriers are separated by the electric field. In
this case, the surface typically charges negatively on p-doped substrates, and positively on n-
doped substrates, reducing the effective band bending and shifting the whole energy spectra, as
represented in Fig. 2.6.353 In the case of TaSey, which is expected to be metallic, or semicon-
ducting with a band gap inferior to the instrument resolution,?? a photovoltage ranging between
+0.2 and —0.2 eV is measured through the position of the Fermi level cut-off and is compen-
sated in the presented spectra. This effect cannot be corrected in semiconducting samples but
it is shown to reach a similar magnitude through the comparison of HfSes layers grown on GaP
substrates of different doping types.
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Figure 2.6: Illustration of surface photovoltage in a metal deposited on an n-type semiconductor.

2.2.4 Quantitative analysis

To compare the intensities originating from different atoms or electronic shells in XPS, an
appropriate normalization by sensitivity factors is required. For this, the configuration repre-
sented in Fig. 2.7 (a) is considered, where ~ is the angle between the source and the analyzer
and @ is the take-off angle with respect to the surface plane. Then, the contribution of a layer of
thickness dz at depth z to the XPS intensity dIx of a core level from a chemical element X is

—Z

dIx(z) = Nx(z) -T(Ex) - A(0) - AQ - ®(0) - ox(v) - exp (x\(EX)s1n€> dz (2.2)

where Ny is the concentration of the atom X, T is the analyzer transmission and detection
efficiency for electrons of energy Ex, A is the probed area, A{ is the solid angle acceptance of
the analyzer, ® is the photon flux, A is the inelastic mean free path, and

ox(y) =o0x (1 - %X (3(cosy)? — 1)) =0y (1 + ﬁj) (2.3)

where ox is the subshell photoionization cross-section and fx is the asymmetry parameter,
respectively, for a given subshell of atom X. The simplification of the expression of ox comes
from v = 90° in the setup. The inelastic mean free path A is the average distance an electron
travels in material before experiencing an inelastic collision.®** As illustrated in Fig. 2.7 (b), it
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is a reasonable approximation of the characteristic length of the exponential decay of the XPS
signal with depth. In theory, elastic collisions should also be taken into account, leading to the
effective attenuation length,3%® but its calculation is more complex since elastically scattered
electrons can still contribute the CL intensity whereas the inelastically scattered ones would
irremediably be lost in the background if collected.
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Figure 2.7: (a) Geometry of the photoemission experiments. (b) Interpretation of the electron inelastic
mean free path and attenuation length, through three examples of scattering paths for photoelelectrons
emitted at a depth z.

Considering a bulk material for which Nx is constant in space, the integration of equation
2.2 gives the reference intensity for element X in a bulk material

= /OOO dIx(2) = Nx - T(Ex) - A(8) - AQ - ®(8) - ox (1 + ﬂf) ABx)sing.  (2.4)

Now, considering two different chemical elements X and Y in a bulk compound, the ratio of
their core level intensity measured at the same take off angle becomes

Ip Nxoox (14 82 ) AEx)
¥ Ny-oy (1+2) MEy)

(2.5)

Among the remaining factors, cx and Sx have been calculated in the literature and are
reproduced in Table 2.2 for the core levels of interest. The inelastic mean free path has been
calculated thanks to the NIST database.?®® For Si, the data from Tanuma et al. have been
used,3%” while for other compounds it is derived from the TPP-2M equation®®® and the input
parameters in Table 2.3. The results are presented in Table 2.4. It can be observed that electrons
with smaller kinetic energy escape less easily from a given material. Similarly, dense materials
with smaller band gap seems to attenuate more the signal.

Core level Photoionization cross-section Asymmetry parameter Kinetic energy (eV)

Si 2p 0.817 1.01 1386.9
P 2p 1.192 1.09 1357
Ga 3d 1.085 1.004 1467
As 3d 1.821 1.052 1445
Se 3d 2.294 1.076 1433
Hf 4f 7.52 1.046 1468.2
Ta 4f 8.62 1.044 1463

Table 2.2: Photoionization cross sections are from Scofield et al.?*°, Asymmetry parameter are from
linearly interpolated from Reilman et al.3%0.
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Material Band gap (eV) Density (kg.dm~3) Number of valence electrons

GaSe 2.0361 5.07 9
GaP 2.24 4.138 8
GaAs 1.424 5.318 8
HifSe, 1.1 7.467 16
TaSeq 0 8.647 17

Table 2.3: Material properties for inelastic mean free path calculation.

Core levels Si2p P2p Ga3d As3d Se3d Hf4f Tadf
Xsi(Ex) (A) 31.66 -

Acase(Ex) (A) 2982 - 31.16 - 30.21 - -
Aaap(Ex) (A) - 28.57  30.38 - - - -
Acaas(Ex) (A) - - 30.19 29.83 - - -
Amfse, (Ex) (A) 2639 2595 27.57 27.25 27.07 27.59 275
Mase, (Ex) (A) - 2397 2546 2516 25 2547 25.40

Table 2.4: Inelastic mean free paths calculated using the NIST database.>*°

Finally, the composition of a compound can be experimentally determined from the experi-
mental intensities I'x and Iy through the reverse equation

Ne  Ixeov (145 ) AEY)

Ny Iyoy (1+ BTX) AEy)

(2.6)

provided that the thickness ¢ of the compound is large compared to the inelastic mean free path
A(Ex) and A(Ey). For this reason, the compositions will be calculated from measurements at an
emission angle § = 25° so that the probed depth is reduced as a consequence of the sin 6 factor
in Equation 2.2.

2.2.5 Thickness determination

2.2.5.a Equivalent homogeneous thickness model

In case of a film whose thickness is not large compared to the inelastic mean free path,
the quantitative analysis enables the thickness to be determined by comparing the XPS signal
from an atom in the film and another in the substrate. For this, the general Equation 2.2 is
now integrated over the ranges [0, t] and [t, +oo[ respectively, where ¢ is the thickness to be

estimated, which gives362
t
0
=Nx -T-A-AQ-®-0x 1+ﬂ7X “Am(Fx)sind |1 — exp .t
4 )\ﬁ]m(Ex) sin 6
and

I8 () = OodIX(z)

By ) —t
Ny T-A-AQ-® -0y [14+22)  Aaune(Ey)s S —
v Uy( + 4) Asubs y)blﬂ@@(p()\ﬁlm(Ey)Smg)
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Finally, the ratio of the two signals becomes

m Nxox (1 + ﬂ%) Aim(Ex) 1 —exp (m)

subs (29)
Iy Ny oy (1 + B%) Asubs(Ey)  exp (Wj)sm@)

If the composition of the two materials is known, ¢ remains as the single unknown and the
latter equation can be numerically solved to estimate the thickness. This could be done for any
couple of an atom from the substrate and another from the layer, but because the metal atoms are
expected to diffuse less, only Ta, Hf, Ga and Si have been considered for thickness determination.
Similarly, this can be done at various emission angles # and the thickness presented in this
manuscript are usually a mean of the estimations made at 25, 45 and 75° to average possible
photodiffraction effects.

Finally, a relatively good accordance observed between the thickness estimated through this
method and the number of MLs revealed on scanning transmission electron microscopy (STEM)
images, when available, confirms that the thickness uncertainty is below 1 ML for samples up to
5 ML-thick. Above this thickness, the signal from the substrate is too low for precise determina-
tion. For samples less than 1 ML-thick, the thickness estimation is usually lower than the surface
coverage observed on atomic force microscopy (AFM) images, requiring a slight modification of
the model as discussed next. Still, the method correctly reveals the thickness variations between
samples, and thus can be used to compare different ones and gauge the real thickness by analogy
to reference samples for which the thickness is known from other methods.

2.2.5.b Incomplete monolayer model

In the model presented above, the calculated thickness corresponds to the thickness of an
hypothetical homogeneous film that would lead to the same atomic X /Y ratio. This calculated
thickness can take any positive value, whereas in reality, the number of monolayers at a given
position must be an integer, and for this reason the thickness is unlikely to be homogeneous
over the sample. In general, the calculated thickness will be interpreted as the average thickness
of film, but this is only an approximation since the XPS intensity attenuation is not linear
with overlayer thickness. This becomes non negligible when the film contains large thickness
variations, or when the number of layers is very small.

In the case of a film containing only 1 or 0 ML areas, the model is adapted to calculate
the coverage o (which rigorously corresponds to the average thickness in ML), by solving the
equation

—t
g [~ e (et |

— X 2.10)
subs s} _ (
I I (1—a)+aexp (7Amm(]§§3m9)
instead where ty1, is the thickness of one monolayer of the considered material, and
oo BX 0o ﬂY
IX = Nxox 1+T /\ﬁlm(Ex), IY = Nyoy 1+T )\ﬁlm(Ey). (2.11)

The difference between the coverage (Eq. 2.10) and the equivalent homogeneous thickness
(Eq. 2.9) is shown in Fig. 2.8 (b) by plotting one as function of the other and considering
the average of the 3 angles used in this manuscript. It is clear that the equivalent thickness
underestimates the coverage. For instance, the difference represents 6 % of absolute coverage at
50 % of TaSe, monolayer coverage on GaP, meaning that without this correction, the thickness
would be estimated at 0.44 ML instead of 0.50 ML. This model will be used for every sample
having a thickness below 1 ML, whereas no correction is considered for thicker films since this
effect will become negligible as long as the morphology is not too degraded.
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Figure 2.8: (a) Schematic representation of the coverage and the equivalent homogeneous thickness.
(b) Estimation of the correction achieved using the incomplete monolayer model (dashed line) instead
of the equivalent homogeneous thickness (red line) for a TaSes monolayer on GaP.

2.2.5.c Three-layer model

In case of an heterostructure consisting of two thin films on a substrate, the thickness of
both can be deduced from two coupled equations using the same method as for the equivalent
homogeneous thickness model.

The intensity ratio between atoms X and Y respectively from the top and bottom layers is

Jtop I 1 —exp (%)
pe _ Iz top (Ex) sin
Ibottom B3 —ttop —thott
% _ —teop _ — —tbottom
Y exp Atop (Ey ) sin @ 1 €xp Abottom (Ey ) sin 6

while the intensity ratio between the atoms Y in the bottom layer and Z in the substrate gives

(2.12)

bottom 00 exp _ —lop 1 —exp — —thottom
IY . IY Atop (Ey) sin 0 Abottom (Ey ) sin 0

Isubs oo —ttop —lhott —tsub
VA _ ottom _ subs
d exp Atop (Ez)sin @ CXP \ Xoovom (Ez)sin0 1 —exp Asubs(Ez) sin 0

(2.13)

This set of equations rapidly converge toward a unique solution for t¢,p and tpottom, meaning that
it is possible to measure the thickness of an heterostructure without intermediate measurement
of the first deposited layer.

Nevertheless, since the signal from the substrate may become very weak after the growth of
the top layer, the measurement of the bottom layer thickness tpottom in HfSeo/TaSes/GaP and
TaSes /HfSe;/GaP heterostrutures in Chapter 4 have been performed before growth of the top
layer. Then, the thickness of the top layer ti,, has been determined through Equation 2.12 only
and assuming that the bottom layer thickness does not vary afterward.

Inversely, in the case of HfSes/GaSe/Si heterostructures, the signal from the half-monolayer
GaSe is not reliable after HfSe; growth and the ratio between the atom X from the top layer
(i.e. Hf) is compared to the atoms Z from the substrate instead (i.e. Si) using

—tio

I})(ottom Iy 1 —exp (m)

ISUbS a I . —ttop —tbottom _ —tsubs
z Z  exp Aop(Ez) sin 0 EXP \ Xootiom (Ez) sin 0 1 —exp Asubs (Ez) sin 0

(2.14)

In this particular case, the thickness tpottom is assumed to be 0.5 ML GaSe.
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2.2.6 X-ray photoelectron diffraction

Photoemitted electrons are easily scattered by neighboring atoms and according to the cal-
culation reproduced in Fig. 2.9, this scattering is not isotropic. For this reason, the samples are
normally aligned parallel to one of the cleavage planes and the acceptance angle of the analyzer
is fixed at its higher value (14°) to improve the reproducibility of the quantitative analysis.
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Figure 2.9: Calculated scattering by a Se atom.3¢3

However, it is also possible to study the evolution of a core level signal as function of the
emission angle to determine the position of neighboring atoms relatively to the emitting ones.
This usually requires simulations to interpret the X-ray photoelectron diffraction (XPD) pattern
when multiple scattering occurs, but for atomically thin layers and electrons having a sufficiently
high kinetic energy, for which the forward scattering dominates, it is possible to consider a single
scattering event.

For this, the setup was slightly modified to favor the angular resolution over the spatial reso-
lution, and the signal intensity over the energy resolution. First, a Mg anode for which the overall
transmission is less sensitive to the emission angle was used. It produces non-monochromatic X-
rays with a main emission line Ko at 1253.6 €V. The pass energy and energy step were increased
to 46.95 eV and 0.4 eV respectively, while the analyzer acceptance angle was reduced to 4°. The
signal intensity was measured as the area of the peaks above a Shirley background.

2.2.7 Ultraviolet photoelectron spectroscopy

For valence band measurement, UV photons are produced from a He plasma with main
emission lines at hv = 21.2 eV for Hel and hy = 40.8 €V for Hell, whose ratio can be tuned
by adjusting the pressure and power of the plasma. They are particularly narrow, and also
intense concerning Hel, which allows a low pass energy for the analyzer (Epass = 2.95 €V) to
be used, leading to an improved energy resolution with respect to the X-ray sources. Another
characteristic of UPS is the extreme surface sensitivity, because the very low kinetic energy of
the photoemitted electrons results in a short attenuation length. This low kinetic energy of the
photoemitted electrons also implies a limitation in the wave number k of the electrons that can
be measured, as the energy of the free electron is expressed as

h2k?
2m

Ekinetic = (215)
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where £ is the reduced Planck constant and m its mass. Deducing the kinetic energy from the
photoemission Equation 2.1, this gives the following expression for the wave number

k= \/Qm(hll - Ebinding - (I)spec)
= n .

(2.16)

Then, the electron wave vector is decomposed as k=k + EH where I;:'H denotes the component
parallel to the sample surface. The maximum k; that can be analyzed is limited by the half
acceptance angle «

ky = ksina. (2.17)

Finally, TMDCs typically have an in-plane lattice parameter around 3.5 A, which corresponds
to a periodicity of reciprocal space of 2.1 A~!. Hence, for a = 7°, it appears that only a small
proportion of the Brillouin zone is probed in UPS since kjmax = 0.26 A-t using Hel whereas in
XPS kjmax = 2.40 A~ is sufficient to cover an entire period of the reciprocal space as illustrated
in Fig. 2.10. In this work, the valence band is measured in UPS normal to the surface (6 = 0°),
i.e. around T'.

(a) (b)

k//max (XPS)

Direct space Reciprocal space

Figure 2.10: (a) Schematic a TMDC lattice in the direct space. (b) Corresponding reciprocal space
lattice and Brillouin zone. The circles illustrate the shows the regions probed using UPS (hv = 21.2 eV)
and XPS (hv = 1487.6 ¢V) at scale for TaSes (a = 3.44 A).

Besides that, UPS is used for work function determination. In this case, a bias V = -3 V
is applied to the sample so that the photomitted electrons are guaranteed to reach the detector
regardless of the work function difference. The maximum binding energy of the photoelectrons
is therefore limited at the emission by the sample work function hence

Elrorilg)éing =hv — (I)sample- (218)

However, because of the polarization V', it will reach the detector with the energy

Eiinetic = hv — Efiiing — Pspec — €V = hv — BpIoient — &, (2.19)
where EEande;;egnt is the apparent binding energy, deduced from Equation 2.1, for the low energy

electron cutoff. By combining Equations 2.18 and 2.19, the sample work function can be deduced
from

(I)sample =hv — Egﬁifi;egnt +eV. (220)
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2.3 Raman spectroscopy

Raman spectroscopy is a convenient characterization technique for 2D materials. It consists
in the measurement of wavelength shifts caused by the inelastic scattering of light by phonons,
the vibrations of the atomic lattice. It notably enables the phases to be identified, the presence
or absence of certain modes being related to the material symmetries.?®* The main active Raman
modes for 1T and 2H phases are schematized in Fig. 2.11 (a) and the experimental shifts observed
in the literature for TaSes and HfSe; are reported in Table 2.5. This technique also provides
an indication of the crystalline quality through the width of the Raman peaks, and can be used
for thickness determination based on peak intensity ratios®® or previously reported frequency

shifts.366
Material Mode Raman shift (cm™1)
E, 14667
1T-HifSe, AL T aq8T
E5, 208-21020%:369
2H-TaSe, Alg 231-236368,369
E, 177369
1T-TaSes A, 185-187309.370

CDW-related ~ 60-100240:370 154369

Table 2.5: Main active Raman modes observed in HfSes and TaSez. Note that peak positions for 1T-
TaSe; are still debated.®™*

Hf/Ta ® 00 o
© 000 O O
-
Se -0 . 4
- I\ o ®
«» ® Eg + A1g
«0 1

Figure 2.11: (a) Schematic of the main Raman modes in TMDCs, adapted from Cruz et al.3".

The experiments were done at IEMN by Dominique Vignaud, Flavie Braud and Chiara
Crivello using a Horiba Scientific LabRAM HR instrument with a laser wavelength of 473.1 nm,
a power of 10 mW and a beam size of about 1 pm? using a x 100 objective. A diffraction grating
of 1800 gr/mm was used to achieve an energy resolution of 0.5 cm™!. Because the laser rapidly
degrades the layers, attenuation filters are added to reduce the power to 1 mW. In this case,
an acquisition of 4 s is preferentially chosen to avoid saturation of the substrate peak on the
detector, and then are repeated between 2 and 50 times to average the spectra. The spectra are
always compared with the one measured on the bare substrate in similar conditions, the later
presenting minor peaks in the region of interest.
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2.4 Diffraction techniques

Diffraction techniques enable the structure of the materials to be probed thanks to the reflec-
tion of a wave on the atomic planes. The condition for constructive interference in Fig. 2.12 (a)
is expressed as the Bragg’s law3"3

nA = 2dp,; sin 0 (2.21)

where A is the wavelength, dpx; is the distance between (hk1) planes, 6 is the incidence angle
and n is an integer. In this case, n = 1 since we will only consider first order diffraction. An
equivalent formulation is the Laue condition

kq—ki=G (2.22)

where k; and kq are the incident and diffracted wave vectors respectively, for which the en-
ergy conservation imposes |ki| = |kq|, and G is a vector of the reciprocal lattice. The vectors
that satisfy this criterion can be geometrically determined in the reciprocal space by the Ewald
construction represented in Fig. 2.12 (b).

(a) real space (b)  reciprocal space

incident diffracted

Ewald sphere

Figure 2.12: (a) Schematic of the diffraction condition by a periodic arrangement of atom®™® (b) Illus-
tration of the Laue diffraction condition verified by the intersection of the Ewald sphere, of radius ki,
with a point of the reciprocal lattice.

2.4.1 X-ray diffraction

The interference requires a certain number of planes to produce a sharp peak. In thin films,
the width is related to the thickness.>”> In this work, the layers are typically below 10 nm which
implies a large broadening in addition to a very weak intensity in the out-of-plane configuration
where the reflection occurs on the atomic planes parallel to the surface. For this reason, the
measurements are performed at a grazing incidence in the in-plane configuration. In this case,
the incidence angle is close to the critical angle for total external reflection and the beam is
diffracted by atomic planes perpendicular to the surface. The experiments were done at Institut
Chevreul using a Rigaku Smartlab diffractometer under the support of Lydia Karamazin and
Pascal Roussel. As represented in Fig. 2.13 (a), the out-of-plane angles 6 and w are set to 0.5° to
ensure a sufficient reflection. Non-monochromatic X-rays are produced by a Cu rotating anode,
with main emission lines Koy at 1.5406 A, Koo at 1.5444 A, and K3 at 1.3922 A. For the
presented calculations, the mean value for Ko A=1.5418 A is considered. The beam divergence
is reduced using 0.114° Soller slits unless otherwise specified.

The sample is first aligned along a crystalline direction of the substrate using the procedure
schematized in Fig. 2.13 (b). The source to detector angle, denoted 26,, is set to the substrate
{220} diffraction angle, and then the sample is rotated along its azimuth, denoted . As
illustrated by the example in Fig. 2.13 (d), it typically reveals 6 peaks whose height may
vary because of the shape of the sample and non-ideal alignment. It is worth mentioning that
XRD diffractograms are always symmetric, explaining why the same peaks are found along
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Figure 2.13: (a) Schematic of the grazing-incidence XRD measurement in side view. (b) Azimulthal scan
in top view. (c) Radial scan in top view. (d-e) Diffractograms recorded on an oxidized TaSes sample
during (d) an azimuthal scan at 26, = 47.13°, and (e) a radial scan along the (110) direction.

opposite directions such as [220] and [220] despite of the 3-fold symmetry of the (11 1) surface.
After alignment on the highest intensity peak, the diffraction pattern is recorded by making the
detector and sample rotate simultaneously to keep the source and detector directions symmetric
with respect to a substrate (110) direction, as represented in Fig. 2.13 (c). These scans are
refereed as 20, — ¢ and enable all planes perpendicular to that direction to be measured for 26,
in the range 10°-115°. In the example shown in Fig. 2.13 (e), the peak near 56° more likely
corresponds to a {003} or {212} plane of the Se capping layer which is known to crystallize
upon heating (See Table 20 in Appendix). A similar measurement is repeated after a 30° rotation
along ¢ to measure the planes parallel to the substrate {112} ones. Finally, for each identified
compound, an azimuthal scan is performed on one of its characteristic peaks to determine its
in-plane rotational distribution.

2.4.2 Electron diffraction

Compared to X-rays, electrons much strongly interact with matter, and therefore are suited
for extreme surface analysis. The LEED and RHEED techniques are discussed in the following
paragraphs.

2.4.2.a Low energy electron diffraction

The configuration used in LEED is illustrated in Fig. 2.14 (a). Electrons are focused onto a
surface at normal incidence and those that are elastically scattered are detected on a surrounding
fluorescent screen. The electron energy can be varied between 40 and 200 eV which enables one
or few monolayers to be probed in the material as the attenuation length increases with kinetic
energy over this range.?76

Thanks to the hemispheric form of the screen, it unveils the intersection of the reciprocal
surface lattice with the Ewald sphere. An example of diffraction pattern obtained on a Si(111)
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Figure 2.14: (a) Schematic of LEED, reproduced from Moritz et al.*””. (b) LEED pattern of a deoxidized
Si(111) wafer exhibiting a 7 x 7 surface reconstruction.

substrate is presented in Fig. 2.14. The brightest spots, noted (10) and (01), correspond to
electrons diffracting on the cubic Si lattice. The others appear with a 7 times smaller spacing,
indicating a 7 times larger period in the real space. This is a well-known surface reconstruction

arising from the reorganization of the top layer of atoms to reduce the number of dangling
bonds.3™®

2.4.2.b Reflection high energy electron diffraction

In RHEED, the electron energy is increased typically above 10 keV but they impinge at
grazing incidence in order to probe the extreme surface. The main benefit of this configuration
is the characterization of the sample during the growth in the MBE chamber because, in this
case, the fluorescent screen lies on the side. It gives useful insights during the process as it not
only reveals the crystallography, but is also very sensitive to the surface morphology. This is
illustrated by archetypal examples in Fig. 2.15 (b-f).

( a) Direct space Recirocal space RHEED
attern
Real space ) P
Reciprocal space (b) fiatand single- spots -+

Fluorescence crystalline surface
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streaks
flat surface with
(c) , =
Electron small domains
Wz

modulated streaks

(d) multilevel stepped 0
| Shadow surface ‘ ‘
edge 7, A ; ;
Ewald sphere  Reciprocal issi
lattice planes (e) 3D isiands D transmlf,s.l.(,)_r: spots

Sampl \ (f) randomly oriented

polycrystalline film COWQS

Figure 2.15: (a) Schematic of the RHEED, reproduced from Hasegawa et al.>”®. (b-f) Schematic of
reciprocal space and RHEED patterns for various surfaces, adapted from Refs. 379, 380.
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« In situation (b), the material is a flat single-crystal, which produces a ring of spots resulting
from the intersection of the rods of the surface reciprocal lattice with the Ewald sphere
represented in Fig. 2.15 (a). Similar to LEED, the spot spacing corresponds to the in-plane
periodicity, measuring the reciprocal lattice parameter perpendicular to the beam direction
and revealing possible superstructures.

o The coherence length for the electron beam used in RHEED is typically 50 to 200 nm.37%-381

If the material is made of smaller domains, as represented in case (¢), the rods widen in the
reciprocal space which results in broader and elongated streaks on the RHEED pattern.

o These streaks appear modulated when the surface roughens, as seen in case (d), and ul-
timately becomes an array of spots when the electron beam is transmitted through the
protruding islands in case (e).

e In the previous examples, the growth was still considered epitaxial. If the domains are
no longer oriented in-plane, but remains oriented out-of-plane, the RHEED pattern is not
expected to drastically change. It would only appear dimmer at a given position, and
invariant by any rotation of the azimuth. If the domains are also misoriented out-of-plane,
it would be completely isotropic and form rings as depicted in case (f).

2.5 Electron microscopy

The resolution of microscopes are ultimately restrained by the diffraction limit which is
proportional to the wavelength.3%2 A possible solution is found in the replacement of photons by
massive particles such as electrons, that does not only interact more strongly with matter, but
also have a wavelength below 1 A for accelerating voltages above 1 kV,3®3 making the atomic
resolution achievable in STEM.

2.5.1 Scanning transmission electron microscopy

The observation of transmitted electrons is possible for extremely thin samples. For this
reason, cross section lamella were prepared perpendicular to a [110] GaP or Si direction using
focus ion beam by David Troadec at IEMN using a Crossbeam 550 instrument.

-~ carbon laver y |
selenium cap
GaP substrate carbon

Figure 2.16: (a) Cu grid on which the slab is attached. (b) Sample lamella before and (c) after thinning
using ion etching. (d-e) Lamella on which the Se capping was preserved at different magnifications.
(f-g) Lamella on which the Se capping has been evaporated.
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The layers are first covered by an amorphous carbon film and a small slab of the sample
is placed on a Cu grid as seen in Fig. 2.16 (a) and (b). In some cases, an additional layer of
Pt is evaporated for a better protection of the layers. Then, the edges are etched by Ga ions
accelerated at 30 kV to reduce the thickness to 50 to 100 nm over small windows visible in Fig.
2.16 (c). During these steps, the observations with scanning electron microscopy (SEM) should
be limited to 200 pA to avoid the evaporation of the Se capping layer. A sample for which it has
been successfully preserved is presented in Fig. 2.16 (d,e) while in Fig. 2.16 (f,g) the presence
of void indicates the evaporation of the selenium.
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Figure 2.17: (a) Schematic of the STEM microscope, adapted from Nellist et al.*®**. (c) Comparison of
STEM images acquired using high-angle annular dark-field (HAADF) and bright-field detectors.

The STEM investigation was performed by Gilles Patriarche at Centre de Nanosciences et de
Nanotechnologies (C2N) using a FEI Titan Themis 200 microscope equipped with a spherical
aberration corrector and sketched in Fig. 2.17 (a). The electrons are emitted with a probe
current of 40-45 pA and accelerated through a voltage of 200 kV. The electron beam is deflected
by scanning coils and focused on the sample with a half-convergence angle of 17.6 mrad. Finally,
the transmitted electrons are collected in the bright-field detector, while those scattered between
69 and 200 mrad are imaged on a HAADF detector. This mode is particularly sensitive to the
atomic number, the heavy atoms appearing brighter as can be seen in Fig. 2.17 (b).

2.5.2 Energy dispersive X-ray spectroscopy

The high energy electron excitation in STEM is sufficient to eject electrons from the inner
shells of the imaged atoms. When an electron from an outer shell fills this vacancy, a characteristic
amount of energy is released through the emission of a X-ray-photon which is measured in energy-
dispersive X-ray spectroscopy (EDX) allowing chemical identification and mapping. The FET
Titan Themis 200 used in this study is fitted with a super X system with a 0.7 srad solid angle
of collection.
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2.6 Scanning probe microscopy

A more recent approach to overcome the diffraction limit is based on scanning probe tech-
niques. It consists in scanning a surface with a tip maintained at a constant height, either by
controlling the force in AFM or the tunneling current in STM. Then an image of the surface
topography is reconstructed from the record of the tip position in space. These methods easily
achieve the atomic resolution in the vertical direction while the lateral resolution usually depends
on the tip apex.

2.6.1 Atomic force microscopy

The AFM offers the possibility to scan in air and the ability to scan insulating materials. The
experiments were performed at IEMN using a Dimension D3100 microscope and NCHV-A probes
from Bruker. The measurement was made in the tapping mode illustrated in Fig. 2.18 (a). The
small piezoelectric element makes the probe oscillate between a contact position, where the force
is repulsive, and a non-contact position where the attractive interactions dominate as seen in Fig.
2.18 (b). This intermittent contact reduces the damage caused to the surface, and still enables
the measurement to be made through a water film which may form in ambient conditions.3%°
The amplitude is typically few tens of nanometers,3%6 but is here recorded in volts. The probe
is tuned for a target amplitude of 2 V, which gives a cantilever eigenfrequency around 350 kHz.
The measurements are then performed with a slightly lower driving frequency, also corresponding
to a lower amplitude setpoint. For TMDCs which are expected to be fragile, the tuning target
amplitude is first reduced to 1 V, and then the measurement is preferentially done with the
highest amplitude before losing contact. The smallest-scale images, down to 200 x 200 nm?, are
recorded first, then the scan size is progressively increased up to 10 x 10 pm?, so that it can
always be checked that the previous scan did not damage the sample.
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Figure 2.18: (a) Schematic of the AFM tapping mode. (b) Tip to surface interaction in the different
AFM modes, reproduced from Maghsoudy-Louyeh et al.3%5.

The images were treated using the Guwyddion software.?3” Notably, it allows the rows to be
aligned to offset a possible vertical drift during the scan, using the median of heights method.
In addition to the topographic mapping, the amplitude error and the phase are also recorded.
The former is sensitive to height variations, and the latter is correlated to the local mechanical
properties of the material.
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2.6.2 Scanning tunneling microscopy

The STM technique is comparatively more demanding since it requires vacuum conditions. It
can however image individual atoms and enable the local electronic properties to be investigated.
Since the monitoring of the probe height is achieved through the measurement of an electrical
current, a conductive tip is mandatory, as well as a conductive substrate. For this reason, the
samples characterized by STM were grown on highly n-doped GaP and GaAs substrates.

These experiments were done by Houda Koussir and Yevheniia Chernukha at JUNIA-ISEN
using a Omicron low-temperature STM operating at 77 K. The probes were made of tungsten
wires electrochemically etched in a NaOH solution. Both the tips and the samples are outgassed
in UHV prior to the measurements.

sample density vacuum level  tip density of states
of states after polarization
psample(E) (\\disample p[ip(E - €V)
\) N
Qlip
JoR— E
: [T— Ep—eV
Fermi-Dirac tunneling N
distribution electrons AE —el)
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Figure 2.19: Schematic of the electronic states in a STM experiment.

Based on the schematic in Fig. 2.19, the tunneling current I between the sample and the tip
polarized at a given voltage V is proportional to the number of filled states in the sample joint
to an available state at the same energy F in the tip, which is expressed as

“+o0
Lampiestin(2 V) o / peampie E)f(E)T (2, B, V)puin(E — oV)(1 — F(E — eV))dE  (2.23)
where pip and psample are the density of states in the tip and sample respectively, T' is the
transmission probability and f is the Fermi-Dirac distribution function

f(E) = 7£ : (2.24)
e *BT +1

The total tunneling current is expressed as the difference between the electrons tunneling in both
directions, which simplifies to

+oo
I(2,V) [ peammie(E)pein (B — V)T (2, B, V) (f(E) — f(E —eV)) dE. (2.25)

At low temperature, the electrons only occupy the lowest energy levels and f becomes a step
function, which reduces the integral to

Er
I(z,V) x / Psample () piip(E — eV)T(z, E,V)dE. (2.26)
EF—eV
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The transmission probability 7" depends on the height of the tunneling barrier and exponentially
decreases with respect to its width z, which is the sample to tip distance. Hence, it is possible
to scan the surface without touching it by adjusting z to keep I constant. In this case, the
movement of the probe reproduces more or less the surface topography, but is also sensitive to
the local density of states since an increase of psample Will as well be compensated by an increase
of z. For this reason, regions with a high electron density also appear brighter in topographic
STM images.

During the scans, the polarization V is normally constant. Nevertheless, different features
may appear on the surface depending on the choice of V' because the probe interacts with
different energy bands in the sample. To further study the local density of states, the STS
technique consists in measuring the dependence of I to the voltage at a given tip position.?®® A
convenient way to approximate the density of states is provided by the calculation of the current

derivative38?
oI Er oT
W(z, V) o epsample(Er — eV )T (z, Ep — eV, V) + psample(E)W(z, E,V)dE (2.27)
Epfev

making the assumption that the density of states in the metallic tip is constant. Still, the
variation of the barrier height with voltage makes the proportionality relation inexact.

2.7 Electrical characterizations

2.7.1 Four-point probe method

The four-point probe (4PP) technique enables the resistance of a material or device to be
measured without a contribution of resistance between the probe and the contact. The calculation
of the resistivity remains however not straightforward because of geometrical factors.

2.7.1.a Resistance of an infinite film

In the cases considered in this manuscript, the thickness of the layers will always be signifi-
cantly smaller than the lateral distances. Therefore, even if the conductivity of two 2D materials
is highly anisotropic, the current will reasonably be considered homogeneous over the vertical
direction in a given material. This enables the sheet resistance to be defined as

Ro = n (2.28)
where p is the electrical resistivity and ¢ the thickness.
The relationship between p and the measured I and V' depends on the probe positioning and
layer extent. In the case of a current spreading from a probe to an infinite plane, the integration
of Ohm’s law over concentric rings around the probe gives a potential difference

R
Ip Ip R
V(R) = V(Ryrone) = dr = = 2.29
(R) — V(Rynone) /R =t n( R) (2.29)

where R and r are the distances to the probe and Rprope the tip radius.
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Figure 2.20: (a) Schematic of the potential in an infinite 2D layer in side view and top view. (b) Schematic
of the four-point probe measurement in the square configuration.

The potential between two probes can be derived from this using the superposition theorem,
noting that the current flowing from probe 1 to probe 2 can also be described as the current
flowing from probe 1 to infinity and then to infinity to probe 2, as depicted Fig. 2.20 (a). The
potential difference between the two probes becomes

Ip 512 —Ip Rprobe Ip 512
Vie=—1 | =—In(—-—— 2.30
12 2t " (Rpmbe * 2t " S12 7t " Rprobe ( )
where s15 is the distance between probe 1 and probe 2. It is clear that besides the contact

resistance itself, this formula is unpractical as it requires the contact dimensions to be known.
Finally, the four-point probe method solves this issue by measuring the voltage between two

other probes, which gives3?°
Ip 513824
Vogg=—In|{——]. 2.31
34 27t . <823841 ( )

This formula is valid for any probe arrangement provided that the tip radius is small behind the
probe separation. If the probes are disposed in square as in Fig. 2.20 (b), s12 = 23 = $34 = S41
and Ss13 = S9q = /2515 it reduces to

Ip
=—1In2 2.32
v 27Ttn (2:32)

which is independent of the tip separation.

2.7.1.b Limited sample size

Compared to an infinite plan, the proximity of the sample edge increases the resistance and
leads to an over-estimation of the resistivity derived from Equation 2.32. A correction factor F
can be introduced to take the sample size into account.

1 Ip
The expression of F for the square 4PP geometry on a circular sample was found to be3?°
In2
F(s,d) = (2.34)
((d/s)2+2)?
In2+1In ( (@/5)7 44 )

where s is the probe spacing and d the sample diameter. In the worst case, in which the probes
lie at the sample edges, d = v/2s and F = 0.5. Then, F increases with sample size and tends to
1 when the sample size becomes large compared to probe spacing. For a triangular sample, the
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correction factor is not known but must be comprise between 0.5 and 1 as long as an imaginary
circle containg all probes can be drawn in the triangle.

2.7.2 Instruments and usage

HfSes layers and heterostructures were measured using a four-probe station equipped with
Keithley 2636B and Keyseith 34465A multimeters. All measurements were performed with the
microscope light turned off to avoid photo-induced effects and the sample chuck was left floating
to prevent eventual parasitic currents. Four probe measurements were performed by measuring
voltage during current sweeps whereas two probe measurements for diodes were realized through
voltage sweeps to avoid electrical breakdown.

Temperature dependence measurements on TaSey samples were recorded under vacuum in a
Janis VPF100 cryostat operating from 78 K thanks to nitrogen cooling to 500 K. The contact
was mechanically maintained all over this range using tungsten probes screwed on a spring.
Prior to the measurements, the ohmicity of all contact was verified through current-voltage
curves measured for every permutation of the wires. The resistivity of TaSes layers was deduced
from the mean of these four measurements to average possible inhomogeneity of the layer and
dissymmetry in the probe arrangement. Then, the temperature dependence of the resistivity was
determined at constant current during heating at a rate between 5 to 10 °C/min.

To avoid oxidation, all layers were measured through the capping layer, the resistivity of
which is above 500 2.m. The Se capping evaporates at high temperature in the cryostat but the
unprotected TaSes layers remain stable under 10~° mbar whereas they sensibly oxidize in air.
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Chapter

Growth of TaSey on GaP and GaAs
substrates

In this chapter, the growth of TaSes is studied with the aim of producing both metallic and
Mott insulating phases. It is shown that they can be selectively grown in monolayer depending
on the growth temperature, whereas the multilayers exhibit mostly H-polytypes. In addition to
the phase, the morphology, crystallinity and in-plane orientation are systematically discussed in
order to determine the optimal growth conditions.

These studies have mainly been performed on GaP substrates, which are expected to exhibit
a better temperature stability, but more established GaAs substrates have also been used for
comparison. The first section is thus dedicated to their preparation.

3.1 Surface preparation

GaP and GaAs substrates must be first deoxidized to remove a thin amorphous surface oxide.
This is done in the MBE chamber dedicated to III-V compounds and equipped with a valve-
cracker arsenic cell and a high-temperature injector producing Ps species out of PHz. Then, their
surface must be passivated in order to remove the dangling bonds as required for 2D-material
growth.

3.1.1 Preparation of Se-terminated GaP(111)B surfaces

The deoxidation, homoepitaxy and surface passivation of GaP have been studied by Niels
Chapuis.??! Here, the main conclusions of his work are succinctly presented as a starting point
for the future experiments.

3.1.1.a Substrate deoxidation

One of the issues of a thermal deoxidation is the roughening caused by the oxide desorption.392

It is well known that in GaAs, arsenic oxide is first converted to GasO3z, which then evaporates
as the more volatile Ga;O molecule.??® Both stages require extra Ga atoms that are provided
by the etching of the GaAs substrate.?** To prevent this, an alternative consists in using atomic
H to enable the oxygen to be desorbed as HsO instead. This technique has already shown
to be effective on GaP, but at relatively high temperature, the preferential desorption of P
atoms leads to the formation of Ga droplets.??> The addition of PHj is expected to stabilize the
surface, preventing the formation of droplets and enabling the surface to be smoothened at high
temperature.

99
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Therefore, the recipe consists in an initial heating step from 250 °C to 430 °C under atomic H
only, followed by a progressive PH3 supply in addition to the atomic hydrogen while the substrate
temperature is increased from 430 °C to 500 °C. Finally, the samples are annealed up to 530 °C
under PHj3 only and the sample rapidly exhibits a 2 x 2 RHEED pattern shown in Fig. 3.1 (a).
Finally, the PH3 flux is progressively decreased as the sample is cooled.
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Figure 3.1: (a) RHEED pattern recorded on a deoxidized GaP substrate along a (2 11) direction. (b) Full
XPS spectrum, measured by Niels Chapuis on a deoxidized GaP substrate. The inset shows the region
where the O 1s CL would be expected to appear. (¢) AFM image of a deoxidized GaP substrate.

Fig. 3.1 (b) presents the XPS survey recorded on a deoxidized substrate. Every peak could
be attributed to either Ga or P. The absence of O 1s signal confirms the successful deoxidation
of the substrate. Besides, an AFM image reproduced in Fig. 3.1 (¢) demonstrates the absence of
large Ga droplets, even though tiny dots are observed. The 100 nm-wide terraces are separated
by about 0.3 nm-high atomic steps, which matches the predicted value for GaP(111) interlayer
distance. This is attributed to the wafer miscut since the corresponding angle is within the
specification of £0.5°.

3.1.1.b Surface passivation by selenium

For selenium passivation, the deoxidized substrates are transferred under vacuum to the
chamber dedicated to selenides, to be heated under vacuum up to 250 °C, and then exposed to
a high (~ 4 x 1076 Torr) or a low (= 4 x 10~7 Torr) Se flux up to either 450 or 700 °C. The
samples under consideration in the following are summarized in Table 3.1.

Sample Procedure Se flux Exposure Characterizations
# (Temperature ranges under Se flux) (Torr) duration (min)
P1 as deoxidized - - XPS
P2 250 °C to 700 °C + 3 min at 700 °C 4 x 107° 25.5 XPS
P3 250 °C to 450 °C + 3 min at 450 °C 4 x 10~° 13 XPS
P4 250 °C to 700 °C + 3 min at 700 °C 3 x 10~7 25.5 XPS
P5 250 °C to 450 °C + 3 min at 450 °C 5 x 1077 13 XPS

Table 3.1: Passivation procedures for GaP substrates.
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The RHEED pattern immediately turns to a 1 x 1 one at 250 °C, as shown in Fig. 3.2 (a),
which remains stable up to 700 °C under Se flux. An AFM image of the Se-terminated surface
is presented in Fig. 3.2 (b). Compared to the deoxidized surface in Fig. 3.1 (b), the dots have
vanished. However, the terraces still exhibit a small residual roughness and the edges remain
saw-toothed.
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Figure 3.2: (a) RHEED pattern of the Se-passivated GaP substrate along a (211) direction. (b) AFM
image of a substrate after Se-passivation up to 700 °C. (¢) Comparison of the Ga 3d CLs measured in
XPS, as deoxidized and after exposure to Se (samples P1 and P2). (d) P 2p CL measured in XPS, as
deoxidized and after exposure to Se (samples P1 and P2). All the XPS spectra were recorded at an
emission angle of § = 25 °C to improve the surface sensitivity. The shift is mostly ascribed to the change
of band bending upon Se-passivation, even though the two samples are measured on different substrates:
both are n-type, but the as deoxidized one being slightly less doped. (e) Normalized intensity of the
different components in the P 2p CL decomposition of the deoxidized sample as function of the electron
take-off angle (sample P1). The intensity normalization is chosen so that Ipap + Igase = 1 where the CL
intensities I are corrected by their relative sensitivity factors.

The evolution of the Ga 3d and P 2p CLs measured in XPS upon selenium treatment is
presented in Fig. 3.2 (c) and (d) respectively. If the Ga 3d CL of the as-deoxidized sample
exhibits only one component, the P 2p one contains three visible doublets. This observation
is compatible with the expectation of the 2 x 2 surface reconstruction being P-terminated on
GaP(111)B,3% since the atoms lying on the surface can have different chemical environments
than those in the bulk. To confirm this, the intensities of the components used to fit the P 2p
CL of the deoxidized sample and their evolution with the electron take-off angle are presented
in Fig. 3.2 (e). The vertical scale is normalized with respect to the total P 2p and Ga 3d CL
intensities, corrected as described in Paragraph 2.2.4. The overall P 2p intensity decreases when
the electron take-off angle is changed from 25 to 75°, hence when the analysis depth is increased,
which is consistent with the surface being P-rich. Note that it should normally tend toward 0.5
in bulk, the remaining 0.5 being related to Ga, but here the proportion of P appears slightly
less probably because the sensitivity factors are not totally accurate. Conversely, the relative
intensity of the most intense doublet increases from 25 to 75°. It is thus attributed to Ga-P
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bonds in the bulk. By contrast, the intensity of the two other doublets is more pronounced at
25°, when the measurement is more sensitive to the surface. They are thus identified as the surface
components. The one lying at high binding energy could correspond to P-P bonds, in accordance
with the observations of Kleinschmidt et al. who attributed it to the formation of P trimers on
the 2 x 2 reconstructed GaP surface.?*® This P 2p component is completely suppressed after
exposition to selenium, which is consistent with the disappearance of the surface reconstruction.
The second surface component, at the low binding energy side, is reduced upon Se-passivation
but not entirely removed. It could correspond to the surface P atoms bonded to only 3 Ga atoms,
as in Se-terminated GaAs, where only part of the As atoms at this position are replaced by Se
atoms.326

Beyond the suppression of the surface reconstruction, which suggests the removal of the
dangling bonds, the electronic surface passivation is seen through the evolution of the band
bending. The bulk Ga-P component in both the Ga 3d and P 2p CLs are shifted toward higher
binding energies upon Se passivation. This is explained by a displacement of the band position
with respect to the Fermi level at the surface. In this case, the increase of the CLs binding energy
indicates that the conduction band becomes closer to the Fermi level after Se-passivation. Since
both substrates are n-type, this corresponds to a decrease of approximately 0.2 eV in the band
bending, which is consistent with a reduction in Fermi level pinning and a partial passivation of

the surface, similar to what has been reported on GaAs.3%°
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Figure 3.3: (a) Se 3d CL measured in XPS for different passivation conditions (samples P2-P5). (b) Vari-
ation of the Se 3d component intensities from the fit in (a) with respect to the electron take-off angle,
measured on the sample prepared at 700 °C under a high Se flux (sample P2). (c) Comparison of the
Se 3d component intensities from the four conditions presented in (a). All the XPS spectra were recorded
at an emission angle of § = 25 °C to improve the surface sensitivity. The numbers on the columns are
the percentages of the total Se intensity. The normalization is chosen so that Ipop + IGasd + Isesa = 1
where the CL intensities I are corrected by their relative sensitivity factors.
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In Fig. 3.3 (a), the Se 3d CL is presented for different passivation conditions. It can be
decomposed into a high and a low binding energy doublet which are attributed, by analogy with
Se-treated GaAs,3?7 to Se at the surface and below the surface, respectively. To confirm the
correct interpretation of these components, the evolution of their intensities as function of the
electron take-off angle is presented in Fig. 3.3 (b) for the sample passivated at 700 °C and high
Se flux. The proportion of Se signal decreases compared to the P and Ga ones as the probed
depth is increased at high angles, in good agreement with the presence of Se mostly on the
top surface, which was also confirmed by Niels Chapuis using photodiffraction.?*' However, if
both Se components are reduced, one decreases more rapidly than the other as shown by their
relative percentages. It confirms that the high binding energy component corresponds to the
surface sites, whereas those related to the low binding energy doublet probably lie close below.
Finally, the influence of the temperature and selenium flux is analyzed through the comparison
of the Se 3d component intensities in Fig. 3.3 (c). Both remains quantitatively similar at 450
and 700 °C, whereas a decrease of the Se flux by one order of magnitude effectively reduces the
sub-surface component. Remarkably, the surface one stays unchanged among the four samples
which indicates that the surface is saturated by Se atoms and suggests that the passivation is
achieved in every condition. Even if the process is largely self-limiting, the too large excess of
Se atoms at high flux seems responsible for the subsurface component. Therefore, a low Se flux
may be preferable to reduce the diffusion below the surface, whereas the temperature does not
play a visible role.

3.1.1.c Growth of a GaP buffer layer

In the previous section, the GaP substrates have been successfully deoxidized and passivated
by Se atoms. However, the terraces on the resulting surfaces were not atomically smooth. To
prevent the extra atomic steps to act as nucleation sites, the use of a buffer layer is proposed.

Right after the deoxidation process previously established, the substrate is brought to the
growth temperature under continuous PHj3 flux of 8 sccm. Around 600 °C, the surface recon-
struction changes to a v/19 x /19 one. For the sample grown at the highest temperature, the
RHEED pattern becomes spotty at 670 °C, but immediately recovers as the Ga shutter opens
without changing the PH3 flux.

The AFM scan presented in Fig. 3.4 (a) reveals a very high roughness for the sample grown
at the lowest temperature. The surface is very disordered, but triangular pyramids are clearly
observed. Some of them are oriented in opposite directions, suggesting the presence of mirror
twins which are known to occur at low temperature on GaAs(111)B.397398 On this sample,
the optical microscope image (Fig. 3.4 (i)) appears featureless, indicating an absence of large-
scale structures. A much lower roughness is found at higher growth temperatures. On the
sample grown at 650 °C, in Fig. 3.4 (b) and (f), a smooth stepped surface is revealed over
two different regions. Interestingly, in region A, some parallel arrangements are observed which
exhibit sudden 120° rotations, while in region B, the steps are slightly disordered but they keep
the same orientation overall. The corresponding optical microscope image (Fig. 3.4 (j)) reveals
elongated pyramids that cover only a small fraction of the surface. It is hence possible that the
parallel steps in region A belong to a pyramid much larger than the scan size. Such a variation of
morphology is more clearly evidenced in Fig. 3.4 (¢) and (g) for the sample grown at 660 °C. The
2 x 2 pm scan reveals very large terraces with triangular shapes, but a high density of parallel
atomic steps attributed to a pyramid is found next to it in the 10 x 10 pm image. On this sample,
the pyramids occupy a large proportion of the surface according to optical microscopy (Fig. 3.4
(k)), and appear very similar to some observed on GaAs(111)B substrates.3% Finally, in Fig.
3.4 (d) recorded on the sample grown at the highest temperature, the terraces are not perfectly
straight and resembles more to those of Fig. 3.4 (f), probably originating from the substrate
miscut. It seems that no pyramids have been found in AFM on this sample, which is consistent
with the optical microscope image in Fig. 3.4 (1) revealing a small density of very faint structures.
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Figure 3.4: (a-d,f) 2 x 2 pym?> AFM images of 53-nm thick homoepitaxial buffer layers grown on
GaP(111)B using a Ga flux of 0.16 ML/s and 8 sccm of PHs at a substrate temperature of (a) 540 °C,
(b, ) 650 °C, (c) 660 °C, and (d) 670 °C. (e) Height profile measured perpendicular to two pyramid
facets oriented in opposite directions. (g) 10 x 10 nm? AFM image measured at the same position as
image (c). (h) Height profile measured perpendicular to the pyramid facet in image (g). (i-1) Optical
microscope images corresponding to the samples in (a-d), in which the contrast was greatly enhanced to
reveal the pyramids.

However, in this case the AFM image also reveals deep triangular holes. Some have also been
observed on the samples grown at 650 and 660 °C (not shown), but they were much smaller
and scarcer. Hence, it is believed that they are caused by a too high growth temperature. The
formation of multilayer holes on GaAs(100) surface at high temperature has been explained
by the presence of sites where the growth is inhibited.*’® The origin of those was not clearly
identified but Ga droplets were suspected to be the growth inhibitors. On GaP(111)B, droplets
are known to be easily formed at 750 °C and vanish below 650 °C.3%

Overall, it appears that the growth temperature has a significant impact on the morphology
since a lower density of much larger pyramids is observed as the temperature is increased, in
accordance to a larger adatom diffusion. It also seems that the pyramids flatten, in a similar
way to what was reported on GaAs(111)B.%%! In Fig. 3.4 (e), an angle of 3 & 0.5° is measured
on two opposite pyramid facets from the sample grown at 540 °C, whereas in the region A of the
sample grown at 650 °C Fig. 3.4 (b) the average terrace width of 60 & 15 nm corresponds to an
angle of 0.3 £0.1°. It is only 0.2° on the 660 °C sample as shown in Fig. 3.4 (h). Even though
the pyramid coverage does not exhibit a monotonous trend from 650 °C to 670 °C, it suggests
that pyramids could completely vanish at higher growth temperature. However, the apparition
of the triangular holes indicates that the temperature stability limit has been reached.

The influence of the Ga and P flux have been discussed by Niels Chapuis in his thesis.?3?
These parameters did not seem to have a significant influence on the pyramid and hole formation,
even though a slightly better morphology was remarked at low growth rates. It contrasts with
a recent report of a flat GaP(111)B surface achieved in homoepitaxy using much higher Ga
flux.492 In this study, a 1 x 1 surface reconstruction appearing at high temperature was believed
to promote a step-flow growth, preventing the formation of pyramids. Since the v/19 x /19
surface reconstruction is a mixed Ga and P termination, its disappearance may be related to Ga
rich conditions, but the authors also hypothesize a role of the atomic H from the cracked PHj.
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In any case, the temperature range for the 1 x 1 RHEED pattern before it degrades is reported
to be very narrow, and slightly shifts toward lower temperatures when the PH3 flux is decreased.
Using a higher Ga/P flux ratio, it is possible that the authors have found this range at a lower
temperature. In addition, the use of a high growth rate, up to 1.5 ML/s in their optimal recipe,
introduces more adatoms, which may favor the suppression of the surface reconstruction. By
contrast, our results show a complete overlap of the V19 x /19 surface reconstruction and the
degradation characterized by the formation of holes.
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Figure 3.5: Optical microscope image of the GaP(111)B buffer grown at 670 °C near the sample edges.
(b, ¢) Same image magnified over two different regions to reveal the limit of the pyramids.

Still, if the growth conditions may not have been optimal, the absence of clear trends among
about 20 samples must be discussed. As shown in optical microscope images in Fig. 3.4 (f-h),
the pyramids exhibit different shapes. It is explained by the substrate miscut which varies in
angle and orientation. The larger terraces away from the pyramids in Fig. 3.4 (c) effectively
suggest a smaller tilt angle, which results in well-formed pyramids in (k) compared to case (j)
and (1). Interestingly, it seems that the pyramid density is reduced on more tilted surfaces, on
which the pyramids are elongated. In addition, images taken near the sample edge, in Fig. 3.5,
show an absence of pyramids close to the wafer edge, whereas the cleaved edges do not exhibit
such an effect. This has already been observed on other substrates, and was explained by the
local variation of the miscut near the wafer edges resulting from the polishing process.403405 In
GaAs(111)B homoepitaxy, the pyramids have been reported to become very rare on a 1° vicinal
substrate and totally absent with a tilt of 2°.496 Hence, if the size and angle of the pyramids is
clearly correlated to the temperature, their density is probably not relevant since it depends on
the miscut angle. Finally, the use of vicinal GaP substrates could be helpful, but they cannot
be easily purchased.

3.1.2 Preparation of Se-terminated GaAs(111)B surfaces

Following the difficulty to get a smooth GaP(111)B surface, it is proposed to investigate
GaAs instead since it is a more widespread and less expensive substrate. In addition, the
GaAs homoepitaxy was comparatively more studied in the literature, and several successful
growths of a buffer layer on (111) surfaces have been reported,?*”4%7 although mostly on vicinal
substrates. 106498 Here, the growth of GaAs buffer layer on a +0.5° GaAs(111)B is first presented,
followed by a study of its passivation by Se atoms.
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3.1.2.a Growth of a GaAs buffer layer

The deoxidation process used for GaAs substrate is similar to GaP. A 1 x1 RHEED pattern is
rapidly observed during the initial heating step under atomic hydrogen. From 450 °C to 530 °C,
an Asy flux of 0.9 ML/s on GaAs(111) is supplied in addition to the atomic hydrogen, and a
2 x 2 surface reconstruction appears around 490 °C. The sample is further heated under Asy
only and the surface reconstruction turns to a /19 x /19 one around 540 °C, which vanishes
above 635 °C as the RHEED becomes spotty. Finally, the growth occurs at 630 °C near the
temperature stability limit. Similar to the GaP case, the RHEED rapidly recovers and exhibits
the v/19 x /19 reconstruction during the growth at a Ga deposition rate of 0.35 ML /s and under
an As flux of 0.9 ML/s.
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Figure 3.6: (a) 2 x 2 pm? AFM image of a deoxidized GaAs(111)B substrate. (b) 2 x 2 pm? AFM image
the GaAs(111)B buffer grown at 630 °C. (c) Height profile measured on image (b) along the line drawn
on the inset. (d) Optical microscope image of the GaAs buffer layer.

The morphology of the buffer layer is compared to a reference deoxidized GaAs substrate in
Fig. 3.6. The latter exhibits serrated atomic steps (Fig. 3.6 (a)), similar to those observed on the
deoxidized GaP surfaces, with small triangular islands on the terraces. By contrast, the buffer
layer (Fig. 3.6 (b)) is characterized by smooth terraces separated by parallel curved atomic steps.
The measured step height on the profile Fig. 3.6 (c) is 0.33 & 0.05 nm, perfectly matching the
expected height for monoatomic steps.?24 Besides very few pyramids were observed by optical
microscopy, as revealed in Fig. 3.6 (d), which means that the buffer layer is also rather smooth
at macroscopic scale. The reason why the growth was successful on GaAs and not on GaP is not
clear. Especially, the terraces width being above 300 nm on GaAs, the influence of the substrate
miscut can be ruled out here. Hence, it is believed that the optimal growth conditions have been
found near the end of the v/19 x v/19 stability domain, as recommended by some authors,37
even though the high temperature 1 x 1 reported elsewhere?*8409 was not attained.



3.1. Surface preparation 67

3.1.2.b Surface passivation of GaAs

New GaAs buffer layers have been prepared using the same recipe to study the Se passivation
on this surface. In a similar way as for GaP, the GaAs substrates are heated under vacuum up
to 250 °C. At this temperature the Se shutter opens and the RHEED pattern turns to a 1 x 1.
Various annealing temperatures, Se fluxes and durations have been tested and are summarized
in Table 3.2. Overall, the temperatures have been limited to 550 °C considering the thermal
stability of GaAs, and the selenium flux was lowered to reduce the Se uptake. Samples A2 and
A3 have been prepared using the same method as for GaP substrates, with a continuous Se
supply from 250 °C to the annealing temperature, leading to a long exposure to Se. To limit this
latter, samples A4 and A5 have been prepared without Se supply during the heating step.

Sample Procedure Se Exposure Characterizations
# (Temperature ranges under Se flux) (Torr) duration (min)
Al as deoxidized - - XPS
A2 250 °C to 550 °C + 3 min at 550 °C 5 x 107" 18 XPS
A3 250 °C to 500 °C + 3 min at 500 °C 2 x 1077 15.5 XPS
A4 1 min at 500 °C 4x1077 1 XPS
A5 5 min at 250 °C 4x1078 5 XPS

Table 3.2: Passivation procedures for GaAs substrates.
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Figure 3.7: (a) Ga 3d and (b) Se 3d CLs measured in XPS at 25° from the surface and their decomposition.
(c) Surface and subsurface component intensities in the Se 3d CLs in (b), normalized with respect to all
elements with the appropriate sensitivity factors, so that Iassd + Igasd + Isesa = 1. The numbers on the
columns are the percentages of the total Se intensity.
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The evolution of the Ga 3d CL is presented in Fig. 3.7 (a). The Se-passivated GaAs samples
exhibit a tail at high binding energy which is more prominent than in GaP-Se ones, suggesting
a large Se incorporation. This is, however, less pronounced in sample A5. The fit of the Se 3d
CLs shown in Fig. 3.7 (b) indeed reveals a non-negligible subsurface component at the low
binding energy side. To quantitatively study this, the proportion of surface and subsurface Se
with respect to the total amount of Ga, As and Se is presented in Fig. 3.7 (c). Both the
surface and subsurface Se 3d intensities decrease from sample A2 to A5, following the reduction
of the deposited Se. Nevertheless, the overall quantity of Se does only slightly decrease from
sample A2 to A4, despite of a drastic decrease of the exposition time. Notably, it remains much
larger than in Se-terminated GaP. The excess Se appears mostly in the subsurface component,
as observed in GaP, but on GaAs the surface Se also varies, indicating that the process is not
completely self-limiting. This is worrying since the Se passivation was only achieved in 1 minute
on sample A4, which is much shorter than a standard growth duration for a monolayer TMDC,
indicating than the Se uptake would also continue during a growth under these conditions. For
this reason, sample A5 was prepared at a lower temperature and using a much lower Se flux so
that the duration could be increased. It exhibits a significantly lower Se content, comparable
to the one in GaP-Se samples. Again, both components are decreased, but the subsurface Se
represents 15 % of the total Se intensity in this sample whereas it ranges from 31 to 33 % in the
other GaAs-Se ones. Hence, the subsurface component is proportionally more reduced than the
surface one.

Overall, it is clear that Se is more easily incorporated into GaAs than in GaP as larger
Se contents have been obtained for a similar amount of deposited Se, comparing for instance
samples A3 and P5. This could be explained by the lower temperature stability of GaAs, related
to weaker III-V bonds, and a larger lattice parameter, Se atoms having a radius closer to the As
one.*1 The subsurface component has been significantly reduced from sample A2 to A5, however
the fact that the surface Se content does also vary raises the question of whether it efficiently
suppresses the dangling bonds.
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Figure 3.8: (a) As 3d and (b) As 2p3/, CLs measured in XPS at 25° from the surface on two Se-passivated
GaAs buffer layers (samples A2 and A5) and a deoxidized substrate (sample Al).

To answer this, the surface passivation is studied through the As CLs. Based on the As 3d
one, presented in Fig. 3.8 (a), the surface components are clearly evidenced on the bare substrate,
which are interpreted in the same way as P 2p ones. They are almost entirely removed in sample
A2, in accordance to an efficient passivation, while they remain non-negligible in sample A5
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meaning that the passivation is incomplete in this case. This is more clearly observed on the
As 2p3/5 CL, presented in Fig. 3.8 (b), which is extremely surface sensitive because of the low
kinetic energy of the photoelectrons. However, to ensure the uniqueness of the fit, additional
constraints are required in this case. The energy separation between the As 3ds/, and As 2ps3/;
CLs is measured to be 1281.6 eV on sample A2, which is almost correctly fitted by a single
chemical environment. Then, the positions of the bulk As-Ga components in the other samples
are set relatively to their respective As 3d counterpart. On the bare GaAs substrate, the surface
component at high binding energy, attributed to As trimers, is particularly prominent, and is
almost completely suppressed on the Se-passivated sample A2. Concerning the low binding
energy one, it is only slightly reduced compared to the bulk As-Ga upon Se passivation at 550 °C
and increases back for the sample prepared at 250 °C, which suggests an insufficient passivation
on the latter. This can also be deduced from the shift of the bulk GaAs component in the Ga
3d CL in Fig. 3.7 (a) as well as in the As CLs in Fig. 3.8. If both CLs are significantly moved
toward larger binding energies on sample A2, indicating a good surface passivation, the shift is
effectively less important on sample A5. On the As 2p3/, CL, though, it is not obvious because a
large component lies at high binding energy on this sample. Its position is not far from the As-As
peak, but it spreads even further on the high binding energy side, hence it could be attributed to
As-Se bonds as already observed on GaAs(100) prepared at the same temperature.3?” Finally,
it seems that some Se atoms cannot replace the surface As atoms at 250 °C and are adsorbed
onto them, explaining why the Ga-Se component is less pronounced in this case in Fig. 3.7 (a).
Hence, a higher temperature would be preferable for an efficient Se passivation.

Besides, it is noteworthy that the total amount of Se evaporated on samples A4 and A5 is
only 1.8 x 10'% and 1.1 x 10'® at.cm™2, respectively, whereas the ideal passivation with 75 % of
the surface As atoms replaced by Se32¢ would require at least 5.4 x 10 at.cm™2. This means
that the optimal quantity of Se atom to ensure a passivation without excess incorporation lies
in a narrow range since for a value of 1.8 x 10'% at.cm™2, Se is strongly incorporated below the
surface.

—  Summary

The buffer layer growth and surface passivation of GaP and GaAs have been compared.
If the GaAs homoepitaxy was more successful, this substrate reacts more easily with Se
which leads to an important incorporation below the surface. As we expect this to impose
severe restrictions on the usable temperatures and Se flux for the subsequent TMDC
growth, GaP substrates are preferred for the following studies, and GaAs ones are only
used for the sake of comparison. Because the formation of pyramids could not be avoided
on the GaP buffer layers, GaP substrates are directly Se-passivated after deoxidation.
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3.2 TaSe; monolayers

The substrate being characterized, the growth of TaSes is now explored. In this section,
monolayers are discussed first because they were more studied in the literature, and only two
different phases, namely the 1T and 1H ones, are expected. XPS and UPS characterizations
confirm the successful growth of both phases, which are completed by the study of the layer
morphology and electrical properties.

Except if otherwise stated, all growths are performed on GaP substrates which are deoxidized
according to the process described in Section 3.1.1.a. The Se passivation is achieved at various
temperatures ranging between 450 and 700 °C, with Se flux varying from 3 x 10~7 to 5 x
10~% Torr which are the limits explored Section 3.1.1.b. Apart from the amount of subsurface
Se, the substrates prepared under these conditions are relatively similar according to the XPS
characterization.

3.2.1 Phase control in TaSe; monolayer

According to previous studies on graphene substrates, the 1T phase appears at high temper-
ature and the 1H at low temperature.?3®239 This is why the influence of the growth temperature
is discussed first. Then, a post-growth annealing is considered to improve the film morphology.
Finally, the growth on GaP and GaAs are compared.

3.2.1.a Influence of growth temperature

The Ta and Se fluxes are measured before the substrate preparation. A TaSe; growth rate
in the 0.004-0.007 A range is chosen to promote surface diffusion and the growth duration
is calculated accordingly to get the targeted thickness. Se is provided in large excess, with
typically a Se flux of few 10~% Torr, corresponding to 0.5-1.5 A/ s, in order to avoid metallic
cluster formation. The growth is monitored by RHEED, and the layers are then characterized
by XPS before any further characterization to control the purity and the thickness.

Table 3.3 summarizes the sample growth conditions and presents the thickness estimation
derived from XPS measurements using the method described in Section 2.2.5. These estimated
thicknesses are consistently below the target ones, leading to fractions of monolayers. Therefore,
the incomplete monolayer model is systematically applied in this section, which means that
the presented values correspond in fact to the surface coverage. This improved model slightly
increases the estimated thickness when it is strictly less than 1 ML, but it will still be shown to
underestimate the thickness. Though, some variations are observed among the samples, probably
arising from the difficulty to precisely measure a very low Ta deposition rate. Hence, the control
using XPS remains valuable in order to compare the different samples. As much as possible,
samples with a similar thickness will be presented to discuss the influence of other parameters.

Sample Growth Annealing Targeted Measured Characterizations
# T. (°C) T. (°C) thick. (ML)  thick. (ML)
T1 250 - 1 0.84 RHEED, AFM, XPS, UPS
T2 450 - 1 0.99 RHEED, XPS, UPS
T3 550 - 1 0.55 RHEED, XPS, UPS
T4 600 - 1 0.91 RHEED
T5 600 - 1 0.70 XPS, UPS

Table 3.3: Monolayer TaSez samples grown at various temperatures.

After few minutes of TaSes growth, additional faint streaks appear on the RHEED pattern,
which are slightly away from the GaP ones. This is because the TaSey lattice parameter is
about 10 % smaller than the GaP one along the [21 1] direction. This observation demonstrates
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that the growth is epitaxial, even if the TaSey layer grows with its own lattice, as expected in
vdW epitaxy. After the calculated growth duration, typically about 20 min, the GaP spots are
barely visible, and the obtained RHEED pattern are presented in Fig. 3.9 (a-d). Broad steaks
are observed on the sample grown at 250 °C. These streaks become progressively thinner and
brighter at higher growth temperature. However, at 450 °C and above, extra spots are observed
on the RHEED pattern, suggesting a surface roughening. The AFM image in Fig. 3.9 (e) reveals
the morphology of the sample grown at 250 °C. Despite the surface appears largely disordered,
the GaP steps remain barely visible and are evidenced by the height distribution plotted in
Fig. 3.9 (f). The fit effectively reveals terraces separated by 0.37 nm, which is not far from
the GaP(111) interplanar distance.*!' The terraces are decorated with numerous islands and
holes less than 10 nm wide. Since some of them are higher than a single GaP step, they are
attributed to the TaSey layer. Based on the expected thickness and the estimation from XPS
measurements, it is believed that most of the substrate is covered by a TaSes monolayer, and
only the brighter islands correspond to bilayers. Finally, the dim RHEED pattern in Fig. 3.9 (a)
is consistent with the presence of grains having a smaller lateral size than the coherence length
of the electron beam.

Counts (arbitrary units)

0.00 0.5 0.0 0.5 1.0 1.5 2.0 2.5
Height (nm)

Figure 3.9: (a-d) RHEED pattern recorded along a (1010) direction of the TaSe» monolayer grown
at (a) 250 °C (sample T1), (b) 450 °C (sample T2), (c) 550 °C (sample T3), (d) 600 °C (sample T4).
(e) 500 x 470 nm? AFM of a TaSes monolayer grown at 250 °C (sample T1). (f) Histogram of the heights
measured on image (e).

The layers are characterized by XPS through the Se 3d and Ta 4f CLs presented in Fig.
3.10 (a,b). Both are asymmetric as expected for a metallic material.

The Se 3d CL exhibits a prominent doublet on the samples grown at 250, 550 and 600 °C
whereas it is more indistinct on the sample grown 450 °C. In addition, a shift of the peak maxima
is observed after careful alignment of the spectra to offset the photovoltage. The Se 3ds /o
maximum is positioned at 53.5 eV from the Fermi level for the sample grown at 250 °C and at
53.8 eV in the one grown at 600 °C. This is in very good agreement with the positions reported for
the 1H and 1T phases respectively.?3? However, in this case the maximum intensity is reached for
the Se 3d3,, peak even though its integrated area should be 2/3 of the Se 3d5,, one. To explain
this, a fit of Se 3d CL recorded on the sample grown at 600 °C is presented in Fig. 3.10 (d).
The experimental data is perfectly reproduced when taking into account the asymmetry of the
Ta-Se peaks together with the presence of another doublet at high binding energy evidenced by
the shoulder around 55.5 eV. The latter is attributed to Ga-Se bonds in the Se-terminated GaP
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Figure 3.10: (a) Ta 4f and (b) Se 3d CLs measured in XPS on TaSe; monolayers grown at various
temperature (samples T1, T2, T3 and T5). All the spectra are acquired at 45°. (c) Valence band of the
same samples, measured around I" using UPS. (d,e) Decomposition of the (d) Ta 4f and (e) Se 3d CLs
of the TaSez monolayers grown at 600 °C (sample T5). (f) Schematics of the inequivalent Ta sites in
1T-TaSe2 in the presence of the CDW.

substrate, Ga atoms being more electronegative than Ta ones. In addition, a small component
of at low binding energy is added considering an eventual contribution of 1H phase. Here, the
best fit is achieved with 10 % of 1H phase, confirming that the 1T phase is largely dominant.
However, the asymmetry and the presence of 3 doublets makes the decomposition not unique
and therefore, the determination of phase proportion is rather uncertain.

Regarding the Ta 4 f CL, it exhibits a large doublet for the samples grown at low temperature,
which is split into two doublets at 550 and 600 °C. The large width of the CL for the sample
grown at 250 °C could be due to the poor crystallinity of this layer. However, it seems even
wider for the one grown at 450 °C, suggesting the presence of more than one component. The
splitting of the Ta 4f CL on the layers grown at 550 and 600 °C is in agreement with the presence
of the CDW at room temperature in the 1T phase and the observed peak separation of 0.6 eV
perfectly matches previous measurements.*'? It originates from the presence 3 inequivalent Ta
sites in the star-of-David pattern, denoted a, b and ¢, which are in the proportion 1:6:6 as shown
in the schematic in Fig. 3.10 (f). The state a, corresponding to the central atom, is not resolved



3.2. TaSey; monolayers 73

in the spectra but is revealed through a CL decomposition in Fig. 3.10 (e) for the sample grown
at 600 °C. For this, the energy separation between states a and b is set to 0.23 eV based on the
work of Horiba et al.#12. No 1H phase is considered in this case because its shape cannot be
described by standard functions, and the addition of more components would be detrimental to
the fit uniqueness. However, the position of the peak for the sample grown at 250 °C, which
does not exhibit the CDW splitting and rather corresponds to the 1H phase according to the
Se 3d CL, is aligned on the low binding energy one from the samples grown at high temperature
(1T-TaSey (b)). Therefore, the presence of the high binding energy peak (1T-TaSey (¢)) is a
characteristic feature of the 1T phase.

The valence band presented in Fig. 3.10 (c) also exhibits a clear evolution with growth
temperature. The sample attributed to the 1H phase is found to have a maximum around 2.6 eV
whereas the nearest local maximum is at 2.0 €V in those assigned to 1T phase. In addition, the
1T phase exhibits a large density of state approximately 0.2 eV below the Fermi level, which
has been attributed to the lower Hubbard band.?® Finally, the XPS and UPS results indicate
the growth of the 1H phase at low temperature and the 1T one at high growth temperature, in
agreement with the literature.?3%-240 The spectra obtained on the sample grown at 450 °C can
be explained by the presence of both phases in substantial proportion, whereas the 1T phase
seems already largely dominant at 550 °C since no significant difference are noticed compared to
the sample grown at 600 °C. Hence, the transition occurs around 450 °C, which is comparable
to the transition at 490 °C reported by Nakata et al.23® and less than the one at 600 °C found
by Lee et al.23°.

3.2.1.b Annealing of TaSe; monolayer

The TaSe; monolayers grown at high temperature exhibit surface roughness according to the
RHEED pattern whereas a poor crystallinity with small grains is obtained for the one grown
at low temperature. To improve the morphology and crystallinity, some samples have been
annealed 3 minutes at 700 °C. Those discussed in this section are presented in Table 3.4. The
new samples have been attributed a new sample number, while the notation T4’ signifies that
it corresponds to the former sample T4 after annealing. It is seen that the thickness does not
appreciably change in this case, which suggests a good reproducibility of the measurement even
though the calculated thickness may not be completely accurate.

Sample Growth Annealing Targeted Measured

4 T.(°C) T.(°C) thick. (ML) thick. (ML) Characterizations
T6 250 700 1 0.97 AFM, XPS, RHEED
T7 450 700 1.2 0.78 XPS

T4 600 700 1 0.91 AFM, RHEED
T8 600 700 1 0.70 XPS, STM

Table 3.4: Monolayer TaSes samples grown at different temperatures and annealed at 700 °C.

The evolution of the sample morphology is first studied thanks to the RHEED and AFM
characterizations presented in Fig. 3.11. For the sample grown at 250 °C, the RHEED pattern
progressively brightens and thin streaks are obtained as shown in Fig. 3.11 (a). The correspond-
ing AFM image (Fig. 3.11 (c)) reveals a very smooth layer with clear atomic steps, and very
few holes and islands. The large terraces correspond to the substrate according to the height
histogram in Fig. 3.11 (e). Again, the thickness being rather close to a monolayer, it seems
that the layer has largely coalesced to uniformly cover the substrate except for the few holes
and bilayers islands. Individual grains cannot be discerned in the monolayer but the improve-
ment of the RHEED pattern suggests an increase of the crystallinity. On the other hand, on
the layers grown at 600 °C, the tiny dots progressively vanish above 650 °C and a 2D RHEED
pattern very similar to the low-temperature grown sample is obtained as shown in Fig. 3.11 (b).
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Figure 3.11: (a,b) RHEED pattern recorded along a (101 0) direction of TaSe; monolayer grown at (a)
250 °C (sample T6) and (b) 600 °C (sample T4’) after a 3 minutes annealing at 700 °C under a few
107°% T of Se. (c,d) Corresponding 500 x 500 nm?> AFM images: (c) sample T6 and (d) sample T4’
(e) Histogram of the heights measured on image (c).

However, the morphology is completely different according to the AFM image in Fig. 3.11 (d).
The sample is made of many terraces of various heights, and the steps are usually much larger
than the GaP ones. Therefore, it corresponds more likely to the layer itself, forming mostly one
and two monolayer islands of tortuous shapes, similar to previous observations of MoSey grown
on GaAs,3?* which have not completely coalesced. Finally, it appears that the substrate is not
entirely covered by the layer in this case, even if the thickness is estimated to be almost identical
to the sample grown at 250 °C.

To better understand this morphology, an STM image recorded by Houda Koussir*!® on
another sample (sample T8) prepared under similar conditions is analyzed in Fig. 3.12. A single
terrace is found to cover most of the surface, though higher and lower terraces are also observed.
The profile along the blue line, presented in Fig. 3.12 (b), shows that the terraces numbered 1 to
4 are separated by 0.3 nm, matching the GaP(111) interplanar distance. By contrast, the deeper
pit lies 0.6 nm below terrace 1, which corresponds well to the TaSes monolayer height. However,
this is not completely conclusive since two GaP steps would have almost the same height.

3

Looking closely to the terrace 3, a periodic modulation is observed as better revealed by the
magnified square area in Fig. 3.12 (c), even if the pattern does not seem to repeat itself identically.
The FFT of this region, shown in Fig. 3.12 (d), exhibits two sets of 6 spots, indicating that there
are two different periodicities. In this case, the two main frequencies are 0.30 and 0.88 nm™!,
corresponding to periods of 3.4 and 1.14 nm respectively. The former matches very well a moiré

of the TaSe; and GaP lattices, whose size can be calculated from the relative mismatch as

AGap[112] X TaSes[1010]

Gmoiré =

(3.1)
AGaP[112] ~ %TaSe,[10710]

Here, the STM measurements are in better agreement with the moiré of 3.5 nm predicted for the
1T phase, rather than a moiré of 3.2 nm calculated for the 1H phase. Besides, the periodicity
of 1.14 nm is attributed to the CDW. Even though it is slightly below the value of 1.25 nm
expected for the 1T phase, a more precise estimation by Houda Koussir was found slightly above
instead.*!* The moiré and CDW patterns are revealed in Fig. 3.12 (e) and (f) by filtering the
low and high frequencies, respectively. The two lattices are not perfectly aligned as expected for
the 1T phase, the v/13 x v/13 CDW being rotated by 13.9° with respect to the TaSe, lattice.?®
Finally, the distorted pattern in Fig. 3.12 (c) is understood as the superposition of both the moiré
and the CDW. The same pattern is observed on the terraces at height 1, 2 and 4 as revealed by
the magnified round areas.
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Figure 3.12: (a) 60 x 100 nm? STM image of a TaSes monolayer grown at 600 °C and annealed at 700 °C
(sample T8) recorded at 77 K. (b) Height profile along the blue line on image (a). (c¢) Magnification of
image (a) in framed area labeled 3 with a different height scale. The round pictures above show other
areas (numbered 1, 2 and 4) at the same magnification but different heights (same color scale with the
0 being shifted by -600, -300 and 300 pm respectively) (d) fast-Fourier transform (FFT) of image (c).
(e-f) Copies of image (c) in which low and high spatial frequencies have been filtered, respectively. The
cutoff frequency is comprised between the CDW and moiré ones.

The observation of a CDW indicates the presence of TaSey, whereas the moiré suggests that
it is only one monolayer, as the interaction with the substrate is expected to rapidly vanish with
the number of layers. Although the samples grown at 600 °C and annealed at 700 °C exhibited a
high density of steps, the observation of the combined CDW and moiré pattern over most of the
surface in STM confirms that the TaSey coverage is rather uniform, and therefore most of these
steps originate from the GaP substrate. It also proves that the targeted thickness near 1 ML is
effectively achieved even though the estimation derived from the XPS measurements indicates
less. Since it is the thinner sample for which at least 90 % of coverage was demonstrated, the
sample T8 is considered as the reference for a monolayer thickness, and it is therefore concluded
that the thickness of TaSes monolayers is underestimated in XPS.
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Figure 3.13: (a) Ta 4f and (b) Se 3d CLs measured in XPS on TaSe; monolayers grown at various
temperature before and after annealing at 700 °C (samples T6, T7 and T8). All the spectra are acquired
at 45°. The gray curves correspond to the as-grown samples (T1, T2 and T5). The photovoltage is
corrected based on the Fermi level position measured in XPS for all spectra except for the spectra of
sample T7 after annealing which is shifted by —0.2 eV to align the Se-Ga compound at the high binding
energy edge of the Se 3d CL.

The phase of the annealed samples is now analyzed through the XPS measurements presented
in Fig. 3.13 (a,b). The as-grown spectra discussed in Fig. 3.10 (a,b) are reproduced in gray to
help the comparison. For each growth temperature, a small evolution of both the Ta 4f and
Se 3d CLs is observed. The sample grown at 250 °C, which was already attributed to the 1H
phase seems further shifted toward lower binding energies. It exhibits much thinner peaks after
annealing, which is consistent with the improvement of the crystal quality, even though it could
also be due to a better phase purity. The shoulder observed on the Ta 4f CLs is not necessarily
due to a minor fraction of 1T phase but may also be an intrinsic feature of the 1H phase as
a very similar shape has been observed on cleaved 2H-TaSe, single crystals.*!®> Conversely, the
characteristics of the 1T phase in a sample grown at 600 °C are slightly less pronounced. It is
thus suggested that a small amount of 1T phase is transformed into the 1H one. This is more
clearly seen on the sample grown at 450 °C for which the 1H doublet seems to slightly emerge
around 54.1 eV after annealing, even though the spectra still resemble a combination of both
phases. Overall, it seems that the 1H phase is favored by the annealing as expected for the stable
phase, but the changes remain modest.

3.2.1.c Influence of thickness and coverage

In order to improve the coverage, an average thickness slightly above 1 ML has been targeted
in some samples grown at high temperature. In addition, the instability of the Ta flux has led
to a reduced thickness in some experiments, as shown for instance for sample T9 in Table 3.5.
The latter is estimated about 50 % thinner than the previously characterized sample T8, and
will therefore be refereed as a 0.5 ML sample. The influence of these thickness variations must
be studied to determine how it can affect the results.

The phase is first discussed based on the Se 3d and Ta 4f CLs in Fig. 3.14 (a) and (b).
The doublet of the Se 3d is more clearly separated on the 0.5 ML-thick sample, whereas the
CL shape is flattened as the thickness is increased, suggesting the apparition of the 1H doublet.
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Sample Growth Annealing Targeted Measured

# T. (°C) T. (°C) th. (ML)  th. (ML) Characterizations
T9 600 700 1 0.38 XPS

T8 600 700 1 0.70 XPS, STM
T10 600 700 14 0.90 XPS, STM, STEM

Table 3.5: Monolayer TaSes samples grown at 600 °C and annealed at 700 °C having different thicknesses.
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Figure 3.14: (a) Ta 4f and (b) Se 3d CLs measured in XPS on TaSe; layers grown 600 °C and annealed
at 700 °C with different thicknesses (sample T8, T9 and T10). All the spectra are acquired at 45°. The
photovoltage is corrected based on the Fermi level position measured in XPS on samples T8 and T9,
while the spectra of sample T10 is shifted by —0.32 eV to align the Se-Ga compound at the high binding
energy edge of the Se 3d CL.

This is also confirmed by the reduction of the high-binding energy component of the 1T-phase in
the Ta 4f CL. Hence, it is clear that a high nominal thickness favors the more stable 1H-phase.
However, since a phase change is also observed between the sample T9 and T8, corresponding
to 0.5 and 1 ML respectively, and for which very few bi-layers are expected, it could rather be
related to the surface coverage. Shimada et al. suggested that the formation of the metastable
1T phase could be kinetically favored because the octahedral coordination is generally more
stable in molecules.?*® Recently, a much faster growth rate for the 1T phase has effectively been
demonstrated in TaS;.4!6 In this latter study, the stable 1H phase was believed to originate from
the random conversion of 1T islands after a certain time. However, the authors argued that
the 1T phase lifetime only depends on temperature, whereas here the growth durations are very
similar for the three samples (24, 25 and 30 min for T8, T9 and T10 respectively), suggesting the
phase transition is driven by something else. In MoSs, a lower edge energy has been calculated
for the 1T’ phase compared to the 1H one, hence small clusters of 1T’ phase could be stable
despite the 1H one is stable in bulk in this material,*'” and a similar conclusion was reached for
the 1T phase.*!® Hence, it is believed that the grain size increases with the surface coverage and
stabilizes the 1H phase. Alternatively, in TaSo, the 1H phase has been suggested to emerge from
the grain boundaries during the film coalescence because its smaller in-plane lattice parameter
enables to release strain.!”

According to the STM images presented in Fig. 3.15 (a,b), the morphology of the two thickest
samples is very similar. The TaSes layer covers at least 90 % of the surface for both samples,
and the root mean square (RMS) of height differences is only slightly larger on the thicker
one. However, at the nanometer scale, a large part of the surface of the thicker sample appears
disordered as shown in Fig. 3.15 (d) whereas disordered areas are rather rare on the 1 ML sample
(Fig. 3.15 (¢)). In average, these disordered regions are only 0.140.1 nm thicker than those where
the moiré and CDW are visible. Hence, they unlikely correspond to TaSes bilayers. However, the
disorder might be caused by adsorbed atoms or defects, that could eventually disturb the CDW
order. Especially, according to the XPS results, it might be the 1H phase. The latter would be
expected to exhibit a 3 x 3 CDW,?*! but as it takes place at 122 K and becomes commensurate
only below 90 K, it may not be perfectly ordered at 77 K.
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Figure 3.15: (a,b) 300 x 300 nm? STM images at 77 K of the (a) 1 ML-thick (sample T8) and (b)
1.4 ML-thick (sample T10) TaSes layers. (c,d) Magnified 100 x 50 nm?® STM images of the framed
areas in images (a,b). The STM measurements were made by Houda Kousir and Yevheniia Chernukha.
(e-g) STEM images of the 1.4 ML-thick TaSey layer (sample T10), observed along the [011] zone axis.

To get further insights on what it could be, the 1.4 ML sample is further analyzed using
STEM in Fig. 3.15 (e-g). Right below the TMDC monolayer, the top layer of the GaP substrate
appears brighter with the two atoms being clearly visible, confirming the presence of Se replacing
lighter P atoms. The spacing between the bottom Se in TaSes and the top ones on the GaP
substrate is about 3 A which is more or less what could be expected for a vdW gap. The image
in Fig. 3.15 (e), reveals both the 1T phase, whose projection along the [011] direction appears
as oblique lines ("///"), and the 1H phase, which is shaped as inequality symbols (">>>"). In
several regions, the images are blurry probably because of the phase mixture, in good accordance
with the XPS results for this sample. In addition, other types of defects are regularly found. The
most frequent is the intercalation of Ta atoms in the vdW gap, which results in the growth of
non-layered island as shown in Fig. 3.15 (f). A similar observation is made near some step edges
as presented in Fig. 3.15 (g), in contrast with previous observation of other TMDCs climbing
over GaAs steps.??7420 These defects may be the explanation for the greater disorder observed
on this sample in STM.
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In conclusion, the surface coverage of the sample grown at high temperature could not be
conclusively enhanced by increasing the nominal thickness to 1.4 ML. Instead, a phase mixture
is obtained exhibiting a large disorder and many defects. Finally, the thickness appears to be a
determining parameter for the 1T into 1H phase transformation.

3.2.1.d TaSe; monolayer grown on GaAs

The use of a more conductive substrate would be beneficial for STM characterization. In
addition, the smoother initial surface of GaAs buffer layer could reduce the density of steps,
making it appealing for TaSe, growth. Because the temperature stability of GaAs is a concern,
the growth is performed at 550 °C as it is the lowest temperature at which pure 1T phase
has been obtained. The Se-treated GaAs sample A2 presented in Section 3.1.2.b, which has
been passivated at this temperature, is chosen for the GaAs one, since the Se uptake will be
unavoidable during the growth. The Se flux is even increased to circa 3 x 1076 Torr to meet the
conditions previously used for GaP substrates.

Then, another sample is prepared under similar conditions on GaP to compare the two
substrates. The measured thickness is very comparable for both samples, as shown in Table 3.6,
even though it is still believed to be underestimated. In fact, both samples seem slightly thicker
than the monolayer reference (sample T8) in accordance with the targeted thickness.

Sample Growth  Annealing Targeted Thickness L
" Substrate T. (°C) T. (°C) th. (ML)  th. (ML) Characterizations
T11 GaP 550 650 1.2 0.79 XPS, LEED, STM
T12 GaAs 550 650 1.2 0.75 RHEED, XPS, LEED, STM

Table 3.6: TaSe2 monolayer samples grown at 550 °C and annealed at 650 °C on GaAs or GaP substrates.

Figure 3.16: (a) RHEED pattern recorded along a GaAs (211) (TaSez (1010)) direction of the sample
T12 at different stages of the growth: (a) the initial Se-terminated GaAs substrate, (b) as-grown TaSes
monolayer, and (c) after annealing at 650 °C. (d) Spot indexation on the RHEED pattern (b). (e) Fast-
Fourier transform of a STEM image of sample T10. The main spots attributed to the GaP reciprocal
lattice are indexed. The tiny spot below the (TTT) one is attributed to the Se capping layer.

The initial RHEED pattern recorded on the Se-terminated GaAs substrate (Fig. 3.16 (a)) is
very similar to the GaP one. During the first half of the growth, the TaSe, streaks progressively
strengthen. Then, once 0.6 ML have been grown, few spots suddenly appear on the RHEED
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pattern and within one minute they completely cover the streaks as shown in Fig. 3.16 (b).
Although the spot positions are similar to those on GaP, the degradation is far more pronounced
on GaAs. Interestingly, the diffraction pattern corresponds rather well to a twinned zinc-blende
structure,*21422 whose proposed peak indexation is shown in Fig. 3.16 (d). It can be compared to
the GaP diffraction pattern in Fig. 3.16 (e) obtained through a FFT of a STEM image of sample
T10. A reasonable match is found between the two lattices, as highlighted by the blue lines, but a
mirrored array of spots, sketched in yellow on the RHEED pattern in Fig. 3.16 (d), indicates the
presence of twins. Here, this diffraction pattern could therefore correspond to GaAs, but it could
also be any FCC structure with a similar lattice. The fact a stronger degradation is observed
GaAs compared to GaP indicates that the substrate is involved in the surface roughening at high
temperature, but it must still be triggered by the growth since, so far, no degradation has been
noticed during annealing under Se only.

The layers are then annealed at 650 °C since the RHEED pattern of the samples grown on
GaP improves at this temperature. Effectively, the RHEED pattern immediately recovers once
this temperature is reached as shown in Fig. 3.16 (c).
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Figure 3.17: (a,b) Ga 3d CLs measured in XPS at 45° on TaSe; monolayers grown at 550 °C on (a)
GaP (samples T3 and T11) and (b) GaAs (sample T12). The Ga 3d CLs of the Se-terminated GaP
substrate prepared at 450 °C under high Se flux (sample P3) and GaAs prepared at 550 °C under low
Se flux (sample A2) are presented as reference. (c,d) Comparison of the (c) Se 3d and (d) Ta 4f CLs of
the TaSe; monolayers grown on GaP (sample T11) and GaAs (sample T12) measured in XPS at 45°.
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To explain the evolution of the RHEED pattern, the Se incorporation in the substrate at
different stages of the growth is studied through the Ga 3d CL presented in Fig. 3.17 (a) and
(b) for GaP and GaAs, respectively. In the as-grown TaSe; on GaAs sample, a very large
component is observed at the high binding energy side, which is attributed to Ga-Se bonds,
in perfect agreement with the large Se uptake expected for this substrate. Interestingly, most
of the Ga-Se content vanishes after the annealing. It is known that layered GaSe evaporates
around 650 °C,?%! whereas the Se-termination of GaAs may be more stable under Se flux, in
the same manner that GaP-Se is stable up to 700 °C. Hence it is believed that the annealing
removes the excess Ga,Se, compounds formed during the growth. Because, their apparition and
evaporation perfectly coincide with the degradation and recovering of the RHEED pattern, these
compounds are suspected to be the cause of the surface roughening. Especially, GaySes exhibits
a defective FCC structure with a lattice parameter very close to the GaP one,?” and a similar
twinned RHEED pattern has been reported for the isostructural (In,Ga)sSez.4?? It has already
been formed on GaAs(111) at 330 °C using a much higher Se flux,*?* but given the significant
subsurface Se incorporation at 10~7 Torr, it may be progressively formed in the present growth
conditions at 1075 Torr. Besides, the GasSes lattice contains one third of Ga less than the GaAs
one. This means that when As atoms are substituted by Se in the bulk to form GasSes, extra
Ga atoms will be released enabling more GasSes to be grown. It is possible that the competition
between 2D TaSe; and 3D GagSes triggers a vertical growth mode when the substrate coverage
increases, explaining the sudden RHEED transition. By contrast, the Ga 3d CL presents very
little evolution in GaP during the growth and annealing, showing that such an effect cannot be
expected to a significant extent on this substrate. This is consistent with the much smaller spots
observed on the RHEED patterns in Fig. 3.9.

The influence of the substrate on the phase formation is examined through the Se 3d and
Ta 4f CLs measured on the annealed layers and compared in Fig. 3.17 (c¢) and (d), respectively.
Overall, both CLs resemble those of the 1.4 ML-thick TaSes sample (Fig. 3.14), suggesting a
mixture of 1T and 1H phases, probably as a result of the annealing and of the thickness being
slightly above the monolayer reference. However, despite the very similar thickness and growth
conditions, the 1T phase seems more predominant in the sample grown on GaAs according to the
maximum shifted toward the 1T position on the Se 3d CL, and the more pronounced shoulder
on the Ta 4f CL. At this stage, it is not clear whether the 1T phase is indeed favored by the
GaAs substrate itself, or indirectly induced by a different morphology.

The structure of the layers is now compared through their LEED patterns presented in Fig.
3.18. Both patterns exhibit a six-fold symmetry, in accordance with the good alignment of the
layer, but noticeable differences are noted. For the monolayer grown on GaP, each of the 6 main
spots, attributed to the TaSes layer, is surrounded by 6 extra spots. The distance between these
secondary spots is about 10 times smaller than the separation of the main ones. This corresponds
to a 10 times larger lattice in the real space, which perfectly fits the moiré observed in STM in
Fig. 3.12. By contrast, the LEED pattern (b) recorded on the sample grown on GaAs exhibits
two bright spots repeated 6 times. The outer spots appear slightly more diffuse than the inner
spots. The GaAs lattice being larger than the TaSe; one, the sharp inner spots are attributed
to the substrate. The diffuse spots, therefore ascribed to the TaSe, layer, are surrounded by a
very faint superstructure similar to the moiré observed on GaP. Its observation is also expected
on GaAs given the lattice mismatch of about 15 % in this case. However, this superstructure is
not as bright as on GaP despite the very similar thickness of the two samples. The GaP-related
spots are not as narrow as the GaAs-related ones, probably because the GaP substrate is largely
covered and theses spots are only observed through the moiré. Conversely, the bright GaAs spots
indicate that the corresponding sample contains some uncovered areas, whereas the low intensity
of the moiré suggests that single layer TaSe; regions are relatively scarce on GaAs.
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Figure 3.18: (a,b) LEED pattern observed on the 1.2 ML TaSe, samples grown on (a) GaP (sample
T11) and (b) GaAs (sample T12) after annealing.

Still on this substrate, another faint superstructure, consisting of 12 spots arranged in a
circle, is also observed around the TaSe,; spots. The measurement of its radius leads to the
calculation of a lattice about 3.5 times larger than the TaSes one, which better matches the
1T-TaSes CDW. The presence of 12 spots has already been reported in the literature and will be
discussed later.#2> Still, the observation of the CDW only on the GaAs sample is surprising given
the rather small difference in 1T/1H phase proportion observed in XPS between both samples.
This may be related to the fact the moiré is much less visible on this substrate, probably because
of a different morphology.

Effectively, the STM comparison of the two samples presented in Fig. 3.19 reveals a rougher
surface on GaAs. The coverage is estimated to be 77 % on this substrate, whereas it reaches
91 % on the GaP one, in good accordance to the previous 1 ML and 1.4 ML samples. The most
frequent steps on the GaP substrate are 0.7 + 0.1 A high according to the profile in Fig 3.19
(¢), in agreement with the presence of a TaSes monolayer. By contrast, the profile measured
on the GaAs one (Fig 3.19 (d)) reveals mostly step heights above 1 nm. It suggests that the
film is largely composed of few-layers, which explains the lower surface coverage for a similar
amount of deposited TaSes compared to the sample grown on GaP, although the presence of
Ga,Se, under the TaSe, layer cannot be excluded. Looking closely to the GaAs sample, it
appears that a large proportion of the layer is disordered, similar to the previously characterized
1.4 ML sample on GaP. Still, some areas exhibit a periodic ordering, as in Fig. 3.19 (f). The
profile in Fig. 3.19 (g) reveals a period of 1.3 nm which corresponds to the CDW. However, the
pattern is perfectly periodic in this case, in stark contrast to the samples grown on GaP. This is
attributed to the absence of the moiré on GaAs substrate, in agreement with LEED observations,
which might be explained by the fact that the TaSes consists mostly of few-layers or the possible
presence of Ga,Se, underneath. Concerning the different morphology, it is probably related to
a reorganization of the layer monitored by the sudden RHEED pattern changes observed during
the growth and annealing on the GaAs sample. Finally, the choice of the substrate is found to
have significant consequences, and it is clear that a uniform surface coverage would be difficult
to achieve on GaAs in these conditions.
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Figure 3.19: (a,b) 300 x 300 nm? STM image observed on the 1.2 ML TaSe, layers grown on (a) GaP
(sample T11) and (b) GaAs (sample T12). (c,d) Height profile along the lines drawn on the images
above. (e) 38 x 38 nm? STM image of layer grown on GaAs. (f) 20 x 20 nm? STM image in the area
outlined in (e). (g) Height profile along the periodic reconstruction observed in (f). All measurements
were made by Yevheniia Chernukha. .
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3.2.2 In-plane orientation of TaSe, monolayers

In the previous section, the film has been observed to be formed of domains of rather small
size, as expected in MBE. In 3D-material epitaxy, this is balanced by the fact that each individual
island grows on the same lattice which allows them to merge coherently. This is however rarely
achieved in 2D-material growth because the weak vdW interaction hardly enables a sufficient
in-plane alignment to the substrate lattice. To determine if this is the case for TaSes grown on
GaP or GaAs, the orientation of the different domains is studied in this section. For this, only
samples exhibiting good phase purity are considered, since a phase mixture would obviously be
detrimental to any long-range ordering.

3.2.2.a Relative alignment of the substrate, TaSe; and CDW lattices

Sample Growth  Annealing Targeted Thickness s
i’ Substrate T. (°C) T. (°C) th. (ML)  th. (ML) Characterizations
T6 GaP 250 700 1 0.97 LEED
T4 GaP 600 700 1 0.91 LEED
T8 GaP 600 700 1 0.70 STM
T12 GaAs 550 650 1.2 0.75 LEED

Table 3.7: TaSe2 monolayer samples grown at various temperature on GaAs or GaP substrates.

In the previous section, the six-fold symmetry of the LEED patterns have already proved
the rotational alignment of the TaSes layers grown at 550 °C with respect to their respective
substrate. Here, different samples from the previous sections, reported in Table 3.7, are compared
to study the rotational domains in the layers. Their corresponding LEED patters are reproduced
in Fig. 3.20 (a-c). The moiré observed in patterns (a) and (b) is aligned on the TaSes lattice,
as expected from the good alignment of the GaP and TaSes lattices. However, the TaSe, spots
on LEED pattern (b) from the layer grown at 250 °C seem distorted. They are in fact elongated
along the azimuthal direction, indicating a non-negligible residual misorientation.

In the LEED (c), recorded on the sample grown on GaAs, the CDW exhibits 12 spots and
neither are aligned along the TaSey and GaAs direction. This is similar to previous reports*2°
while some others have found only 6 spots.*!? An angle of 13 4 1° is measured with respect to
the TaSe, lattice, which is in good accordance with the expectation of the v/13 x v/13 CDW to
be rotated by 13.9°. However, it should be highlighted that there are two possible ways for a
V13 x /13 superstructure to be formed on a hexagonal lattice as illustrated in the schematics
in Fig. 3.20 (h). Finally, the 12 spots can be explained by the presence of two sets of 6 spots,
one being rotated by +13.9° and the other one by -13.9°, since there is no reason for one of the
two symmetrical orientations to be preferred.

This is however not specific to the GaAs substrate as the CDW domains have also been
observed during the STM characterization of sample T8 grown on GaP. The already analyzed
image is reproduced in Fig. 3.20 (d). Contrary to the previous FFT over a reduced area (Fig.
3.12 (d)), the FFT of the whole image presented in Fig. 3.20 (e) reveals 12 spots similar to the
LEED pattern. This indicates the presence of both CDW orientations in this image. Indeed, in
Fig. 3.20 (f), two orientations of the CDW periodic modulation are observed. Interestingly, the
star-of-David pattern looks like triangles that are not perfectly aligned along the CDW direction.
This is better observed at the atomic resolution in the image Fig. 3.20 (g). The triangular shape
is explained by the fact that the CDW pattern is centered on a Ta atom whereas in this case,
the tip mostly interacts with the top Se atoms. As a results, the 6 top Se atoms inside the
star-of-David appear much brighter than the outer ones. Therefore, the triangles indicate the
true orientation of the TaSes lattice, whereas the two possible CDW orientations result from
the arrangement of these triangles as shown in the schematics in Fig. 3.20 (h). In the image
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Figure 3.20: (a-c) LEED patterns of the TaSes monolayer grown on GaP at (a) 600 °C and annealed
at 700 °C, (b) 250 °C and annealed at 700 °C, and (c¢) on GaAs at 550 °C and annealed at 650 °C.
(d) 100 x 60 nm? STM image of a sample grown at 600 °C and annealed at 700 °C on GaP. (e) FFT
of image (d). (f) STM image of the framed area in image (d). (g) Atomic resolution STM image of the
same sample. The green dots indicate the top Se atoms positions. The STM measurements have been
performed by Houda Koussir. (h) Schematics of the two possible orientations of the 1T-TaSe; CDW.

Fig. 3.20 (f), the triangles are effectively all facing in the same direction, but they are arranged
differently. Finally, despite the two CDW domains, the layer seems uniformly oriented and
rather continuous in this image. The few defects in between probably explain this change of
CDW orientation by contrast to high quality crystals which have been shown to exhibit single
rotational CDW domains.*?6

In Fig. 3.20 (f), no evidence of a grain boundary has been found, whereas on the same sample,
two domain boundaries are clearly observed in Fig. 3.21 (a) between the white arrows. In this
latter image, the periodic modulation corresponds to the moiré according to its larger lattice.
Interestingly, significant variations of its orientation are observed as highlighted by the blue lines.
To explain their origin, a similar moiré effect has been reproduced with two hexagonal lattices in
the schematics presented Fig. 3.21 (c-e). The blue one is 10 % smaller than the red one, as is the
TaSes monolayer compared to GaP. In case (c¢), a hexagonal moiré lattice is obtained, perfectly
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Figure 3.21: (a) STM The white arrows show the extremities of two boundaries. The blue lines highlight
the local orientation of the moiré whereas the red one was reported at the different positions to serve as a
reference. (b) STM of the framed area in (a). The blue lines highlight the local orientation of the CDW.
The two triangles indicate the orientation of the triangular CDW pattern. The STM measurements have
been performed by Houda Koussir. (c-e) Schematics of the moiré between two lattices having 10 % of
mismatch. In (d), the blue lattice size is further reduced by 5 % along the horizontal axis. In (e), the
blue lattice is rotated by 2°.

aligned on the two other lattices and 10 times larger than the blue one, as could be expected.
Since strain is known to strongly affect moiré patterns,*?” 5 % of uniaxial compressive strain is
added on the blue lattice in case (d). It results in a large distortion of the moiré lattice. Even
though one of the two moiré vectors is now rotated by 9°, this essentially changes the lattice size.
In case (e), the blue lattice is rotated by 2° which makes the whole moiré rotate by 19° while its
shape and dimensions are largely preserved. Finally, the large rotations of the moiré pattern can
be explained by very small misalignments of the TaSes lattice as previously observed on Au(111)
substrates.?? This is typically illustrated by the LEED pattern of the sample grown at 250 °C in
Fig. 3.20 (b), for which the few degrees-large TaSes spot width corresponds to rotations of several
tens of degrees for the moiré. Conversely, on the sample grown at 600 °C, the moiré rotations up
to 11° observed in STM are compatible with the small spot width in the corresponding LEED
pattern in Fig. 3.20 (a). The absence of discernible grain boundaries between these rotational
domains in Fig. 3.21 (a) shows that the layer can probably accommodate these lattice rotations
with a reasonable strain.
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The framed area is more precisely analyzed in Fig. 3.21 (b). The boundary is more clearly
seen and the CDW is now observed. The latter has the same orientation on either side of the
boundary, whereas it is rotated by 304+1° on the top right, which corresponds rather well to the
expected 27.8° between the chiral CDW domains plus a 1.44+0.2° TaSe, lattice rotation deduced
from the 114+1° moiré rotation. Concerning the grain boundary marked with the white arrows,
for which no moiré or CDW rotation is discerned, an explanation still needs to be found. It can be
observed that the individual stars-of-David exhibit triangular shapes facing in opposite directions
on either side of the boundary. Since this pattern originates from the 6 top Se atoms, this means
that they are placed in the opposite way with respect to the Ta atoms. This corresponds to
complete inversion of the layer lattice, signifying that one of the two sides is a mirror twin.
Finally, this is not surprising that a grain boundary is observed at this position.

In conclusion, three types of domains have been identified in STM, which were either at-
tributed to the chirality of the CDW, small angle misalignment of the TaSey layer or mirror
twins. However, only the third type leads to a clear grain boundary. Overall, they seemed rather
rare on the few analyzed images but this needs to be confirmed at larger scale. The LEED ob-
servations have proved a good rotational alignment with respect the TaSes lattice, especially for
the sample grown at high temperature. However, this technique can hardly distinguish mirrors
twins because of the symmetry, at the first order, of the diffraction patterns as stipulated by
Friedel’s law.428

3.2.2.b Large-scale grain alignment revealed by X-ray photoelectron diffraction

To better understand the TaSe; growth and illustrate the importance of the grain alignment,
the TaSey nucleation is studied. For this purpose, 0.3 ML-thick samples have been grown at
either 250 or 600 °C. The thickness estimated from XPS measurements is reported in Table 3.8.

Sample Growth Annealing Targeted Measured

" T. (°C) T. (°C) th. (ML) th. (ML) Characterizations
T13 250 - 0.3 0.20 XPD

T13’ 250 650 0.3 0.21 XPD

T14 600 - 0.3 0.17 XPD, AFM

Table 3.8: Sub-monolayer TaSes samples grown on GaP substrate to study the grain alignment.

The AFM characterization of the layer grown at 600 °C is presented in Fig. 3.22 (a). The
TaSe; is observed to form small islands of indistinct shapes. The terraces of the GaP substrates
are barely distinguished underneath. Approximately 29 % of the substrate seems covered by the
TaSes islands, confirming that the XPS measurements slightly underestimate the thickness. The
nucleation density is about 3500 & 500 pm?, which means that the grains are expected to reach
an average diameter of circa 20 nm before coalescence. This is consistent with the typical width
of the coherent domains observed in STM, even though up to 100 nm-long elongated ones have
also been observed. These larger domains are believed to originate from the merging of several
nuclei, which explains their tortuous shapes. However, this can be made possible only if the
grains have the same orientation. Otherwise, a grain boundary similar to the one observed in
the previous section would be expected to form.

To determine the orientation of the grain at macroscopic scale, the XPD technique is used.
It consists in measuring the variation of a CL intensity measured in XPS as function of the take-
off angle to determine the positions of the neighboring atoms. Usually, this technique requires
heavy calculations for the results to be interpreted, but it can be made straightforward when the
studied system is relatively simple. The 0.3 ML samples fulfill this condition because no bilayers
are expected at such an early stage of the growth, as confirmed by the AFM characterization.
Hence, there is only one layer of transition metal atoms surrounded by Se ones. It has been
shown that electrons having a large kinetic energy are mostly forward scattered.?%3 Therefore,
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Figure 3.22: (a) 500 x 500 nm®> AFM image of a 0.3 ML-thick TaSe» sample grown at 600 °C (sample
T14). (b) Schematics of the photo diffraction angles considered in the XPD experiments for the two
TaSes phases and the GaP substrate.

neglecting any back-scattering, the Ta 4f electrons are expected to be only scattered by the top
Se atoms before reaching the analyzer. By this mean, the orientation of the top Ta-Se bond can
be determined, and then the orientation of the layer can be deduced provided that the phase is
known. This last point has an importance because the orientation of the Ta-Se bonds is different
in the two phases as illustrated in the schematics in Fig. 3.22 (b). The two phases have their
Ta-Se bond at relatively similar azimuthal angle, but the top and bottom bonds are facing in
the same direction in the 1H phase whereas they are 180° rotated in the 1T one. Hence if the
two phases have their bottom Ta-Se bond oriented in the same direction with respect to the GaP
substrate, the top Ta-Se bond will be measured 180° apart, as it would be the case for a mirror
twin. Therefore, an enhancement of the Ta 4f intensity would be expected along 3 directions
only if the TaSe, layer contains only one phase and no mirror twins. In any other cases, the
XPD spectrum would reveal 6 peaks separated by 60°.

For the present experiment, the detector is set at a polar angle of 37.8°, which corresponds
to the 1T phase but also enables the 1H one to be detected thanks to the 2° half-aperture of the
analyzer. Each sample had their azimuth first aligned along a (211) direction of the substrate.
Then, the Ta 4f and Ga 3d CL intensities were measured every 2.5°. The results are presented
in Fig. 3.23.

In each measurement, the Ga 3d CL intensity is strongly enhanced at three angles separated
by 120° as expected from the 3-fold symmetry. They are attributed to the (100) directions
represented in Fig. 3.22 (b). This confirms that the substrates were oriented in equivalent
direction in the three experiments. Concerning the Ta 4f CL, 6 peaks of comparable intensities
are observed in the sample grown at 250 °C before annealing. As discussed earlier, this could
be either due to the presence of mirror twins or both phases. The 1H phase is expected to be
predominant at this growth temperature in monolayers, but it is not excluded that the 1T phase
could be present in significant amount since it was suspected to be favored for small nuclei.
After annealing at 650 °C, however, the 6 peaks remain visible but 3 of them are clearly more
pronounced. Hence, there is one dominant phase, for which one orientation is also preferred.
This could be understood by the fact that the annealing favors the stable phase as well as the
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Figure 3.23: Records of the Ta 4f and Ga 3d measured in XPS at a take-off angle of 37.8° and various
azimuths.

grain orientation having the lowest energy on GaP. Finally, for the sample grown at 600 °C, only
3 peaks are obtained for the Ta 4 f CL, proving the absence of mirror twins and the phase purity
at this stage of the growth. In this case, the 1T phase is expected to be favored by both the
growth temperature and the small size of the nuclei. It is interesting to note that the peaks are
60° apart from the most intense ones on the previous sample. This is consistent with the 1T and
1H phase having opposite upper bond direction, since it seems rather intuitive that both phases
would have the same orientation for their lower bonds. Concerning the absence of mirror twins,
it is line with the observation of few mirror twin boundaries during the STM characterization of
the monolayer grown at this temperature.

Finally, the structural characterization of the layers has revealed important differences be-
tween those grown at 250 and 600 °C. At low temperature, it is not possible to control both the
phase and the grain orientation during the growth, which means that many grain boundaries
would be expected after coalescence of the nuclei. An intermediate annealing at 650 °C could be
beneficial since an improvement is noticed, but it remains insufficient to achieve a single phase
and grain orientation. The growth of 1T phase at high temperature seems however promising,
with no 1H phase nor mirror twins being detected at the nucleation stage, and very few in the
monolayer. Still, the XPS, STM and STEM characterizations of the thicker layer in the previous
section suggest that this is only the true up to the monolayer limit.
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3.2.3 Electrical characterization of TaSe, monolayers

The selective growth of the 1T and 1H phases has been demonstrated in monolayer, and
the crystalline quality of the samples has been discussed. In this paragraph, their electrical
characterization is presented to determine if the properties of each phase are obtained in spite
of the observed defects.

3.2.3.a Investigation of the TaSe, band structure

Sample Growth Annealing Targeted Measured ..
4 Substrate T. (°C) T. (°C) th, (ML)  th. (ML) Characterizations
T6 GaP p 250 700 1 0.96 UPS
T8 GaP n+ 600 700 1 0.66 UPS, STS

Table 3.9: monolayer TaSe; samples for band structures characterizations.
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Figure 3.24: (a) Valence band measured in UPS on two annealed layers grown at different temperatures.
(b) ARPES measurements of 1H and 1T-TaSes monolayers grown by MBE on graphene and band
structure calculations, reproduced from Nakata et al.2%%.

To highlight the striking difference between the 1H and 1T phases, the band structure is first
discussed. In Fig. 3.24 (a), the valence band measured around I' in UPS is presented for the
monolayers grown at 250 or 600 °C after annealing. A maximum at 2.6 eV previously attributed
to the 1H phase (Fig. 3.10 (¢)) is clearly visible on the sample grown at 250 °C. On the sample
grown at 600 °C, a maximum is reached at 2.0 eV as expected for the 1T phase. However, a
shoulder is also observed at 2.5 eV which suggests that a small fraction of 1H phase has been
formed in agreement with the minor phase transformation observed during the annealing process.
A large difference of electron density near the Fermi energy is observed between the two phases,
in accordance with previous ARPES measurements and band structure calculations from Nakata
et al. which have been reproduced in Fig. 3.24 (b).?%® In the 1H phase, the metallic Ta 5d band is
predicted to be above Er in I', which explains that it is not detected by photoemission. Instead,
the largest density of states is found between 1 and 2.5 eV in UPS with minor peaks at 1 and
1.3 eV that correspond very well to the bands observed in ARPES. The residual electron density
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below 1 eV could be either due to the detection of the metallic band at the edge of the acceptance
cone, or the presence of a minor fraction of 1T phase. Indeed, an intense and narrow peak is
observed in the UPS spectra at 0.2 eV in the sample grown at 600 °C and attributed to the
lower Hubbard band in this Mott insulating compound, in accordance with the large flat band
revealed in ARPES at this position. A small bandgap would normally be expected in the Mott
insulating phase, but it is smaller than the experimental resolution of the UPS measurement and
the magnitude of the photovoltage effects.

Therefore, the presence of the Mott gap is investigated through STS measurements at 77 K
performed by Houda Koussir. The first derivative of the current intensity is plotted as function
of the voltage in Fig. 3.25 (a). It reveals a large density of states below —1.0 V and above 1.4 V,
which is attributed to the GaP substrate as the inner interval match rather well its band gap.*2°
The signal is much lower in this range, but is remains different from zero because the carriers
can be evacuated through the layer. The inset shows a spectrum acquired from —0.5 to 0.5 eV.
In this case, a negligible signal is observed in a very small interval of circa 0.13 £0.02 eV around
Er which is attributed to the TaSes band gap. It is surrounded by two peaks which are ascribed
to the lower and upper Hubbard bands.
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Figure 3.25: (a) STS spectra acquired at 77 K using V = —2.0 V and I = 200 pA as feedback parameters
for the main plot and V = —0.5 V and I = 20 pA for the inset. (b) STS spectra acquired at 77 K using
various current setpoints. The figures and measurements are from Houda Koussir.*14

To determine if the Mott state can be controlled, the current intensity is varied among the
different STS spectra presented in Fig. 3.25 (b). At 250 and 300 pA, the Mott gap is still visible,
but the density of state does no longer reach zero. For a current of 500 pA and above, the Mott
gap has completely vanished. This shows that an insulator to metal transition can be triggered in
STM. Because the tip moves closer to the surface when the current setpoint is increased, it does
not necessarily mean that this metallic state is induced by the increase of the electric field,*3°
but it is may also be due to the proximity of the tip which modifies the electrons screening.*'4

3.2.3.b Large-scale electrical resistivity measurement

The Mott insulating phase has been evidenced at microscopic scale using STS. However, it
remains necessary to confirm its existence all over the surface to ensure a good homogeneity of
the electrical behavior. For this, a TaSes; monolayer has been grown at 600 °C, to favor the 1T
phase, on a semi-insulating GaP substrate which enables electrical measurements to be made.
Its thickness is comparable to the preceding sample according to the XPS estimation reported
in Table 3.10.
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Sample Growth  Annealing Targeted Measured s
i’ Substrate T. (°C) T. (°C) th. (ML)  th. (ML) Characterizations

T15  GaP (si) 600 660 1.1 0.80 4PP

Table 3.10: Sample grown for the electrical characterization. "s. i." stands for semi-insulating.

The sample is measured under vacuum in a liquid nitrogen-cooled cryostat. To get rid of the
contact resistances, four probes are directly placed onto the layer in the square configuration.
The measurement is performed through a 20 nm-thick Se capping layer to prevent the oxidation
during the sample transfer. At room temperature, the Se capping layer is largely more resistive,
and it should be evaporated as the temperature is increased.
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Figure 3.26: (a) Sheet-resistance measured as function on temperature on the sample grown at 600 °C
and annealed at 700 °C (sample T15). The measurement was performed by Yevheniia Chernukha. A
picture of the sample is presented in inset. (b) Exponential part of the curve in (a) in logarithmic scale.

The result, presented in Fig. 3.26 (a), reveals an exponentially decreasing resistance when
the temperature is varied from 180 to 500 K, suggesting a semiconducting behavior as expected
for the Mott-insulating 1T phase. The little increase around 405 K is possibly a measurement
artifact. The linear fit of the region between 180 to 400 K in logarithmic scale is shown in Fig.
3.26 (b). The band gap, calculated as twice the activation energy, is 0.14 + 0.01 €V in perfect
agreement with the STS results. This result proves the predominance of the Mott insulating
phase at microscopic scale and the continuity of the film.

— Summary

TaSe; monolayers have been grown on both GaP and GaAs substrates, but the GaP
one appeared more suitable given the degraded morphology caused by the low stability of
GaAs at high temperature and large Se flux. The metastable 1T phase is grown at high
temperature whereas the 1H phase is favored at low growth temperature, by a subsequent
annealing and when the average thickness approach one monolayer. Still, the electrical
measurements confirms that a continuous monolayer of dominant 1T phase can be grown
with a sufficiently low defect density for the Mott insulating phase to be present in most
of the sample.
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3.3 TaSe, few-layers

In the previous section, small variations of thickness have been observed to play a non-
negligible role on the phase formation. In this section, the thickness is increased to about 3 to
6 MLs to determine if this can be further confirmed. The influence of the growth parameters
is first investigated on GaP substrate, before considering the growth on GaAs for comparison.
Finally, the electrical properties of the few-layers are explored to determine their suitability as
electrical contacts.

3.3.1 Growth on GaP

As in the monolayer case, the effect of the growth temperature is discussed first. Similar
growth parameters are used, including a Se flux in the 2-4 x 10~% Torr range and a growth rate
of 0.005-0.007 A/s (3-4 ML/hour), except for the growth duration which is increased to target
a thickness of 6 MLs. The as-grown and annealed samples are summarized in Table 3.11.

Sample Growth Annealing Targeted Measured

u T. (°C) T. (°C) th. (ML)  th. (ML) Characterizations
T16 250 - 6 5.23 RHEED, XPS, UPS
T17 250 650 6 4.04 XPS
T18 250 650 6 5.52 UPS STEM
T19 250 650 6 3.86 RHEED, AFM
T20 250 650 6 - XRD
T21 400 - 6 3.79 RHEED, XPS, UPS
T21’ 400 650 6 5.43 RHEED, XPS, UPS, AFM, XRD
T22 500 - 6 3.42 RHEED, XPS, UPS
T22’ 500 650 6 4.83 RHEED, XPS, UPS, AFM, XRD, STEM
T23 550 - 6 3.49 RHEED, XPS, UPS
T23 550 700 6 3.7 RHEED, XPS, UPS, AFM
T24 550 700 6 4.61 XRD, STEM
T25 600 - 6 4.08 RHEED, XPS, UPS
T25 600 700 6 4.3 RHEED, XPS, UPS, STEM
T26 600 700 6 4.49 AFM, XRD
T27 650 - 6 4.33 XPS, UPS
T27 650 750 6 4.26 XPS, XRD

Table 3.11: 6 ML-thick TaSe2 samples considered to study the influence of the growth temperature.

Even though a variability is observed, the XPS measurements indicate an average thickness
slightly below the target, as already noticed in the case of monolayers. Nevertheless, after
annealing, the samples generally appear thicker than their as-grown counterparts. This could be
related to an evolution of the morphology as discussed next.

3.3.1.a Morphology

As revealed by the RHEED monitoring, the as-grown layers exhibit a rather poor morphology.
Similar to the monolayer case but clearly worse as the thickness increases, the diffraction pattern
is diffuse at low temperature, as seen in Fig. 3.27 (a), whereas it entirely consists of spots in
Fig. 3.27 (b-d) for growth temperatures between 400 and 550 °C. This spotty pattern is slightly
different from the twinned FCC diffraction one observed on GaAs substrate in Section 3.2.1.d.
Especially in the pattern (d), extra spots are observed, which could not be definitely attributed
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to either a Ga,Se, or TaSes polytype. Interestingly, even though small spots are visible, bright
streaks are maintained for the growths at 600 °C (Fig. 3.27 (e)) and 650 °C (not shown).
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Figure 3.27: (a-e) RHEED patterns observed along the (0101) direction of the 6 ML-thick TaSes layers
grown at 250, 400, 500, 550, and 600 °C. (samples T16, T21, T22, T23 and T25) (f-j) RHEED patterns
of the corresponding layers after annealing at 650 °C (samples T19, T21’, T22’) or 700 °C (T23’ and
T25’). (k-0) 1 x 1 pm?AFM images of the corresponding layers after annealing (samples T19, T21’, T22’,
T23’, T26). All images share the same color scale.

After annealing, most of the spots are removed from the RHEED pattern around 650 °C,
as previously observed in the monolayer case, indicating an improvement of the morphology.
However, a distinction should be made between the sample grown at 400 °C, for which the spots
entirely vanish (Fig. 3.27 (g)), and the samples grown at 550 °C and above, for which some of
them remain in spite of the higher annealing temperature (Fig. 3.27 (i-j)).

The morphology of the annealed layers is further revealed by the AFM images in Fig. 3.27
(k-0). The sample grown at 250 °C exhibits the lowest RMS roughness. In this case a grainy
texture is observed but the heights remain in a narrow range, indicating a very uniform coverage.
When the growth temperature is increased to 500 °C, the roughness progressively increases as
a consequence of the larger spread of terrace levels and few bright spots indicate the presence
of high islands. The roughness is maximum on the sample grown at 500 °C, in agreement with
the as-grown RHEED patterns being worse for intermediate growth temperatures. This confirms
that the morphology cannot completely recover during the post growth annealing. The sample
grown at 550 °C still exhibits islands and few pits, but larger and smoother terraces are observed.
The sample grown at 600 °C confirms this trend. Interestingly, the terraces are round-shaped
on the sample grown at 550 °C whereas many islands exhibit hexagonal and triangular shapes
(as pointed by the arrow) on the sample grown at 600 °C, suggesting a larger adatom diffusion
length and a more thermodynamically controlled growth on the latter.236

3.3.1.b Phase and composition

The phase formed before and after annealing is then investigated through XPS and UPS
measurements. The Se 3d CLs presented in Fig. 3.28 (a) are surprisingly similar for the samples
grown at low and high temperatures, both before and after annealing. Only the samples grown
at intermediate temperature are slightly different, with the two peaks of the doublet being less
separated, suggesting a phase mixture, and shifted toward the high binding energies. This could
be either due to the presence of the 1T phase, or to a larger Ga,Se, component. For any
other sample, the peak positions correspond very well to the 1H layers, and especially after
annealing, the very narrow doublets suggest a good phase purity. Still, it must be mentioned
that the different polytypes made of 1H layers are not likely to be distinguished in XPS and
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Figure 3.28: (a) Se 3d CLs and (b) Ta 4f CLs of 6 ML-thick TaSe; layers grown on GaP at various
temperatures before and after annealing (samples T16, T17, T21, T22, T23, T25, and T27). The CLs
are recorded in XPS at a take-off angle of 45°. (¢) Ta 4f CL of the 6 ML-thick TaSe; layers grown at
500 °C after annealing (sample T22’) measured at different take-off angles. (d) Comparison of the Ta 4f
CL of the 6 ML-thick TaSes layers grown at 250, 500, and 600 °C after annealing (samples T17, T22’
and T25’) measured at 25°.

will be referred as H phases, independently of them being 2H, or 3R or any other stacking. The
observation of more H phase in few-layers is in line with the thickness dependence observed in the
section dedicated to monolayers, but it may appear surprising that the 1T phase remains only at
intermediate temperatures. This is however rather consistent with the study of Shimada et al.
who found mixed T and H layers in a sample grown at 410 °C while only H phases were detected
at 495 or 590 °C.245 Even if the 1T phase is not predominantly formed at low temperature, they
explained that the kinetically formed 1T layers are more likely to survive at low temperature,
as demonstrated in TaS,.#16 Conversely, a long growth at high temperature favors the phase
conversion as does an annealing. Indeed, the annealing is shown here to shift further the peaks
toward the H phase position, in accordance to the monolayer case. The analysis of the Se 3d CL
is however not straightforward because of the asymmetry of the peaks and the possible presence
of a Se-Ga bonds at high binding energy. Beyond a possible transformation of 1T to H phases
upon annealing, the reduction of the high binding energy tail effectively suggests the evaporation
of some Ga,Se, component as previously observed in monolayers.

The preceding conclusions are further confirmed by the Ta 4f CLs presented in Fig. 3.28 (b).
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The fact that none of the samples distinctly exhibit the characteristic doublet splitting of the
1T phase CDW is consistent with its absence in large proportion in every sample. Similar to
the monolayer case, the samples grown at low temperature exhibit a broad tail at high binding
energy, which is then replaced by a smaller shoulder characteristic of the H phases after annealing.
This shoulder is slightly more prominent on the sample grown at 500 °C. This can be observed
as-grown (arrow on Fig. 3.28 (b)) but also after annealing when the electron take-off angle is
reduced to 25° to improve the surface sensitivity in Fig. 3.28 (c¢). In this case, the shoulder is
attributed to a small fraction of residual 1T phase among the predominant 1H phase and the
fact it is more visible at low take-off angle suggests that it mostly lies in the upper layers. By
contrast, this shoulder is neither visible on the samples grown at 600 and 650 °C as-grown nor
after annealing, as shown by the comparison in Fig. 3.28 (d). This does not only rule out the
possibility of a small fraction of 1T phase at high growth temperature, but also questions the
nature of the presumed H phase grown at high temperature.
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Figure 3.29: (a) Valence band of 6 ML-thick TaSes layers grown at various temperatures before and
after annealing (samples T16, T18, T21, T22, T23, T25, and T27) measured in UPS around I' using
21.2 eV photons. (b) Se/Ta ratio in the layer based on XPS measurements at 25°.

A similar conclusion can be derived from the analysis of the corresponding valence bands
presented in Fig. 3.29 (a). Even though the band structure is slightly modified with the number of
layers,?” some characteristics of the 1H and 1T phase are preserved. At low growth temperature,
the valence band resembles the one previously attributed to the 1H phase in Section 3.2.3.a.
Especially after annealing, it is characterized by a low electron density near Ep, consistent with
the metallic band still being expected to be above the Fermi level around I' in the bulk 2H phase.
The peaks at 1.0 and 1.3 eV are better resolved in the annealed few-layers compared to the 1H
monolayers, and a narrow one appears at 0.8 eV. When the growth temperature is increased to
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500 °C, the increase of the density of states near Er also correlates with apparition of a very
faint shoulder at 2.0 eV (pointed by an arrow) and the shrinking of the peaks around 1 eV. This
could be related to a substantial fraction of 1T phase as already detected on this sample through
the Se 3d and Ta 4f CLs. The fact it appears more clearly in UPS is consistent with the 1T
phase lying mostly in the upper layers, this technique being more surface sensitive than XPS.
Finally, when the growth temperature is increased to 600 or 650 °C, the electron density near
FEr remains high but the shoulder at 2.0 eV attributed to the 1T phase vanishes. At the same
time, the narrow bands near 1 eV attributed to the H phases are further decreased. Hence, these
samples cannot conclusively be attributed to either phase.

To determine what has been formed on samples grown at high temperature, the composition
of the layers is investigated through quantitative XPS measurements. The atomic Se/Ta ratio
in the layers, obtained through the integration of the Ta 4f and Se 3d CL intensities above a
Shirley background and after correction of their respective sensitivities, is plotted in Fig. 3.29
(b). Reducing the electron take-off angle to 25° to be more surface sensitive, the signal from
the Se-termination of the GaP substrate is supposed to be negligible, and therefore a ratio of
2 should be expected for a stoichiometric film. Nevertheless, the samples grown at 500 °C and
below have an excess of Se before annealing which vanishes afterward. This could be related to
extra Se in Se clusters or amorphous TaSes,,, by analogy to what observed in MoSs grown at
low temperature by plasma enhanced-ALD.2% However, this would be mostly expected to occur
at 250 °C, whereas the Se/Ta ratio is even larger at 400 and 500 °C. Because these samples
exhibited a 3D RHEED pattern, already suspected to correspond to GasSes, these extra Se
atoms could be related to Ga,Se, compounds visible in the high binding energy tail in Fig. 3.28
(b). Its shrinking after annealing is in perfect accordance with the suppression of this excess of Se
which makes these samples have a Se/Ta ratio very close to the ideal composition. By contrast,
the samples grown at 550 °C and above are slightly Se-deficient before annealing. In these cases,
it remains similar or slightly worse after annealing. This is in agreement with other studies.??!
and attributed to the decrease of the Se sticking coefficient with temperature. However, it is
surprising that the Se/Ta ratio is the lowest in the sample grown at 600 °C and is comparatively
better for a growth at 650 °C. A possible explanation could be a better cracking of the Se,
molecules on the surface, which could make them more reactive and facilitate their incorporation
despite of the lower sticking coefficient.

The absence of any apparent component at the low binding energy side of the Ta 4 f CL rules
out the possibility of a large amount of metallic Ta. However, self-intercalated Ta;,,Ses is known
to be easily formed.!?® Another possible explanation for the Se deficiency is the replacement of
Se by P atoms. It would be hardly observed in the Ta 4 f since the P and Se atoms have relatively
similar electronegativities, but this can be evidenced by the evolution of the P 2p CL presented
in Fig. 3.30 (a). At low growth temperature, a unique doublet is clearly observed despite of the
low signal. Then, a very slight shoulder progressively appears at the low binding energy side of
the annealed samples grown at 500 and 550 °C. Finally, it becomes obvious on the sample grown
at 650 °C. The 550 and 600 °C samples have been grown on p-type GaP substrates for which the
band bending is inverted with respect to n-type GaP ones. This reduces the energy separation
between the P-Ga and P-Ta components, explaining why the P 2p shoulder is less visible in those
cases. Nevertheless, the fit in Fig. 3.30 (b) effectively reveals the presence of two components in
significant amount in the 600 °C sample after annealing.

The proportion of the two components in the different samples are summarized in Fig.
3.30 (¢). In this chart, the P 2p CL intensity is normalized with respect to the total Ga 3d,
P 2p, Se 3d and Ta 4f CLs signal corrected with their relative sensitivity as described in Section
2.2.4. The variation of the P-Ga content among the samples can be explained by the different
thicknesses, the signal coming from the substrate being screened by the TaSes layer, as evidenced
by the comparison with the 1 ML sample presented as a reference. Concerning the P-Ta compo-
nent, it better correlates with the growth temperature, with a progressive increase from 250 to
550 °C and then a sudden enhancement between 600 and 650 °C for the as-grown samples. The
P-Ta signal further increases after annealing but the same trend is observed afterward. Remark-
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Figure 3.30: (a) P 2p CLs of 6 ML-thick TaSez layers grown at various temperature before and after
annealing, measured in XPS at 45°. The samples grown at 550 °C and 600 °C are grown on p-doped
GaP substrate, reducing the energy separation between the P-Ta and P-Ga component because of the
band bending. (b) P 2p CL fit of the sample grown at 600 °C before and after annealing. (c) Comparison
of the P-Ta and P-Ga components intensity in the P 2p CL for the different samples presented in (b)
before and after annealing, and for a reference monolayer grown at 600 °C and annealed at 700 °C. The
signal intensity is normalized with respect to all elements, so that Ip2p + IGasd + Isesd + ITasr = 1 where
the intensities I are corrected by the appropriate sensitivity factors.

ably, the enhancement of the P-Ta content is particularly large during the annealing at 700 °C
of the sample grown at 600 °C, whereas a same annealing on the sample grown at 550 °C has a
more limited effect. The fact the sample grown at 600 °C was severely Se-deficient as-grown may
be an explanation. It is hence proposed that the Ta atoms that are not bounded to enough Se
atoms are more likely to catch a P atom during the annealing. This means that the P diffusion
remains relatively low at the growth temperature of 600 °C. By contrast, the sample grown at
650 °C which was less Se-deficient already has an important P-Ta component as-grown, indicat-
ing a non-negligible interdiffusion at this temperature. However, the annealing at 750 °C of this
sample does not result is a much stronger degradation, probably because most of the Ta atoms
were already saturated by either P or Se atoms.

Interestingly, the monolayers do not suffer such a degradation as proved by the reference
600 °C annealed 700 °C monolayer, which exhibits a negligible Ta-P content, not only in pro-
portion of P 2p signal, but also in normalized intensity. Therefore, this degradation seems to be
specific to the thick layers, even if it might be related to the poor vdW interface revealed by the
STEM observation of the 1.4 ML sample in Section 3.2.1.b.
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3.3.1.c Structure

The structure of the annealed samples is now investigated using in-plane grazing-incidence
XRD. Typical diffraction patterns recorded along two different directions of the substrates on
the sample grown at 550 °C and annealed at 700 °C are presented in Fig. 3.31 (a). The peak
indexation confirms the epitaxial relationships previously determined.
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Figure 3.31: (a) In-plane grazing-incidence XRD diffraction patterns of the 6 ML-thick TaSes film
grown at 550 °C and annealed at 700 °C (sample T24) recorded along the GaP (211) and (110)
directions. (b) Comparison of the TaSe; {110} diffraction peak recorded on the layers grown at different
temperatures (samples T20, T21°, T22’, T24, T26, T27’) (c) Position of the TaSe; {110} peaks in plot
(b) and the corresponding lattice parameters TaSez. (d) FWHM of the TaSes {110} peak in plot (b).
(e) Full azimuthal scan on the TaSes {110} peak of sample T24. (f) Comparison of the peaks obtained
by the azimuthal scans on the six samples. (d) FWHM of the peaks in plot (f).

The TaSe; {110} peaks are compared for the layer grown under different conditions in Fig.
3.31 (b) after normalization of their intensity. The 26, angles have been corrected to ensure
that the GaP {220} and {440} peaks are positioned at 47.17 and 106.31° respectively in every
diffraction pattern to offset instrumental errors. The TaSe; {110} peaks are observed to shift
toward smaller angles first and then to larger angles. The peak positions are plotted in Fig.
3.31 (c) in which the corresponding lattice parameters have been calculated. The sample grown
at 250 °C matches rather well the bulk lattice parameter for the 2H phase, as well as any other
phases made of the trigonal prismatic coordination (H) layers.3! The larger lattice parameters
for the samples grown between 400 and 550 °C could be related to the presence of some 1T phase
but since the FWHM of the peak is close to the expected angle separation between those phases, a
distinct peak should be discernible if the two phases were present in significant amount. Instead,
this could be induced by the variation of stoichiometry. Indeed, Bjerkelund et al. reported an
increase of the Taj,,Ses lattice parameter for a small Ta excess followed by a decrease,'? in
perfect accordance with the observations of a shift toward smaller angles first and large angles
then.
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Nevertheless, the FWHM of the TaSes {110} peaks, plotted in Fig. 3.31, are slightly reduced
from 0.86 to 0.69° when the growth temperature is increased to 500 °C, which suggests an
improvement of the grain size. A basic calculation of the grain size through Scherrer equation

0.89A
L = —-—-————-- .2
A(26,) cos by, (32)

where A is the X-ray wavelength and A(26, ) is the FWHM of the XRD peak, gives a rather small
characteristic length L of 13 nm for the crystallites in the best sample. This is however slightly
better than former results on GaAs substrates?*® and also consistent with the high nucleation
density observed in Section 3.2.2.b, pointing toward an absence of seamless grain coalescence in
these conditions. For growth temperature of 550 °C and above, the FWHM increases and the
peaks in Fig 3.31 (b) become asymmetric. This suggests the presence of several components,
which could be different Tajy,Ses compounds, or more likely TaP according to the preceding
XPS results. Indeed, the new component appearing at large angle must have a smaller lattice
parameter than TaSes, which could be the case for TaP, the interatomic distance being about
2.52 A in TaP%32 compared to 2.54 A in 2H-TaSe,.'%2? Finally, the increase of the FWHM appears
to be related to the layer inhomogeneity and rather than the grain size, which seems larger
according to the triangular domains observed in AFM on Fig. 3.27 (o).

Then, the grain alignment is studied by setting the diffractometer to the TaSes {110} posi-
tion, at 26, = 53.1°, while rotating the sample around the TaSe; [0001] axis. The typical record
is presented in Fig. 3.31 (e), in which 6 peaks are observed in accordance with the symmetry of
the layer and the substrate, the mirror twins being indistinguishable in this configuration. Focus-
ing on one of these peaks, Fig. 3.31 (f) and (g) show that the residual misalignment is different
among the samples. An improvement of the in-plane alignment with temperature is observed, in
accordance to previous studies on other substrates,?64433 but here the residual misorientation is
rather small compared to other substrates at comparable temperatures. This is an encouraging
result even though it may also be attributed to more covalent substrate-to-layer bonds, probably
related to the formation of TaP.

To highlight the structure of the formed compounds, the layers grown at 250, 500, 550 and
600 °C are observed using STEM along the GaP (011) zone axis in Fig. 3.32.

The TaSes thickness is typically between 4 and 5 MLs, in good agreement with the estimation
derived from XPS measurements presented in Table 3.11. The thickness uniformity is confirmed
by the large-scale images presented at the top right for each sample. A difference is however
revealed between the samples grown at 250 and 600 °C, for which the layer is rather flat, and
those grown at 500 and 550 °C which exhibit some 2 and 3 ML-high islands and for which
the TaSeo-GaP interface is also rougher. These observations are in good agreement with the
morphology revealed using AFM in Paragraph 3.3.1.a.

The 1T phase is only observed at the top of the stacking, in the incomplete layers. This is
in agreement with the characteristics of the 1T phase being more visible at low take-off angle in
XPS when the measurement is more surface sensitive. The complete layers always exhibit the
trigonal prismatic coordination but are observed to be stacked in various manners, corresponding
to different phases. When the trigonal prismatic layers (” >>> ” shapes) are oriented in opposite
directions, it corresponds to the 2H, phase, whereas when they are shifted by one third of the
lattice parameter without orientation flip, it corresponds the 3R or 2Hy, stackings. The distinction
between those polytypes is not really meaningful since the analysis of several images does not
reveal any general rule. It is not surprising because it has been shown in other TMDCs that
the energy difference between these stacking configurations is small because of the weak vdW
interactions.*3* In fact, the different layer orientations in the 3R and 2H, phases corresponds
to twins. Hence, beyond the polytype properties that may be slightly different for symmetry
reasons, the absence of control over the stacking sequence also implies the formation of grain
boundaries as seen in Fig. 3.32 (a). The 1T phase also exhibits such staking faults, as observed
in Fig. 3.32 (c).
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Figure 3.32: (a-d) STEM images of the 6-ML TaSes layers grown at (a) 250 °C and annealed at 650 °C
(sample T18), (b) 500 °C and annealed at 650 °C (sample T22’), (c) 550 °C and annealed at 700 °C
(sample T24), and (d) 600 °C and annealed at 700 °C (sample T25’). The four images share the same
scale. The insets show other images of the corresponding samples at a larger scale (magnification x0.2)

Finally, for the layers grown at high temperature, an interfacial compound appears between
the layered TaSes and the substrate. The bright Ta atoms seem regularly arranged and perfectly
aligned. Interestingly, between this compound and the TaSe, layer, a row of Ta atoms seems to be
intercalated in the vdW gap. This corresponds perfectly to a previously reported intercalation site
in Tay,Ses,'92 which is effectively aligned with the two Ta atoms in the 2H, phase. Therefore,
the dense compound could be Taj,Ses with a full occupation of the intercalation sites, in good
accordance with the Se-deficiency revealed on this sample using in XPS. Otherwise, it could
also be TaP. Even if its stable phase is tetragonal, it has been found in a hexagonal tungsten
carbide structure?3243% which also matches the STEM observations. Interestingly, in spite of
this interfacial compound, the upper part of the film consists of pristine TaSes layers. The
large Se supply may prevent the degradation of the top layer while the bottom ones react with
the substrate. This could explain why the monolayer grown in the same conditions does not
experience this.



102 CHAPTER 3. Growth of TaSey on GaP and GaAs substrates

Finally, the STEM analysis is in agreement with the degradation of the few-layers above
500 °C suggested by the XPS and XRD measurements. It also confirms that the 1T phase is
very rare, especially on the layer grown at 600 °C, in stark contrast to the monolayers. This is
attributed to the presence of much larger islands on this sample, as observed in AFM, which
makes the 1T phase less stable as supposed from the effect of coverage. Hence, the 1T phase is
not favored at low temperature and it is also hindered by the larger grain size at high tempera-
ture, explaining why it is only found as traces at intermediate temperature. The growth of 1T
multilayers would require even higher temperatures for this phase to be stable in bulk, but they
are difficult to reach in MBE and incompatible with the GaP substrate.

3.3.1.d Effect of the Se flux

It has been initially hypothesized that a high Se flux would be beneficial. However, the
excess Se incorporation in the substrate has been then proposed as an explanation for the surface
roughening observed at intermediate growth temperature. Nevertheless, the Se content in the
annealed layers has been shown to decrease with the growth temperature because of the reduction
of the Se sticking coefficient. Hence, a decrease of the Se flux has been considered only for the
samples grown at 250 °C. In this case, the surface is supposed to be largely populated by Se,
species and the reduction of their density could favor the diffusion of the Ta adatoms, and
therefore improve the TaSey crystallinity without degrading the substrate.

The samples discussed hereafter are presented in Table 3.12. The Se flux has been first reduced
by one order of magnitude in sample T28 and then by a second one, so that Se/Ta atomic flux
ratio is about 3 £ 1 in sample T29 according to the quartz microbalance measurement, the
uncertainty being rather large at such low deposition rate.

Sample Growth Annealing Targeted Se flux Measured

4 T.(°C) T.(°C) th. (ML)  (Tor)  th. (ML) Characterizations
T16 250 - 6 4%x1076 5.23 RHEED, XPS
T17 250 650 6 4x1076 4.04 XPS
T20 250 650 6 4x107° - XRD
T28 250 - 6 2x1077 - RHEED
T29 250 - 6 4x1078 4.12 RHEED, XPS
T29’ 250 650 6 3 x 1076 5.55 RHEED, XRD, XPS

Table 3.12: Samples considered to study the influence of the Se flux. (¥Se flux during the annealing.

The RHEED patterns observed at the end of the growth are presented in Fig. 3.33 (a-c). The
streaks appear clearly thinner and brighter as the Se flux is decreased, in accordance to a larger
grain size or smaller in-plane misorientation. Nevertheless, transmission spots are surprisingly
observed at low Se flux, in contradiction with the hypothesis of the Se being responsible for the
surface roughening. After annealing, however, all samples exhibit the same streaky pattern, the
transmission spots vanishing rapidly.

ITHEEE

(a) 4 x 10°® Torr (b) 2 x 107 Torr (c) 4 x 10 Torr

Figure 3.33: (a-c) RHEED pattern of 6 TaSes layers grown at 250 °C under different Se fluxes: (a)
sample T16, (b) sample T28, (c) sample T29. (d) RHEED of sample T29’ grown under 4 x 10™% Torr
of Se after annealing at 650 °C.
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Figure 3.34: (a) Se 3d CLs and (b) Ta 4f CL of 6 TaSes layers grown at 250 °C under different Se
fluxes before annealing (samples T16 and T29) and after annealing (samples T17 and T29’). The CLs
are recorded in XPS at a take-off angle of 45°. (c) Se/Ta ratio derived from XPS measurements at 25°.

The Se 3d and Ta 4f CLs, presented in Fig. 3.34 (a) and (b) respectively, suggest very small
difference between the samples grown at the highest and lowest Se flux. Only the Se 3d CL
before annealing has a different shape, with a more pronounced high binding tail for the one
grown at low Se flux, which seems counterintuitive, but is consistent with the spotty RHEED
pattern. Even if the formation of Ga;Se, in these conditions is rather unexpected, the larger
roughness of the layer and the fact that this sample (T29) appears thinner than the reference
one (T16) makes the Se-terminated GaP substrate more visible. In addition, the Se/Ta ratio in
the layers presented in Fig. 3.34 (c) reveals that the one grown under a low Se flux is slightly
Se-deficient after annealing. Since both samples have been annealed under a high Se flux, this
suggests that the TaSey layer already lacked of Se during the growth under the low flux, but
the presence of Se-Ga component led to an estimation of the Se/Ta ratio above 2 as-grown. As
previously observed for the few layers grown at 400 and 500 °C, the annealing suppresses the
Ga,Se, compounds and reveals the Se-deficiency in the layers.

Apart from that, the very similar Ta 4f CL shapes suggest that the Se flux has no influence
on the phase. The only subtle difference that can be noticed is a slightly thinner peak width for
the low flux sample, which can also be observed after annealing. This is surprising because it
suggests a lower defect density, in disagreement with the slight Se deficiency.
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Figure 3.35: (a) Radial and (b) azimuthal XRD scan around the TaSez {110} peak of the 6 ML-thick
layers grown at 250 °C under different Se fluxes and annealed at 650 °C (samples T20 and T29’).

A possible explanation of this apparent inconsistency would be a better crystallinity, the
reduction of Se adatom density increasing the diffusion length of Ta atoms. To investigate this,
in-plane grazing incidence XRD measurement have been carried out and the TaSe; {110} peaks
are compared in Fig. 3.35 (a). The peak position remains in good accordance with the expected
lattice for the H phase. A slightly broader peak is obtained for the sample grown at low Se flux
but it was measured using a larger Soller slit which degrades the resolution. Based on the nearby
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GaP {2 50} peak width, the resolution is about 0.27° and 0.44° for the samples grown at high and
low Se flux respectively, indicating that the width uncertainty of 0.03° is within the measurement
incertitude. However, the azimuthal scan presented in Fig. 3.35 (b) clearly reveals a narrower
peak for the sample grown at low Se flux despite the lowest resolution, demonstrating less residual
misorientation in this case. This is in accordance to the brighter RHEED pattern observed during
the growth and may reduce the number of defects and strain at domain boundaries in the layers.

Finally, the reduction of the Se flux has both upsides and downsides, improving the in-plane
orientation but leading to a slight Se deficiency. Surprisingly, it does not hinder the formation
of Ga-Se bonds and even seems to degrade the morphology. Still, it must be highlighted that
the variations over two orders of magnitude only results in relatively little composition change
in the layer, indicating that the Se/Ta flux ratio is not a critical parameter at this temperature
as long as Se remains in small excess. It confirms that the Se deficiency observed in the previous
section was indeed related to a higher growth temperature.

3.3.2 Growth on GaAs

The growth of few-layers TaSe; on GaAs and GaP are now compared to study the influence
of the substrate. In the case of monolayers, the sample grown at 550 °C on GaAs exhibited
a degraded morphology attributed to the lower temperature stability of this substrate and the
larger Se incorporation compared to GaP. However, it has been shown that lower temperatures
and Se fluxes could be preferable for TaSe; few-layers. Hence, two different conditions are
explored for this comparative study: either 400 °C under high Se flux or 250 °C under low Se
flux.

Sample Growth  Anneal. Targeted Se flux Measured

" Substr. T.(°C) T.(°C) th. (ML) (Torr) th, (ML) Characterizations
T30 GaAs 400 - 6 5x 107 1.8 RHEED, XPS
T30’ GaAs 400 650 6 5 x 1076(@) 2.53 RHEED, XPS, XRD
T31 GaAs 250 - 6 3x107% 2.89 RHEED, XPS
T30 GaAs 250 650 6 5 x 1076 3.98 RHEED, XPS, XRD

Table 3.13: Samples used to discuss the influence of the substrate. (¥'Se flux during the annealing.

The estimated thickness (Table 3.13) is largely inferior to the expectations, especially for
the sample grown at 400 °C and large Se flux. This could be an underestimation due to a
rougher morphology, as observed in monolayers, and hypothetical GagSes islands, which makes
the calculation through the Ta/Ga ratio irrelevant.

as-grown annealed 550 °C annealed 650 °C at 20 °C after cooling

400 °C ‘ I ‘ . .
high Se
(b) (d) T2 271 1
5
250 °C
low Se G
f) (g)

Figure 3.36: (a-d) RHEED pattern of 6 TaSes layers grown on GaAs at 400 °C under a Se flux of
5 x 1075 Torr (sample T30) (a) as-grown, (b) during annealing at 550 °C, (c) after annealing at 650 °C,
and (d) at 20 °C after cooling. The white and orange arrows on image (d) indicates to positions of the
main streaks and the surface reconstruction respectively. (f-g) Corresponding RHEED patterns for the
sample grown on GaAs at 250 °C under a Se flux of 3 x 10™® Torr (sample T31).
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The RHEED patterns of the samples grown on GaAs are presented in Fig. 3.36. Similar to
GaP, the growth at 400 °C results in a spotty diagram (Fig. 3.36 (a)) whereas the one observed
at 250 °C is comparatively more diffuse and less spotty (Fig. 3.36 (e)). Interestingly, when
the sample grown at 250 °C is heated under Se flux for a post-growth annealing, the RHEED
pattern turns first to a 3D one at 550 °C (Fig. 3.36 (f)) while it remains unchanged at the
same temperature for the one grown at 400 °C (Fig. 3.36 (b)). The patterns are not identical,
the former corresponding perfectly to the twinned FCC pattern observed for monolayers in
Paragraph 3.2.1.d, and the latter exhibiting extra spots already observed for the few-layers
grown on GaP in Paragraph 3.3.1.a. However, once the annealing temperature reaches 650 °C,
both samples recover a similar streaky pattern (Fig. 3.36 (c) and (g)). Finally, after cooling to
room temperature, a surface reconstruction is clearly observed on the sample grown at 400 °C
(Fig. 3.36 (d)) whereas it is only barely visible on the one grown at 250 °C (Fig. 3.36 (h)).
Since it matches the v/13 x /13 CDW, this observation suggests the presence of the 1T phase
in substantial amount on top of the layers, especially for the one grown at 400 °C.
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Figure 3.37: (a) Se 3d CLs and (b) Ta 4f CLs of 6 TaSe; layers grown on GaP or GaAs at 400 °C under
high Se flux (samples T21 and T30) or at 250 °C under low Se flux (samples T29 and T31). The CLs
are recorded in XPS at a take-off angle of 45°.

To confirm this, the Se 3d and (b) Ta 4f CLs measured in XPS are presented in Fig. 3.37
(a) and (b) respectively. Both before or after annealing, a substantial amount of 1T phase is
effectively found in the layers grown at 400 °C on GaAs, in stark contrast to the multilayers
grown on GaP. The reason for this may be the lower thickness measured on GaAs. However, as
previously mentioned, the lower thickness estimation does not necessarily mean that less TaSes
has been deposited, but could be the result from a rougher morphology. The spots observed on
the RHEED pattern during the growth and annealing process, as well as the poor coverage in
the monolayer case, support this hypothesis. Finally, the 1T phase being generally observed in
small islands on GaP could largely be favored on GaAs if the surface is rough. Less 1T phase
is observed on the sample grown at 250 °C and low Se flux, especially after annealing, which is
consistent with the preferential formation of the 1H phase at low temperature seen in monolayers,
while 400 °C is close to the transition temperature determined in the first section. In addition,
the sample is determined to be thicker, which could also indicate a less degraded morphology.
Hence, the growth at 250 °C and low Se flux is preferable to form a purer H phase.
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Figure 3.38: (a) Radial and (b) azimuthal XRD scan around the TaSes {110} peak of the 6 ML-thick
layers grown on GaP or GaAs, either at 400 °C under 4-5 x 10~® Torr (samples T21’ and T30’) or at
250 °C under 3-4 x 107% Torr (samples T29’ and sample T31’). Both samples grown at 250 °C are
measured using 0.5° Soller slits that deteriorates the resolution compared to those measured at 400 °C.

Finally, the crystallographic properties are studied using XRD through the TaSe; {110}
peaks. The radial (26, ) scans presented in Fig. 3.38 (a) reveal a shift toward small angles for
the two layers grown on GaAs, which could be related to the presence of 1T phase as determined
from XPS. This is especially the case for the sample grown at 400 °C on GaAs, for which the
{110} peak is also slightly broader than the corresponding one on GaP and asymmetric, in
accordance with the presence of a phase mix. Conversely, for the sample grown at 250 °C,
a slightly smaller FWHM is obtained on GaAs substrate. Similarly, the rotational alignment,
investigated through the azimuthal (¢) scans in Fig. 3.38 (b), does not reveal sensible difference
between both substrates: if the residual misorientation is slightly lower on GaAs for the growth
at 250 °C, it is the reverse for a growth at 400 °C.

Finally, the layers grown on GaAs experience more important surface roughening, either
during the growth or the annealing under Se. This is believed to favor a mixture of both phases
when the growth occurs at 400 °C, whereas the growth at 250 °C and low Se flux seems suitable
to form the H phases. The crystallinity and in-plane orientation are however comparable for the
two substrates, confirming the similarity of their Se-terminated surfaces.
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3.3.3 Electrical characterization of TaSe, few-layers

In this section, electrical characterizations are finally performed on the TaSes few layers to
confirm the properties of the trigonal prismatic phases and their pertinence as potential metallic
contact.

3.3.3.a  Work-function and band alignment

Sample Growth Annealing Targeted Flux Se Measured
# T. (°C) T. (°C) thick. (ML) (Torr) thick. (ML)

T16, T17, T18, T22, T22’, T23, T23’, T25, T25’, T27: See Table 3.11 UPS, XPS (T17)
T32 450 - 6 4%x1076 4.36 UPS

Characterizations

Table 3.14: 6 ML-thick TaSes; samples considered to study the work function and band alignments. All
layers are grown on GaP under Se fluxes in the 2-4 x 10~¢ Torr range.

One of the expected characteristics of the metallic TMDCs is a high work function, similar
to Pt which is the highest among the metal elements.*3% The work function can be deduced from
UPS measurements by measuring the low kinetic energy photoemission cut-off. This is shown
for the sample grown at 500 °C and annealed at 650 °C in Fig. 3.39 (a). In this case the cut-off
at 5.5 eV is in perfect agreement with the TaSe, work function published in the literature.!®
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Figure 3.39: (a) Photoemission cut-off measured in UPS (hv = 21.2 €V) on sample T22’ grown at 500 °C
and annealed at 650 °C. (b) Work functions deduced from UPS measurements on the 6 ML-thick TaSe;
layers grown at various temperatures (samples T16, T18, T21, T21’, T22, T22’, T23, T23’, T25, T25’,
T27, T32).

Still, small work function variations are obtained among the different samples, which might be
correlated to the growth and annealing temperatures as evidenced in Fig. 3.39 (b). Indeed, the
samples grown at intermediate temperature have the lowest work function, and the sample grown
at 600 and 650 °C have the highest one. The work function always increases after annealing but
it remains below the average for the sample grown at 500 °C. For the group V TMDCs, the work
function is predicted to be lower for the 1T phase.'’ Therefore, the residual 1T-TaSe, in the
as-grown samples could be an explanation for the lower work-function. Similarly, it is consistent
that the layer grown at 500 °C, which is believed to contain the largest fraction of 1T phase, also
exhibits the lower work function after annealing.



108 CHAPTER 3. Growth of TaSes; on GaP and GaAs substrates

Tasez
(a) (b) vacuum
GaP surface GaP surface
GaP bulk GaP bulk L
vacuum
vacuum vacuum
O =566V

(GaP) = 1.70 V| | | | Ey (GaP-Se) = 1.89 eV E,(GaP-Se)=1.89¢eV | 1.34¢eV

E,=226¢eV AE 40100V Epyy— Ep=
v=710.19¢ 41 22.84 eV
E, P ? E, AE,=-0.55¢eV ¢

Ep,, —E,=|||Ep,, (GaP 29.78 eV P Ta 4/CL
128.08 eV Ep,, (GaP-Se) = 129.97 eV g -
Eps, — Era4=106.58 eV
P2pCL l ‘
P2p CL AEp,,=-0.55¢eV
R B’ st P2
S AE,,=+0.19¢eV - | i

Figure 3.40: (a) Band bending on a bare (orange) and Se-terminated n-type GaP substrate (sample P2)
(black). (b) Band alignment of the n-type GaP substrate after the growth of few-layers TaSe; at 250 °C
and annealing at 650 °C (sample T17) (blue). The band bending on the Se-terminated substrate (black)
have been reproduced in diagram (b) as a reference.

Since the work function at the top of the stacking does not necessarily reflect the band bending
in the semi-conductor, the GaP-TaSe; band alignment is studied through the evolution of the
P 2p CL following the method of Kraut and Waldrop.*3” First, the band bending on a bare n-type
GaP substrate and a Se-passivated one is presented in Fig. 3.40 (a). In this case, the energy
separation between the P 2p3/; level and the valence band edge is Eg’a;; — EG2P = 128.08 eV
in XPS. Since this value must be constant for a given compound, the shift of the P 2p CL
by 0.19 4+ 0.05 eV toward higher binding energies in GaP-Se suggests a reduction of the band
bending by the same amount, consistent with a partial passivation of the surface states.*3%
Inversely, in Fig. 3.40 (b), the growth of TaSes at 250 °C and subsequent annealing result in a
P 2p binding energy decrease of 0.55 + 0.05 eV compared to the passivated substrate. Taking
advantage of the fact TaSes is metallic, the Fermi level edge is measured using XPS and gives
FEr = 0.03 eV, indicating that this sample experiences a negligible photovoltage. The measured
energy I, 45 — Ep = 22.84 eV will therefore serve as a future reference. The position of the
GaP valence band with respected to the Fermi level is then calculated from

B3 — Ep = (Ep 2p — Bta 4f) — (ESEQZ’ref — BG4 (Bra a5 — E)
= 106.58 — 128.08 + 22.84 = 1.34 eV (3.3)
using the bare GaP sample discussed earlier as a reference for the EPGan; — ES2F energy. This

corresponds to a more pronounced band bending, indicating that TaSes forms a Schottky contact
on the n-type GaP substrate as expected from its high work function.
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3.3.3.b Electrical measurements

Then, the electrical transport properties of the few-layers grow at 500 °C and below are
examined to confirm the metallic behavior expected for the H phases. Table 3.15 presents some
previously characterized layers that have also been grown on semi-insulating substrates and could
be measured using the 4PP cryogenic set-up already employed for the 1T monolayers.

Sample Growth Anneal. Targeted Se flux ~ Measured

4 T.(°C) T.(°C) th. (ML) (Torr) th. (Mp) Characterizations
T19 250 650 6 4x10°° 3.86 4PP, XPS
T21’ 400 650 6 4%x107¢ 5.43 4PP
T22’ 500 650 6 4 %1076 4.83 4PP

Table 3.15: Samples used for electrical characterizations. All these layers are grown on a semi-insulating
GaP substrate.

Two configurations are envisaged for the 4PP measurements. The square configuration, shown
in Fig. 3.41 (a) is used for samples having triangular shapes, because it enables the effects of
the sample anisotropy and probe positioning to be mitigated by contact permutations. Still,
the proximity of the sample borders is expected to induce an overestimation of the resistance.
The correction factor is not known for triangular samples, but ranges between 0.5 and 1 for
circular ones,?*° which can be expressed as F' = 0.75 & 0.25. For a sample having an elongated
shape, the probes are disposed in line (Fig. 3.41 (b)) and the resistivity is calculated assuming
a uniform distribution of the current over the sample width, estimated to 3.5 & 0.1 mm, and
over the distance between the inner probes, estimated at 1.4 £ 0.2 mm. The estimation of the
thickness derived from the XPS measurements is used since it has been proved to be correct
within the uncertainty of 1 ML using STEM. The results obtained for the different samples at
300 K, presented in Table 3.16, do not suggest a dependence of the electrical resistivity on the
growth conditions. It is much lower than the value estimated on the 1T monolayer, and only
slightly above the ones available in the literature for 2H crystals.'9%:439440 Hence, these results
are in accordance with the presence of the metallic H phases in the samples.

Sample Growth Intensity Voltage Thickness Geometry Resistivity
# conditions (mA) (V) (nm) (pQ.m)
T19 250 °C ann. 650 °C 0.1 0.037 24406 Line 23+1.0
T19 250 °C ann. 650 °C 1 0.179 24 +£0.6 Square 3.0+2.0
T21> 400 °C ann. 650 °C 1 0.091 3.4+ 0.6 Square 21+1.2
T22 500 °C ann. 650 °C 1 0.149 3.1 £0.6 Square 3.1+1.9

Table 3.16: Electrical resistivities at 300 K measured on TaSez multilayers grown at different temper-
atures. In the square configuration, the voltage is the mean of four measurements corresponding to
different contact permutations.

To confirm this, temperature dependence measurements are carried out on the three samples
and presented in Fig. 3.41 (c). A linear behavior is obtained in all cases, with an increase of the
resistance with temperature characteristic of a metallic material. However, the onset of the 2H
phase CDW around 122 K!05439 would be expected to result in a resistivity drop. Its absence
in every sample is therefore more consistent with the presence of the 3R phase, which exhibits a
weaker CDW transition. 99110
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Figure 3.41: (a-b) Images of TaSe; on GaP samples contacted with probes arranged (a) in square and
(b) in line. (c¢) Temperature dependence of the four-point probe resistance measured on 6 ML-thick
TaSez layers grown on GaP at 250 °C (sample T19), 400 °C (sample T21’) and 500 °C (sample T22’)
and annealed at 650 °C.

Finally, the oxidation and its influence on the electrical resistance is studied. For this, the
sample grown at 250 °C and annealed at 650 °C, is exposed to air after its measurement in
vacuum. The sample was capped with Se during the transfer to the cryogenic setup, but this Se
capping layer has been evaporated at 500 K under vacuum with the probes already connected.
This enables the electrical resistance of the layer to be measured during the first minutes of
oxidation in air. Its relative variation with time is presented in Fig. 3.42 (a). Before, the
opening of the valve at time equal 0, the sample is measured under vacuum at regular intervals
to ensure that the sample does not experience any degradation upon the injection of 0.1 mA.
After air introduction, the electrical resistance increases by circa 0.1 %/hour. After 16 hours
of measurements, one contact has been lost and has been rapidly fixed. The resistance does
not significantly change during this intervention, suggesting a minor impact on the results, but
degrades faster after that possibly due to a film of water being formed on the sample. Overall,
the resistance increases by a factor of 2 in 3 days, which is not discouraging considering that the
layer is only 4 + 1 ML thick.

(a) (b)

contact lost
reconnected later

Ta-Se 415,
Ta-Se 4f;,,

gl.o——
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Figure 3.42: (a) Variation of the electrical resistance over the time in the TaSes few-layers grown at
250 °C and annealed at 650 °C (sample T19). (b) Ta 4f CL measured on the same sample after 3 days
of electrical characterization in air.
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Right after the electrical measurement, the sample is transferred under vacuum for XPS
characterization. The detection of the Ta 4f CL, presented in Fig. 3.42 (b), confirms the
successful evaporation of the Se capping layer. The large doublets at high binding energy are
consistent with the presence of Ta-O bonds, as expected from a substantial oxidation in air. The
angle dependence shows that the oxide mostly lies near the surface, as would be expected in
a layer-by-layer oxidation process. Therefore, the growth of thick TaSe,; layers may be useful
to make electrical contacts that are more stable in ambient conditions, as previously shown for
exfoliated TaSe, flakes. 44!

—  Summary

As hypothesized in monolayers, the 1T phase appears unstable in thick samples, and
only a mixture of the 2H, and 3R phases could be found in the complete layers. Similar to
the monolayers, the TaSe, few-layers grown at low temperature on GaP exhibit a homoge-
neous coverage but a small grain size and poor rotational alignment. The crystallographic
properties improve at intermediate temperatures, but a more degraded morphology at-
tributed to the formation of GasSes is obtained, whereas the layers grown above 500 °C
suffer from a lack of Se and lead to the formation of an interfacial TaP compound. Like-
wise, an improvement of the in-plane orientation is also achieved under a low Se flux at
the cost of a slight Se-deficiency and degraded morphology. The use of a GaAs substrate
does not influence the crystal quality, but favors the formation of the 1T phase probably
because of a degraded morphology. Finally, the TaSe, layers grown on GaP between 250
and 500 °C and high Se flux exhibit a similar metallic behavior and a resistivity close to
the bulk.

Conclusion

In the first section, the GaP and GaAs substrate preparation has been presented. The GaP
surface can be passivated under Se, with most of the Se atoms on the top surface. However, the
terraces exhibit serrated edges and every attempt to grow GaP buffer layers to avoid this has
resulted in the formation of triangular pyramids. By contrast, smooth buffer layers have been
successfully grown on GaAs but in this case, a well-controlled selenium flux is required to achieve
the selenium passivation without incorporating a large amount of Se below the surface. Then,
the growth of TaSey single and few-layers on both substrates has been discussed in the second
and third sections, respectively.

On GaP, the substrate temperature can be tuned to promote the growth of either the 1T,
typically around 550-600 °C, or 1H-TaSe, monolayer for temperatures below 400 °C. However,
the 1T phase being metastable, a small fraction tends to transform into the 1H one upon an-
nealing or when the layer thickness approaches or exceeds the monolayer threshold. Though,
a relatively uniform monolayer coverage of both 1H and 1T phase is achieved. The 1T-TaSeq
monolayer is found to have a small residual misalignment with respect to the substrate, whereas
it is slightly larger for the 1H one. A mirror twin could be identified in the 1T monolayer,
but a photodiffraction study reveals that they must be very rare when the growth occurs at
600 °C while they can be formed at 250 °C. The growth of few-layers TaSes confirms a thickness
dependence in the phase stability, the 1T phase being only found on small islands on top of
the few-layers, which follow various 3R or 2H, stackings. It has also highlighted that a higher
substrate temperature improves the crystallinity and in-plane orientation at the cost of a higher
roughness, particularly at intermediate temperatures. In addition, above 500 °C the few-layers
suffer from a Se-deficiency and an interdiffusion with the GaP substrate. Similarly, the use of
a lower Se flux at low temperature improves the in-plane orientation but slightly degrades the
morphology and the stoichiometry.

The epitaxy of both single and few-layers TaSe; on GaAs substrates results in a much rougher
morphology, attributed to the easier formation of interfacial GasSes, either during the growth or
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annealing at intermediate temperature. The formation of small 3D islands tends to favor the 1T
phase, even though the H phase remains dominant in the few-layers grown at low temperature.

Finally, the electrical characterization of the 1T monolayer grown on GaP demonstrates that
it is a Mott insulator at room temperature with a band gap of 0.14 eV similar to the one measured
in STS at 77 K. Conversely, the few-layers TaSes exhibit a high work function and a metallic
behavior with a measured resistivity only slightly above those reported for 2H-TaSe, crystals,
suggesting potential applications in 2D-material contacts.



Chapter

HiSey growth and heterostructures

In this chapter, the growth of HfSes, a semiconducting TMDC, is studied. Given the degra-
dation of the TaSes morphology observed on GaAs substrates in Chapter 3, the growth is mostly
performed on GaP, but the use of Si substrates is also considered. For this, a half-monolayer of
GaSe is deposited first to passivate the Si dangling bonds prior to the HfSes growth. Finally,
TaSes /HfSes heterostructures are investigated and first attempts of electrical characterizations
are presented.

4.1 Growth of HfSe; on GaP(111) substrates

This first section focuses on HfSe; growth on Se-terminated GaP substrates. This material is
only expected to form into the 1T phase, but the growth conditions are optimized to determine if
the crystallinity, morphology and composition can be improved. The presented results complete
the study initiated by Niels Chapuis,?®! pinpointing the importance of two parameters that had
not be considered yet, namely the annealing temperature and the film thickness.

4.1.1 Influence of the growth conditions and annealing temperature

4.1.1.a Growth and morphology

Given the structural degradation observed in TaSey elaborated at high temperatures, HfSey
layers are first grown at 250, 350 and 450 °C (samples H1-H3) using a high Se flux and a similar
growth rate as in the previous chapter. The influence of the growth conditions at 250 °C are
further studied through sample H4, in which the Se flux is decreased, and sample H5 for which
a larger growth rate is used. A thickness of 4 ML is targeted for every sample, even though XPS
characterization indicates a lower thickness based on the Hf/Ga ratio as reported in Table 4.1.
As for TaSey layers, the apparent thickness is larger on the sample grown at low temperature
and increases after annealing, suggesting a better morphology or less GagSe,,.

113
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Sample Growth Annealing Se flux Growth Measured

# T. (°C) T. (°C) (Torr) rate (A/s)  th. (ML) Characterizations

H1 250 - 5x 107° 0.004 2.37 RHEED, XPS, UPS
HI’ 250 680 5x 1076 0.004 2.56 RHEED, XPS, UPS, XRD
H2 350 - 4x107° 0.006 1.72 RHEED, XPS, UPS
H2’ 350 650 4x1076 0.006 2.27 RHEED, XPS, UPS XRD
H3 450 - 5x 1076 0.004 1.7 RHEED, XPS, UPS
H3 450 680 5x 107¢ 0.004 2.06 RHEED, XPS, UPS XRD, STEM
H4 250 - 5x 1078 0.005 2.42 RHEED, XPS, UPS
H4’ 250 650 5x 1078 0.005 2.76 RHEED, XPS, UPS, XRD
H5 250 - 5x 107¢ 0.043 - RHEED

H 250 670 5x 1076 0.043 2.51 RHEED, XRD

H6 250 550 6 x 1076 0.006 2.36 XPS, UPS, XRD

Table 4.1: HfSe> layers grown on GaP substrates.

(a) 250 °C (b) 350 °C (d) 250 °C low Se flux (e) 250 °C high growth rate

(f) 250 °C ann. 680 °C (g) 350 °C ann. 650 °C (h) 450 °C ann. 680 °C (h) low Se ann. 650 °C (i) high rate ann. 670 °C

Figure 4.1: (a-e) RHEED patterns of the HfSe; layers grown on GaP in various conditions (samples
H1-H5). (f-i) Corresponding RHEED patterns after annealing at 650-680 °C.

The RHEED patterns in Fig. 4.1 (a-c) reveals a large influence of the growth temperature.
At 250 °C, streaks are obtained but they appear slightly diffuse, although at a much lower extent
than during TaSes growth. At higher temperature, the transmission spots previously attributed
to GagSes are observed. On the sample grown under a low Se flux, some tiny spots (pointed
by arrows in Fig. 4.1 (d)) are also discernible, even though the RHEED pattern remains rather
dim. Finally, no perceptible influence of the growth rate is noticed in Fig. 4.1 (e). As for TaSes,
all RHEED patterns improve after annealing and finally exhibit thin streaks as shown in Fig.
4.1 (f-i) even if some dots remain visible on the one from the growth at 450 °C.

4.1.1.b Chemical and electronic properties

Fig. 4.2 (a) compares the Hf 4f and Ga 3d CLs of four of the layers grown in different
conditions. The two Hf 4f peaks are distinguished at the low binding side and the Ga 3d CL, at
the high binding energy side. The variation of the Ga 3d CL intensity is related to the different
thickness of the samples, the spectra being normalized with respect to the Hf 4f one. If the
Hf 4f CL position remains unchanged, a small difference in the peak width is noticed among
the as-grown samples, especially at their base as pointed by the arrows. This is particularly
visible in the low Se sample, for which the CL decomposition (Fig. 4.2 (c)) reveals a low binding
energy compound, that could for instance be ascribed to metallic Hf-Hf bonds. Even though it
suggests that a low Se flux is detrimental, a similar effect is observed at a lower extent on the
sample grown at the same temperature under high Se flux. Since a Se-deficiency is unexpected
in the latter, this shoulder is rather ascribed to a high defect density arising from the growth
at low temperature than a lack of Se in the film. The Se 3d CL, presented in Fig. 4.2 (b) does
not exhibit any meaningful difference between the samples. As for the TaSes samples, the high
binding energy tail is attributed to the Ga-Se component revealed by the CL decomposition in
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Figure 4.2: (a) Hf 4f and Ga 3d and (b) Se 3d CLs measured in XPS at 45° on HfSe; layers grown in
different conditions (samples H1-H4), before and after annealing. (c¢) Hf 4f and Ga 3d and (d) Se 3d
CLs decomposition of the spectra acquired on the sample grown at 250°C under low Se flux (sample
H4), before and after annealing.

Fig. 4.2 (d). Therefore, only one component is attributed to HfSes in accordance with a single
phase expected in this material.

After annealing, all Hf 4f CLs become narrower and virtually identical, suggesting that the
aforementioned defects are cured upon annealing under Se flux. In this case, they are rather well
fitted by a single component as shown in Fig. 4.2 (c¢), while the component attributed to Se-Ga
in the Se 3d CL decreases (Fig. 4.2 (d)) as previously observed in the TaSe; samples. A very
similar result is obtained for sample H5’ prepared with a higher growth rate (not shown).
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The semiconducting property is confirmed using UPS measurements presented in Fig. 4.3 (a)
around T, where the valence band is expected to reach its maximum.3? As for TaSes,, the spectra
before annealing do not reveal sharp features at low growth temperatures, whereas a character-
istic peak is observed at 2.8 €V for the one grown at 450 °C. It also appears on the other samples
after annealing along with minor details, suggesting a better crystalline ordering. Overall, the
valence band shapes are very similar among the samples, as expected for a unique phase.
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Figure 4.3: (a) Valence band measured around I' using UPS on the HfSe; few-layers grown on n-type
GaP in various conditions (sample H1-H4) or on p-type GaP at 250 °C and high Se flux (sample H6).
(b) Energy separation between the P 2p CL, Hf 4f CL and valence band maximum in the HfSe, grown
at 250 °C and high Se flux on n-type GaP (sample H1’) measured in XPS at 75°. (c-d) Band alignment
of the HfSe; grown at 250 °C and high Se flux on (c) a n-type (sample H1’) and (d) a p-type GaP
(sample H6). The valence and conduction bands at the surface of a Se-terminated GaP substrate of the
corresponding doping type is represented in black as a reference.
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The valence band edge is measured around 1.0 eV for the four samples grown on n-type
substrates (samples H1-H4), except for the two samples grown at 250 °C which exhibit a small
shoulder extending up to the Fermi level before annealing. This metallic component is attributed
to the defects already suggested by Hf 4f CL measured on the same two samples. Since the
shoulder vanishes after annealing, there is still no evidence that it could be detrimental to the
annealed samples.

The sample H6, prepared in similar conditions as sample H1’ except for a lower annealing
temperature, has been grown on a p-type substrate instead. In this case, the valence band edge is
found at 0.73 eV. Since the valence band edge position does not significantly vary upon annealing
in samples H1 to H4, the 0.29 eV shift of the valence band compared to sample H1’ is attributed
to a different charge transfer depending on the substrate type. Overall, as a band gap of 1.13 eV
is expected for this material, #4243 it shows that these layers are naturally n-type in accordance
with earlier reports.34:38

To investigate further the charge transfer, the band alignments with the GaP substrate are
discussed through XPS measurements at 75° presented in Fig. 4.3 (b) for sample H1. In
agreement with UPS, the valence band maximum is measured at 1.03 eV in this case, which can
be unambiguously attributed to HfSe, in spite of the larger probed depth since the valence band
of the n-type GaP would be expected at higher binding energy. The measurement of the energy
differences Fpf 45 — E‘I,{fse’ﬁ’ =15.78 eV and Ep 2, — Enr a5 = 112.82 €V enables the construction
of the band diagram Fig. 4.3 (c¢) using the method of Kraut and Waldrop to determine the band
offset as

EGP — EISe2 = (Ep o, — Eng ay) — (Bpy, " — ESP ™) 4 (Byyg 4y — EIFS*2) (4.1)

where the value Egzﬁ’ref — EGaPref — 198 08 eV has been determined in Section 3.3.3.a. The
band alignment for the p-type substrate can be deduced from the measurement of Ep o), — E'ns af
in Fig. 4.3 (d). The knowledge of the valence band maximum is no longer required as the energy
Eyg sy — EllfSe2 — 1578 eV previously determined can be employed as a reference, which leads
to a much smaller valence band offset on this sample. Although surprising, the influence of
the substrate doping type on the band offset has already been reported in both WSe,/GaP?33%
and WSey/GaAs??? heterojunctions, and attributed to a permanent electric dipole between the
layer and the substrate. The vacuum level, deduced from the GaP electron affinity*** and UPS
measurement of the HfSe; work function (shown later) gives an indication of the charge transfer
depending on the substrate doping type: on p-type GaP (Fig. 4.3 (d)), the near work function
match should not induce significant charge transfer whereas on n-type GaP (Fig. 4.3 (c¢)), a
large electron transfer toward the HfSe, is expected, in accordance with the depletion of the
GaP surface and the larger n-type doping in the HfSey layer.

4.1.1.c Structure and crystallinity

The crystallinity is then studied using XRD through radial (26,-¢) scans. The HfSe,(110)
peak, shown in Fig. 4.4 (b), is very close to the GaP(220) peak, which may affect the fitting
results. Therefore, the (100) peak, presented in Fig. 4.4 (a) is also considered in spite of a much
weaker signal. In some spectra, an additional peak is revealed around 26.7°. It has already been
observed in WSey samples grown on both GaAs(111)B*2° and GaP(111)B,*! and attributed
to a strained GaSe layer at the top of the substrate. Conversely, it has rarely been observed in
the TaSey ones (not shown) for which the vdW interface was not well preserved compared to the
aforementioned studies. Hence, its absence in the samples grown at 450 °C or under a low Se
flux may be related to a more degraded interface.

Focusing first on the five samples that have been annealed between 650 and 680 °C (samples
H1-H5), the FWHM, plotted in Fig. 4.4 (d-e) ranges from 0.44 to 0.55° for the (100) peak and
0.63 to 0.70° for the (110) one, corresponding to a grain size of 15 + 3 nm. This is comparable
to the best TaSes sample grown at 500 °C, but in the case of HfSes, no obvious dependence
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Figure 4.4: (a-c) Comparison of the in-plane grazing incidence XRD spectra recorded on the different
HfSe; samples after annealing (H1-H6’): (a) radial scan around the HfSe; (100) peak at ¢ = 30°,
(b) radial scan around the HfSe; (110) at ¢ = 0° and (c¢) azimuthal scan around the HfSe, (110) at
0, = 48.5°. ¢ = 0° is defined as a GaP (110) direction. (e-g) FWHM of the HfSe, peaks in the plots
above.

on the growth temperature is evidenced, as well as on the Se flux and growth rate. The in-
plane alignment, studied through the measurement of the HfSes (110) peaks in azimuthal (¢)
scans in Fig. 4.4 (c), also shows little evolution with respect to the growth parameters. In this
case, the FWHM varies between 1.08 to 1.28° for the five samples, which is also comparable
to the TaSesy film grown at 500 °C, but way better than the one grown at 250 °C (Fig. 3.31).
Interestingly, the sample grown at intermediate temperature exhibits the worst properties, with
both the largest misorientation and the lowest grain size, followed by the one grown using the
low Se flux. However, it also corresponds to the samples annealed at 650 °C while the best ones
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were annealed at 680 °C. This dependence on the annealing temperature is confirmed by the last
sample grown at 250 °C and annealed at 550 °C (sample H6), for which both the grain size and
in-plane orientation are largely degraded. Finally, the small influence of any growth parameter
on the crystallographic properties of HfSe, layers is explained by the crystallization during the
post-growth annealing, highlighting the importance of the latter.
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Figure 4.5: HAADF-STEM image of the HfSes grown at 450 °C and annealed at 680 C° (sample H3’).
(a) Large-scale image. (b-e) Focus on typical defects.

Nevertheless, the idea that the growth conditions do not matter may be qualified by the STEM
characterization of the sample grown at 450 °C presented hereafter. The large-scale image in
Fig. 4.5 (a) reveals that the film is 3 ML-thick, in accordance with the XPS estimation, with
a good thickness homogeneity and a low roughness in spite of the 3D RHEED pattern during
the growth. Some 1245 nm-large coherent domains are observed, in accordance to the preceding
grain size estimation using XRD, separated by blurry areas attributed to grain boundaries. Still,
looking closely to the layers, various defects are observed that are not always spotted at lower
magnification. For instance, a grain boundary is shown in Fig. 4.5 (b) and a stacking fault
is unveiled in Fig. 4.5 (c), the 1T layers being expected to stack on each other without 180°
rotations. In Fig. 4.5 (d), intercalated atoms are observed in the vdW gap, while on the left
side, the 1T-HfSey even seems to share a Se atom with the Se-termination of the GaP substrate.

The latter defects may be related to atomic steps of the substrate, as in Fig. 4.5 (e), in which
the nucleation of a monolayer sheet on a step edge causes a discontinuity over the whole stack.
However, they also resemble those previously observed on the 1.4 ML-thick TaSe; sample grown
at 600 °C (Fig. 3.15). It is known from TaSes that layers grown at high temperatures generally
exhibits higher roughness, even after annealing, which might therefore favor these kinds of defects.
Even though the GaP/HfSe, interface appears overall less degraded than the GaP/TaSe; one
formed at similar temperature, which is consistent with the absence of meaningful HfP compound
(not shown), the absence of the GaSe peak in the HfSes sample grown at 450 °C suggests that
it could be further improved. Finally, although most of the properties of the HfSes layers seem
largely independent of the growth conditions, a low temperature and high Se flux will be preferred
for the following investigations.
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4.1.2 Effect of thickness

4.1.2.a Growth of thicker HfSe; films

The preceding analysis of the growth conditions established that a higher growth rate does not
necessarily degrade the properties of the HfSe, layers, contrary to the general assumption in 2D
material growth. Taking advantage of this, much thicker layers have been grown in approximately
1 hour using similar growth conditions to sample H5. Such thickness cannot be estimated using
XPS, hence the number of layers observed in STEM images is reported instead in Table 4.2. The
obtained thickness is about 60 % of the targeted one, confirming the discrepancy observed for
thinner layers, but remains about 5 times larger than the latter.

Sample Growth Annealing Se flux Growth Targeted Measured

#  T.(C) T.(°C)  (Tomr) rate (A/s) th. (ML) th, (ML) Claracterizations

L RHEED, XRD,
HT 250 650  5x10 0.045 28 16 G UPS XPS
HS8 250 650 5x 107 0.050 30 - Raman

Table 4.2: Thick HfSes layers grown on GaP substrates.

: ' ’

(b) 10 MLs (d) 15 MLs annealed 650 °C

Figure 4.6: (a-d) Evolution of the RHEED pattern as function of the deposited thickness and after
annealing (sample HT).

The RHEED patterns observed at different stages of the growth are presented in Fig. 4.6
(a-d). The RHEED pattern (a) is rather diffuse, in agreement with the previous sample grown in
similar conditions. Then, diffraction spots appear between 5 and 10 MLs as shown in RHEED (b)
and rings characteristic of polycrystalline materials become visible after the growth of 15 MLs in
(c). The latter is different to the previous FCC diffraction pattern in Fig. 4.1 (c¢) and resemble
rather the one observed for a 20-ML thick HfSe, layer grown on HOPG.?4¢ The post-growth
annealing at 650 °C removes the rings and most of the spots although some of the latter remain
discernible in picture (d). Hence, the RHEED analysis suggests a progressive degradation of the
layer morphology with thickness.

4.1.2.b Composition profile

The thickness of this layer enables a more precise analysis of its composition using both XPS
and EDX. The atomic composition is plotted as function of the depth of analysis in Fig. 4.7 (a).
The XPS is overall a more surface sensitive technique. Although the probed depth is augmented
by increasing the electron take-off angle, it still mostly probes the upper layers. By contrast,
the EDX enables the composition profile to be drawn by integrating the signal over the different
areas presented in Fig. 4.7 (b). In addition, the two techniques are not affected the same way by
the morphology: the XPS probes all the surface, including inside eventual holes or protruding
islands, whereas the EDX reveals only the atoms at a given position. However, the lamella
preparation using focused ion beam (FIB) can modify the composition through the implantation
of Ga ions, preferential sputtering of certain atoms and redeposition of the etched species.

Different amounts of Hf and Se are obtained with the two techniques. If the XPS indicates
that the layer is Se-rich, with a Se/Hf ratio around 2.30 4 0.45 considering 10 % of uncertainty
on each sensitivity factor, the EDX suggests rather the opposite with a ratio of 1.85 4 0.30.
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Figure 4.7: (a) Composition of the thick HfSe» samples measured using XPS at different take-off angles
or EDX over different regions of the thick HfSes layers (sample H7). (b) HAADF-STEM image showing
the positions in which the EDX analysis have been performed. (¢) P 2p CL measured using XPS at 75°
on the thin and thick HfSe; layers prepared in similar conditions (samples H5” and H7). The spectra
have been normalized with respect to the background.

In addition, Ga and P atoms are detected as main impurities. The EDX analysis indicates
about 8 % of phosphorus while no trace is found in XPS as shown in Fig. 4.7 (¢). The detection
limit, estimated around 1 % for this element in a Hf and Se matrix,*4° is not sufficient to explain
this discrepancy. The presence of P atoms in the HfSes layers is not expected from the lack of
Hf-P evidence in the corresponding 3 ML sample (Fig. 4.7 (¢)) and may be an artifact from the
STEM lamella preparation using FIB, but it could also arise with the greater thickness as seen
in TaSe;. However, in this latter case, it would probably be scarcer at the surface for the same
reason the TaP was found mostly near the substrate in TaSes, explaining its absence in XPS.

Gallium is detected using both techniques, suggesting that it is in indeed present in the layer.
The high concentration observed in XPS is however not consistent with the progressive decrease
of this concentration in EDX from the substrate to the surface. A possible explanation would be
that most Ga atoms are in Ga,Se, clusters rather than diluted into the HfSe, layers. Therefore,
the local composition determined by EDX may significantly differs from the average one revealed
using XPS thanks to its much larger analyzed area. Finally, the Se/Hf ratio is consistent with
the detected impurities as the P atoms are expected to replace Se atoms, in accordance with the
Se/Hf ratio lower than 2 in EDX, whereas the Ga bonded to Se ones can explain the Se/Hf ratio
above 2 in XPS.
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4.1.2.c Improvement of crystallinity and reduction of strain

To get further insights on the influence of the thickness, this sample is characterized using
XRD and compared to the thin layer prepared in similar conditions (sample H5’). The diffraction
pattern reveals the same peaks on both samples, and focusing on the HfSes (100) and (110) ones
presented in Fig. 4.8 (a) and (b), a smaller peak width is noticed for the thicker sample. Indeed,
the FWHM of 0.41 and 0.52°, measured for the HfSe; (100) and (1 10) peaks respectively, leads
to a grain size estimation of 18 &+ 2 nm, which is the best result obtained in this work. The
additional peak around 26.7° also appears in the thick HfSes; sample, but its relative intensity is
much smaller, suggesting that it does not scale up with thickness. It is hence consistent with its
attribution to a GaSe layer on top of the GaP substrate.
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Figure 4.8: (a-c) Comparison of the in-plane grazing incidence XRD spectra recorded on the 3 and 15 ML
HfSe; samples prepared under similar conditions (samples H5” and H7): (a) radial scan around the HfSe;
(100) peak at ¢ = 30°, (b) radial scan around the HfSez (110) at ¢ = 0° and (c) azimuthal scan around
the HfSes (110) at 8, = 48.5°. ¢ = 0° is defined as a GaP (110) direction. (d,e) Proposed model to
explain the partial strain relaxation in thin HfSes layers. The "Se on Se" configuration is thought to be
highest energy one because of the steric repulsion of Se atoms whereas the "Se on hollow" could be more
favorable since it follows the same stacking sequence than in the bulk 1T phase (ABC stacking). Tensile
strain is expected around the low-energy configurations because it maintains the favorable stacking over
a larger area, and conversely, compressive strain is expected to shrink the high energies areas.

The evolution of the in-plane alignment is then shown through the measurement of the (110)
peaks over the azimuths in Figure 4.8 (c¢). The thicker film exhibits a FWHM of 1.20° perfectly
matching the thinner one, demonstrating that the misorientation is not degraded with thickness.
This suggests that once the first HfSes monolayer is grown on GaP, the following HfSes layers
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align very well on its own lattice. It seems compatible with the improvement of grain size, even
though it does not explain it.

Surprisingly, a shift is observed between the thin and the thick layers in Fig. 4.8 (a) and (b),
which corresponds to a decrease of the lattice parameter from 3.78 to 3.75 A. The latter, obtained
on the thick layer, corresponds much better to the reported values for HfSey, 442446 whereas every
thinner layer (including those presented in Fig. 4.4) is subject to approximately 1 % of tensile
strain. This effect is attributed to the influence of the GaP substrate and contrasts with the
general assumption that 2D layers grow with their own lattice in vdW epitaxy. Even weak, the
interlayer interactions can still induce strain in 2D systems, as for instance in moiré patterns
in which both tensile and compressive strain are observed.**” Uniform strain has been reported
in both vdW**® and in quasi-vdW epitaxy3°? when a nearly commensurate lattice matching
condition exists. The small lattice mismatch between GaP and HfSe, and the relatively good
in-plane alignment could favor an exact unit-cell coincidence, but here the strained HfSes lattice
remains smaller than the in-plane GaP lattice constant of 3.85 A. Hence, low-energy stacking
configurations would alternate with higher energy ones as the atom positions progressively shift
in moiré-like situation sketched in Fig. 4.8 (d), in which no energy gain would be expected over
an infinite layer under uniform strain. However, since the grain size (=15 nm for thin layers)
is of the same order of magnitude that this hypothetical moiré (13 nm for unstrained HfSes),
favorable configurations can be extended over most of the grain by increasing the moiré size with
a limited tensile strain (moiré size ~21 nm for the partially strained thin layers) as illustrated in
Fig. 4.8 (e). In other words, the observed mean tensile strain comes from an interplay between
the local atomic arrangements and the grain size. In the thicker layer, the HfSe, recovers its
bulk lattice parameter in accordance to the influence of the substrate being largely overcome by
the elastic energy cost of strain. However, contrary to the 3D-material case, this does not seem
to be released through more dislocations, as the grain size increases with thickness.

To explain this, the structure of the thick HfSes film is revealed by the STEM image presented
in Fig. 4.9 (a). In this case, the interface is sharper than in the previous 3-ML sample grown
at 450 °C, with a clear vdW gap. This is more likely related to the lower growth temperature,
rather than an effect of thickness, confirming the assumption that a low growth temperature is
preferable.
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Figure 4.9: (a) HAADF-STEM image of the thick HfSep sample (sample H7). (b) Lattice parameter
measured in each layer of the stacking starting from the one closer to the GaP substrate (1) toward the
surface (16) on 5 different STEM images. Each image was scaled considering in-plane lattice parameter
of 3.85 A in bulk GaP.
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As for the thinner HfSe, film, the thick one only contains the 1T phase, in which the same
kind of defects are observed, including stacking faults and mirror twins. Interestingly, both
are more frequent near the substrate while the upper part of the film seems better ordered,
with 6 consecutive unfaulted monolayers. This improvement with thickness might occur during
the growth, the lateral size of the islands increasing progressively thanks to a larger adatom
mobility on the already grown HfSes; layers. However, according to the RHEED observations,
the crystallinity greatly improves during the annealing, hence it is instead proposed that the
proximity of the substrate itself favors the formation of such defects in the bottom layers. This
may be because the latter still have to accommodate the mismatch and eventual defects on the
GaP surface, whereas the layers above are mostly strain-free as confirmed by the evolution of the
lattice parameter as function of the position in the stack in Fig. 4.9 (b). In five analyzed images,
the layer closer to the GaP substrate exhibits an expanded lattice parameter of 3.79 & 0.02 A
which rapidly decreases toward the bulk lattice parameter in the following layers in accordance
to the XRD analysis. This is possible because of the ability of the individual layers to slightly
slide with respect to each other to release the strain, together with the fact that mirror twins
do not necessarily propagates along the vertical direction and rather cancel each other with
stacking faults. Thereby, the crystalline quality can improve with thickness, while also relaxing
the strain. These are the well-known benefits of the vdW epitaxy, but it seems that in the
HfSes /GaP system, the small lattice mismatch makes this happen progressively over few layers
rather than abruptly at the interface. This is consistent with an earlier study in which the
2D-layers with lower lattice mismatch were found to relax slower.*48

Finally, the good structural properties of the HfSes layers are further confirmed using Raman
spectroscopy. The spectra recorded on sample H7 for different acquisition times are compared
to the signal from the bare GaP substrate in Fig. 4.10. All spectra are normalized with respect
to the highest intensity peaks at 366 and 402 cm™! attributed to GaP.*4?
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Figure 4.10: Raman spectra acquired using different integration time (sample H8) and compared to a
bare GaP substrate of the same doping type. The spectra are normalized with respect to the substrate
signal.

The intense peak at 200 cm™' and the small one at 148 cm™!, clearly observed for the
shorter acquisition time, are in good agreement with the literature on HfSe;.?*6 The peak at
237 cm ™! more likely corresponds to crystalline Se*® even if a small HfSe, peak has also been
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reported at 228 or 235 cm™!.246:451 The relative intensity of these peaks decreases rapidly when
the acquisition time is increased, suggesting a degradation of the layers. This also corresponds
to a more visible impact observed after the experiment using an optical microscope as shown
in the inset. It is believed that the Se capping layer crystallizes very quickly because of the
local heating induced by the laser beam, and progressively evaporates afterward, as suggested
by the peak at 237 cm~!. The degradation of the HfSe, layer can then be explained by its rapid
oxidation in air.

No Raman signal has been obtained in thinner HfSe, layers, as for any TaSes layer (not
shown). It is not clear if it is related to the lattice relaxation or the better crystalline quality of
the thicker HfSe; sample. In this regard, the absence of signal in the thin samples would mean
that the strain and defects suggested by the XRD and STEM studies disturb the vibrational
modes in the layers closer to the substrate. However, it could also be due to the fact that the
topmost layers degrade very quickly, and the presence of many layers enables the bottom ones to
be preserved. In addition, the signal from the GaP substrate is more attenuated by the thicker
HfSe; film, improving greatly the relative peak intensities in favor of the HfSe, ones.

4.1.2.d Impact on the valence band
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Figure 4.11: (a) Comparison of the valence band measured using UPS on the ~3 ML-thick HfSe; layers
grown at 250 °C and annealed at 680 °C on n-type GaP (sample H1’) or at 550 °C on a p-type one
(sample H6) and a ~15 ML-thick HfSe, sample grown at 250 °C and annealed at 650 °C on n-type GaP
(sample H7). (b) Corresponding photoemission cut-off measured in UPS (hr = 21.2 eV).

Finally, the influence of the thickness and the related film quality on the electronic properties
is studied using UPS. The comparison of the valence bands in Fig. 4.11 (a) reveals a more
pronounced peak at 2.5 eV on the thick layer. Overall, the whole band seems shifted toward
lower binding energies and its maximum is found at 0.65 eV. This shift is not due to a reduction
of the photovoltage or charge transfer from the n-type substrate in thicker layers, since it is even
smaller than the valence band edge measured on the thin layer grown on the p-type substrate
(sample H6) and for which these effects would be inverted. Hence, this reveals an intrinsic change
of the HfSes properties with the number of layers, such as a lower n-type doping or a band gap
narrowing. This material is not expected to experience a significant band gap normalization
with thickness compared to most of the TMDCs®? even though a decrease of 0.1 eV has been
predicted.?? However, the band gap has also been calculated to increase under tensile strain,*>2:453
signifying that the thin layers may have a larger bandgap which is reduced in the thick layers
as the strain is released. Finally, the shift of the valence band edge probably arises from a
combination of the aforementioned factors.



126 CHAPTER 4. HfSe; growth and heterostructures

The low-energy electron cutoff presented in Fig. 4.11 (b) reveals the work function of the
corresponding samples and enables the electron affinity x to be deduced as

x=®—-FE, +E,. (4.2)

Considering the bulk band gap E, = 1.13 eV,%42%:443 this gives a slightly larger electron affinity
for the thin layers (5.12 and 5.08 eV for sample H1 and H6, respectively) compared to the thick
layer (5.01 eV), which may be attributed to the hypothesized variation of the band gap, although
an increase of the work function under tensile strain has also been predicted.°* Overall, these
values are consistent with those reported by Aretouli et al.?*" (® = 5.5 eV and x = 5.2 eV) and
in strong disagreement with the findings of Yue et al.?4¢ (® = 4.4 eV and x = 4.0 eV).

—  Summary

Even if the RHEED indicates a degraded morphology during the growth at high tem-
perature, and the XPS and UPS characterizations suggest the presence of metallic defects
in the layers grown at low temperature before annealing, no meaningful influence of the
growth conditions is noticed afterward. Still, the high growth temperature and low flux Se
are suspected to degrade the GaP-Se/HfSe, interface and therefore a low growth tempera-
ture and a high Se flux are preferred instead. The XRD analysis indeed demonstrates that
the crystalline quality depends mostly on the annealing temperature, but also improves
with thickness. In addition, some strain evidenced in the thin layers and attributed to the
interaction with the GaP substrate is also relaxed with thickness. Besides, despite some
Ga and P impurities are evidenced, the thick layer exhibits a Se/Hf ratio close to the
ideal stoichiometry. Finally, in spite of a charge transfer depending on the substrate dop-
ing type, the position of the valence band maximum indicates that the layers are n-type
overall. The shift of the valence band with thickness may, however, be rather attributed
to a small variation of the band gap.

4.2 Use of GaSe-terminated Si(111) substrates

The crystallographic properties of HfSe; have been shown to be relatively independent of
growth conditions, including the fact that it crystallizes only into one polytype. This makes it
a good candidate to explore new substrates, among which Si is particularly appealing to favor
the development of TMDCs at large-scale. Two strategies have been employed to prevent the
formation of silicides, either chalcogen pre-wetting®16317 or the growth of a GaSe half-layer.32?
This section focuses on the latter, which consists in the deposition of one atomic plane of Ga
atoms bounded to Si and one atomic plane of Se atoms terminating the surface thanks to their
lone pair of electrons. First, the GaSe growth is optimized to ensure a complete coverage and
sufficient passivation, and then the growth of HfSes is presented.

4.2.1 Growth of GaSe half-monolayer on Si(111)

The GaSe surface termination is prepared in the MBE chamber dedicated to selenide com-
pounds, using the Ga effusion cell, the Se valve-cracker cell and in some cases atomic hydrogen.
Here, the Si wafers preparation and GaSe growth conditions are investigated first, and then, the
surface passivation and the rotational alignment of the GaSe layer are discussed.
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4.2.1.a Optimization of the GaSe preparation

Si substrate preparation

The Si wafers are cleaned under an Os plasma, deoxidized in a 1 % HF solution, rinsed
in deionized water and blown dry with nitrogen before introduction in the MBE system. The
remaining oxide is desorbed upon heating to 750 °C under UHV in the MBE chamber with
or without atomic hydrogen supply from 100 °C to 500 °C. In both cases, a 7 x 7 surface
reconstruction appears around 700 °C, in accordance with earlier studies.?™® It is well defined
at 750 °C, as shown in Fig. 4.12 (a), indicating that the wafers are successfully cleaned and
deoxidized.

Sample Deoxidation Atomic ..
4 Substrate T. (°C) hydrogen Characterizations
S1 Si 750 no RHEED, AFM
S2 Si 750 up to 500 °C AFM

Table 4.3: Deoxidized Si substrates discussed in this paragraph.

a) Si deox. 750 °C c) with atomic H

2.50 nm 5.0 nm

b) without atomic H
= ~

2.00 4.0

1.50 3.0

1.00 2.0

0.00 0.0

Figure 4.12: (a) 7 x 7 RHEED pattern of a Si substrate deoxidized at 750 °C without atomic H (sample
S1). (b-c) 500 x 500 nm? AFM images of Si substrates deoxidized under UHV at 750 °C (b) without
and (¢) with atomic H.

The AFM images of two samples prepared without or with atomic hydrogen supply are
compared in Fig. 4.12 (b) and (c¢) respectively. Some dots, corresponding to 1-2 nm-high and
5-15 nm wide islands, are clearly observed on image (b) but can also be discerned on image (c).
Since XPS (not shown) does not reveal any remaining trace of oxygen or carbon contamination,
their origin is not clear but they do not seem to be efficiently removed using atomic hydrogen.
Regarding the difference of morphology, the larger density of steps observed on sample S2 is
attributed to a larger wafer miscut, the substrates being provided by a different supplier.

Self-limiting GaSe growth methods

GaSe half-layers have previously been prepared by selenization of a predeposited Ga ML.4%°
Later, Ohtake et al. argued that it was preferable to supply simultaneously Ga and Se.3??
However, a careful control of the Ga flux was required to achieve the exact coverage at 520 °C. A
self-limiting preparation method would be preferred. Two options are considered to achieve this
taking advantage of the evaporation of the Ga,Se, components observed on III-V substrates in
the previous chapter. In the first case (sample S3), a thick GaSe film is grown during 5 minutes
at 500 °C, leading to the spotty RHEED pattern in Fig. 4.13 (a) attributed to the presence of
FCC GasSes, and afterward the excess layers are evaporated under Se flux at 700 °C until the
bright 1 x 1 pattern shown in Fig. 4.13 (b) is obtained. For the other samples, the growth is held
for 10 minutes at 650 °C, so that only GaSe nuclei covalently bounded to Si are stable, in which
cases a similar 1 x 1 pattern is maintained throughout the growth (not shown). The sample
S4 is rapidly cooled down under vacuum after this process whereas for the following ones, an
additional 3 min annealing at 650 °C under Se is made to ensure that no excess gallium remains
on the surface.
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(a) 500 °C as-grown (b) 500 °C ann 700 °C

Figure 4.13: (a,b) RHEED pattern of sample S3 (a) after growth at 500 °C and (b) after annealing at
700 °C. (c,d) Expected atomic structures of (c) the GaSe monolayer and (d) the GaSe-terminated Si
surface.

The thickness estimation from XPS, presented in Table 4.4, is expressed as a fraction of GaSe
ML, which contains 2 rows of Ga atoms between 2 rows of Se atoms, for a total height of 7.97 A
including the vdW gap,**® as schematized in Fig. 4.13 (c). In spite of a much larger amount of
deposited material, both methods lead to a GaSe thickness close to 0.5 ML, as expected for a
half GaSe layer (Fig. 4.13 (d)). Still, the deposition at 500 °C followed by an annealing results
in a lower thickness, as seen by the lower Se and Ga content in Fig. 4.14 (a). The reason why
the Ga is in slight excess is not clear, but it may explain why a thickness slightly above 0.5 ML
is obtained.

Sample Deoxidation Growth  Annealing Measured

# Substrate T. (°C) T. (°C) T. (°C) th. (ML) Characterizations
S3 Si 750 500 700 0.61 RHEED, XPS, AFM
S4 Si 700 650 - 0.7 XPS, AFM

S5 Si 750 650 650 - AFM

S6 Si 830 650 650 - AFM

Table 4.4: Samples compared to discuss the influence of the deoxidation temperature and GaSe growth
temperature. All substrates are from supplier 1 and have been deoxidized without atomic H.
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Figure 4.14: (a) Comparison of the Ga and Se content on the GaSe-terminated substrates prepared at
500 °C and annealed at 700 °C (sample S3), or at 650 °C (sample S4), according to the Se 3d and Ga 3d
measured in XPS at 45°. (b-e) 500 x 500 nm? AFM images of the samples (b) grown at 500 °C and
annealed at 700 °C (sample S3), or grown at 650 °C with Si surface deoxidation at either (c) 700 °C, (d)
750 °C or (e) 830 °C (samples S4, S5, and S6 respectively)
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The AFM characterization of the sample prepared at 500 °C and annealed reveals large
plateaus separated by cracks in which the surface is very rough, as seen at the bottom right of
Fig. 4.14 (b). By contrast, the growth at 650 °C, presented in Fig. 4.14 (¢), results in triangular
terraces. Still, both surfaces are decorated by many small islands, similar to those observed
on the deoxidized Si substrate. Apart from that, most of the atomic steps are much smaller
than a full GaSe layer and better match the Si interplanar distance of 3.1 nm. Considering the
estimation of a thickness near 0.5 ML, it is likely that the sample prepared at 650 °C is uniformly
covered with the GaSe half-layer. Conversely the lower thickness measured on the one grown at
500 °C and annealed at 700 °C suggests that the GaSe half-layer is not complete in this case,
which may be the explanation for the cracks. Therefore, the growth at 650 °C is preferred.

Besides, it is noted that the initial deoxidation temperature has an influence on the morphol-
ogy of the GaSe-terminated samples, as the triangular features turn to wider and deeper pits
as the annealing temperature is increased in Fig. 4.14 (d) and (e), but it has no effects on the
small islands. The deoxidation temperature of 750 °C is kept for the following samples because
the 7 x 7 RHEED pattern suggests a cleaner surface and the morphology is not significantly
degraded.

Influence of the growth conditions

To further confirm that the growth is self-limiting, two samples have been grown under the
same conditions for different durations (samples S7 and S8). The influence of the Se/Ga flux
ratio is also investigated by decreasing the Ga flux to 0.06 A/s and increasing the Se flux to
6 x 1076 Torr in sample S9. The preparation details and the thickness estimated from the XPS
characterization are given in Table. 4.5.

Sample Growth Duration  Se/Ga  Measured -
u Substrate T. (°C) (min) at. ratio  th. (ML) Characterizations
ST Si 650 10 ~4 0.66 XPS, AFM
S8 Si 650 1 ~4 0.68 XPS, AFM
S9 Si 650 10 ~ 30 0.65 XPS, AFM

Table 4.5: Samples compared to discuss the influence of the GaSe growth conditions. All Si substrates
are from supplier 2. They have been deoxidized at 750 °C using atomic H up to 500 °C, and then
annealed 3 minutes at 650 °C under Se flux after the growth.

The composition of the layers is shown in Fig. 4.15 (d). Not only the thickness, derived from
the Ga/Si ratio, are similar among the three samples, but also the Ga/Se ratio is nearly constant
even if the Ga remains in excess. Besides, the AFM images presented in Fig. 4.15 (a-c) reveal
a very similar morphology for the three samples. The higher density of steps is attributed to
the larger miscut of the Si substrates from supplier 2. Still, the steps appear more disordered
compared to the deoxidized substrate presented in Fig. 4.12 (c), which may be related to the
surface reorganization in triangular shapes. In addition, the small islands are observed on every
sample, indicating that it does not depend on the growth duration or flux ratio.

The fact that the growth duration has no influence on the thickness, composition and mor-
phology demonstrates that the growth is effectively self-limiting. Similarly, the flux ratio is not
a determining parameter, and the fact Ga remains in excess in spite of a higher Se/Ga flux
ratio in sample S9 suggests that it may be an artifact from incorrect sensitivity factors. Fi-
nally, the developed preparation method for half-monolayer GaSe growth proves to be robust
against process variations. This may be explained by the fact the exact half-monolayer coverage
is thermodynamically favored.
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Figure 4.15: (a-c) 500 x 500 nm? AFM images of GaSe-terminated Si substrates prepared at 650 °C
during (a) 10 minutes (sample S7) and (b) 1 minute (sample S8) using a Se/Ga ratio of = 4, and (c)
during 10 minutes and using a Se/Ga ratio of = 30 (sample S9). (d) Comparison of the Se and Ga
atomic content on the three samples measured using XPS at 45° through the Ga 3d, Se 3d and Si 2p
CLs.

4.2.1.b Electronic and chemical passivation of the GaSe-terminated Si surface

To assert the ability of the GaSe half-monolayer to passivate Si substrates, some samples
prepared in the previous paragraph and reported in Table 4.6 are further investigated using
XPS.

Sample # Type Description Supplier  Previous reference
S2 Si Deoxidized 750 °C with atomic H Supplier 2 See Table 4.3
S3 Si-GaSe  Growth at 500 °C and annealing at 700 °C  Supplier 1 See Table 4.4
S4 Si-GaSe Growth at 650 °C Supplier 1 See Table 4.4
S7 Si-GaSe Growth at 650 °C Supplier 2 See Table 4.5
S10 Si Deoxidized at 750 °C with atomic H Supplier 2 -

Table 4.6: Si and GaSe-terminated Si samples used to study the surface passivation.

The Si 2p CL measured on a Si surface exhibiting a clear 7x7 surface reconstruction after
deoxidation at 750 °C using atomic hydrogen (sample S2), and a GaSe-terminated one grown at
650 °C (sample S7) are presented in Fig. 4.16 (a). The two substrates are n-type ones from the
same supplier and were processed the same day.

Similar to the GaP and GaAs substrates, a clear energy shift of the Si 2p CL toward higher
binding energy is observed, in accordance to a reduction of the band bending in the n-type Si
substrate. Compared to previous reports, the measured Si 2p3,, binding energy of 100.0 eV
after GaSe growth is particularly high for the bulk Si component?>7458 and indicates a Fermi
level positioned near the conduction band on the surface. Hence close to flatband conditions
are achieved for this n-type substrate in accordance to a good passivation of the surface states.
Besides, a reasonable fit of the Si 2p CL acquired on the GaSe-terminated surface is achieved
with a single doublet, whereas some features pointed by the arrows cannot be reproduced for
the one corresponding to the bare substrate. A difference between the two CL shapes is indeed
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Figure 4.16: (a) Si 2p CL measured in XPS at 45° on a deoxidized Si substrate (sample S2) and a
GaSe-terminated Si (sample S7), respectively, and their best fit using a single doublet. (b) Comparison
of the Si 2p CLs in (a) after setting the Si 2p;3/, position as the energy reference.

revealed at high binding energy by their comparison in Fig. 4.17 (b), and attributed to surface
states of the 7 x 7-reconstructed surface for which numerous components have been reported.34?
The absence of extra components in the GaSe-terminated surface supports the hypothesis of
most of the surface states being passivated. The fact that no component arises from the Si-GaSe
bonds in this case is attributed to the high electronegativity of Se atoms which compensates for
the low electronegativity of the Ga ones, making the Si-GaSe bond non polar.*58

To further confirm the good passivation of the GaSe-terminated Si substrates, their resistance
to oxidation is studied. For this, the sample prepared at 650 °C (sample S4) is compared to a
bare Si substrate that has been deoxidized using atomic H up to 700 °C and annealed up to
750 °C (sample S10). Then, the oxidation is measured thanks to the O 1s CL in the XPS survey
presented in Fig. 4.17 (a).
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Figure 4.17: (a) XPS survey measured at 45° of a deoxidized Si substrate (sample S10) and a GaSe-
terminated Si (sample S4) before and after exposure to air during 10 and 32 hours, respectively. (b) Com-
parison of the O 1s CL of a GaSe-terminated Si surface either grown at 500 °C and annealed at 700 °C
(sample S3) or prepared at 650 °C (sample S4) after exposure to air during 32h. The spectra have been
measured at 45° and normalized with respect to the background.
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The difference in the initial deoxidation is not expected to play a role because neither of the
two samples exhibited an O 1s CL as-prepared. The deoxidized Si substrate is measured after
only 10 hours in ambient conditions but reveals a high O 1s CL peak, indicating a substantial
oxidation as expected for Si. On the contrary, the sample covered by the GaSe half-layer,
despite being exposed to air for 32 hours, exhibits a much lower O 1s signal. Hence, the GaSe-
termination protects the Si substrate from the oxidation, in accordance to previous reports.4!
This is understood as a consequence of the lower density of surface states and surface energy.

Then, the oxidation of the GaSe-terminated surface prepared at 650 °C (sample S4) is com-
pared to the one grown at 500 °C and annealed at 700 °C (sample S3) exposed to air for the
same period. The O 1s CL, presented in Fig. 4.17 (b), is sensibly higher on sample S3, on
which a thick GaSe layer was deposited and re-evaporated. This is in line with the hypothesis of
an incomplete coverage of its surface by the GaSe termination suggested by the lower thickness
derived from the XPS measurement and the observation of cracks using AFM in the previous
paragraph. Conversely, the sample prepared at 650 °C exhibits a much lower O 1s CL, suggesting
that most of the substrate is protected by the GaSe layer.

Finally, the reduced band bending, the suppression of surface states and the good resistance
to oxidation not only demonstrate that an efficient electronic and chemical passivation is provided
by the GaSe half-monolayer prepared at 650 °C, but it also proves that this surface termination
covers most of the substrate.

4.2.1.c Absence of rotational domains

The GaSe half-layer consists of a Ga atom on top of the topmost Si atom, and a Se atom
which is, in principle, oriented toward the same direction that the Si-Si bond in the zinc-blende
structure. However, some authors also reported the presence of rotational twins, in which the
Ga-Se bonds are oriented in the opposite direction.?394%9 Since this would be detrimental to the
growth of single oriented TMDC, the orientation of the GaSe half-layer on sample S9 is studied
using the XPD method already employed in Section 3.2.2.b. In this case, the orientation of the
Ga-Se bond is revealed through the variation of the Ga 3d intensity over the sample azimuth
at a constant polar angle of 28.7°. This angle is chosen based on the corresponding angle in
bulk GaSe, which is estimated between 28.2 + 0.2 and 32 + 1.5° depending on the polytypes
and the studies.*5" However, a smaller photodiffraction angle of 26° has been experimentally
determined for GaSe on Si(111)34? and attributed to the proximity of the Si substrate, in which
the corresponding angle is 19.5°.
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Figure 4.18: (a) XPD record measured at a constant polar angle of 28.7° on the GaSe-terminated Si
sample prepared at 650 °C under high Se/Ga flux ratio (sample S9). (b) Schematics of the photodiffrac-
tion angles in the GaSe half-monolayer in top and side views.
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The variation of the Si 2p recorded as a reference is presented at the bottom of Fig. 4.18 (b).
The large number of scatterers makes its interpretation not straightforward, but the expected
3-fold symmetry is observed. Regarding the Ga 3d curve, only 3 prominent peaks are obtained
along three equivalent high symmetry directions of the substrate. This is consistent with the
presence of most Ga atoms in a single atomic plane, and rules out the possibility of a significant
amount of mirror twins, which would result in peaks 60° apart.

These results contrast with the mirror twins observed in GaSe layers prepared at 450
and are consistent with the single GaSe orientation reported for growth temperatures above
500 °C in another XPD study,?*3 or above 575 °C according to STM.342

Finally, the use of a substrate temperature of 650 °C not only enables a self-limiting GaSe half-
layer growth, but also maintains the 3-fold symmetry of the Si (111) surface. This, together with
the surface passivation, makes the GaSe-terminated Si substrate a good candidate for TMDC
growth.

°(1,339,459

4.2.2 HfSe,; growth on GaSe-terminated Si substrates

To confirm the potential usefulness of this substrate, the growth of HfSes on GaSe-terminated
Si is now investigated. In particular, it is necessary to ensure that the GaSe layer prevents the
formation of a silicide, since HfSi, compounds have negative enthalpies of formation.31%-461

4.2.2.a Thermal stability

For this first experiment, the Si-GaSe substrate is prepared using the same recipe as sample
S4. Then, it is cooled under Se flux to the growth temperature of 250 °C, which is expected
to better preserve the interface as seen on GaP, and 2 ML of HfSe; are deposited using a low
growth rate and a high Se flux similar to that employed for sample H1 on GaP substrate.

Sample Growth  Annealing Targeted Measured ..
4 Substrate T. (°C) T. (°C) th. (ML) th. (ML) Characterizations
H9 Si-GaSe 250 - 2 1.21 RHEED, XPS
HY’ Si-GaSe 250 600 2 1.00 RHEED, XPS
H9” Si-GaSe 250 680 2 0.48 RHEED, XPS

Table 4.7: Annealing steps for to the 2 ML sample grown on GaSe-terminated Si.

A very faint RHEED pattern is obtained after the growth at 250 °C as shown in Fig. 4.19 (a).
Therefore, an annealing under Se flux is carried out since it has proven to be beneficial on GaP.
The RHEED pattern progressively improves up to 550 °C, becoming slightly brighter as seen
in Fig. 4.19 (b). However, a modulation of the streaks appears around 600 °C (Fig. 4.19 (c))
suggesting a surface roughening. Finally, upon further annealing at 680 °C, the RHEED pattern
in Fig. 4.19 (d) reveals rings alongside spots. The former are characteristic of a randomly
oriented polycrystalline material, while the latter corresponds to an untwinned FCC structure,
which could be GasSes on Si.

To understand the cause of this degradation, the layer has been characterized using XPS at
different stages of the process. Based on the Si and Hf CL intensities and considering a 0.5 ML-
thick GaSe interlayer, a thickness of 1.2 ML is calculated as-grown, as reported in Table 4.7.
Even if it is 40 % less than expected, this is not dissimilar to the growth on GaP. However, in
this case, the thickness further decreases after annealing, in accordance with the degradation
of the RHEED pattern. This is accompanied with a shrinkage of the Ga 3d CL compared to
the Hf 4f one, as evidenced in Fig. 4.19 (e), which suggests an evaporation on the GaSe layer.
Nevertheless, on the same plot, the Hf 4 f CL is well fitted with a single component even once the
Ga has vanished. It contrasts with the observation of a Mo-Si component in the study of Ohtake
et al. when the Si substrate was not protected by the GaSe layer.3?° Hence, it argues against the
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Figure 4.19: (a-d) RHEED patterns of the 2 ML HfSe; sample grown on GaSe-terminated Si at 250 °C
(a) as grown, (b) annealed at 550 °C, (c) 600 °C, and (d) 680 °C (sample H9). (e) Hf 4f and Ga 3d, (f)
Si 2p and (g) Se 3d CLs measured in XPS at 45° on the same sample at different stages.

formation of a silicide, which is further confirmed by the absence of low energy components in
the Si 2p CL presented in Fig. 4.19 (f). Instead, two components are observed at high binding
energies. If the small one at highest binding energy is attributed Si-Se bonds, the origin of the
intermediate one is unclear. According to the previous analysis of the GaSe-terminated surface
in Fig. 4.16, it is unlikely to corresponds to Si-GaSe bonds and would rather match the Si
surface states but the presence of two SiSe, compounds with different stoichiometries cannot be
excluded neither. In the Se 3d CL presented in Fig. 4.19 (g), the Se-Ga and Se-Si states, that are
both expected at high binding energy, are not distinguished. However, since the corresponding
component increases as the Ga 3d intensity decreases, it is suggested that the Se-Ga bonds are
progressively replaced by Se-Si ones during the annealing. This is consistent with the gradual
enhancement of the Si 2p component attributed Si-Se bonds. Concerning the unidentified one,
which remains visible at every temperature but does not follow a monotonous evolution, it is
believed to be an intermediate state, probably arising from an incomplete selenization of the Si
substrate.

Even if it has not been reported in the previous TMDC growths on Si{111},316:317:329 the

formation of SiSe, is not unexpected from the thermodynamic point of view?%? and may have
been favored by the use of higher annealing temperature and Se flux. Nevertheless, its apparition
is surprising since the GaSe half-layer has been determined to be stable under high Se flux up
to 650 °C. This different behavior may be somehow induced by presence of the HfSeq layer. It is
suggested that the GaSe termination is stabilized on the bare Si substrate because it has a very
low surface energy compared to Si or SiSe, surfaces. However, the interaction with HfSe; may
change the substrate to layer energy at the expense of GaSe, which evaporates then. The diffusion
of Ga through the HfSes layers is indeed not surprising given the significant Ga impurities
observed earlier in the 15-ML-thick film. Finally, the formation of HfSi, seems prevented by the
high Se flux which rather favors a SiSe, compound instead.
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In summary, the growth of HfSes; on a GaSe-terminated Si substrate is possible at low temper-
ature, even though the substrate passivation does not seem entirely preserved. A post-growth
annealing under Se flux improves the crystallinity but the temperature should be kept below
600 °C to prevent a sudden degradation of the morphology attributed to the evaporation of the
GaSe layer and the formation of SiSe,.

4.2.2.b Comparison with GaP substrates

After the stability limit has been determined, 4 MLs of HfSe; have been grown on GaSe-
terminated Si, annealed at 550 °C and compared to the sample H6 prepared on GaP in similar
conditions. Table 4.8 shows that the sample grown on Si-GaSe also appears slightly thinner than
expected, even though at a lesser extent than the GaP one.

Sample Growth  Annealing Targeted Measured S
" Substrate T. (°C) T. (°C) th. (ML)  th. (ML) Characterizations
H6 GaP 250 550 4 2.36 RHEED, XRD
H10 Si-GaSe 250 550 4 2.85 RHEED, XRD, STEM

Table 4.8: Samples compared to discuss the influence of the substrate on HfSes growth.

The RHEED patterns recorded on the layers grown on GaP and Si-GaSe are compared in
Fig. 4.20 (a~d). Both before and after annealing, they appear more diffuse on Si, suggesting a
poorer crystallinity. To confirm this, in-plane grazing incidence XRD measurements have been
carried out on the layer grown on Si-GaSe and compared to the already characterized sample
grown on GaP in the same conditions. The HfSe; {110} peak is broader both along the radial
(Fig. 4.20 (e)) and azimuthal axes (Fig. 4.20 (f)), indicating respectively a lower crystallinity and
larger in-plane misorientation when the layers are grown on GaSe-terminated Si, in accordance
with the RHEED observations.
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Figure 4.20: (a-d) RHEED patterns of the 4 ML-thick HfSe; samples grown on (a,b) GaP (sample H6)
or (c,d) GaSe-Si (sample H10) before and after annealing at 550 °C (e,f) Comparison of the HfSe, {110}
XRD peaks of the two samples in (e) radial or (f) azimuthal in-plane grazing incidence scans.
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To complete these findings, the layer grown on Si-GaSe is investigated at the microscopic
scale using STEM. The two typical results are observed on the same pictures in Fig. 4.21 (a). In
most cases, the HfSes layers are rather ordered, as on the right side, and exhibits the expected 1T
phase. However, they get more disordered near the top of the stacking. Below, the topmost layer
of the Si substrate appear slightly brighter in accordance to the presence of GaSe, even though
some heavy atoms also seem to have diffused below the surface. Still, the interface between
the substrate and the HfSe, layers is rather sharp in this case, whereas on the left side, a dark
amorphous material is observed in between. It could be related to the small droplets observed
on the substrate during the preparation, for instance SiOs or SiC residues from an insufficient
substrate cleaning or Ga droplets from the GaSe preparation. However, it may also be an early
stage of degradation, such as an agglomeration of the GaSe half-layer prior to its evaporation, or
some already formed SiSe,. On top of this, only few HfSe, sheets are discernible, but the bright
background suggests that the dark amorphous agglomerate is mostly covered by HfSe, layers.
However, in this case, they appear largely disordered, in accordance with the broad XRD peaks
and diffuse RHEED pattern.

Figure 4.21: (a) HAADF-STEM image along the Si [01 1] zone axis of the 4 ML HfSe, sample grown on
GaSe-terminated Si at 250 °C and annealed at 550 °C (sample H10). (b) HAADF-STEM image along

the Si [211] zone axis of the same sample, on which the EDX analysis has been performed. (c-g) EDX
mapping of the chemical elements detected on image (b).
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To identify the interfacial compound, a chemical analysis using EDX has been performed on
the image in Fig. 4.21 (b). The maps in Fig. 4.21 (c-g) reveal the position of Si, Hf, Ga, O and
Se atoms. The position of the interface between the Si substrate and the grown material has been
identified on the HAADF image and highlighted on every frame as a dashed red line. It shows
that Hf and Ga atoms are mostly above the interface, which suggests a degradation of the GaSe
layer but rules out the possibility of GaSe segregation. Instead, the Ga appears mixed with the
HfSes as previously observed in thick layers. A weak O signal is detected near the interface. It is
not clear whether it originates from an insufficient deoxidation of the Si substrate or a subsequent
oxidation of the sample, but it is too low to play a significant role. Finally, Se atoms are found
in the capping layer, in the HfSes layers and even below the Si surface, while the Si intensity
decreases near the interface but remains non-negligible in the layer. Therefore, it suggests an
important interdiffusion of these two elements, in accordance to the XPS observations. The SiSeq
structures that have been reported3464 consist of chains of distorted tetrahedra which strongly
differ from the hexagonal symmetry of the Si {111} surface and HfSey. It is not surprising that
it appears amorphous on the STEM images and that the HfSes layer above is largely disordered.

—  Summary

A self-limiting preparation method for surface termination of Si(111) substrates with
a half-monolayer of GaSe has been developed. It provides an efficient protection to oxi-
dation, suggesting a good passivation, and exhibits a unique grain orientation, making it
promising for TMDC growth. Indeed, the deposition of HfSe; on GaSe-terminated Si at
250 °C without evidence of an undesired compound paves the way toward the integration
of TMDCs on Si. However, the lower stability of the GaSe surface limits the annealing
temperature to 550 °C, and even in this case, the crystallinity and in-plane orientation of
the layer are less good than those on GaP annealed at the same temperature. In addition,
some degradation is already observed on the layer annealed at 550 °C on Si-GaSe and
may be related to the formation of an interfacial SiSe, compound. For these reasons, the
final part of this work, dedicated to TMDC heterostructures and electrical measurements
will be performed on GaP substrates.
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4.3 Heterostructures and electrical measurements

To investigate the HfSes electronic properties, suitable metallic contacts are required and
TaSe; could play this role. Their similar atomic structures are expected to prevent the degrada-
tion of the 2D layers at the interfaces and enable the fabrication of all-epitaxial vertical devices,
with for instance bottom contacts. Therefore, the growth of both HfSe;/TaSes; and TaSeq /HfSes
heterostructures is studied. Then, band alignment between the two materials is discussed. Fi-
nally, the first attempts to employ them are briefly presented.

4.3.1 Growth of HfSe, and TaSe, heterostructures

In this section, the two growth sequences are compared: either TaSe, is grown first and
HfSey afterward, or the reverse order. In HfSes, the growth temperature does not significantly
impact the properties whereas in TaSe,, a trade-off exists between morphology and crystallinity.
Because sharp interfaces are desired, the lowest growth temperature is chosen here not only to
get a smooth morphology, but also to limit the interdiffusion of the transition metals. For the
same reason, an intermediate annealing at 650 °C is performed between the growth of the two
materials. They are then characterized through XPS, XRD and STEM.

4.3.1.a X-ray photoelectron spectroscopy study

An XPS analysis is performed after the growth of the first layer which enables its thickness
to be determined. Then, the thickness of the top layer is derived from the Hf/Ta ratio using the
three-layer model detailed in Section 2.2.5. The results are presented in Table 4.9.

Sample . Growth  Annealing Measured s
u Stacking T. (°C) T. (°C) th. (ML) Characterizations
T17 TaSez/GaP 250 650 4.04 XPS
HT1 HfSe; /TaSez /GaP 250 650 3.72/4.04 XPS, XRD, STEM
H11 HfSe2/GaP 250 650 2.77 XPS
TH1 TaSez /HfSes /GaP 250 650 4.30/2.77 XPS, XRD, STEM

Table 4.9: TaSes HfSes heterostructures.

The formed compounds are further analyzed using XPS through the Ta 4f and Hf 4f CLs
presented in Fig. 4.22 (a) and (b) respectively. To facilitate the comparison, the energy scale
has been normalized by aligning the P 2p CL on the position measured on sample HT1, which
compensates for an evolution of the band bending upon TaSe,; growth discussed later as well as
potential photovoltage effects.

In every sample, the Ta 4 f CL exhibits a shape very similar to those observed for the H phases
in the precedhapter, with a more pronounced shoulder for both heterostructures compared to
sample T17 presented as a reference, suggesting the presence of a minor fraction of 1T phase. This
is attributed to the fact that HfSe, crystallizes into the 1T phase and the small energy difference
between these two phases in TaSey, which may more easily induce a phase transformation in
TaSey than in HfSes.

Nevertheless, the Hf 4f CL reveals a large broadening upon TaSes growth in sample THI,
whereas the HfSey layer grown on TaSe; is very similar to the bare HfSes layer on GaP. The
origin of the low binding energy tail is not clear, but it can reasonably be attributed to an
interfacial compound or Hf atoms diffusing into the TaSes layer. These effects are indeed more
easily observed in the Hf 4 f CL when HfSe, is grown first compared to the reverse heterostructure
where the electrons from the HfSes layers on top of the stacking overshadow those in the defective
interface underneath. Still, if an interfacial compound was formed in the HfSey/TaSes/GaP
heterostructure, it would be conversely more easily observed in the Ta 4f CL based on the same
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Figure 4.22: (a,b) Comparison of the (a) Ta 4f and (b) Hf 4f CLs in the bare TaSe; layer prior
to HfSes growth (sample T17), in the bare HfSes layer prior to TaSes growth (sample H11), in the
TaSes /HfSes/GaP (sample TH1) and HfSe;/TaSes/GaP heterostructures (sample HT1). All spectra
are measured using XPS at 45° and the binding energy scale was corrected to have the P 2p CL at
129.47 eV.

argument. Since it is not the case, it is concluded that the growth of HfSe; degrades less the
TaSes underneath than the growth of TaSes degrades the HfSeq layer.

4.3.1.b X-ray diffraction study

The diffraction patterns recorded on both heterostructures are shown in Fig. 4.23 (a). In
sample THI1, the observation of the same HfSes; and TaSes peaks along a given azimuth confirms
that the two materials grow with the same epitaxial relationship in spite of the lattice mismatch.
For the HfSey/TaSes /GaP heterostructure, though, only one azimuth is shown because the HfSey
(110) peak is not found while the TaSey one is only barely discernible. Instead, the large peak
at 55.6° is attributed to Se (003) whereas the smaller one at 45° could correspond to a (211)
plane (Appendix B.6). The crystallization of the Se capping layer is due to the debonding of
the sample from the carrier wafer at 170 °C. Even though crystalline Se capping layers are
also protective,#® it is possible that the capping layer becomes porous after crystallization and
therefore the oxidation of the sample may be the reason for the lack of signal from the TMDC
layers. Still, this could also be explained by a poor crystalline quality.

Focusing on the TaSes/HfSes/GaP heterostructure, the crystallinity of the HfSe; and TaSes
layers is studied through the (110) peaks revealed in Fig. 4.23 (b) and the (100) peaks in Fig.
4.23 (c). Unexpectedly, a much higher signal is obtained on the TaSe; peaks than on the HfSeo
ones in spite of the similar thickness, suggesting a better crystallinity for the TaSes layer. This
is confirmed by a slightly smaller FWHM measured on (110) TaSe; peak compared to the HfSe,
counterpart, although no sensible difference is measured in the (100) peaks. In the end, the
TaSe; peaks appear slightly thinner in this heterostructure than in the sample grown on GaP in
similar conditions (0.82° for the (110) peak in Fig. 3.31), whereas the HfSes layer seems slightly
degraded compared to those grown on GaP (0.70° for the (110) peak of the layers annealed at
650 °C in Fig. 4.4). Hence, while the HfSey layers suffer from the interdiffusion, it is believed
that TaSes benefits from the presence of the HfSey layer underneath. This may be related to
the better GaP/HfSes interface suggested by the observation of the GaSe (100) peak, in good
agreement with previous HfSe, samples grown on GaP.
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Figure 4.23: (a) In-plane grazing incidence XRD pattern of the two heterostructure recorded along the
GaP (011) (samples HT1 and TH1) and (211) directions (sample TH1 only). (b) Magnified diffraction
pattern recorded on the two heterostructures around the TaSe; and HfSe; (110) peaks. (c) Magnified
diffraction pattern recorded on the THI heterostructure around the TaSe; and HfSe; (100) peaks.
(d) Comparison of the TaSe; and HfSez (110) peaks in the TH1 heterostructure recorded along the
azimuthal direction.

To confirm this hypothesis, the in-plane alignment of the layers is studied through the HfSey
and TaSey (110) peaks in Fig. 4.23 (d). The slightly larger rotational misalignment of the TaSes
compared to the underlying HfSes layer is not surprising since it grows relatively to the latter.
However, it is interesting to note that the FWHM of 1.52° measured on the TaSes peak is much
less than the misalignment of 3.29° obtained on GaP in comparable conditions. Hence, TaSe,
aligns much better on HfSe; in spite of the HfSes and GaP lattice parameters being close.

In the end, contrasting with the XPS results, the TaSes/HfSeo/GaP heterostructure appears
more appealing especially because of the good in-plane orientation obtained in this configuration
compared to what can be expected when TaSe; is directly grown on GaP.
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4.3.1.c Scanning transmission electron microscopy analysis

To complete this study, both heterostructures are investigated using STEM.

HfSe,; on TaSe;

Focusing first on sample HT1 revealed in Fig. 4.24 (a), 2H, and 3R phases are observed at
the bottom of the stacking as expected for the TaSe, layer. On the upper part, the observation
of the 1T phase is consistent with the presence of HfSes even though it appears quite dim. The
Hf and Ta having consecutive atomic numbers, such an intensity contrast may hardly be only
related to the different electron densities, and rather indicates a small rotational shift between
the two layers. Besides, the layer in the center cannot clearly be identified to either phase and
may be an intermediate layer containing both atoms. In addition, The TaSes/GaP interface is
severely degraded which is consistent with our previous observations.
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Figure 4.24: (a) HAADF-STEM image along the GaP [011] zone axis of the HfSes layers grown on
TaSep (sample HT1). (b) HAADF-STEM image along the GaP [211] zone axis of the same sample, on
which the EDX analysis has been performed. (¢-d) EDX mapping of the chemical elements detected on

image (b).

An EDX analysis presented in Fig. 4.24 (b-d) effectively reveals a significant intermixing
of the two compounds, not only near the interface but in the whole stack. This may explain
the virtual absence of diffraction peaks for this heterostructure in XRD, although the oxidation
remains a plausible hypothesis.

TaSes; on HfSe,

In the reverse heterostructure revealed in Fig. 4.25 (a), the 1T phase is mostly found at the
bottom, and the 2H, phase at the top, in accordance with the TaSe; being grown on HfSes. Still,
some 1T phase is distinguished on the topmost layer on the left side, but the observation of such
1T islands was already made on the TaSe; few layers grown in similar conditions. Remarkably,
the interface is much more preserved in this case than in the previous sample, which is also
consistent with the presence of the GaSe peak and the preceding conjecture of the HfSey grown
at low temperature preserving much better the vdW gap between the layer and the surface than
TaSes does. Still, the EDX analysis presented in Fig. 4.25 (b-d) reveals an important intermixing
between the two elements, although possibly to a lower extent than in the previous sample.
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Figure 4.25: (a) HAADF-STEM image along the GaP [011] zone axis of the TaSes layers grown on
HfSe; (sample TH1) (b) HAADF-STEM image along the GaP [211] zone axis of the same sample, on
which the EDX analysis has been performed. (¢c-d) EDX mapping of the chemical elements detected on

image (b). (¢) HAADF-STEM image of a partially oxidized region of sample THI.

Finally, it must be mentioned that part of the sample was oxidized as shown in Fig. 4.25 (e),
in apparent contradiction with the fact that this sample was not oxidized in the XRD study.
This may however be explained by the order in which the characterizations have been carried
out, and indicates that the HfSey layers are not very stable in air even with the Se capping
layer. Interestingly, the bottom layers are oxidized in this image while the H layers on top are
preserved, showing that HfSe, is more sensitive to oxidation than TaSes as could be expected from
the literature.441:465 All the non-oxidized layers are thus presumed to be TaSe,, and therefore it
proves that the 1T island on top is indeed TaSes but also reveals that some 1T-TaSe, is formed at
the bottom. This confirms that the underlying HfSes favors the growth of 1T-TaSe, as suggested
but not clearly identified using XPS.

In summary, although the XPS rather suggested the presence of an interfacial compound in
the TaSey /HfSe; /GaP heterostructure, the EDX analysis revealed that both samples suffer from
a large intermixing of the two transition metal atoms. Conversely, the XRD analysis shows that
this sequence benefits from the better alignment of HfSe; on GaP together with a more preserved
interface with GaP as confirmed using STEM. Hence, this sequence should be preferred in the
following studies.
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4.3.2 Band alignments

To evaluate the possibility of using TaSes as a contact material for HfSes, the band alignments
have been investigated in both heterostructures using XPS and UPS.

HfSe; on TaSe,
Focusing first on sample HT1, the evolution of the band alignment upon HfSes growth on
TaSes is shown in Fig. 4.26.
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Figure 4.26: Evolution of the band alignments after growth of HfSe> on TaSez (HT1). The band positions
previously determined before HfSes growth are represented in blue (sample T17). The layers are grown
on a n-type GaP substrate.

The TaSe;/GaP band alignment previously on sample T17 in Fig. 3.40 is represented in
blue. After annealing, the Fermi level position is determined from the measured Ta 4f CL
binding energy, which is unaltered by the HfSe, growth. Inversely, the HfSe; valence band
maximum calculated at 0.73 eV from the Fermi level based on the Eur 4y — Eta 4y energy
difference significantly differs from the HfSes; layer grown on n-type GaP in Paragraph 4.1.1.b.
This is explained by the fact TaSes being a metal completely screens the charge transfer from
the GaP substrate owing to its large density of state, while inducing little charge transfer as
expected from the relatively good work function matching. As a result, the HfSe; valence band
maximum is very similar to the one measured on p-type GaP.

The position of the HfSe, valence band is further corroborated by the UPS measurements
on this sample (not shown), revealing a valence band maximum 0.79 €V and a work function of
5.39 eV, the slight difference being attributed to photovoltage in the UPS experiments.
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TaSes; on HfSe,
The same procedure is employed for the TaSes/HfSes/GaP heterostructure, leading to the
band alignment sketched in Fig. 4.27.
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Figure 4.27: Evolution of the band alignments after growth of TaSes on HfSes (sample TH1). The band
positions previously determined for the bare HfSes layer grown at 250 °C and annealed at 650 °C are
represented in green (sample H1’). Both samples are grown on a n-type GaP substrate.

The band alignment previously established on the 3 ML-thick HfSe, film grown on n-type
GaP in Fig. 4.3 (c¢) has been reproduced in green. Again, the Fermi level position after TaSes
growth is determined from Er, 45 — Er = 22.84 eV. The valence band maximum in the HfSe,
and GaP deduced from the Euf 4y — E1a 45 energy is found at 0.73 eV in perfect agreement
with the other heterostructure. In this case, the valence band position, as well as the GaP-HfSe,
valence band offset deduced from the Ep 9, — Enr 4¢ difference, changes upon TaSe; growth.
Interestingly, the final position of the GaP valence band maximum (1.34 €V) matches very well
the TaSe;/GaP and HfSez/TaSes/GaP heterostructures, showing that the band bending in GaP
is rather governed by the TaSes. Similarly, the absence of enhanced n-type doping in the HfSeq
in spite of the large depletion of the GaP surface shows that the electrons are accumulated in
the TaSe, instead.

Overall, the analysis of the band alignment reveals no influence of the stacking order as the
large density of states of the metallic TaSes prevails over the semiconducting HfSe; and GaP.
This is found to erase the high electron doping induced by the n-type substrate, leading to
slight n-doping consistent with the HfSes; grown on p-type GaP. Finally, little charge transfer is
expected between HfSes; and TaSes; owing to their similar work function, in agreement with a
previous study.'®
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4.3.3 Electrical characterization

In this last section, the electrical transport in the HfSe; layers and heterostructures are finally
investigated. First, we try to measure the resistivity of the thick HfSey layers in lateral transport
using both 3D and 2D contacts. Then, given the very high resistance of the film and recognizing
that 2D contacts would rather benefit for vertical devices, a first attempt of a tunneling diode is
presented. Because of the high sensitivity of HfSe; to oxidation, test structures are only made
using the mask in the MBE chamber and protected by a Se capping layer afterward.

4.3.3.a Lateral transport

Thick HfSes samples have been grown using the high growth rate recipe already used in
Section 4.1.2. Thanks to the mask in the MBE-chamber, it is patterned to form various structures
including a line on which metallic contacts are deposited at intervals of 2 and 4 mm as shown
in Fig. 4.28 (a,b). For this, two different metallic materials are compared, either Mo evaporated
under vacuum at 100 °C in the MBE chamber (sample H12), or TaSey layer grown at 250 °C
and annealed at 650 °C (TH2). Mo is chosen for its good resistance to oxidation and because its
work function estimated at 4.6 eV436 should be sufficiently low to contact HfSes, provided that
no Fermi level pinning exists. Conversely TaSe; is not expected to be an ideal contact on HfSes,
but could benefit from a less defective interface. In both cases, the layers are grown on semi-
insulating GaP substrates and protected from oxidation by 40 nm of amorphous Se, introducing
a parallel resistance of approximately 3 G2 as measured between two isolated pads (not shown).

Sample . Growth  Annealing  Targeted s
# Stacking T. (°C) T. (°C) th. (ML) Characterizations
H12 Mo/HfSes/GaP 250 650 30 nm/30 4PP
TH2 TaSez /HiSes/GaP 250 650 6/30 4PP

Table 4.10: Patterned HfSes samples with electrical contacts.

First, two-probe measurements on both contacts reveal linear IV curves shown in Fig. 4.28 (c),
proving that both materials can be contacted by the tip, even though the TaSe; contact appears
more resistive probably because of its much lower thickness. Similarly, two-probe measurements
through the HfSe, film presented in Fig. 4.28 (d) also reveal linear IV curves, suggesting ohmic
Mo/HfSes and TaSes /HfSes contacts, but in this case, it is not clear why a much larger resistance
is measured with TaSes.

To extract the contact resistance, short and long intervals have been measured using both
the two and four-probe methods. However, a very small resistance (290 k{2) is obtained for the
shortest distance with Mo contacts, suggesting an overlap of the Mo contacts pads as sketched
in Fig. 4.28 (e). The broadening of the patterns is attributed to the gap between the sample
and the mask in the MBE chamber (see Paragraph 2.1.5). In addition, the resistance was only
barely measurable (above 500 M2, not shown) in three of the five 4-mm intervals. Hence, only
few two-probe measurements with Mo contacts are presented in Fig. 4.28 (f) with the distances
corresponding to either interval being corrected considering 2 mm-large contacts.

By contrast, the significant resistance obtained over the small distances with TaSes contacts
suggests no overlap, probably because the TaSe; thickness rapidly decreases below 1 ML near
the contact edge. This enables four-probe measurements to be made on both 2 mm and 4 mm
intervals even if the measured resistances were larger overall, as seen in Fig. 4.28 (g). In this plot,
a contact width of 1.65 mm is estimated in order to have the resistance as function of distance
intercepting both axes at 0 for four-probe measurements. A higher resistance is measured in the
two-probe configuration for the same distances, suggesting a non-negligible contact resistance
as shown by the positive intercept of the regression line at distance equals to 0. However,
since another set of four-probe measurements revealed an even larger resistance at each position
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Figure 4.28: (a) Schematics and (b) picture of the HfSes line structure with Mo contacts (sample H12).
(c¢) Current-voltage (IV) curves measured using 2-probes on either the Mo or TaSes contact pads. (d) IV
curves measured using 2-probes over the 4-mm large intervals through the HfSes layer using either Mo
or TaSep contacts. (e) Schematics of the contact pad broadening for either Mo or TaSes contacts. (f-
¢) Measured resistance as function of the pad corrected separation, in either 2 or 4 probes configuration,
for (f) Mo and (g) TaSes contacts. (h) Evolution over the time of the resistance measured at different
positions on the 4-mm large intervals with the TaSe2 contacts.

afterward (Fig. 4.28 (L)), this is more likely related to a degradation of the sample over the time.
The cause is not clear because it was not the case for the sample with Mo contacts (not shown),
but the oxidation of the sample is suspected, either through the Se capping layer or after its
evaporation under the microscope light.

Overall, different issues including the pad broadening, spatial inhomogeneities and progres-
sive degradation made the extraction of the contact resistance through transfer length method
impossible. Still, a resistivity down to 0.5 2.m with Mo contacts and 5 Q.m with TaSes ones
have been demonstrated. It is much more than the 2 x 10~* ©.m measured by Radhakrishnan
et al.®3 but comparable to the 8 Q.m reported by Liu et al87 in bulk crystals. In one hand,
the high resistivity is consistent with the expected semiconducting character of the HfSe; and
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the reduced n-type doping in the thick layer observed in UPS. This can suggest a rather low
density of defects compared to Se-deficient crystals exhibiting a much lower resistivity.8” On the
other hand, a high resistivity may also originate from a very low carrier mobility. Hall effect
measurements would be valuable to disentangle these effects, but they could not be carried out
on such highly resistive samples.

4.3.3.b First attempt of a tunneling diode

Given the difficulty to study the lateral transport in the HfSes layer, tunneling diodes are
investigated as an alternative application of the TMDC heterostructures. For instance, the
confinement of carriers in atomically thin layers can be exploited to achieve negative differential
resistance in resonant-tunneling diodes.*®® In Esaki diodes, a similar characteristic arises from
band-to-band tunneling in broken gap heterostructures with a sharp interface, as shown using
a WSez/SnSe, junction.?6” A previous work by Niels Chapuis demonstrated a staggered gap
configuration between the p-type WSes and n-type HfSes which could be employed in a backward
diode. This still needs to be confirmed with electrical characterizations, but given the high
resistivity of the semiconducting TMDC, metallic contacts are also required.

Sample Growth Annealing Targeted
# T.(°C) T.(°C)  th. (ML)

THWT  TaSez/HfSez/WSez/TaSez /GaP 250 650 4/8/8/4 Two probes

Stacking Characterizations

Table 4.11: Heterostructure proposed as a tunneling diode.

Therefore, a TaSes/WSes/HfSes/TaSes heterostructure is considered to achieve this, the
WSe, on HfSesy stacking order being preferred due to a lower interdiffusion.3%* The four layers
are grown at 250 °C through the MBE mask using similar growth conditions to those previously
employed for the HT'1 and TH1 heterostructure. After the growth of each material, the stack is
annealed at 650 °C and the mask is shifted by 1 mm to form staggered structures as schematized
in Fig. 4.29 (a). The two different structures shown in Fig. 4.29 (b) come respectively from
the square and diamond apertures in the mask. Notably, the top and bottom TaSe, contacts do
almost not overlap with the diamonds, whereas an ~0.5 mm? overlap is visible with the squares.
A too small overlap may introduce a significant series resistance because of the lateral transport
in semiconducting layer. Conversely, a larger overlap increases the probability of a short-circuit
through a conductive defect.

Based on the band offsets determined by Niels Chapuis and the preceding analysis of the
HfSes /TaSes heterostructure, the expected band alignments have been sketched in Fig. 4.29 (c).
Although the TaSe;/WSey alignment is purely speculative, the high work function of TaSes
appears well suited to contact the p-type WSes. The proximity between the valence band of
the WSe; layer and the conduction band of the HfSes should enable electrons and holes to
recombine at low voltages under reverse polarisation, while a larger forward voltage is required
to overcome the 0.56 eV valence band offset between the HfSes and WSes or the 0.96 eV offset at
the conditions band. This should lead to an asymmetric IV curve characteristic of a backward
diode in which higher current are found in reverse bias, provided that the calculated 0.40 eV
barrier at the TaSe;/HfSes contact can be overcome.

The electrical characterization of the layers in the two-probe configuration reveals a linear
IV curve in most of the devices, as shown in Fig. 4.30 (a). The resistance is reproducible for a
given type of structure: 38 +5 k() for the diamond structures and 13 + 3 k{2 for the square ones.
Since it is not far the expected sheet resistance of 1.5 k2/0J determined in the previous chapter
(Paragraph 3.3.3.b), it is suggested that the resistance corresponds to the lateral transport in
the TaSeq layer. Hence, the diodes are in short-circuit, either due to a direct contact between
the two TaSes layers or a significant conduction through defects in the HfSe; and WSe; layers.



148 CHAPTER 4. HfSe; growth and heterostructures

vacuum vacuum
(c)
J!L TaSe, WSe, HfSe, TaSe,
Small TaSe, overlap Large TaSe, overlap .
x=>5.12¢eV
Diamond D=566ev |XF=355eV ®=5.66eV
AE* =
0.96 eV
E—E.=
E,=15¢eV P Ee
€ 00 o 0.40 eV
E*=024eV
E,~E;=0.73 eV
AE* = e >
05cey  Ee=113eV

Figure 4.29: (a) Schematics and (b) picture of the diodes. (c) Expected band alignment in the het-
erostructure. *Values from Niels Chapuis.®%!
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Figure 4.30: (a) Linear IV characteristics of most diodes. (b-c) Schottky IV characteristics of (b) a
square and (c) a diamond diode, measured through increasing (blue) or decreasing (red and green)
voltage sweeps. The WSe, side of the diode is grounded while the voltage is applied on the HfSes side.

In few devices, however, a Schottky behavior and a resistivity in the order of 100 M{2 near
0 V is observed, as shown for a square structure in Fig. 4.30 (b). In these cases, the curves are
relatively symmetric with voltages threshold around 2 + 0.5 V, much larger than the expected
from the barrier heights. Interestingly, a different behavior is observed depending on the sweep
direction. When the measurement starts with a negative voltage on the HfSes side, no particular
feature is observed, whereas an intensity extremum is usually reached around 2 V in the negative
region when the measurement starts from the positive region. This behavior could be repeated
several times in both structures, but the intensity is usually not reproducible as shown by the
large difference between the curves in Fig. 4.30 (c) recorded on a diamond structure.

Even if a negative differential resistance is obtained, this effect more likely arising from a
resistive switching as previously been reported in transition metal oxides.*®® Recent reports of
resistive switching in both oxidized?*® and defective HfSe;%%? indeed supports this hypothesis.
Finally, if the lack of reproducibility of this behavior is consistent with a conduction through
defects, it also suggests that the stability and controllability of such a mechanism is not guaran-
teed. In this regard, it is worth noting that the different behavior between the few devices was
rather unexpected given that the large active areas should favor an homogeneous distribution of
defects. However, it is possible that all diodes were initially short-circuited, but the oxidation of
the conduction channels has reset the diodes to a blocked state. The absence of tunneling current



4.3. Heterostructures and electrical measurements 149

at small reverse bias in this case, though, may be attributed to the barrier at the TaSes/HfSe,
interface, calling for a metallic material with a lower work function for this contact.

—  Summary

In this section, HfSes and TaSes heterostructures have been grown. If XPS suggests
the existence of an interfacial compound when HfSe, is deposited first, the XRD analysis
indicates that TaSe, benefits from the better in plane orientation of the underlying HfSe,
layer. The TaSes/HfSes/GaP stacking sequence appears thus preferable in spite of the
unavoidable Ta and Hf interdiffusion. The study of the band alignments confirm that
HfSes layers maintain their n-type doping while in contact with TaSe, in spite of small
charge transfer between these materials. A very high resistivity has been measured in
the thick HfSes layers, suggesting a good stoichiometry but low electron mobility. This
leads us to consider other applications for HfSes layers, even though the first attempt of
a tunneling diode was not conclusive.

Conclusion

HifSes is a semiconducting TMDC which has only been found in the 1T phase. The HfSes lay-
ers grown on GaP exhibit either a poor morphology, attributed to the formation of FCC GasSes
at high growth temperature or metallic defects at 250 °C. After annealing though, the properties
of HfSey layers show little dependence on the growth parameters, and rather depends on the
annealing temperature and the thickness. Thick layers not only revealed a better crystallinity,
but also a complete lattice relaxation by contrast to thin layers that are partially strained due to
the small lattice mismatch with GaP. Despite all layers exhibits a n-type character, a shift of the
valence band maximum from 0.7-1.0 to 0.65 eV is also observed when increasing the thickness
from 3 to 15 MLs.

Si(111) substrates have also been considered for the growth of HfSe,. For this, a substrate
termination consisting of a GaSe half-monolayer has been prepared using a self-limiting method.
The good chemical and electronic passivation and unique rotational alignment of the Si-GaSe
surface makes it promising for vdW epitaxy. However, the GaSe layer is degraded during HfSeq
growth at 250 °C and evaporates around 600 °C. It is replaced by an interfacial amorphous
SiSe, compound certainly favored by the high Se flux. Consequently, both the crystallinity and
in-plane alignment of the HfSey layer grown on Si substrates appear largely degraded compared
to those grown on GaP.

In the last section, TaSes is suggested as a potential contact for HfSe,. If the study of
TaSe; and HfSes heterostructures underscores the interdiffusion of the two materials as a main
issue, it also highlights the good rotational orientation of the TaSey layer grown on HfSes as an
encouraging result. Even if the band alignments demonstrate a limited charge transfer between
these materials due to their similar work functions, the electrical characterizations reveal several
challenges that remain to be addressed. The high resistivity of the layers makes the measurements
of the carrier mobility and the extraction of the contact resistance impossible. Conversely, a
conduction through defects is identified in vertical heterostructures. Finally, the air sensitivity
of the HfSe, appears as an important concern for processing and the stability of the devices.
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Conclusion

This thesis explored the growth of TMDCs on 3D semiconducting substrates using MBE.
After a survey of the large diversity of compounds and properties, this work focused on a metallic
one, TaSes, and a semiconducting one, HfSes. The presentations of the existing growth techniques
highlighted the needs for an improvement of the crystallinity of layers grown using MBE and
the different strategies to achieve this. Even though the lattice mismatch is not an issue in vdW
epitaxy, the choice of an appropriate substrate is a determining factor. However, the use of
conventional semiconducting substrates is highly desirable for the developments at larger scale.

The surface passivation of GaP and GaAs with selenium is demonstrated, then the benefits
of these substrates are compared through the growth of TaSe;. Focusing first on GaP, the
selective growth of 1H and 1T-TaSes is achieved by varying the growth temperature, although the
metastability of the 1T phase is highlighted. In particular, a significant influence of the thickness,
and more probably of the cluster size, is revealed. Hence, very little 1T phase is found in the few-
layer samples, which consisted mainly of a mixture of 2H, and 3R stackings. At low temperature,
the films exhibit a small grain size but a smooth morphology. Both the grain size and the in-
plane orientation are improved at higher growth temperatures, but the samples experience then
a substantial surface roughening attributed to the formation of GasSes, which can be evaporated
around 650 °C during a post-growth annealing, leading to a partial recovery of the morphology.
The easier incorporation of Se in GaAs makes this substrate particularly prone to this effect, and
therefore less suitable than GaP, which is otherwise very similar. Finally, the monolayers grown
at 550-600 °C reveals 20-nm large domains, with a good in-plane orientation and a suppression
of mirror twins demonstrated at the nucleation stage. However, these temperatures cannot be
employed for few-layers which suffer from a Se-deficiency above 500 °C along with the formation
of an undesired TaP compound at the TaSea/GaP interface. Regarding the electronic properties,
the H phases appear as conventional metals, exhibiting a resistivity of 2 £ 1 Q.m at 300 K in
few-layers, while the 1T phase obtained in single layers not only exhibits the expected v/13 x v/13
CDW, but also reveals a much higher resistivity and a 0.13 eV band gap, confirming that it is a
Mott insulator at room temperature.

This work has then investigated the growth of HfSes; and related heterostructures. Contrast-
ing with the influence of the growth temperature in TaSes, the crystalline quality of the HfSe
layers grown on GaP is nearly independent of the growth conditions. Instead, the annealing
temperature and the thickness are found to play a determining role. Interestingly, the small
lattice mismatch between HfSe; and GaP induces some strain in the thin layers which is re-
leased in thicker films alongside an improvement of the crystalline quality. The use of Si (111)
substrates is also considered, since the self-limiting growth of a GaSe half-monolayer is shown
to efficiently passivate their surface and exhibited a single rotational orientation. However, it
becomes unstable after the deposition of HfSes and finally evaporates around 600 °C. If the high
Se flux prevents the formation of HfSi,, the appearance of a SiSe, compound seems responsible
for a much more degraded crystalline quality compared to the samples grown on GaP. Then,
the growth of TaSey/HfSes and HfSes/TaSes heterostructures on GaP are compared, and in
both cases, the band alignments reveal a small electron transfer from HfSe; to TaSes. Overall,
the HfSes layers exhibit consistently a n-type character which is however reduced in thick lay-
ers. Indeed, the electrical characterization of the HfSey layers revealed a very high resistivity
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in agreement with a low residual doping, but also suggesting a low carrier mobility. Finally,
the investigation of a vertical heterostructure suggesting a conduction through defects further
confirms the hypothesis that an improvement of the layer crystallinity is mandatory for the use
of HfSes in electronic applications.

Overall, either a high growth temperature, as shown in TaSes, or a high annealing tempera-
ture, as revealed in HfSe, is beneficial to improve the crystallinity of TMDC layers. However, the
chemical stability of the substrates at such temperatures is a real concern as illustrated by the
formation of undesired GasSes, TaP, or SiSe, compounds. Among the three substrates studied in
this thesis, GaP appears the most suitable, leading to a better morphology than on GaAs and a
better crystallinity than on Si, but it is also the most expensive. Inversely, the use of Si substrate
is appealing for large scale integration, but it would require a more stable substrate termination
than the GaSe half-layer. The growth of lattice matched GaP on Si could be considered but
the temperature would be still limited to circa 650 °C. The wide-bandgap GaN and AIN, and
insulating Al,Og3 are currently the best alternatives for improved thermal stability, but unlike
the zinc-blende substrates investigated in this thesis, the suppression of mirror twins may be
less straightforward on wurtzite (000 1) surfaces, while the control of the rotational alignment
on Al,O3 appears particularly challenging.?°? In this regard, substrate engineering strategies
exploiting step bunching®?® and substrate miscut?63267 seem promising. However, the use of
insulating CaF5 that have been recently proposed as a gate dielectric*™ is also an appealing
option given its similar FCC structure and lattice parameter matched to Si.

Besides potential improvements of the material quality, the successful growth of wafer-scale
continuous TMDC layers encourage us to consider the fabrication of devices. In particular,
electrical contacts are required to demonstrate a potential resistive switching in the Mott insu-
lating 1T-TaSes monolayer. Regarding the lateral transport in HfSes, although better metallic
contacts could be beneficial, the high resistivity appears currently as the bottleneck, for which
a modulation of the electron density through a gate would be valuable to make a transistor.
In this work, a physical mask has been employed to avoid transfer or lithography processes,
but the large broadening of the patterns and the very limited number of devices that could be
made highlight the limits of this approach. In the near future, it would be possible to deposit
contacts through a stencil mask with smaller apertures that has been developed by Victor Van-
duynslaeger for NbSes. The use of a III-V-based semiconducting backgate can be considered,
following the successful implementation of a GalnP/GaAs stack at IEMN by Clément Barbot,
although more temperature stable lattice-matched combinations such as AlAs/GaAs, AIP/GaP
or GaP/Si would be preferred.

In the long term, however, the integration of an oxide gate dielectric and the use of lithogra-
phy processes will be unavoidable to increase the device performances and density to industrial
standard. This implies numerous challenges to address, notably to develop metal deposition,
oxide growth and etching procedures that do not degrade the TMDC layers underneath. TaSes
could be valuable as a metallic contact in this context. The lack of material-selective etching
solutions for TMDCs may be circumvent by recent layer-by-layer etching techniques.*” 473 De-
spite most research has focus on the air-stable WXs5 and MoXs, the rapid oxidation of HfSe,
could be turned into an advantage to form HfOs, a high-x dielectric.?? To this end, a study of the
oxidation kinetics is mandatory to precisely control the remaining HfSe, thickness, and ensure
that it does not oxidize through grain boundaries, which are frequent in MBE-grown materials.

Finally, bringing valuable insights the influence of the TMDC growth parameters and a better
understanding of substrate-layer interactions in 2D/2D and 2D/3D heterostructures, this work
represents a step forward on a very long way toward 2D-material-based electronics.
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B Diffraction peak position calculation

This appendix presents tables for XRD peak position and the methods to calculate them.

B.1 Calculation method

The peak positions are deduced from the Bragg’s law (Eq. 2.21) with the interplanar distances
calculated using the following formula for a cubic lattice

1

b= AT R E @

or for hexagonal one
a

! 2 2 2’
4 h?2+4+k2+hk l
\/,Li + (,)

a C

The lattice parameters a and ¢ are summarized in Table 12.

Material ~ Space group a (A) ¢ (A)
Si Fd3m 5.431474 -
GaP F43m 5.4505474 -
GaAs F43m 5.65325474 -
1T-HfSeq P3m1 3.733 6.146442
1T-TaSes P3ml 3.4769 6.2722102
2H-TaSe;  P63/mmc*™ 3.4391 12.7067
3R-TaSes R3m 3.4348 19.177102
Se P3;21 4.366 4.953476

Table 12: Crystal parameter used for XRD peak calculation.

The calculation has been made for every combination of the integers h, k and [ from -12 to
12, then all diffracting angles larger than 120° are removed. For the 1T phase, the calculation
is done with the primitive cell, which means that all planes diffract. For 2H and 3R phase, the
considered cell is larger resulting in many dpx; in the range of interest. However, it is no longer a
primitive cell so many of them does not result in a diffraction peak for symmetry reasons. Such
extinction conditions can be found in the International tables for crystallography*™ provided
that the space group of the material and the atom positions in the lattice are known. Comparing
the Tables 17, 18, and 19, it is seen that the (00!) planes of 1T-TaSe; are confounded with
(0020) and (003!) of 2H and 3R respectively, except for the small position shift due to the
slightly different monolayer height. Similarly, the {h k0} planes are almost identical. Finally,
neither the in-plane nor out-of-plane diffraction patterns can be used to distinguish those phases,
explaining why (1017) planes have been used in the literature to this purpose.!®® Note that for
readability, the equivalent planes are removed after consideration of the extinction conditions.
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B.2 Si peak positions

Families of planes 20 (°) 26 with K3 (°)
{111} 28.46 25.65
{220} 47.34 42.51
{311} 56.17 50.32
{400} 69.19 61.69
{331} 76.45 67.94
{422} 88.12 77.8
{511} 95.05 83.53
{333} 95.05 83.53
{440} 106.83 92.95
{531} 114.23 98.63
{620} 127.72 108.33
{533} 137.12 114.39

Table 13: XRD peak positions calculated for Si.
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B.3 GaP and GaAs peak positions

Families of planes 20 (°) 26 with Kj (°) Families of planes 20 (°) 20 with K5 (°)
(111} 28.36 25.56 (111} 27.32 24.63
{200} 32.86 29.6 {200} 31.65 28.52
{220} 47.16 42.35 {220} 45.37 40.77
(311} 55.95 50.13 (311} 53.78 48.21
(222} 58.67 52.52 {222} 56.38 50.5
{400} 68.91 61.45 {400} 66.11 59.02
{331} 76.12 67.66 {313} 72.94 64.93
{420} 78.47 69.67 {420} 75.16 66.83
{422} 87.72 747 {224} 83.83 74.21
(511} 94.6 83.16 {511} 90.24 79.56
(333} 94.6 83.16 (333 90.24 79.56
{440} 106.28 92.52 {440} 100.96 88.31
{531} 113.6 98.16 {531} 107.56 93.52
{600} 116.12 100.05 {442} 109.81 95.27
{442} 116.12 100.05 {600} 109.81 95.27
{620} 126.89 107.76 {620} 119.18 102.3
{533} 136.09 113.76 {533} 126.81 107.7
(622} 139.5 115.82 (622} 129.52 109.54

{444} 141.73 117.11

Table 14: XRD peak positions calculated for GaP.

Table 15: XRD peak positions calculated for GaAs.
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B.4 HfSe, peak positions

Families of planes 26
{001} 14.41
{100} 27.59
{002} 29.06
{101} 31.26
{102} 40.5
{003} 44.21
{210} 48.79
{111} 51.14
{103} 52.91
{200} 56.97
{112} 57.79
{201} 59.09
{004} 60.23
{202} 65.21
{104} 67.49
{213} 67.94
{203} 74.82
{005} 77.68
{310} 78.23
{311} 80.07
{114} 81.06
{105} 84.28
{312} 85.52
{204} 87.61
{300} 91.35
{301} 93.15
{313} 94.55
{215} 97.34
{006} 97.63
{302} 98.59
{205} 103.98
{106} 104.27
{314} 107.43
{303} 107.86
{220} 111.39
{221} 113.34
{216} 118.29
{310} 118.58
{222} 119.38

Table 16: XRD peak positions calculated for 1T-HfSes.
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B.5 TaSe, peak positions

Families 20 Families 20 Families 20
of planes ) of planes () of planes ()

{001} 1412 {002}  13.94 {003} 1385
{002}  28.46 {004}  28.09 {006}  27.91
{100}  29.67 {100} 30 {101}  30.41
{101} 33 {102}  33.22 {102}  31.49
{102}  41.58 {104}  41.56 {104}  35.52
{003} 4327 {006}  42.69 {015} 3829
{110} 5265 {106}  53.06 {009} 4242
{103}  53.35 {110}  53.27 {107} 44.98
{211}  54.79 {112} 5535 {018}  48.79
{004} 589 {008}  58.07 {110}  53.34
{112}  60.93 {114} 613 {113} 55.39
{200} 616 {200}  62.35 {1010}  57.15
{201}  63.55 {202}  64.24 {0012}  57.68
{104}  67.32 {108}  66.74 {116}  61.27
{202} 69.22 {204}  69.74 {1011}  61.67
{113}  70.44 {216}  70.55 {201}  62.65
{005}  75.84 {0010} 747 {202}  63.27
{203} 7825 {206}  78.52 {204} 65.73
{114}  82.92 {1010}  82.54 {205} 67.55
{105}  83.48 {218} 8271 {119} 7041
{310}  85.28 {210}  86.44 {207} 7228
{311}  87.01 {212}  88.13 {208}  75.18
{204} 90.45 {208}  90.41 {0210}  81.98
{312}  92.21 {214} 93.19 {1112}  82.44
{006}  95.03 {0012} 93.44 {2011}  85.89
{215}  98.55 {2110} 9794 {311}  86.76
{300}  100.36 {1012} 101.19 {312}  87.32
{313}  100.93 {216}  101.71 {314}  89.54
{301} 102.13 {300}  101.88 {125} 9121
{106}  102.64 {302}  103.61 {317} 95.66
{205}  106.24 {2010} 105.79 {218} 98.46
{302} 1075 {304} 108.89 {300}  102.06
{214}  113.64 {218} 11415 (303} 103.77
{303}  116.86 {1112}  117.52 {2110}  105.28
{oo7} 11871 {306} 11809 {306}  108.98
{216} 118.75 {3111} 109.35

Table 18: XRD peak positions {309} 118.08

Table 17: XRD peak calculated calculated for 2H-TaSes.
positions for 1T-TaSe;. Table 19: XRD peak positions

calculated for 3R-TaSes.
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B.6 Se

Families of planes 26 (°)
{100} 23.53
{101} 29.73
{110} 41.36
{102} 43.69
{211} 45.4
{200} 48.13
{201} 51.76
{003} 55.67
{112} 56.17
{103} 61.26
{202} 61.73
{210} 65.29
{311} 68.31
{213} 71.67
{300} 75.42
{203} 76.62
{312} 77.04
{301} 78.27
{104} 81.86
{302} 86.68
{220} 89.87
{313} 91.03
{214} 91.41
{221} 92.64
{310} 94.63
{204} 96.19
{311} 97.43
{303} 100.62
{222} 101.04
{412} 105.94
{105} 107.12
{400} 109.28
{214} 110.93
{401} 112.25
{223} 115.7
{215} 117.43

Table 20: XRD peak positions calculated for trigonal Se.
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