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ABSTRACT

Layered transition metal dichalcogenides (TMDs) are a diverse group of materials whose properties vary
from semiconducting to metallic with a variety of many body phenomena, ranging from charge density
wave (CDW), superconductivity, to Mott-insulators. Recent interest in topologically protected states
revealed also that some TMDs host bulk Dirac- or Wyle-semimetallic states and their corresponding
surface states. In this review, we focus on the synthesis of TMDs by vacuum processes, such as molecular
beam epitaxy (MBE). After an introduction of these preparation methods and categorize the basic
electronic properties of TMDs, we address the characterization of vacuum synthesized materials in their
ultrathin limit-mainly as a single monolayer material. Scanning tunneling microscopy and angle resolved
photoemission spectroscopy has revealed detailed information on how monolayers differ in their
properties from multi-layer and bulk materials. The status of monolayer properties is given for the TMDs,
where data are available. Distinct modifications of monolayer properties compared to their bulk coun-
terparts are highlighted. This includes the well-known transition from indirect to direct band gap in
semiconducting group VI-B TMDs as the material-thickness is reduced to a single molecular layer. In
addition, we discuss the new or modified CDW states in monolayer VSe, and TiTe,, a Mott-insulating
state in monolayer 1T-TaSe,, and the monolayer specific 2D topological insulator 1T-WTe;, which
gives rise to a quantum spin Hall insulator. New structural phases, that do not exist in the bulk, may be
synthesized in the monolayer by MBE. These phases have special properties, including the Mott insulator
1T-NbSe, the 2D topological insulators of 1T-MoTe,, and the CDW material 1T-VTe,. After discussing the
pure TMDs, we report the properties of nanostructured or modified TMDs. Edges and mirror twin grain
boundaries (MTBs) in 2D materials are 1D structures. In group VI-B semiconductors, these 1D structures
may be metallic and their properties obey Tomonaga Luttinger quantum liquid behavior. Formation of
Mo-rich MTBs in Mo-dichalcogenides and self-intercalation in between TMD-layers are discussed as
potential compositional variants that may occur during MBE synthesis of TMDs or may be induced
intentionally during post-growth modifications. In addition to compositional modifications, phase
switching and control, in particular between the 1H and 1T (or 1T’) phases, is a recurring theme in TMDs.
Methods of phase control by tuning growth conditions or by post-growth modifications, e.g. by electron
doping, are discussed. The properties of heterostructures of TMD monolayers are also introduced, with a
focus on lateral electronic modifications in the moiré-structures of group VI-B TMDs. The lateral potential
induced in the moiré structures forms the basis of the currently debated moiré-excitons. Finally, we
review a few cases of molecular adsorption on nanostructured monolayer TMDs. This review is intended
to present a comprehensive overview of vacuum studies of fundamental materials' properties of TMDs
and should complement the investigations on TMDs prepared by exfoliation or chemical vapor deposi-
tion and their applications.
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List of acronyms HER hydrogen evolution reaction
HOMO highest occupied molecular orbital
1H single layer of transition metal dichalcogenides with HOPG highly oriented pyrolytic graphite
the transition metal in trigonal prismatic LEED low energy electron diffraction
coordination LUMO lowest unoccupied molecular orbital
2H bulk structure of 1H with a 2-layer repeat unit. MoS, MBE molecular beam epitaxy
is the prototypical crystal with this structure, and MI Mott insulator
thus the 2H-structure is also sometimes called the MTB mirror twin grain boundary
MoS,-structure QSHI quantum spin Hall insulator
1T transition metal dichalcogenides with the transition SoC spin-orbit coupling
metal in an octahedral coordination. Also called the STM scanning tunneling microscopy
Cdl,-structure, because Cdl; is the prototypical STEM scanning transmission electron microscopy
crystal with this structure STS scanning tunneling spectroscopy
ARPES angle resolved photoemission spectroscopy TEM transmission electron microscopy
BZ Brillouin zone TMD transition metal dichalcogenide
CB conduction band ™ transition metal
CBM conduction band minimum USPEX Universal Structure Predictor: Evolutionary
CDW charge density wave Xtallography
CCDW commensurate charge density wave VB valence band
CVvD chemical vapor deposition VBM valence band maximum
CVT chemical vapor transport vdW van der Waals
DAP 2,3-diaminophenazine XPD x-ray photoelectron diffraction
DFT density functional theory XPS x-ray photoemission spectroscopy
FET field effect transistor
Contents
1. Introduction . PPN 0 [ )
2. VanderWaalsepltaxy PP . 00
2.1, DEPOSITION SOUITES ..ttt ttteteete et et et e e et e et e et e et e et e e e eateateane o e e te et te e eeenenesasaeaenesenaeaenenana... 00
2.2.  Growth conditions . PPN [0
2.3. CommonsubstratesforTMDmonolayergrowth PP 0 [ 0]
23.1.  Non-van der Waals semiconductors and msulators PPN 0 [0
2.3.2.  Van der Waals substrates . PP 0 [0
2.3.3. Metals-mainly Au(111).. P ¢ [ 0]

3. Generaldescrlptlonoftran51t10r1metaldlchalcogemdes PP 0 0]

3.1
3.2

Electronic structure . . e
Topologically protected electromc states

4,  Monolayer and surface Properties 0f TIVIDS ... ....uuutntntttet et ettt e et e et ettt e et e e e e e e e e e

4.1.

4.2.

4.3.

44.
4.5.
4.6.

4.7.

5. Modifications and nanostructures in TMDs

5.1

5.2.

Group IV-B TMDS (Ti, ZI, HE) ..ottt e et e et e ettt ettt et e e e e e e ettt e e ettt et et eieens
41.1. Titanium dichalcogenides ....
4.1.2.  Zirconium dichalCOZENIAES ... ... ...ttt e e e e ettt e e e e e e e
41.3.  Hafnium dichalCOZenides .. ..........iuinininiit ittt ettt ettt e ettt e e e e
Group V-B TMDs (V, Nb, Ta) ..........
421. Vanadium dichalcogenides ...
4.2.2. Niobium dichalcogenides ....
4.23.  Tantalum dichalCcoZenides ... ......c.iuiniii it e et ettt et et e e e e e e e e e e,
Group VI-B TIVIDS (€, MO, W) ettt et ettt ettt ettt e ettt et e e e et et e et ee e e e e e et e et e e e e e e ettt ettt eas
43.1. Chromium dichalcogenides
4.3.2.  Molybdenum dichalCOZENIAES . ... ...ttt ittt e e et et ettt e e ettt e e e
433,  Tungsten dichalCOenides . ... ....ooiuii it ettt ettt e e e e e
Group VII-B TMDs (Mn, Re) ..........
Group VIII-B (9) (CoTe, and IrTey) ....
Group VIII-B (10) TMDs (Ni, Pd, Pt) ...
4,6.1. Nickel dichalcogenides ......
4.6.2. Palladium dichalcogenides ...
4.6.3. Platinum dichalcogenides ....
Group [-B: AuTe, ..

One dimensional electronic states: 1slandedges gramboundarles and 1Dr1bbons P 00

5.1.1. Edge states .. .. PPN 0 [ 0]
5.1.2. Mirror twin gram boundarles . 00
[@0) Y s T (o) =] N 1 = o) o PPN 0 [0



K. Lasek, J. Li, S. Kolekar et al.

5.2.1.  Excess metal incorporation into the lattice STIUCTUIR ... ... ... .c.tu ittt ettt et ettt e e et et et e et
5.2.2. Compositional transitions by chalcogen desOrPtion .. .........uiuin ittt it et ettt et ettt et

5.2.3. Self-intercalation ......................
53. TMD heterostructures and moiré properties ....
5.4. 1T to 2H phase control ........................

5.5. Molecular and atom adsorption ON TIVIDS . ... ututnttt ettt et et e et e e e et e et e e e et e ettt e e e e e e e e
6. Conclusions and OULIOOK . ... ...ttt ettt et e et e e et e e e e e e e e e e e e e e
ACKNOWIBA MO . ..ottt ettt e ettt et e e ettt e e e e e e e e 00

(S Ll

Surface Science Reports xxx (XxXx) Xxx

00
00
... 00
... 00

. 00
00
00

00

1. Introduction

Layered materials, in particular the family of transition metal
dichalcogenides (TMDs), have fascinated the materials science
community for some time [1]. Because of weak, van der Waals
(vdW) like interlayer interactions and strong covalent/ionic in-
plane interactions, their electronic structure is strongly aniso-
tropic with dispersing bands in 2D and only weak, but non-
negligible, dispersion normal to the planes. This quasi-2D elec-
tron structure, gives rise to phenomena prevalent in low dimen-
sional materials, such as superconductivity and charge density
wave (CDW) instabilities. One obvious question for these materials
is: how are these properties modified when the material is reduced
from their quasi-2D in the bulk, to a true 2D material in the form of
a single layer? First reports of the importance of interlayer in-
teractions in the electronic structure of layered materials did,
however, not come from metallic systems but from semiconductor
materials. Already in 2001, monolayer growth of WS, enabled to
determine the electronic structure of a single layer by angle-
resolved photoemission spectroscopy (ARPES) and demonstrate
the importance of interlayer interactions in TMDs [2]. The research
on monolayer TMDs remained a niche field until 2010s when
inexpensive exfoliation methods were developed that enabled to
isolate single molecular layers from bulk materials. This opened the
door to the study of these materials without the need for expensive
growth methods. Furthermore, many of the semiconducting TMDs
are chemically stable, and thus could be exfoliated in air. The
observation that many of the group VI-B semiconducting TMDs
undergo a transition from an indirect to a direct band gap semi-
conductor when thinned to the monolayer [3] is consistent with the
early ARPES studies [2], and made many of these monolayer ma-
terials potentially interesting for opto-electronic applications. This
further broadened the appeal of these materials also for the
semiconductor community. Soon, prototypical semiconductor de-
vices fabricated on exfoliated flakes became a mainstream research
endeavor and various aspects of exfoliated semiconducting TMDs
have been extensively reviewed [4—13]. This renewed interest in
monolayer TMDs, also invigorated efforts in bottom-up growth.
Chemical vapor transport (CVT) or chemical vapor deposition (CVD)
[14—19] has been successful in growing large single layer flakes for
many of the semiconducting TMDs and recent progress in growing
on crystalline substrates, e.g. Al,03(0001), also holds promise for
epitaxial large-area single crystalline samples. The growth of
metallic TMDs, however, still presents challenges for controlling
their growth in the monolayer regime and most reports for such
materials synthesized by CVD are multilayer flakes. Moreover,
sample handling in air or even in a glove box, often causes degra-
dation of the reactive metallic TMDs. Molecular beam epitaxy
(MBE) of TMDs, on the other hand, is performed in ultra-high
vacuum, thus ensuring the cleanliness of the samples. Moreover,
MBE-growth chambers for sample preparation are often combined
with  sophisticated analysis systems that enable the

characterization of fundamental materials properties including
electron spectroscopy and atomic scale microscopy tools. This re-
view focuses on materials grown in vacuum by MBE or bulk sam-
ples cleaved in vacuum to exhibit pristine surfaces and their
characterization by surface sensitive tools, mostly photoemission
spectroscopy and scanning probe microscopy. Where appropriate,
we make connections to ex-situ (non-vacuum) prepared samples as
sometimes vacuum preparation is not an option.

Recent work has demonstrated that most TMDs can be grown by
MBE in the monolayer regime. This enabled study of fundamental
properties of these materials and address the main question of how
monolayers are different from the bulk. These studies revealed
some unique monolayer properties for some materials, while
others are only modestly modified compared to their bulk. Before
we discuss the progress made on studying monolayer TMDs, we
briefly discuss the growth methods and the historic background of
vdW epitaxy. In Section 3, we lay the foundations to discuss TMDs
by describing the basic structural motives of TMDs and their gen-
eral electronic properties based on their structure and number of d-
electrons. We also give a brief introduction to topologically pro-
tected states as is relevant for TMDs. In Sections 4, we discuss the
vacuum synthesis and fundamental properties of all TMDs. We
focus on their preparation as monolayers where data is available
and their new properties arising from those reduced dimensions.
Also, recent developments in TMDs, such as topological states, are
emphasized. The goal of this section is to illustrate how the
different TMDs can be categorized and how materials properties
vary within certain groups of TMDs. It is hoped that this article
provides a general introduction to broad properties of TMDs,
beyond the mostly studied semiconducting TMDs, and that this
article is a resource to find key publications to original research.
Section 5 discusses modifications of mostly monolayer TMDs at the
nanoscale. This again is a wide field, and we attempt to keep with
the theme of this review and concentrate on vacuum processes and
characterization. Key ideas of modifying physical properties of
TMDs are addressed in this section, such as edge states and line
defects, control of the properties of TMDs by phase-engineering, or
induced compositional variants, for example, by self-intercalation,
and by combining TMDs into heterostructures. We also give a
brief summary of work that illustrates how nanostructures in TMDs
can modify molecular adsorption. Finally, in section 6, we provide
some general conclusions on how vacuum science has been central
in recent advances in the understanding of TMDs for the monolayer
limit and give an outlook for possible future directions.

2. Van der Waals epitaxy

MBE growth is known for the synthesis of high quality artificial
superlattices in closely lattice matched systems. Lattice matching is
required to enable atom-to-atom covalent bonding across the
interface to maintain perfect crystalline order. For most systems,
undesirable interfacial dislocations or other interface defects are
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Fig. 1. Schematic of heteroepitaxy for (a)
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vdW gap

quasi vdW gap

) 3D materials, causing interface defects for non-lattice matched materials, and (b) vdW epitaxy of vdW materials on a 3D substrate.

Dangling bonds or surface reconstructions of the substrate material remain. (c) vdW heteroepitaxy of two vdW materials. The two materials maintain their layer structure and are

separated by a vdW gap. Adapted from Ref. [20] with permission from Elsevier.

needed to accommodate lattice mismatches. Clearly, there are only
a few materials systems where the lattice constants are similar
enough to grow defect free interfaces, and this limits the kind of
heterostructures that can be synthesized with high crystalline
quality.

VdW materials have no unsaturated (dangling) bonds at their
surfaces, and thus when grown on a substrate will not form inter-
facial bonds. Consequently, vdW materials may grow defect free
even for systems that do not obey lattice matching conditions. In
general, this includes both the growth of vdW materials on surfaces
of bulk materials (that may have energy lowering surface re-
constructions or are modified by a passivation/buffer layer) or on
dissimilar vdW substrates (illustrated in Fig. 1 (b) and (c), respec-
tively). Although there is no covalent bonding between the sub-
strate and the grown vdW material, in many cases a preferred
rotational alignment between the substrate and the film is
observed. This means that if grown on a single crystal substrate, the
vdW film also grows as a single crystalline film (although twinning
may occur depending on the symmetry of the substrate, which is
discussed below). This growth of a rotational aligned vdW mate-
rials in the absence of interfacial covalent bonds is known as vdW
epitaxy. In vdW epitaxy, the substrate and the vdW material
essentially maintain their lattice constants. This causes the for-
mation of lateral moiré superstructures [21], which may cause local
lateral electronic modifications. Such electronic modification
within a moiré unit cell is especially strong in group VI-B semi-
conductor heterostructures, and this will be discussed in section
5.3.

Historically, the concept of vdW epitaxy was developed in the
1980s mainly by Koma et al. [22—30] His group grew TMDs as well
as other 2D chalcogenides such as the post-transition metal chal-
cogenides on various vdW substrates (SnS;, MoS,, mica, highly
oriented pyrolytic graphite (HOPG)) as well as on semiconductor
surfaces (GaAs, Si) to demonstrate the concepts of rotational
alignment. Additional work was done by the Jaegermann group
[2,21,31—-39], that mainly used photoemission spectroscopy to
characterize electronic structure evolution by ARPES and the
interface band structure alignment in vdW heterostructures of
semiconducting vdW materials [2,21]. All these early studies were
motivated by semiconductor physics and the potential use of vdW
epitaxy to overcome the limitations of traditional epitaxial growth
of semiconductor heterostructures. It should be mentioned that the
inverse growth, i.e. the growth of 3D semiconductors on vdW
substrates has also been studied extensively for the same idea of
avoiding interface defects [40—42]. An interesting aspect in this
sense is the event of graphene. Graphene may be transferred onto
various substrates, and this may allow for what has been termed
‘remote’ epitaxy where the stray field of an ionic substrate locks in

the epitaxy of the growing film on top of the graphene, while the
separation by the graphene avoids the formation of misfit dislo-
cations [43]. However, applications of vdW substrates for growing
3D semiconductors are beyond the scope of this review. Instead, we
focus on vdW epitaxy of TMDs mainly on other vdW substrates and
in some cases on metal or semiconductor surfaces. The progress for
different TMDs for such growth for the known TMDs is discussed in
Section 4. First, however, we summarize some general growth
techniques for vdW epitaxy, especially the less conventional chal-
cogen sources and growth substrates employed in some labora-
tories for fundamental studies of monolayer materials.

2.1. Deposition sources

For MBE growth, the components of the compound material are
deposited separately onto the growth substrate where they
condense into the film. Controlling the flux may allow to vary the
composition of the film. However, the high vapor pressure and the
low sticking of chalcogens requires a large overpressure of the
chalcogens relative to the transition metals (TM). A chalcogen: TM
flux ratio of typically 10:1 and sometimes with a ratio higher than
100:1 is reported for the growth of TMDs. In most cases, the TM are
evaporated from an elemental source, which may differ depending
on the material and temperature needed to achieve a high enough
vapor pressure, and thus deposition rate. For monolayer films,
mainly discussed here, simple metal evaporators may be employed,
such as direct current heated wires or small metal beads on a direct
current heated tungsten wire (the bead is obtained by melting the
metal on the tungsten wire). These configurations are enough to
grow monolayer films, but the flux and growth rates are often not
stable over long periods. Preferred are well temperature-controlled
ovens- Knudsen cells, that keep a constant flux over long periods.
Materials with very low vapor pressures-such as the refractory
metals-may require an e-beam evaporation source. In these sour-
ces, electrons emitted from a heated filament are accelerated to-
wards the evaporant by applying a high voltage, and thus achieving
a high localized heating power. For the ultrathin films discussed
here, a small e-beam source, where the metal is evaporated from an
ultrapure wire or rod, is typically used. In addition to elemental
MBE growth, metal organic precursors may be dosed onto the
surface in vacuum for growing TMDs. For instance, tungsten hex-
acarbonyl (W(CO)g) has been reported as a precursor for growing
WS, films by vdW epitaxy [31]. The advantage of W(CO)g is that it is
easily vaporized and is a well-known precursor for tungsten in
particular in electron beam assisted deposition [44]. Molybdenum
hexacarbonyl (Mo(Co)g) should behave similarly, but to the best of
our knowledge there are no reports of growing Mo-dichalcogenides
with Mo(CO)s. In general, metalorganic precursors have not been
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used in recent work for in-vacuum deposition of TMDs.

The chalcogens have high vapor pressure at modest tempera-
tures with sulfur exhibiting the highest vapor pressure. This makes
it challenging to evaporate elemental sulfur in a UHV chamber as it
has a melting point of 388 K and would sublimate significantly in
vacuum even at room temperature. Solutions to this are valved
sources that are available commercially from most MBE component
suppliers, where the sulfur is isolated from the rest of the growth
chamber by a needle valve that is only opened during deposition.
Other methods for growing sulfides are to use sulfur compounds,
which evolve sulfur upon heating. For instance, SnS, [35,45], FeS,
(pyrite) [46], or other metal sulfides have been used as sulfur
sources. When heated in a Knudsen cell, these sulfur compounds
release sulfur that can be used as a molecular beam to grow films.
The much higher vapor pressure of sulfur than the metals in this
set-up ensures a pure sulfur flux, although very small amounts of
metal contamination cannot be excluded. Obviously, metal con-
taminations can be avoided using source materials that contain the
same metal as the film. Others have employed reactive sulfur-
containing gases as sulfur sources. The most common gases are
dimethyl disulfide (CoHgS>) or H,S, which is highly corrosive. Using
a precision leak valve, H;S can be leaked into the vacuum chamber
and directed onto the sample through a tube during growth. H,S is
poisonous and care must be taken for handling it. On the surface,
H,S is reacting with the deposited metal to form sulfides and
release the hydrogen that is pumped out of the chamber.

In contrast to sulfur, selenium and tellurium have low enough
vapor pressures (melting points of 494K and 722K for selenium
and tellurium, respectively) to be loaded directly into a Knudsen
cell for evaporation, and this is the common approach used by most
groups for the growth of selenides and tellurides. However, the
above described approach for decomposition of metal chalcogen-
ides in a K-cell may also be used for selenides [45].

All the chalcogens tend to evaporate as atom-clusters rather
than single atoms. This can be counteracted by using cracker
sources that dissociate these clusters. Typical designs are hot-wall
cracker sources, where the evaporated chalcogen clusters go
through a heated tube, whose temperature is significantly higher
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than the source-oven. Atom-clusters evaporated in the oven,
dissociate on the hot wall of the tube, and thus form an atom-beam.
Such sources are used in MBE systems, but most of the studies on
monolayer selenides and tellurides reported here use simple
Knudsen cells as chalcogen sources, suggesting that the beam
contains sufficient amounts of single atoms or the clusters disso-
ciate on the growth substrate before or during reaction with the TM
to form TMDs. Chalcogens react or adsorb on the walls of the UHV
chamber and their high vapor pressure results in a constant
desorption from the walls. This means that, once chalcogens are
deposited in the chamber, it may be difficult to clean the chamber
again for the growth of other chalcogenides. Thus, ideally, for every
chalcogen a dedicated growth chamber is used.

2.2. Growth conditions

During growth, the elemental chalcogen and metal atoms are
co-deposited on a substrate that is mounted on a heated sample
manipulator. Growth rates for TMDs for studying monolayer
properties are usually very slow in the range of one monolayer in
1 min—30 min. The growth temperature may depend on the grown
material and range between 200 °C and 600 °C. Many of the TMDs
easily re-evaporate from the surface, thus requiring low growth
temperatures. For some materials that we will discuss below, the
growth temperature can also affect their structural phase (e.g.
NbSe; or TaSe; has two polymorphs which appear to form prefer-
entially at different growth temperatures) or their composition (e.g.
there is evidence that some of the early TM easily form self-
intercalation compounds and this may be favored at higher
growth temperatures-self-intercalation compounds are discussed
in section 5.2.3). The growth morphology is also dependent on the
growth conditions. There are only a few systematic studies of the
growth as a function of temperature and growth rate. For instance,
Rajan et al. [47] has evaluated the surface morphologies of NbSe,,
VSe,, and TiSe; on HOPG substrates as a function of growth tem-
peratures, metal deposition rates, and chalcogen flux to find opti-
mum growth conditions. These studies revealed dependence of the
island morphology and sizes on the material, TiSe; for instance,

VSe,
U 3 ! ' : Voo T R
2 : : - =
&
oy "J;
& P o] =
v =)
WE ?
\ v 7
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Fig. 2. Comparison of initial growth of monolayer VSe, (a)—(d) and TiSe; (e)—(h) on MoS, (top-panels) and HOPG (bottom-panels) substrates. The growth temperatures are

indicated in the STM images.
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formed the largest islands of 100s of nm in size while the largest
islands for NbSe, were less than 100 nm in size for optimum
growth conditions. Also, island shapes could be tuned from trian-
gular to hexagonal shapes, however, these studies lacked compo-
sitional analysis of the islands. Generally, monolayer island sizes in
MBE growth are in the 100 nm range, and thus much smaller
compared, for example, to CVD processes that use much higher
growth temperatures. The surface mobility appears to differ largely
for different TMDCs, for VSe, and TiSe;, for instance, compact
islands can be obtained at low growth temperatures of
200—-300 °C; note that lower temperatures than 200 °C is usually
not accessible because of condensation of elemental Se at the sur-
face. Fig. 2 shows a comparison of the growth of these two mate-
rials on MoS; and HOPG substrates. A higher nucleation density is
observed on MoS,, most likely related to a higher defect density of
MoS, substrates than on HOPG leading to heterogeneous nucle-
ation. On HOPG, initial nucleation is often observed at the sparsely
distributed step edges as seen in Fig. 2 (c). This suggests a longer
diffusion length of adatoms on HOPG than on MoS,; and maybe
related to the higher density of heterogeneous nucleation sites on
MoS; or fundamentally higher diffusion barriers. High defect con-
centration in MoS; makes it difficult to study fundamental growth
processes experimentally.

Even at the low growth temperatures, compact islands are
observed for VSe; after the islands coalesce as shown in Fig. 2(b),
suggesting sufficient mobility of the edge atoms to rearrange the
island shape. Also, on MoS5, a moiré structure is clearly discernable
(Fig. 2(b)) while on HOPG the moiré is much weaker and cannot be
seen in the scanning tunneling microscopy (STM) images in Fig. 2
(c) and (d). For TiSe, a lower mobility on MoS; than HOPG can be
seen from the island shapes at 200°C growth temperature. On
MoS,, this leads to dendritic growth, as shown in Fig. 2(e), while on
HOPG the islands have straight edges. To obtain compact islands, a

i . C
(a) GaSe Si(111):GaSe (c) ks
103 2.08 eV
S <102
Ga Se , = 1014
O “
\ / %, 100 - 1pA
I Ts | w
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S 2.08 eV
S 8-
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temperature of 300 °C is needed on MoS; (Fig. 2(f)), while good
uniform growth is possible already at 200 °C on HOPG (Fig. 2 (h)).
Generally, there are no systematic studies for the synthesis of
different TMDs by MBE reported, and a universal understanding of
growth conditions and optimizations does not exist. From the few
studies available, clear differences in the growth on different vdW
substrates and for different TMDs are observed, making it necessary
to find optimum conditions for each material system. In the next
sub-section, we discuss some common substrates that have been
employed for the growth of TMDs.

2.3. Common substrates for TMD monolayer growth

VdW epitaxy studies have been performed on various single
crystalline substrates. Interfacing of vdW materials with semi-
conductors or insulators have been mainly explored for multilayer
films of TMDs and the most common substrates are discussed in
2.3.1. Studies of TMDs in the monolayer limit are predominantly
performed on vdW substrates and discussed in 2.3.2. Some
fundamental research has also been done on single crystal metals,
predominantly on Au (111) surfaces, which is discussed in 2.3.3.

2.3.1. Non-van der Waals semiconductors and insulators

Most of the TMDs have a hexagonal crystal structure of their
basal plane with 120° rotational symmetry. Given that lattice
matching conditions are not relevant in vdW epitaxy, many sub-
strates with hexagonal symmetry have been used for growing
single crystal TMD films. Examples of semiconducting/insulator
substrates that have been used are GaAs [27,38,48—50], AIN
[51-53], InAs [54], Al,03 [55]. Usually, only multilayer vdW films
are studied on these substrates and the initial monolayer growth is
generally not well characterized. Many of these substrates are
known to react with chalcogens and may form complicated surface

Fig. 3. GaSe passivation of Si(111) surface. The relation of the atomic structure of a monolayer GaSe vdW material with a ‘half-layer’ covalently adsorbed on Si(111) is schematically
shown in (a). In (b) STM images of a GaSe terminated Si(111) surface is shown to exhibit large terraces with the atomic resolution image showing the low defect concentration.
‘Holes’ and adislands in the film are highlighted by ‘A’ and ‘B’, respectively. STS spectra - current vs. bias voltage and dI/dV vs. bias voltage- is shown in (c). The spectra indicate a gap

of 2.08 eV in the surface layer. Adapted from Ref. [61].
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structures or passivation layers. It is plausible that during MBE
growth the interfaces are modified by chalcogens in some of these
materials and this requires further studies. Sapphire (Al,03) sub-
strates are particularly interesting as an insulating substrate for
studying e.g. transport properties of the grown films. The chemical
stability of sapphire makes it a good inert growth substrate. Iwasa's
group investigated its use for growing vdW materials and devised
growth strategies that result in good vdW films. According to these
studies, an initial high substrate temperature followed by growth at
a reduced temperature results in best films [55].

An interesting approach for passivating a semiconductor surface
for potential subsequent vdW epitaxy was found for Si(111) sur-
faces. Silicon surfaces are reactive to chalcogens, and thus would be
modified during deposition of TMDs. It has been shown, though,
that the surface can be terminated by covalently bonding of half of a
monochalcogenide vdW material, namely GaSe [56—60]. This is
illustrated in Fig. 3(a). The close lattice match between the GaSe
and Si(111) enables the covalent bonding across the interface and
the surface effectively becomes a vdW termination. Interestingly,
photoemission measurements of the electronic structure of such a
‘half-GaSe’ layer terminated Si(111) surfaces do not exhibit any gap
states, and thus the Si surface is similar to that of a hydrogen
terminated Si. Moreover, the electronic structure of the covalent
bond half-GaSe layer is similar to that of bulk GaSe [61]. Scanning
tunneling spectroscopy (STS) determined a surface band gap of
2.08 eV for the GaSe half-layer. While GaSe is obviously not a TMD,
the approach of terminating a 3D semiconductor with a vdW layer
that does not induce surface or interface states could be used for
further vdW epitaxy including TMDs, and thus assist the integra-
tion of Si-technology with vdW materials.

2.3.2. Van der Waals substrates
Bulk vdW materials can serve as a substrate for growing dis-
similar vdW materials. HOPG has been one of the most common

Surface Science Reports Xxx (XxXx) Xxx

substrates for vdW epitaxy of TMDs. Its thermal stability in vacuum
and its low defect concentrations make HOPG a good substrate.
Moreover, good electrical conductivity allows the use of many
techniques such as STM or photoemission spectroscopy, without
charging effects even at the lowest temperatures. Disadvantages
are that, for some TMDs, the nucleation is not uniform across the
surface and nucleation and growth at step edges is frequently
observed, which can result in non-uniform film growth. The
nucleation and growth behavior are, however, very much depen-
dent on the material, for instance, VSe, tends to nucleate at step
edges of the HOPG substrate, shown in Fig. 2 (c), while TiSe; nu-
cleates more uniformly at HOPG terraces, shown in Fig. 2 (g).
Another disadvantage of HOPG is that the samples are poly-
crystalline, which implies that the grown TMDs are also poly-
crystalline even if they are aligned with the local crystal structure of
the substrate. This makes characterization of the crystallographic
anisotropy of the material difficult and requires micro- or nano-
probes to measure crystal symmetry-dependent properties. For
this reason, the use of single crystalline substrates is preferred.
Famously, graphene can be obtained on SiC wafers with a single
orientation [62—66]. Graphene on SiC may be prepared directly in
the growth chamber (if it allows annealing to high enough tem-
peratures) or in a separate vacuum chamber. Once formed, the
graphene-terminated substrate is stable to be transported through
air, if needed. Preparation of graphene on 6H or 4H—SiC(0001), is
commonly obtained by flash annealing in vacuum. Note that the
(0001) face is the silicon terminated surface, in contrast to the
(000—1) surface, which is the C-terminated surface. The growth on
the (0001) face can be better controlled while graphene-
multilayers (graphite) forms readily on the (000—1) face. A
typical graphene synthesis procedure on SiC consists of a prolonged
annealing for ~12 h at 600—700 °C, followed by an annealing step
at 900°C for 30 min. Finally, the sample is flashed 3 times to
1400 °C for ~20 min each time. After the final flash, the heater is

Fig. 4. LEED characterization of common substrates and TMD monolayers grown on these substrates. LEED pattern of the bare MoS; and VTe, on MoS,, are shown in (a) and (b),
respectively. The MoS,-substrate and VTe, spots align, indicating perfect vdW epitaxy. Graphene/SiC (c) and VTe, monolayer grown on that substrate (d). The arc-shape of the VTe,
diffraction ‘spot’ indicates a spread of the rotational alignment with respect to the graphene substrate. LEED for Au(111) and VS; on Au(111) are shown in (e) and (f). The many
diffraction spots for VS, on Au indicate the periodicity of a moiré structure. The clear presence of these moiré LEED spots indicates also the strong interaction between Au and TMDs.
(e) and (f) are republished with permission of IOP Publishing, Ltd, from Ref. [68]; permission conveyed through Copyright Clearance Center, Inc.
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Fig. 5. Illustration of mirror symmetry in graphene/graphite (a) and lack of mirror symmetry in fcc(111) (b) and TMDs (c).

turned off and the sample is cooled back to room temperature.
Alternative processes with shorter flash annealing may be
employed if a heater is available that allows heating of the SiC with
a direct current through the SiC substrate [67], which, however, is
usually not the case in an MBE growth chamber. The successful
preparation of graphene may be checked by low energy electron
diffraction (LEED) [64] that shows a characteristic LEED pattern of
the SiC and graphene diffraction spots together with superstructure
spots from the moiré pattern formed by the coincidence lattice
between graphene and SiC (Fig. 4(c)). Graphene on SiC covers the
entire surface, and although step edges from the underlying SiC
substrate are present, the graphene layer covers them like a carpet.
Depending on the number of graphene layers on SiC, the work
function of the surface may vary. This can affect the interface band-
alignment between a semiconducting TMD and the substrate
causing laterally modified band offsets in the TMD. This has been,
for example, studied for WS, grown on graphene/SiC by micro-
ARPES, and this is discussed in section 4.3.3. Inhomogeneities of
the substrate of graphene/SiC compared to HOPG may also help
with a higher nucleation density and formation of a more uniform
TMD coverage in the monolayer regime. LEED of TMD monolayers
on graphene/SiC reveals that the TMDs are not always perfectly
aligned with the substrate. Fig. 4 (d), for instance, shows LEED of
VTe, grown on graphene/SiC. The diffraction from the VTe; film
does not exhibit a single spot but rather an arc with an arc-length of
a few degrees, indicating the spread of misalignments of the grown
TMDs with respect to the single crystalline TMDs.

Another source of inhomogeneity for TMDs on graphene are the
difference in symmetry. While graphene has a mirror symmetry (or
60° rotational symmetry) as illustrated in Fig. 5 (a), hexagonal
TMDs have a 120° rotational symmetry, and thus are not mirror
symmetric, illustrated in Fig. 5 (c). The higher symmetry of the
substrate implies that two mirror domains of TMDs are equally
likely to nucleate on graphene and as consequence mirror twin
grains are unavoidable on graphene. Nevertheless, graphene/SiC

has many advantages that made it a popular substrate, especially
for studying the electronic properties of monolayer TMDs by
ARPES. The strongly dispersing m-band with states at the Fermi-
level only at the K-points of its Brillouin zone (BZ) ensures that
the substrate bands do not overlap with the bands of interest of the
TMD layers, which have a smaller BZ. This allows an undisturbed
characterization of the band structure of TMDs, and although there
is a rotational spread in the TMD layer, this only causes an
acceptable loss of k-space resolution. Below we will discuss some of
the ARPES data obtained for TMDs on graphene/SiC.

An alternative single crystalline graphene substrate is graphene
grown on single crystalline metal substrates. Graphene has been
successfully synthesized on many TM substrates and a review may
be found in Ref. [69]. Graphene on Ir(111), is a particularly inter-
esting substrate as the interaction between graphene and the
substrate is weak, but graphene can still be obtained as a single
crystalline sheet. This graphene/Ir(111) surface has also been used
as a substrate for the synthesis of TMDs. A challenge for graphene
on metals as growth substrates, is the well-known intercalation of
deposited TMs in between the graphene and the metal support
[69]. This prevents the direct growth of TMDs on graphene/Ir(111)
at elevated temperatures and instead a preparation method con-
sisting of room temperature co-deposition of TM and chalcogen
and subsequent annealing in chalcogen atmosphere has been
employed to form TMD monolayer islands. These TMD islands
exhibit an epitaxial relationship with the graphene substrate, but
because of the different symmetry of graphene and TMDs, two
mirror orientations of the TMDs are observed, causing formation of
mirror twin grain boundaries (MTBs) at the interface of merging
islands. In MoS,, these grain boundaries are metallic and host a 1D
Tomonaga Luttinger quantum liquid, this is discussed in section 5.1.

TMD monolayers can also be grown on other TMD substrates.
The most popular of these are MoS,, as it is commercially available
as large (~10 x 10 mm) crystals. First experiments for TMD growth
on MoS; go back to studies by Koma et al. MoS; can be obtained as
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mineral samples or as synthetically grown samples. Naturally,
mineral samples contain impurities that cause local electronic
variations and are generally strongly n-type. Synthetically grown
samples are much cleaner, however, modulations are still observed
in STM, indicating defects and impurities. Moreover, samples still
tend to be n-type but less strongly doped than minerals. Another
disadvantage of MoS; and other potential TMD substrates, is their
tendency to desorb chalcogens at high growth temperatures. This
may limit the growth temperatures at which these substrates can
be used at. However, many TMDs grow well at temperatures below
300—400°C and at these temperatures MoS; is sufficiently stable
and many TMDs have been successfully grown on MoS;. Hexagonal
TMDs generally exhibit excellent rotational alignment with MoS;
substrates, as can be seen from the LEED pattern of VTe, grown on
MoS; shown in Fig. 4(b). The sharp spots from the film are aligned
with the substrate spots, indicating that the film grows in rotational
alignment with the substrate. The diffraction spots do not indicate,
however, if the TMD film exhibits mirror grains. For this, more
detailed diffraction studies or quantitative LEED I-V analysis are
required, which have not yet been reported on films grown on
MoS; substrates. In general, any TMD can be used as substrate
materials and early work has been reported for SnS,; and MoTe;
substrates. The main consideration for the use of TMDs would be
their thermal stability during growth and, of course, their avail-
ability in appropriately sized crystals. For insulating vdW sub-
strates, hex-BN, as well as mica [26], has been used. The former is
generally only available as small (mm-sized) crystals and the latter
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may have many impurities which require prolonged outgassing in
UHV. Growth on hex-BN has been mainly performed by CVD
[70—72] while MBE growth is rare [73—75]. The insulating char-
acter of the substrate is sought for transport measurements in thin
films, it prevents, however, the kind of surface studies this review is
focusing on. One solution to this is the growth of monolayer hex-BN
on transition metal single crystal surfaces such as Ru(0001) [75].

2.3.3. Metals-mainly Au(111)

Single crystal metals have also been used for the growth of
TMDs. Initial work focused on MoS; islands grown on Au(111) [76].
These studies were motivated by gaining a fundamental under-
standing of MoS;,-based catalysts and used gold as a support for
surface science studies. Mo was deposited on gold and sulfurized
using H3S. The large immiscibility gap in the Au—Mo phase diagram
may also assist in avoiding alloying of Mo with Au substrate. The
fcc(111) surface lacks mirror symmetry like the hexagonal TMDs
(see Fig. 5 (b)) and this may enable the growth of a single orien-
tation MoS;, WS,, and potentially other TMDs without twin do-
mains. Evidence of the absence of twins under the right growth
conditions on Au(111) is discussed in section 4.3. Recently, the
growth of MoS; on Au was also scaled by melting Au on a tungsten
substrate to obtain a large Au(111) surface, which then was used to
grow single crystal MoS, wafer by CVD. Such MoS; layers could
subsequently be transferred to other substrates [77]. Semi-
conductor TMDs on a metal substrate may strongly affect their
quasi-particle gap due to efficient electron screening by the metal
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and through hybridization of electronic states at the interface. The
interaction between the metal substrate and the TMD also often
gives rise to pronounced moiré-structures that can be easily dis-
cerned in LEED patterns, as shown in Fig. 4(f) for VS, grown on
Au(111). Substrate induced changes in the TMD properties are
discussed for specific cases below in section 4.

3. General description of transition metal dichalcogenides

TMDs are layered materials with vdW gaps between molecular
layers. Each molecular layer by itself consists of a layer of TMs
sandwiched in between two layers of chalcogens (except for PdSe»,
which is discussed in section 4.6.2). Each TM is coordinated to six
chalcogen atoms and there are two main possible coordination of
the TM: (i) octahedral (T-phase), or (ii) trigonal prismatic (H-
phase). In the bulk the trigonal prismatic coordinated TMs can have
different stacking sequences, giving rise to either the 2H or 3R bulk
structure (where the letter stands for hexagonal or rhombohedral
unit cell and the number describes the number of TMD layers in the
repeat unit along the c-axis), while the octahedral structure has
only one stacking sequence and is referred to as the 1T structure,
indicating a single layer per repeat unit (T stands for trigonal unit
cell). Fig. 6 illustrates these three structures. A monolayer of the
trigonal prismatic structure is often called the 1H structure, to
emphasize that it is a single layer. Compared to the 2H bulk
structure, the 1H single layer lacks inversion symmetry, which has
consequences for the spin-polarization. In MoS,, for instance, the
spin-orbit split bands at the K-points become spin polarized with
reverse spin polarization of the split-bands in alternating K-points
causing the formation of two distinct K valleys, often labeled as K
and K'. This is discussed further in section 4.3.

3.1. Electronic structure

The electronic structure of TMDs depends on the coordination
and the number of d-electrons. From an orbital perspective, the
octahedrally coordinated TM exhibit degenerate dz?, x*>.y* and
dxyxzy, Orbitals and the trigonal prismatic coordination causes a
splitting of the orbitals in dz?, dx?.y?, xy and dxz, yz energy levels,
as schematically shown in Fig. 6. Depending on the number of d-
electrons of the TM, different d-orbitals are occupied indicated by
the Fermi-level position in Fig. 6. This basic energy level diagram
can be modified by quantum confinement effects and interlayer
interactions. For instance, 1T- PtSe, transform from a semi-
conductor in the monolayer limit, in accordance to the energy di-
agram in Fig. 6, to become metallic for multilayers and bulk
materials (see section 4.6.3). In addition, many TMDs in the
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octahedral 1T-coordination undergo further structural distortions,
known as 1T’ or 1T”, schematically shown in Fig. 7. These lattice
distortions may be discussed in the context of in-plane metal co-
ordination due to d-orbital hybridization [78]. The 1T’ structure, or
zig-zag structure, has a 2 x 1 supercell in the basal plane with
respect to the 1T structure, while the 1T”, or ribbon structure, has a
3 x 1 supercell. The t2g orbitals in the octahedral 1T structure are
split by the lattice distortion in the 1T" and 1T” structures and cause
a decrease in the energy of the occupied dx, and dxy bonding or-
bitals. This is possible if the bonding orbitals are each occupied by
two electrons (i.e. a total of four). In the ribbon structure, the
bonding orbitals are being shared among three TMs, thus requiring
an electron count of 4/3 d-electrons per TM atom [79]. In contrast, a
zigzag 1T structure would share these orbitals between two TMs,
and thus requiring an electron count of 2 d electrons per atom for
its formation.

Some TMDs may exist in both polymorphs, i.e. either with an
octahedral or a trigonal prismatic coordination. For group VI-B
TMDs, this implies a semiconducting to metallic transition if the
coordination is changed from the H-structure to a T-structure, as
suggested by the energy diagram in Fig. 6. In MoS,, the transition
from its semiconducting 2H phase to a metallic 1T phase is well
known to occur if the material is electron doped, for instance by
alkali atom intercalation. More recently, this has also been applied
to monolayer materials and proposed to be a process for making
metallic contacts to semiconducting TMDs by locally transforming
the phase [80,81]. Excitingly, monolayer materials may also be
switched by external stimuli like an applied electric field in a field-
effect device [82]. Other materials occur naturally in different
polymorphs or exhibit structural transitions as a function of tem-
perature. MoTe,, for instance, has a high temperature metallic 1T/
phase while the 2H phase is the ground state at lower tempera-
tures. The transition temperature may be tuned by stoichiometric
variations and metallization of 2H—MoTe; flakes was obtained, for
instance, by local laser heating and transformation into 1T’ phase
[83]. Also, efforts have succeeded in obtaining 1T or H-phases of
MoTe;, by controlling growth methods. For a more detailed dis-
cussion on phase change in TMDs, see section 5.4.

For some group V—B TMDs, namely vanadium dichalcogenides,
density functional theory (DFT) calculations have predicted that the
monolayer should form a 1H ground state despite bulk materials
generally forming a 1T phase. This may indicate that the formation
energies of these two polymorphs are very similar. However, as we
will discuss in section 4.2.1, experimentally, monolayer materials
grown by MBE always exhibit the 1T structure and the 1H structure
has never been observed.

Structural similarities between TMDs, but largely different
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particular the relation of the 1T’ structure with the Ty structure.

electronic structure due to different numbers of d-electrons or TM
coordination make TMDs highly versatile. The ability to synthesize
these materials as truly single layer materials holds the promise of
better understanding and controlling the many quantum phe-
nomena different TMDs exhibit. The synthesis and properties of
monolayer TMDs by MBE are discussed in section 4.

3.2. Topologically protected electronic states

The concept of topology only recently entered the mainstream
of condensed matter research. The field of topological materials and
their theoretical description, as well as experimental realization,
has been recently reviewed, see e.g. Refs. [84—87]. Here we only
briefly describe the main experimental observations as it is relevant
in the context of TMDs and their surface characterization.

Topological insulators arise from the inversion of usual band
ordering in conduction band (CB) and valence band (VB) through
strong spin-orbit coupling (SOC). Such a topological insulator ex-
hibits topological protected metallic surface states with a Dirac-
cone like dispersion. By now, many topological insulators have
been discovered, the most well-known one probably is the layered
material, Bi,Ses, but none of the TMDs are 3D-topological insulators
with topologically protected surface states. The concept of topo-
logical states can, however, be extended to a 3D band structure
where topological states are protected by crystal symmetry. There
are two kinds of 3D Dirac semimetals, as illustrated in Fig. 8. In type
I 3D Dirac semimetals, the Dirac cone is normal (or at a small tilt
angle) to the Fermi-surface, while in type II the Dirac cone is (over)
tilted and breaks Lorentz invariance. In a type Il Dirac semimetal, a
hole-pocket and electron-pocket touch at the Dirac point. Such 3D
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Dirac semimetals have been observed for the 1T noble-metal TMDs,
NiTe,, PdTe,, PtSe,, and PtTe,, which we will discuss below in
section 4.6.

If, in addition, the time-reversal- or inversion-symmetry is also
broken in the crystal structure of a 3D Dirac semimetal, the Dirac
point splits into two so-called Wyle points forming a Wyle semi-
metal (see Fig. 8). Again, type I or type Il Wyle semimetals can be
observed depending on the tilting of the Dirac cones. The Wyle
points always appear as pairs of opposite chirality. At the surface of
Wyle semimetals, a surface state exists at the Fermi-level that
tangentially connects the pair of Dirac cones. Unlike other Fermi-
surfaces that form closed pockets, the surface states of Wyle
semimetals connect two points in the BZ, and thus does not close;
these are the so-called Fermi-arcs of the Wyle semimetal. Identi-
fication of these Fermi-arcs in ARPES measurements gives strong
evidence for the existence of a Wyle semimetal. For TMDs, the Tq4
phases of WTe; and MoTe; have been predicted to be type Il Wyle
semimetals [88]. For WTe,, the splitting between the Wyle points is
only 0.7% of the BZ, making an observation of Fermi-arcs in ARPES
challenging. For Tyg-MoTe;, the splitting is much larger, and the
Wyle points lie only 6 meV above the Fermi-level. DFT calculations
indicate that Tq-MoTe, has either 2 or 4 pairs of Wyle points
depending on very small changes in the lattice constant. These
points are connected by Fermi-arcs along the k, =0 plane [89,90].
Several ARPES [91—-93] and STM/STS studies of the quasiparticle
interference [94] have been conducted to demonstrate the exis-
tence of these Fermi-arcs, and thus the existence of the type Il Wyle
semimetal. The Tq phase has an orthorhombic structure, as shown
in Fig. 8, and has the required broken inversion symmetry. At room
temperature, MoTe, exhibits the 1T’ phase and only undergoes a
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phase transition to the Wyle semimetal T4 phase below 250K
WTe,, on the other hand, prefers the Tq phase at ambient condi-
tions. Doping of MoTe; with a few percent of W has also demon-
strated to stabilize the T4 phase [95].

In terms of the focus of this review on ultrathin TMDs grown by
MBE, monolayer topological insulator phases are most relevant. In
the monolayer, 2D topological phases are observed for 1T WTey,
1T WSe,, and 1T" MoTe; (note that the Tq and 1T’ structure are
equivalent for the monolayer). The band inversion in the distorted
1T monolayer structure and the strong SOC of the d-orbitals have
been shown to cause a band gap opening [96,97]. It has also been
suggested that this gap can be tuned by strain or electric fields.
Consequently, it was proposed that these 1T" TMD monolayers are
potential candidates for topological field effect transistors [96].
ARPES and STM/STS studies on epitaxially grown monolayer WTe;
confirmed the band inversion and band gap opening in 1T-WTe;
and 1T-WSe; and we will discuss these results in section 4.3 [98].
The gap of the inverted bands is closed at island edges of the
monolayer, and thus forming conducting edge states. The hosting of
conducting edge channels is the hallmark of a 2D topological
insulator. In this edge state, the spin is locked to the momentum,
and thus prohibiting elastic backscattering at zero magnetic fields
resulting in a quantum spin Hall insulator (QSHI). The zero mag-
netic field contrasts with a conventional integer quantum Hall
system, where an insulating bulk state is induced by a sufficiently
strong magnetic field with electrons pinned to quantized small
radii orbits that form the conducting and dissipationless chiral edge
state by skipping orbits. The 2D topological insulator, on the other
hand, displays two counterpropagating, spin polarized edge states
due to spin-orbit locking. This produces a QSHI for which an
external field is not necessary anymore to produce quantized
conductance of ~e [2]/h per edge state. Such conductance was
observed for monolayer 1T'-WTe; [99,100]. Interestingly it was also
shown that electron doping by a field effect can induce supercon-
ductivity in monolayer 1T’-WTe, [101]. This opens new applications
for monolayer TMDs such a superconducting nano devices and
fundamental questions of the interplay of superconductivity and
topology. To study these 2D topological insulators, as well as to
utilize them in devices, MBE growth of monolayers plays an
important role. Also developing other materials beyond 1T'-WTe,
may require control of the growth of different TMDs to obtained 2D
topological insulators that has been highlighted by the successful
synthesis of 1T'-WSe, monolayers, that contrast the topologically
trivial 1T-WSe,. This is discussed in section 4.3.

4. Monolayer and surface properties of TMDs

In the following, we summarize the work done for the different
TMDs grown in vacuum with a focus on the monolayer limit (where
available). In addition, we include recent progress in studying to-
pological properties of bulk TMD surfaces-especially for the noble
metal dichalcogenides. As shown in Fig. 6, the electronic structure
roughly depends on the TM coordination and the d-electron count.
Thus we organize the paper by the number of d-electrons, i.e. the
group number in the periodic table, and discuss different TM
coordination.

4.1. Group IV-B TMDs (Ti, Zr, Hf)

All group IV-B TMDs exhibit the 1T structure. Nominally, the TM
have a valency of 4+, and thus the group IV-B TMDs have no d-
valence electrons. Thus the Fermi-level lies in between the filled
chalcogen derived o-band and the empty d-bands with semi-
conducting behavior (except for TiSe, and the tellurides, which are
all semimetallic). The VB consists of a strongly dispersing chalcogen
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p-orbital derived bands with the valence band maximum (VBM) at
the I'-point. The CB is derived from the empty TM d-orbitals with
the conduction band maximum (CBM) for bulk materials lying at
the L-point of the 3D BZ and a second minimum at the M-point,
thus forming an indirect band gap semiconductor. For monolayers,
it is expected that the minimum is at the M-point of the 2D BZ
(some representative band structure measurements are shown
below). Generally, the group IV-B TMDs are strong n-type semi-
conductors with the Fermi-level close to or even above the d-band
CBM, forming a degenerate semiconductor. The origin of the n-type
behavior is likely a consequence of chalcogen deficiencies or TM
excess. Because of the strong doping with an occupation of d-states,
ARPES measurements may be used to determine the band gap of
these materials. Note that for bulk and multilayers, the true band
gap may be smaller because the L-point of the CBM is more difficult
to access by ARPES. The filling of the d-band can also be achieved in
these materials by alkali metal doping. Alkali atoms are strong
electron donors and can be either intercalated in the bulk or vapor
deposited on the surface. The alkali atoms then donate their elec-
tron to the d-band of the TMD. The filling of the d-band and for-
mation of an electron pocket around the M-point are clearly
observed in ARPES [102,103] (see e.g. measurements below for
TiSe, and ZrS5). The band gap for the group IV-B TMDs varies with
the chalcogen and TM. For a specific TM, the band gap decreases
with decreasing electronegativity of the chalcogen, i.e. sulfides al-
ways have the largest band gaps followed by selenides. The tellu-
rides form semi-metals, i.e. the chalcogen derived VB overlaps with
the d-band. Moreover, the band gap for the sulfides and selenides
increases in the order Eg(Ti)< Eg(Zr)< Eg(Hf). Zr and Hf sulfides and
selenides have been suggested as possible semiconductor materials
for device structures. It has been pointed out that their modest
band gaps and potentially high electron mobility make them suit-
able materials for devices and heterostructures (see section 5.3 for
calculations of band gaps and band edge energies for hetero-
structure band alignments). Theoretically calculated acoustic
phonon limited electron mobility [104] indicates a higher mobility
for group IV-B TMD-semiconductors than for the more frequently
studied group VI-B TMD-semiconductors. However, other scat-
tering mechanisms in 2D materials may also affect charge carrier
mobilities [105,106] and a mobility advantage still must be
demonstrated. For practical purposes, the formation of a native
high k-dielectric layer (i.e. ZrO; or HfO,) further contributes to the
potential of group IV-B TMDs as device semiconductors [107].

4.1.1. Titanium dichalcogenides

TiS; is a semiconductor with a band gap of around 0.5 + 0.1 eV
[108]. Interestingly, it was found by STS measurements, that this
band gap is not strongly changed by as much as 10% excess Ti
intercalated in the vdW gap, but only the Fermi-level is shifted into
the CB, i.e. making it a degenerate semiconductor. This may be
important, as during MBE growth the self-intercalation of TM,
especially for the early TMs, may be quite common. Self-
intercalation in TMDs is discussed in section 5.2.3. While there
are some STM studies of bulk surfaces and intercalation studies of
alkali-metals or Sn in bulk single crystals [109], to the best of our
knowledge, there have not been any experimental studies on
monolayer materials. In general, there are fewer studies of MBE
growth of sulfides than the other two chalcogenides. This is likely
related with challenges of having suitable and inexpensive sulfur
sources for MBE growth.

TiSe; is a semi-metal in bulk materials that has been extensively
studied because it exhibits an unconventional 2 x 2 x 2 CDW. In
contrast to most other CDW materials, there is no nesting vector for
the Fermi surface that could give rise to a Peierls like instability.
Instead, different alternatives for the CDW were discussed
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Fig. 9. CDW in monolayer TiSe,. The CDW can be identified in ARPES by a faint replica Se-p band at the M-point and by an opening of a gap between the Se-4p band at I' and the Ti-
3d band at M. In (a) this gap as a function of temperature is plotted for 3 different substrates, MoS,, graphene, and HOPG. It can be seen that the transition temperature shifts ~50K
to higher temperature for MoS, substrates compared to HOPG. Deposition of potassium suppresses the CDW in monolayer TiSe, as shown in (b). Potassium doping fills the Ti-3d
band at M and closes the gap. Reproduced with permission from Ref. [133], Copyright © 2018 Wiley-VCH GmbH.

including a Jahn-Teller like crystal distortion [110—112] and an
excitonic insulator transition [113—118]. Recent DFT phonon
dispersion simulations for monolayers indicate imaginary phonon
modes with a minimum at M-point suggesting that a 2 x 2 CDW
may be explained by a phonon instability [ 119]. Interestingly, it was
suggested that the CDW in bulk TiSe, undergoes a second phase
transition from an achiral to chiral charge order [120—122]. In STM,
the supposed chiral nature is observed by domains of clockwise or
anticlockwise rotation of three intensity peaks of the tunneling
current contributions [120]. Such spiral order may be understood
from the three charge density components that are shifted in phase
relative to each other and as a consequence the charge order state is
rotated as one goes from one TiSe; layer to the next. It has been
further proposed that such a helical configuration of the scalar
electron density can be understood by the coupling of electron
density, orbital configuration and lattice distortion [123]. However,
the existence of a chiral CDW in TiSe; is controversial [124] and
recent STM studies, using symmetry at defects and in adjacent
terraces, find an achiral CDW [125]. Regardless of the chiral-
character of the CDW in bulk TiSe;, no chirality should exist in
strictly two-dimensional monolayer materials and a comparison of
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STM in monolayer and bulk materials may enable further insight in
the existence or absence of a chiral CDW. However, to the best of
our knowledge a comprehensive comparison of STM work in mono
and bulk materials have yet to be reported. TiSe; has also attracted
interest because it was demonstrated that it could become super-
conducting if doped with Cu [126]. The interplay between CDW and
superconducting phases was also recently probed by ion-liquid
gating of exfoliated TiSe, flakes [127]. These studies allowed a
field effect tuning of the CDW and superconducting transition.
Moreover, these studies implied that the superconductivity was
supported by a 2D texturing of the CDW in incommensurate states
[128]. STM studies on Cu-intercalated TiSe; crystals also showed
the formation of commensurate-incommensurate domain bound-
aries [129].

Monolayer TiSe; was grown by MBE on graphene/SiC [130,131],
HOPG, and MoS; substrates [132,133]. The CDW persists for the
monolayer on all these substrates exhibiting a 2 x 2 periodicity as
seen from STM studies, as well as from replica bands in ARPES
measurements. Temperature dependent ARPES studies show a
large opening of the gap between Se-c band around I' and the Ti-3d
band around M-point. The Ti-3d band is almost empty, but some
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Fig.10. CDW in monolayer TiTe,. ARPES measurements show that TiTe, monolayer is semimetallic (like the bulk) with band overlap of Te-4p and Ti-3d states. At low temperatures,
a replica band is visible at the M-point (white arrow). This replica band disappears at elevated temperature and plotting of the intensity of the replica band as a function of
temperature indicates a transition temperature of ~92K. No replica bands are observed for multilayer samples. LT (20 K) STM images shown in (b) also shows a 2 x 2 lattice
distortion. Reproduced with permission; (a) from Ref. [135], Copyright © 2017, Springer Nature, and (b) from Ref. [136], Copyright © 2020 American Chemical Society.
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residual intensity may be attributed to unintentional doping form
defects or substrate effects. Fig. 9 (a) shows that the closing of the
gap can be plotted as a function of temperature and fit by a mean
field theory temperature dependence to obtain Tcpw [130,133]. A
dependence of the transition temperature on the substrate has
been found [133], with the transition temperature varying between
~200K and ~250K for TiSe; grown on HOPG - or MoS;-substrates,
respectively. The origin of this variation has not been fully resolved;
it could be related to environmental screening of the charge car-
riers by the dielectric properties of the substrate or related to
substrate induced charge transfer doping.

Electron doping by alkali (potassium) deposition on monolayers
has a pronounced effect on the CDW, as shown in Fig. 9(b). With
potassium deposition, the Ti-3d electron pocket around the M-
point is being filled with electrons. Simultaneously, this results in a
suppression of the CDW state as can be observed from the closing of
the CDW-gap between Se-c band the Ti-3d states. Occupation of
the Ti-3d bands has also been associated with a transition to the
superconducting state in bulk materials [134]. It has, however, not
yet been demonstrated that electron doping by alkali atoms can
induce superconductivity in monolayers.

TiTe; is a semi-metal with the Te- ¢ band at I" overlapping with
the Ti-3d bands at M. In other words, the overlap of the chalcogen &
band with the Ti-3d bands increases from the sulfide with a sem-
iconducting gap, to selenide with very little or no overlap of the
bands, to the telluride with a strong band-overlap. TiTe; is not
known to exhibit a CDW for bulk materials.

TiTe, grows very well as monolayers by MBE. It has been syn-
thesized on graphene/SiC [135], MoS,, and HOPG [136]. Unex-
pectedly, Chen et al. reported the formation of a 2 x 2 CDW in
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monolayer TiTe,. Because of the significant band overlap between
Te-4p and Ti-3d, no gap opening could be observed in ARPES (see
Fig. 10), but the 2 x 2 lattice distortion gives rise to replica bands of
Te-4p bands at the M-point of the 1 x 1 BZ, similar to what is
observed in TiSe,. Also, LT STM studies reveal a 2 x 2 periodicity
(Fig. 10 (b)). Using the intensity of the replica band as a function of
temperature a transition temperature for this monolayer-CDW has
been determined of Tcpw =92 K. The similarities to the CDW of
TiSe, suggest a similar origin for the CDW and DFT calculations
suggesting a phonon mediated instability to be responsible [137].
Interestingly though, the lack of a gap opening in TiTe; seems to
imply that the gap opening in TiSe, may not be the driving
mechanism but rather a consequence of the CDW. Recently, a 2 x 2
reconstruction was also observed for multilayer TiTe; films grown
by MBE and it was suggested that it may also be related to a CDW
[54]. However, no transition temperature to a normal phase was
observed and one may need to consider alternative explanation to
that of a CDW, for instance the formation of periodic intercalation
compound may give the same periodicity. Such self-intercalation
compounds are discussed below in section 5.2.3.

4.1.2. Zirconium dichalcogenides

All Zr-dichalcogenides in their stable 1T phase are indirect band
semiconductors. The band gap for ZrS; and ZrSe,, are reported as
1.7eV and 0.9—1.1eV [107], respectively, while ZrTe; is semi-
metallic. Fig. 11 shows a comparison of ARPES studies of ZrSe; and
ZrTe,. Also, a control of the band gap in a ZrTey(;-x)Seax has been
reported between ~1.1 eV and —0.4 eV (where the minus sign in-
dicates the band overlap in the semimetallic ZrTe;) [138]. Non-
stoichiometry, alkali-doping, and pressure can change their
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Fig. 11. Electronic structure of Zirconium dichalcogenides. (a) ARPES of bulk ZrSe; before and after lithium intercalation. Li induces filling of the Zr-4d bands and thus a transition
from semiconductor to metal. (b) band structure calculations for monolayer ZrTe, and corresponding ARPES measurements, showing the semimetallic nature of ZrTe,. (a) is
republished with permission of Royal Society of Chemistry, from Ref. [102]; permission conveyed through Copyright Clearance Center, Inc. and (b) is adapted with permission from
Ref. [138], Copyright © 2020 American Chemical Society and from Ref. [144] Copyright © 2018 American Chemical Society.
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physical properties significantly. For instance, Zr-vacancies in ZrSe;
has been reported to induce superconductivity [139]. Alkali and
copper doping/intercalation have been shown to induce semi-
conducting to metal transitions [102,140], see Fig. 11 (a). Interest-
ingly, ferromagnetic ordering was also reported for Cu-doped ZrSe;
[141]. Despite the potential of Zr-dichalcogenides, there have been
relatively few direct growth studies by either CVD or MBE. One
challenge in the growth of these materials is the presence of many
different compositions in Zr-chalcogen phase diagrams. However,
successful growth of mono-to few-layer ZrS, by CVD on hex-BN
substrates has been reported [142]. ZrSe, was grown by MBE and
vdW heterostructures of MBE grown ZrSe,/MoSe; were studied by
photoemission to determine the interlayer band alignment [143].
Mono to few layers of ZrTe, were grown by MBE on InAs(111)
substrates and it was suggested that the o-band exhibits a Dirac
cone [144]. Transport measurements on ZrTe, films grown by
pulsed laser deposition were also reported to be consistent with a
topological Dirac material [145].

4.1.3. Hafnium dichalcogenides

Like the other group IV-B TMDs, the HfS; and HfSe; are indirect
band gap semiconductors with band gaps reported as 2.2eV
[102,146] and 1.1-1.3 eV [107], respectively. HfTe,, like the other
tellurides in group IV-B, is a semimetal. In 2003, HfS, was grown
epitaxially on WSe; from a monolayer to few layers and studied by
ARPES [147]. Naturally, some variation of the k, dispersion was
observed with layer thickness, but no change in the band gap was
observed as a function of the number of layers. There are no recent
layer-dependent ARPES studies and a repeat of such experiments
with modern detectors may be useful for a more accurate deter-
mination of layer dependent electronic properties. Recently, few-
layer HfSe; has been successfully grown by MBE on HOPG and
MoS; substrates [148]. HfTe; has also been grown by MBE. ARPES
studies suggested it to be a topological Dirac semimetal similar to
ZrTe; [52].

4.2. Group V—B TMDs (V, Nb, Ta)

The group V—B TMDs nominally have one d-electron and are
metallic. Many of them have CDW instabilities, and some exhibit
superconductivity or Mott-insulator (MI) states. Moreover, Nb and
Ta disulfides and diselenides can condense in both the 1T- or 2H-
structures. In the bulk, the group V—B ditellurides form the dis-
torted 1T” structure (see Fig. 7); only VTey also shows a phase
transition to the 1T structure at elevated temperatures (above
480 K). All the group V—B TMDs, with the exception of NbTe, and
TaTe,, have been grown by MBE as monolayers on various sub-
strates and some exhibit new properties compared to their bulk.
These are discussed in the following.

4.2.1. Vanadium dichalcogenides

Vanadium disulfide and diselenide condense in a 1T structure
and exhibit a 4 x 4 CDW order on their basal planes for bulk sur-
faces [149], while VTe, exhibits a 3 x 1 reconstruction consistent
with the 1T” structure. However, recent studies on bulk VTe; sur-
faces also revealed two different phases that suggest a complex
interplay between spin, charge and lattice waves [150]. Interest in
monolayer vanadium dichalcogenides was sparked by DFT calcu-
lations that predicted that the 1H structure may be energetically
favored over the known 1T structure in the monolayer [151—156].
Moreover, ferromagnetic ordering was predicted for the monolayer
in several theoretical works [157—159]. Experimentally, however,
neither the 1H nor itinerant ferromagnetism could be verified as
we discuss below.

VS; has been grown on Au(111) substrates by vapor deposition
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of V and annealing in H,S directly dosed onto the surface [68].
LEED, STM, and x-ray photoelectron diffraction (XPD) showed the
formation of a single crystalline 1T-VS; film. Appearance of moiré-
superstructure diffraction spots in LEED (see also Fig. 4(f)) indicates
strong site dependent interactions between the metal substrate
and VS,. Vacuum annealing of the monolayer resulted in sulfur loss
from the surface and the formation of several ordered VS, phases.

VSe, has attracted interest because of the above-mentioned
theoretical predictions for monolayers of V-dichalcogenides to be
an itinerant ferromagnet. DFT calculations consistently predict
strongly spin-split bands in VSe;, which suggest ferromagnetism
with a high Curie temperature. Though, a note of caution is that
most DFT simulations also suggest VSe, in the bulk to be a band
magnet with a similar but smaller splitting of majority and minority
bands. It is, however, well known that bulk VSe; is paramagnetic
down to low temperatures and does not show any ferromagnetic
ordering.

VSe, has been grown by MBE on different vdW substrates,
including graphene/SiC, HOPG, and MoS; [160—163]. Interestingly,
magnetometry (vibrating sample magnetometry or SQUID) by
several groups indicate ferromagnetic hysteresis loops [160,162].
Recent studies, shown in Fig. 12, also show that the magnetism in
these films strongly depends on the growth temperature or a post-
growth annealing. Importantly, XMCD measurements on VSe;
monolayer films indicate the absence of any magnetic moments on
the V-atoms [163,164]. This indicates that the magnetic moments
measured in magnetometry cannot originate from the pristine VSe;
monolayer, and as of now, the origin of the magnetic hysteresis in
magnetometry measurements is unresolved. Although pristine
VSe, is non-magnetic, interfacing it with a ferromagnet by vapor
deposition of Fe [165] or Co [166] showed that magnetism can be
induced into VSe, with an antiferromagnetic coupling between
VSe, and the moments on Fe or Co. Also, very recent XMCD studies
showed that vacuum annealing induced Se-deficiency resulted in
weak magnetic ordering [ 167]. This indicates that VSe; may be very
close to be a ferromagnet, and impurities or structural variations
may cause ferromagnetic ordering in this material.

Further evidence for the absence of itinerant magnetic ordering
in pristine VSe; monolayers comes from ARPES measurements
[162—168]. The measured band structure clearly demonstrates that
all VSe; monolayers grown on vdW substrates are 1T, and the H-
structure was never experimentally observed. Importantly, no band
splitting into spin polarized majority or minority bands as pre-
dicted by DFT calculations has been observed, and thus ARPES is
consistent with XMCD studies in that VSe, monolayers are not
itinerant magnets.

VSe, in the bulk undergoes a CDW transition to a 4 x4 x 3
lattice distortion with a Tcpw of 110/80 K for the incommensurate/
commensurate transition. The CDW has been suggested to be
driven by a weak electron phonon coupling in Peierls-like transi-
tion that causes a small gap-opening of 2A = (24 + 6) meV [149]. It
was suggested that the electron phonon coupling in bulk VSe, can
be described by a 3D nesting vector [169,170]. Through non-
negligible interlayer interaction, the Fermi-surface of VSe, is war-
ped in the k, direction resulting in a nesting vector that has a
component normal to the basal plane. For monolayer VSe;, the
CDW instability persists but is significantly modified. The T is
increased compared to the bulk with values of 220 K [171] or 140 K
[163] reported. ARPES measurements report band gap openings for
the entire Fermi-surface with values of A=100meV [171] or
A =64 + 5 meV [163] for the V d-band along the zone boundary (M-
K direction) and a smaller gap of A =30+ 5 meV [163] along I'-K
direction. LEED and STM have shown that the monolayer also un-
dergoes a different lattice distortion compared to bulk surfaces.
Interestingly, the monolayer exhibits an unusual symmetry
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Fig.12. Characterization of monolayer VSe,. (a) Magnetometry measurements show that VSe;, grown at low temperatures exhibit no magnetic moment only post-growth annealing
leads to a strong ferromagnetic hysteresis. The origin of this magnetism is unclear but may be related to defects or intercalation. (b) Schematic unit cell of the CDW in monolayer
VSe, where the diagonal of the unit cell corresponds to a nesting vector in reciprocal space of the d-electron pockets. The nesting vector is illustrated in the experimental Fermi-
surface shown in (c). (d) STM image at 20 K of the CDW distortion with the unit cells indicated. (e) Phonon dispersion calculation for a 1T VSe, monolayer show several imaginary
modes, where q3 corresponds to the experimentally observed CDW. (f) Simulated STM image of an energy minimized lattice distorted structure found from structure search with
the USPEX code is in good agreement with the experimentally measured STM image. Sub-figures (b)—(f) are reprinted with permission from Ref. [168], Copyright © 2019 American

Chemical Society.

breaking CDW with a \/3 X \/7 lattice distortion [162—168].
Domain boundaries [168] or a y/3 x 2 structures may also co-exist
[172]. The CDW periodicity can be explained by imaginary phonon
modes in DFT phonon dispersion calculations. Also, the observed
periodicity of the CDW is consistent with a Fermi-nesting condition
of the 2D Fermi-surface (see Fig. 12). Obviously, the monolayer
material has a strict 2D Fermi-surface, and thus no 3D Fermi-
nesting, as was suggested for bulk VSe;, can exist. This difference
in the Fermi-surface may thus also explain the different CDW for
monolayer and bulk materials [168]. Interestingly, the phonon
instability could only be predicted by non-spin polarized DFT cal-
culations, while a ferromagnetic VSe, would not be expected to
show a CDW instability. Thus, the presence of a CDW further sup-
ports the absence of an itinerant magnetic state in monolayer VSe,.
Also, the CDW distortion lowers the energy below that of the fer-
romagnetically ordered ground state. This led to the conclusion that
the CDW competes with the ferromagnetic ground state, and this
may explain why pristine VSe; is not an itinerant magnet [ 168,173].
On the other hand, this would suggest that suppressing CDW may
induce magnetism. Such an interplay between CDW and ferro-
magnetism still needs to be directly demonstrated.

MBE growth of VSe, at elevated temperatures gave rise to a
2 x 1 periodicity, that resembles a 1T’ lattice distortion in STM
images [174,175]. However, the distorted 1T structure is not ex-
pected for TMDs with a single d-electron, as discussed above. In
section 5.2.3, we discuss the possibilities of ordered self-

16

intercalated compounds that have similar surface corrugations as
the 1T structure and these structures should be considered as an
alternative explanation for the observation of 2 x 1 surface unit
cell. Recently, the formation of self-intercalation compounds was
also shown for MBE grown multilayers VsSeg [176]. These MBE
grown films have shown ferromagnetic properties even though the
equivalent intercalation bulk compounds are known to be antifer-
romagnets [177]. It is tempting to suggest that self-intercalation
may also play a role in explaining the observed magnetism in
MBE grown monolayers, but to date, this has not been established.

VTe; has been grown on vdW substrates as monolayers. In the
bulk, VTe; exhibits a 1T” distorted structure below 480K [150,178].
For monolayers, it was found, however, that it exhibits an undis-
torted 1T structure for all temperatures [179—182]. This structural
transition from the bulk to the monolayer may be associated with
strong interlayer contacts in tellurides [183]. It has been suggested
that such contacts cause charge transfer from the Te-5p states into
the TM d-orbitals. According to the d-electron count model for the
structural distortion of the 1T phase, discussed above, a higher d-
electron count favors the in-plane lattice distortion [78]. Conse-
quently, for the monolayer, these distortions may be lifted, because
of the lack of interlayer contact induced electron transfer to the d-
orbitals. Currently, there is no clear experimental evidence for this,
though. One problem lies in the challenge of growing multilayer
VTe, by MBE. As we will discuss in section 5.2.3, multilayers are
likely forming self-intercalation compounds when grown by MBE
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with permission from Ref. [182], Copyright © 2020 by the American Physical Society.

and this makes a direct comparison of MBE grown monolayer and
multilayer VTe; difficult.

Since the monolayer exhibits a 1T structure, it is isostructural to
VS, and VSe; with similar electronic properties. In the bulk, VS, and
VSe, exhibit a 4 x 4 periodic lattice distortion on the basal planes
for their CDW. LT STM and LEED indeed showed that monolayer 1T-
VTe; also undergoes a 4 x 4 lattice distortion, as shown in Fig. 13
[179—182]. From the disappearance of the LEED superstructure
spots, a T. of 186—192 K was found [181,182]. Moreover, tempera-
ture dependent ARPES shows a partial gap opening [182] in the
surface for the d-bands around the BZ boundary, as shown in Fig. 13
(d). This indicates that the CDW can be ascribed to a similar weak
electron phonon coupling and Fermi surface nesting as for the other
V-dichalcogenides. Phonon dispersion calculations also confirm
imaginary phonon modes halfway between I' and M, consistent
with a 4 x 4 structure observed in the experiments.

4.2.2. Niobium dichalcogenides

Niobium dichalcogenides have been extensively studied pri-
marily because of its superconductive properties and their inter-
play with CDW transitions. In 2H—NbSe,, a CDW (Tcpw = 33K)
coexists with superconductivity (T.=7.1K). In contrast, bulk
2H—NDbS; only exhibits a superconductive phase with a T. of ~6 K in
the absence of a CDW phase transition. However, it has been pro-
posed that 2H—NDbS; is close to a CDW transition and significant
softening of phonon modes has been recently observed [184].
NbTe, exhibits a distorted 1T” structure and also undergoes a
transition to superconductivity at T,=0.5-0.7K [185]. The 1T”
structure in NbTe, has been suggested to be related to a CDW
transition, because the calculations for the hypothetical 1T
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structure exhibits imaginary phonon modes consistent with the
3 x 1 lattice distortion [186]. However, unlike usual CDWs, no
transition temperature has been reported and the 3 x 1 structure of
the basal plane is observed even for high temperatures. Naturally,
these interesting quantum phenomena in the bulk of Nb-
dichalcogenides also motivated the synthesis and characterization
of monolayer materials, which are summarized next.

NbS,, so far, has only been grown on Au(111) substrates [187].
High quality epitaxial NbS, monolayer films were obtained by va-
por deposition of Nb in a dimethyl disulfide (C;HgS,) atmosphere
with the substrate at room temperature and subsequent annealing
at 450°C for 30 min in the same background. STM and LEED
showed the formation of a pronounced moiré pattern, while ARPES
measurements showed an electronic structure consistent with a 1H
structure of the NbS; monolayer. However, a rigid shift of the band
structure and other deviations compared to the calculated bands of
free-standing NbS,, suggest charge transfer and hybridization of
electronic states of the NbS, with the Au(111) substrate.

NbSe, monolayers have been grown by several groups by MBE
on graphene/SiC substrates [188—191]. The CDW transition tem-
peratures in NbSe; has been observed to increase significantly in
exfoliated samples from 33 K to 145K as the number of layers is
reduced [192]. These studies were, however, performed in air,
which will result in the material contamination and degradation
and thus may not be reliable measurements of intrinsic properties.
More controlled studies on MBE grown monolayer samples under
UHV conditions could not reproduce this large enhancement of the
CDW transition temperature demonstrating the importance of
controlled environments in the study of these nanomaterials. STM
measurements show that the CDW order is the same 3 x 3



K. Lasek, J. Li, S. Kolekar et al.

structure as is known for bulk basal planes. Temperature depen-
dent studied showed the disappearance of the CDW at 45K, only
slightly higher than the Tcpw reported for bulk NbSe; [189]. While
the CDW may be enhanced in the monolayer, the superconducting
transition is suppressed. Transport measurements to determine
superconducting transitions were first performed on MBE grown
samples on graphene substrates and with Se-capping layers to
prevent degradation from air exposure [193]. In various studies of
monolayers, superconducting transition temperatures were found
with a T, of1.5 K [188], 1.9 K [193] or 2.4 K [190], reduced from 7.2 K
in the bulk. ARPES helped to discuss the origin of the CDW in NbSe,
[188,189]. The simplified band structure of the monolayer with
fewer bands crossing the Fermi-level than in bulk materials
allowed to effectively rule out Fermi-surface nesting conditions as a
possible origin of the CDW in NbSe,. Thus, it may be concluded that
the CDW in NbSe; is likely driven by a wave-vector dependent
electron phonon coupling, which has been identified experimen-
tally by phonon softening as well as a broad region of imaginary
phonon modes in DFT calculations [194].

Interestingly, while in the bulk only the 2H phase of NbSe; is
known, Nakata et al. [188] demonstrated that by increasing the
growth temperature, the 1T phase may be obtained by MBE growth
of monolayers. The different phases were identified from ARPES
measurements of their distinct band structures. For growth tem-
peratures below 540 °C, the H-phase was primarily obtained while
for higher growth temperatures the 1T phase was observed. STM
images revealed a 1/13 x /13 periodicity, which was, based on the
similarities to the isoelectronic 1T-TaS; and 1T-TaSe; (discussed
below), suggested to be a CDW. In contrast to DFT calculations of
the 1T structure, photoemission showed a significant band gap
opening in 1T-NbSe;. Again, in analogy to 1T-TaS,/TaSe,, this was
interpreted to be the consequence of the MI state.

NbTe; has not yet been reported in the monolayer.

4.2.3. Tantalum dichalcogenides

Tantalum disulfide and diselenide may condense in either the
2H or the 1T structure, while TaTe; is known to exhibit the distorted
1T” structure, like the V- and Nb-ditellurides. The 2H-phases of TaS;
and TaSe; exhibit a 3 x 3 CDW. Also, a superconducting transition is
observed at low temperatures. The 1T phase of TaS; and TaSe; also
exhibit CDW transitions with transition temperatures well above
room temperature. Also, 1T-TaS; has one of the largest lattice dis-
tortions in CDW phases that makes it even possible to be observed
in transmission electron microscopy (TEM) imaging [195]. The 1T-
phase of TaS; is a well-known MI, while 1T-TaSe; is not a Ml in the
bulk. The interplay between CDW, MI state, and superconductivity
in the Ta dichalcogenides makes these exciting quantum materials
that have been studied extensively in their bulk form. Reducing the
system to a monolayer, simplifies the electronic structure and
removes the influence of interlayer interactions. Monolayers are
also easier modified by changing environments, e.g. by forming
heterostructure-interfaces or adsorbates, than bulk materials. This
opens potentially new avenues for tuning quantum transition and
inducing new properties. Consequently, there have been efforts in a
controlled growth of Ta-dichalcogenide monolayers. In the
following, we address the different systems separately and put
their bulk properties in perspective to surface modifications and
their successful monolayer synthesis.

2H-Ta$; is a CDW material with a nearly commensurate [196]
3 x 3 CDW below 75K in the bulk [197] and a superconducting
transition below T, = 1K [198]. Layer dependent studies by exfoli-
ation from the bulk suggest an increase in Tc with decreasing layer
thickness [199—201]. Monolayer growth of 1H—TaS, has been
achieved by MBE and their properties vary depending on the sub-
strate. Two main substrates have been employed: (i) metal
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substrates, mainly Au(111) [202], or (ii) graphene on either SiC
[203] or Ir(111) [204]. On gold substrates, no CDW was found while
on graphene, the CDW persisted in the monolayer. The suppression
of the CDW of H—TaS,/Au(111) is likely related to strong S—Au in-
teractions [205]. But DFT simulations also showed that charge
transfer doping of TaS; removes the phonon instability, and thus
may allow tuning and suppression of the CDW transition [206]. On
graphene, the substrate interactions are very small because of the
large gap of the graphene w-band around I" and the resulting lack of
any band-overlap between the t-band and the bands of TMDs close
to the Fermi-level. This results in quasi-free standing TaS, with only
small charge transfers due to work function differences. The quasi-
free standing TaS, allowed a detailed characterization of charge
doping on monolayer TaS, by alkali-atom (Li) deposition [204].
Combined with DFT calculations for phonon instabilities, it was
shown that the CDW in TaS; can be tuned from a 3 x 3 CDW for
undoped or weakly electron doped sample, to a 2 x 2, and even-
tually to a complete suppression of the CDW with increasing Li-
deposition (electron doping). These studies thus demonstrate the
tunability of the quantum transitions in monolayer TMDs by con-
trolling charge transfer and interface interactions. Interface elec-
trostatic interactions may also be responsible for recently reported
room temperature 3 x 3 CDW on bilayer 2H—TaS; grown epitaxially
on hex-BN [74].

1T-TaS; has attracted great interest because of the interplay
between its CDW and a MI state. Bulk 1T-TaS; undergoes several
CDW phase transitions from a commensurate CDW to a nearly
commensurate phase at 225K, to an incommensurate CDW at
355K and a ‘normal’ phase at 545 K. The CDW has a /13 x /13
periodic lattice distortion known as the ‘Star of David’ CDW. In this
lattice distortion, 12 surrounding Ta atoms relax towards a central
Ta atom. The MI state is closely linked with this CDW as the MI state
of 1T-Ta$S; is not residing by charge correlation on the atomic lattice
but on the periodic commensurate CDW. Thus, the MI transition
occurs together with the incommensurate to commensurate CDW
transition. Since the CDW is susceptible to external perturbations of
the electronic structure, this allows a control over the MI transition.
Collapse of the MI state was induced by high pressure [207], charge
doping [208,209], strain [210], and alloying of TaS; with TaSe;
[211—214]. The commensurate CDW has a strong quasi-1D disper-
sion normal to the lattice planes [215], suggesting that CDW in
strict monolayer materials may be modified and interlayer elec-
tronic ordering may play an important role in the observed metal-
insulator transitions in 1T-TaS; [216]. This asks for a detailed
characterization of the behavior in the absence of 3D crystals to
better understand the importance of interlayer interactions and
3D-ordering.

Encapsulated, exfoliated 1T-TaS; flakes enabled study of thin 1T-
TaS, by transport measurements and demonstrated current driven
switching between commensurate and incommensurate CDW
[217]. However, up to now there are only a few reports of MBE
growth of monolayer 1T-TaS; on graphene/SiC [218,219]. In contrast
to the H-phase, the 1T phase was obtained by growing at high
substrate temperatures of 650°C. In low temperature STM, a
commensurate 1/13 x 4/13 CDW was observed, like in the bulk. STS
indicated a 0.45eV energy gap and with features like those re-
ported for bulk surfaces, suggesting the formation of a MI state also
for ML 1T-TaS;. Certainly, more studies of true monolayer 1T-TaS;
by transport and ARPES measurements are desirable. The response
of the monolayer to external stimuli such as charge doping also
would be desirable in order to investigate the tunability of the
phases. Effects of charge doping by alkali metal deposition, have, for
instance, been observed on surfaces of bulk TaS; that indicated a
metallization of the surface while the CDW persisted [220]. Similar
studies would be interesting to be performed on truly 2D
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Fig. 14. Controlling 1T and 1H phase in MBE grown monolayers by substrate temperature for (a) NbSe, and (b) TaSe,. Photoemission was used to determine the fraction of 1T and
1H phases as a function of growth temperature by fitting energy distribution curves close to Er with two Lorentzians assigned to the 1T and 1H phase. The 1T phase exhibits a gap,
which was attributed to a Mott-Hubbard band gap. (b) shows phase dependence for TaSe, grown by MBE and characterized by room temperature STM. Only the 1T-TaSe, phase
exhibits a room temperature CDW, which enables the distinction between the 1T and 1H phase in STM. Statistical analysis of STM images shows that at 300 C only 1H phase is
present and at above 550 C, only the 1T phase is grown. In between 300 C -550 C a phase mixture is observed. Figure (a) has been reproduced from Ref. [188], Copyright © 2018,

Springer Nature.

monolayers.

2H—TaSe,, like 2H—NbSe;, exhibits a 3 x 3 CDW. It undergoes a
transition from a normal phase to an incommensurate CDW at
~122 K and a second transition to a commensurate CDW at ~90K. A
superconducting phase can only be detected at very low temper-
atures of ~0.2 K [221]. Monolayer 1H—TaSe; was grown by MBE on
graphene/SiC and characterized by low temperature STM and
ARPES measurements [222]. Only a very small increase in the CDW
transition temperature was determined from the temperature
dependent gap opening in ARPES to Tcpw~ 130 K for the monolayer
compared to bulk materials. Also, only a slightly larger gap of
around 100 meV at 15 K was observed compared to reported gaps
between 12 and 80 meV for bulk materials [223—225]. These rela-
tively small changes of the CDW properties compared to bulk
materials may be surprising considering relatively strong changes
in the electronic structure, such as the number of bands crossing
the Fermi-surface. This may suggest that the origin of the CDW
must originate from electron-phonon coupling, similar conclusions
were reached for the iso-electronic 1TH—NbSe; [189].

1T-TaSe,, in contrast to TaS, is not a MI in the bulk. However,
some reports claim that the surface of bulk TaSe; may exhibit a MI
state [226,227], suggesting the importance of interlayer in-
teractions in tuning the electron correlation properties and
potentially inducing MI in monolayers. MBE growth of TaSe; was
already reported in 1992 and a preferential growth of the 1T- or 2H
phase was observed by tuning the substrate temperature [228].
These early reports suggest that at low growth temperatures
(300—340°C) the 2H phase was obtained, while at high tempera-
tures (420—650°C), the 1T phase can be grown. Recent ARPES
characterization of monolayers grown on graphene/SiC at different
growth temperatures also showed a transition from H to T-phase
[229]. In addition to ARPES, there are differences in the CDW with
1T exhibiting a 4/13 x /13 CDW even at RT, while the 3 x 3 CDW of
the H-phase is only observed at LT. This allows to easily distinguish
between the phases in RT STM, as shown in Fig. 14 (b). In these STM
studies, for samples grown below 300 °C the 2H phase was ob-
tained and above 550 °C, the 1T phase; at intermediate tempera-
tures a phase mixture is observed.

For the 1T phase, an opening of 0.2 eV gap at the I'-point was
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measured in ARPES studies, which is in contrast to DFT simulations
of the band structure. Because of the similarities to 1T-TaS,, the gap
has been interpreted to be a Mott-Hubbard transition, and thus the
flat-band observed in ARPES to be the lower Hubbard band. Such a
MI transition was also concluded from a combined STM and ARPES
study [230]. STM/STS indicated an unusual orbital texture in the
CDW of the monolayer that is weakened by interlayer interactions
in multilayer regions. Moreover, the energy gap is reduced for bi-
and tri-layer regions, suggesting a quenching of the MI through
interlayer interactions in 1T-TaSe,. This indicates that monolayer
1T-TaSe; is a strong electron correlated system with distinct
properties compared to bulk TaSe;.

TaTe; exhibits a distorted 1T” structure in the bulk with a3 x 1
periodicity of its basal plane (with respect to a hexagonal 1T
structure, see Fig. 7). Recent LT-STM studies have revealed that this
surface undergoes a CDW-like transition that modulates the 3 x 1
row structure and forms a 3 x 3 lattice modulation [231]. To the
best of our knowledge, there have not been any monolayer studies
of this material. With evidence for VTe; to undergo a layer
dependent structural transition to a 1T structure for the monolayer,
an investigation of monolayer TaTe, would be interesting to
confirm a general trend for these group V—B ditellurides.

4.3. Group VI-B TMDs (Cr, Mo, W)

The group VI-B TMDs can exhibit either the H or 1T’ structure.
For instance, MoTe; undergoes a phase transition from H to 1T’ as a
function of temperature. Moreover, the metastable 1T’ phase will
transition to the T4 phase (see Fig. 8) and become a type Il Wyle
semimetal. In other TMDs, a phase transition from semiconducting
H-phase to metallic T-phase may be induced by electron doping.
This is best documented for MoS, and is discussed in section 5.4.
These variabilities in their bulk properties, paired with monolayer
properties, such as the 2D topological phases of 1T" -WTe, and
-MoTe;, as well as the layer dependent band gaps of the semi-
conducting H-TMDs, make the group VI-B TMDs interesting from
many aspects and consequently are the best studied TMDs.

Mo and W dichalcogenides are among the most widely studied
TMDs. Their 2H phases are semiconducting, and thus have been
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Fig. 15. Spin polarization at the K-points due to SOC and broken inversion symmetry in monolayer 2H Mo- and W- dichalcogenides. (a) schematic of the spin polarized bands at the
valleys with alternating spin polarization at the K and K’ point and spin and angle resolved photoemission measurements shown in (b) for WS,. (c) shows the experimental ARPES
measurements for the splitting of the bands at K and (d) summarizes theoretical values for the SOC induced band splitting for the VB and CB at the K points. The theoretical values
are taken from Ref. [235]. (a) and (b) are reprinted figures with permission from Ref. [236], Copyright © 2018 by the American Physical Society and (c) from Ref. [237], Copyright ©

2015 by the American Physical Society.

used in prototypical semiconducting devices. The band gaps and
work functions for monolayer group VI-B-TMDs have been calcu-
lated [232] (see also section 5.3 for calculated band alignment for
various TMD heterostructures). From these calculations, a trend of
decreasing electron affinity from sulfides to selenides and tellurides
is observed for both Mo- and W- dichalcogenides (note that
H—WTe, does not exist but WTe; rather forms the 1T’ phase). All
the 2H group VI-B TMDs undergo an indirect to direct band gap
transition as they are thinned to the monolayer. Moreover, the
valleys at the K-point that are derived from the TM d-orbitals are
split due to strong SOC and become spin polarized due to inversion
symmetry breaking in the monolayer. Alternating valleys have
opposite spin polarization, and thus the valleys are labeled as K and
K, as illustrated in Fig. 15. The splitting is much larger in the VB
than the CB and increases for the heavier elements. The table in
Fig. 15 gives theoretically calculated values for the splitting, which
are in good agreement with experimental available data
[233—235].

Based on DFT calculations, the energy differences between the
1T (or 1T") phase and the 2H phase is very small, thus enabling
phase changes [238], which will be discussed in section 5.4. Ac-
cording to these DFT calculations, only WTe, is more stable in the
1T’ phase (among the Mo-, W -dichalcogenides) than the 2H phase,
but as we will discuss, some materials, namely MoTe; and WSe; can
also be grown as 1T’ by MBE. Other materials like e.g. MoS, is well
known to switch into the 1T phase by Li-intercalation or by other
electron doping schemes (see section 5.4). The distorted 1T’ phases
of WSe,, WTe,, and MoTe; have also attracted significant interest
because of their topological protected electronic states and for-
mation of a QSHI in the monolayer limit. In contrast to 4d and 5d
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TM, the 3d TM dichalcogenides, namely CrSe; and CrTe;, have not
been studied extensively because they are not stable, and thus not
widely available. In the 1T structure, Cr-dichalcogenides are pro-
posed to have itinerant d-electrons and 1T-CrTe, exhibits ferro-
magnetic ordering which could make it an interesting candidate for
sought 2D ferromagnets. As in previous sub-sections, we discuss
the dichalcogenides of the different TM one-by-one with a focus on
MBE grown monolayers and thin films.

4.3.1. Chromium dichalcogenides

The Cr-chalcogenides usually condense in the stable NiAs-
structure with periodic Cr-vacancies. These structures may also
be viewed as TMD-layers with self-intercalated Cr (see section
5.2.3). The Cr-dichalcogenides (CrSe, and CrTe;) are only meta-
stable. The synthesis of these dichalcogenides in the bulk has been
only achieved by synthesizing an alkali-intercalation compound
first, that stabilizes the TMD-layers. Subsequently, the alkali atoms
can be extracted at a low temperature by chemical means
[239,240]. It has been recently reported that bulk 1T-CrTe, pre-
pared by such means is ferromagnetic with a relatively high Curie
temperature of 310K [240,241]. This would make this material
potentially interesting as a layered ferromagnet, such materials are
sought for spintronics applications. 1T-CrSe, on the other hand, has
been suggested to exhibit antiferromagnetic ordering [242]. A
challenge for these materials is their low thermal stability. For
CrSez, a decomposition into CrySes and Se is reported at 600 K
[239], while CrTe, has an even lower stability, and decomposition
temperature of only 330K has been reported [240]. Monolayer
CrSe; or CrTe; have not yet been exfoliated from these bulk crystals,
and so far only multilayer flakes have been reported by exfoliation



K. Lasek, J. Li, S. Kolekar et al.

Surface Science Reports Xxx (Xxxx) Xxx

(a)

Growth at 200 °C

18
= h 3L
E
£12 ““L'\ JL BL
= [\ o
g O 64_—4 ‘4P\'4| F—A"’ wd L ML
T |

0.0 v v ~ - SUB.

0 50 100 150 200

Distance (nm)

(b)

Growth at 360 °C

24 — BL
g b J‘ :ﬂzigate
=12 - by )
% by ’f | spots Cr,Te,film
0.04= = SUB.
50 100 150 200

Distance (nm)

Fig. 16. MBE growth of Cr telluride (on MoS, substrate). (a) growth at low temperatures (~200 °C) results in a layer-by-layer growth with the first layer likely to be CrTe,. High
resolution STM images indicate a weak moiré-superstructure and the LEED pattern is consistent with CrTe,. (b) growth at slightly higher temperatures (360 °C) causes formation of
multilayer islands with the bare MoS2 substrate exposed for ultrathin films. Consequently, the LEED pattern shows strong substrate diffraction spots in addition to the diffraction
spots of the film. The film exhibits 2 x 1 superstructure spots, which is consistent with the STM images that show also a 2 x 1 superstructure. This likely suggests the formation of a

self-intercalation compound at higher growth temperatures.

[241].

While the 1T-CrSe; and 1T-CrTe, have been synthesized, DFT
calculations suggest that the 2H phase of Cr-dichalcogenides
should be energetically favored [235—244]. One possible explana-
tion for this discrepancy may be the preparation methods for the
bulk samples. Bulk samples are obtained by extraction of interca-
lated alkali atoms, and it is known for other group VI-B TMDs that
alkali intercalation can favor the formation of 1T phases over the 2H
phase. After extraction of the alkali atoms, the structure may
remain in the 1T phase because of kinetic barriers that prevent
transitioning into the 2H ground state. This has been observed e.g.
for MoS, and is discussed in section 5.4. However, until a 2H Cr-
dichalcogenide can be synthesized, it remains an open question
of what the true ground state configuration of CrSe; and CrTe; is.
While the 1T phases are metallic, the 2H phases are expected to be
semiconducting with calculated band gaps by LDA (LDA@GyWy) of
0.70eV (1.21 eV) and 0.45 eV (0.77 eV) for CrSez-and CrTe;-mono-
layers, respectively [235]. Also, similar to the Mo- and W-

(a)

Photoluminescence

Optical microscope

dichalcogenides in the 2H structure, SOC causes a splitting of the d-
bands in the K-valleys [235,245]. Calculated values for the splitting
can be found in Fig. 15. If CrTe, can be obtained in the 1T phase, then
calculations suggest that it exhibits a phonon instability that should
give rise to a CDW [246]. Interestingly, this CDW could stabilize
ferromagnetic ordering in the monolayer.

Clearly, experimental verification of the theoretical predictions
regarding the structure and properties of Cr-dichalcogenides is
needed, especially in the monolayer limit. MBE growth may be an
opportunity for the synthesis of this material, however, the meta-
stability of the dichalcogenides and the preference to form inter-
calation compounds (see also section 5.2.3 for compositional
control and formation of self-intercalated compounds) make it
challenging. We have recently reported that CrTe; can be grown as
a monolayer on MoS; or HOPG at growth temperatures below
250°C[136]. For higher growth temperatures only bi-or multi-layer
structures are observed with most likely self-intercalated Cr in
between the TMDC layers forming Cr3Te4 or related compounds.
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Fig.17. Indirect-to direct-band gap transition for monolayer MoS,. (a) optical microscopy image of a MoS; flake on a TEM grid. The dark region are multilayers, while the gray region
is monolayer MoS,. In photoluminescence the monolayer region is much brighter, indicating the transition to a direct band gap material. (b) DFT simulations show the indirect to
direct band gap transition from bulk to monolayer materials. Both the CBM and VBM shift to the K-point in the monolayer making it a direct band gap. Reproduced with permission:
(a) from Ref. [3] |, Copyright © 2010 by the American Physical Society, and (b) from Ref. [253], Copyright © 2011 by the American Physical Society.
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The sensitive dependence of the structure of MBE grown chromium
telluride is illustrated in Fig. 16. At low growth temperatures
~200°C, a monolayer film that is attributed to CrTe; is obtained.
This film has a hexagonal LEED pattern. It has, however, not yet
been establish if the monolayer has a 1T or 1H phase. Recent MBE
work claim a 1T phase with antiferromagnetic ordering revealed by
spin-polarized STM [247], but challenges in the accurate determi-
nation of the presence of intercalated Cr make an unambiguous
determination of the composition challenging. Thus, more work is
required to determining the structural phase of this monolayer
material. For growth at higher temperatures, e.g. 360 C shown in
Fig. 16 (b), the film does not grow as uniform layers but instead
form multilayer islands as indicated by the cross-section of the STM
image. Moreover, the LEED indicates additional diffraction spots
consistent with 2 x 1 domains and the formation of Cr3Tes (see
section 5.2.3).

4.3.2. Molybdenum dichalcogenides

MoS, was the first TMD that was exfoliated to a single molecular
layer. Famously, it was first demonstrated on MoS; that when iso-
lated as a single layer the band gap increases and importantly
transitions from an indirect gap in the bulk to a direct band gap, as
shown in Fig. 17 [3,248]. Subsequently, it was shown that such a
transition from indirect to direct band gap is common for all the
Mo-dichalcogenides [249—252]. This layer dependent behavior can
be explained by two effects [253,254]. Quantum confinement ef-
fects and charge carrier screening are largely responsible for the
increased band gap in the monolayer, while the transition from
indirect to direct band gap is a consequence of interlayer orbital
interactions. In the bulk, the VBM is located at the I'-point of the
hexagonal BZ while the weakly dispersing CBM is located between
I" and K. For monolayers both the CBM and VBM are at K. The strong
change of the VB can be attributed to the interlayer interactions of
orbitals at the I'-point. For multilayers, frontier orbitals from
different layers overlap, pushing them up higher in energy (to
lower binding energy), and thus making the I'-point the VBM.
Without these interlayer interactions in the monolayer, the orbitals
at I'-point have a higher binding energy and the VBM shifts to the
K-point. A concurrent shift of the CBM to the K-point makes the
monolayer a direct gap material. DFT calculations of the band
structure for monolayer and bulk MoS; are shown in Fig. 17 (b). The
change in the VB structure of the TMD as a function of layers was
also observed in angle resolved photoemission in a photoemission
electron microscope (PEEM) on exfoliated flakes of MoS, [255].
From an MBE growth perspective, the evolution of the band
structure as a function of layers was probed on MoSe; [256],
demonstrating the shift of the band maximum from K to I with an
increasing number of layers. Moreover, the direct band gap of
monolayer MoSe, was shown by potassium deposition and shifting
of the Fermi-level into the CB to show that the CBM is also at the K-
point. Finally, the difference between the true quasiparticle band
gap and the optical band gap due to the large exciton binding en-
ergies in monolayer TMDs was demonstrated by measuring
monolayer band gaps by STS and comparing it to optical absorption
spectra [257]. This also enabled to estimate the exciton binding
energy in these materials as the difference between the gap
measured by STS and the gap measured by optical absorption
spectra.

MoS; and MoSe; have been grown by MBE as monolayer sam-
ples on various substrates in their stable H phase, while MoTe, can
be obtained in either the H or 1T’ phase and achieving phase spe-
cific growth conditions has been a focus for MBE growth. In the
following, we summarize some of these studies and key findings on
substrate dependence.

MoS; monolayers have been synthesized by vacuum processes

22

Surface Science Reports xxx (XxXx) Xxx

and Au(111) substrates [258—262], or graphene either on SiC [263]
or Ir(111) [264]. The 1H monolayer, in contrast to bilayer and bulk
2H, has a broken inversion symmetry and, as a consequence, the
valleys at the K-point are inequivalent, as shown in Fig. 15. Strong
spin orbit interactions in the Mo and W dichalcogenides causes a
significant splitting of the d-band at K [265], which is larger for the
heavier W. In the monolayer, with broken inversion symmetry,
these split bands become spin polarized and this has been probed
for instance with circularly polarized light that allows to address
specific valleys [266—268]. In order to exploit the valley polariza-
tion, the monolayers should not have any twinning, because the
twins have opposite valleys, and thus the overall polarization of the
film is lost. As discussed in section 2.3, graphene has a higher
symmetry than TMDs, and thus the formation of two twin orien-
tations of TMDs on graphene substrates is unavoidable. This is, for
example, shown by the grain orientation for submonolayer MoS;
grown on graphene/Ir(111) where triangular islands with both
orientations are observed [269]. When these islands merge, they
cannot ‘stitch’ together perfectly but must form a twin grain
boundary. These twin boundaries in MoS, are metallic and will be
discussed in more detail in section 5.1. In contrast to graphene, on
Au(111) (or other fcc metals) the two twin-orientations are ineq-
uivalent with respect to the substrate. It was shown that under
optimized growth conditions, one twin orientation can be favored
over the other, as demonstrated by detailed XPD studies [270].

The choice of substrates also affects the properties of the MoS;
monolayer. On graphene, the interaction between the TMD and the
substrate is weak, although on the reverse system of graphene on
MoS,, gap opening in graphene was observed where the 7-band
crosses MoS; bands with out of-plane orbital character [271]. Small
MoS, islands on graphene/Ir(111) can be easily moved by an STM
tip illustrating the weak interactions with the substrate [264]. Also,
a band gap in MoS; of 2.55 eV is measured by STS indicating that
the screening from the substrate does not reduce the band gap,
compared to free standing MoS; monolayers. This is different on
Au(111), where significant interactions between the substrate and
MoS; are observed. These interactions may assist in the growth of
single orientation MoS,, but they modify the electronic structure of
the monolayer [258]. STS shows a smaller band gap of ~1.74 eV and
ARPES measurements suggest a hybridization of the S-3p, states
with the gold substrates at the I'-point, while the VBM at the K-
point is not interacting with the substrate. Detailed STM/STS
studies also showed a local variation within the moiré structure
that forms on Au(111), suggesting variation of the local bonding
between the MoS,; and the Au substrate [261]. Interestingly,
sometimes Au-vacancies can cluster underneath of the MoS;
monolayer to form small regions for which the MoS,-layer is sus-
pended over such a vacancy nanopatch, thus forming small areas of
quasi-freestanding MoS, [262]. Another report showed that 1T
MoS; may be possible to be synthesized on Au(111) by growing at
high temperatures and low sulfur chemical potential followed by a
rapid quenching [272]. These studies suggest that the relatively
stronger substrate interactions allow to modify the obtained
structures.

MoSe; growth by vdW epitaxy was first explored by Koma et al.,
in 1991 [29]. Recent work includes growth on various vdW sub-
strates, such as graphene/SiC [256,257], HOPG [273,274], MoS;
[275], hex-BN [73], as well as on non-vdW substrates such as
GaAs(111) [276], CaF [277], and Au(111) [278]. On all these sub-
strates, MoSe; grows in its 1H/2H structure. Only on Au(111) it was
reported that in addition to the 1H structure, the growth could be
tuned to obtain a 1T phase [278]. The 1T’ was formed preferentially
if the substrate was pre-treated with Se that forms a chemisorbed
selenide layer on Au. For the other substrates, the interaction be-
tween MoSe; and the substrates is weak, mainly preserving the
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electronic structure. For MoSe; on MoS,, interactions of the Se p-
orbitals with those of the substrate have been suggested to raise the
binding energy of the VB at the I" point, although, the VBM at I" was
still at higher binding energy than the VBM at K, and thus main-
taining a direct band gap for the monolayer [275]. Formation of
quasi-1D MoSe; ribbons by MBE growth on HOPG substrates was
also reported under finely tuned growth conditions [279,280].

MBE growth of defect free MoSe, (and H—MoTe;, which is dis-
cussed next) may face some challenges for controlling its stoichi-
ometry. Generally, competing phases and stoichiometry control in
MBE growth can be challenging to achieve. For MoSe; (and
H—MoTe;) there is a different kind of non-stoichiometry to be
considered that leads to crystal modifications with line defects.
Most microscopy studies, either by STM or TEM, of MBE grown
MoSe; on weakly interacting vdW substrates, report a high density
of MTBs [273—283]. Such dense networks of MTBs cannot be
explained by just coalescence of mirror grains during growth.
Instead, it has been shown that these MTBs are preferred crystal
modifications that may form under low Se chemical potential
instead of high density of Se-vacancies [284]. These give rise to
MTBs that are enriched in Mo and have a composition of MoSe;
other possible configurations of MTBs are not observed in MBE
grown MoSe; [285]. The properties of such MTBs and their for-
mation processes are discussed in more detail in section 5.1 and
5.2.1, respectively.

MoTe; has attracted interest because the metallic 1T phase is
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very close in formation energy to the semiconducting 2H-phase,
and thus both phases are accessible and may be switchable by
thermal processes [83] or electrostatic doping [83]. Moreover, the
1T phase undergoes a reversible phase transition into the T4 phase
in the bulk at 250 K. The breaking of inversion symmetry in the bulk
makes the Td phase a type Il Wyle semi-metal that has been
studied extensively, as we discussed in section 3.2.

Controlling the phase in thin film growth of MoTe; is of obvious
importance. Some success in obtaining 1T’ or 2H phase MoTe; has
been reported in CVD growth [286—288]. The situation in MBE
growth is less clear, though. In general, the H-phase seems to be
favored over the 1T’ phase in MBE growth of MoTe;, [289]. The
formation of the 1T’ phase has been reported generally at higher
growth temperatures or by a transformation of a 2H-phase by high
temperature annealing in a Te-atmosphere [290,291]. However,
Tang et al. reported the formation of monolayer 1T' on graphene/
SiC for a low growth temperature of 280°C with post-growth
annealing at the same temperature [292]. In some cases, the
coexistence of 1T" and H phases are reported for monolayers, which
allowed the characterization of the lateral contacts between these
phases [293].

STM characterization of mono-to few-layer H-phase grown by
MBE shows that the material is prone to the formation of MTB
networks [293,294]. This may also be the reason for observed
transport properties that suggest localized charge carrier states
[295]. Section 5 will describe the structure and properties of MoTe,
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substrate. The ARPES measurement along I'-Y (I"-P) shows that SOC is weak and no gap is opened. (f) ARPES for 1T'-WSe,, indicates a gap of ~120 meV, which can be seen from the
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permission from Ref. [296], Copyright © 2018, Springer Nature. (d) and (f) are reprinted with permission from Ref. [297], Copyright © 2018, Springer Nature.
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surfaces modified by these MTBs.

The monolayer 1T'-MoTe; has been suggested to be a QSHI, but
most of the fundamental studies of 2D topological insulators have
been conducted on the isostructural 1T'-WTe, monolayer and this
is discussed in more detail below. ARPES measurements on 1T~
MoTe, grown on graphene/SiC show the inverted bands and a SOC
induced breaking of the band degeneracy at the crossing of the VB
and CB is observed, but the SOC seams too weak to open a band gap
[292]. Thus 1T MoTe; does not exhibit a topological insulating gap
like 1T-WSe; [296,297] or 1T-WTe;, [98]. The ARPES results for
these three TMD monolayers are summarized in Fig. 18. All three
materials have been grown on graphene/SiC and more details about
the tungsten dichalcogenides are given in the next section.

4.3.3. Tungsten dichalcogenides

WS, condenses in the 2H phase, and thus is a semiconductor. It
exhibits an indirect to direct band gap transition as it is thinned to
the monolayer, like the other group VI-B TMDs in the 2H structure.
While the 2H phase is also energetically favored for WSe,, it may be
obtained as the metastable 1T’ metallic phase [298]. WTe; on the
other hand is most stable in the 1T' phase. The monolayer 1T
phases have topologically protected edge states that bridge the gap
that is opening within the monolayer due to band inversion and
SOC [98]. These edge states feature a quantum spin Hall state that
exhibit quantized conductance in the absence of magnetic fields, as
we discussed in section 3.2. Therefore, there has been significant
interest in growing both the semiconducting 2H and the semi-
metallic 1T" phases by MBE, which is discussed in the following.

WS, was grown by MBE on sulfur terminated GaAs(111) by
Koma et al. already in 1990 [27], and on HOPG substrates by using
metal organic W(CO)g precursors and sulfur from decomposition of
SnS; in UHV by Jaegermann et al., in 1994 [31]. Recently, it was
synthesized as monolayers on Au(111) [237,299] or Ag (111) [300]
by vapor deposition of W in an H,S atmosphere and subsequent
annealing. Like MoS, on Au, strong metal TMD interactions are
observed, with sulfur 2p derived states around the I' point hy-
bridizing with the substrate atoms. The interaction with Ag appears
to be even stronger and states at the Fermi-level are induced by the
substrate making WS, on Ag metallic. These hybridizations can be
removed by intercalating bismuth in between the WS; and the
Ag(111) substrate, and thus obtain quasi-free standing WS, [301].
While there are hybridization of states around I', the mainly in-
plane d-orbital derived states at the K-points are not affected by
the substrate and a strong spin orbit splitting of the states is
observed with a splitting of 417 meV measured in ARPES. The
strong interaction with the Au substrate enables the growth of
single crystal orientation of WS; (i.e. avoid the formation of twin
domains) [299]. This allowed to measure the spin structure and
distinction of the K and K’ points in the BZ by (spin resolved) ARPES,
which determined the opposite spin-polarization in the K and K’
points, as has been shown in Fig. 15 [236]. Moreover, time resolved
ARPES showed that valley selective photoexcitation with circularly
polarized light can result in more than 80% of spin polarized free
charge carriers in these samples [302].

CVD grown WS, on graphene/SiC was investigated by nano-
ARPES (with 500 nm spatial resolution) [303]. Different numbers
of graphene layers on SiC exhibit variations of the substrates work
function. Consequently, a WS, monolayer on such a structured
substrate will experience laterally modified band offsets. In a
Schottky contact-model, the larger work function of the bilayer
graphene compared to single layer graphene on SiC causes a band
offset in WS, supported on these two substrates of ~0.3 eV. This
illustrates the possibility to design lateral built-in biases into 2D
TMDs by supporting them on pre-patterned substrates and possibly
even designing p-n junctions and other opto-electronic device
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structures [304].

WSe; has been grown by MBE as mono-to few-layer samples on
graphene/SiC [305,306] or HOPG [307]. ARPES identifies the spin
orbit splitting at the K-point to 475 meV for the monolayer, and
thus is the largest of the TMDs. Also, ARPES studies show the VBM
lies at the K-point not just for the monolayer but also for the bi-
layer, suggesting that the transition from direct to indirect band
gap may occur for the tri-layer thick samples [306]. The question if
WSe, is a direct band gap material for the monolayer is, however,
still controversial. Detailed STS studies suggest that the CBM may
not be at the K-point which would make the monolayer still an
indirect band gap material [305,307].

The effect of air exposure of MBE grown WSe; on HOPG was also
probed by STM. It was found that even after exposure to air for
weeks the terraces of WSe; were not significantly affected and STS
measured the same band gap as for freshly grown samples. Step
edges, on the other hand, reacted with the ambient air and oxidized
[308]. STS measurements showed that these oxidized edges may be
metallic due to the formation of the metallic sub-oxide WO, 7 [309].

Increasing the grain size in MBE grown WSe; could be achieved
by lowering the W flux in a high Se background and maximizing the
growth temperature. These studies were performed on HOPG, c-
plane (0001) sapphire, and MBE grown Bi,Ses substrates, and the
growth temperature was systematically varied between 350 °C and
550°C [310]. The growth of WSe, (and other TMDs) on sapphire
substrates for multilayer films was optimized by the Iwasa group
[55]. Their growth protocol consists of a high Se to W ratio of 200:1
keeping the Se source on throughout the deposition and annealing
process. First, W is deposited for a short time at low temperature
while the substrate temperature is ramped up to 900 °C, which
results in a WSe, buffer layer. The growth temperature is then
lowered ~450°C and W-deposition is continued. RHEED oscilla-
tions were observed, indicating a layer-by-layer growth. After W
deposition is interrupted, the sample is annealed to 900 °C again,
all under Se flux.

As pointed out above, the synthesis of 1T" WSe, has also been
achieved on graphene/SiC [296,297]. This is surprising since the 1T
phase is not known to exist in bulk WSe;. It appears that 1T" phase
prefers to form at low growth temperatures between 130°C to
280°C, but a phase mixture with a 1H phase may be obtained. As
shown in Fig. 18 (f), the 1T phase exhibits SOC-induced gap
opening of ~120 meV, in the inverted bands, and thus is a 2D to-
pological insulator. Edge states have been observed in STS studies
not only at the edges of the 1T islands but also along 1T-2H
domain boundaries in the monolayer [297].

WTe; has been synthesized by MBE as a monolayer in its ther-
modynamically stable 1T' phase and characterized by STM and
ARPES. As shown in Fig. 18 (g), 1T-WTe; is a QSHI and the metallic
edge states have been confirmed by STS [98,311,312].

Multilayer 1T'-WTe; growth was achieved by beam-interrupted
MBE on a variety of vdW substrates [313]. Alloying of the selenide
with the telluride was also investigated by MBE growth to form
WSe(2_x)Tex alloys [314]. It was found that for up to 14% Te con-
centration, the 2H phase was stable, and for Te concentration above
79%, the 1T phase is preferred. In between, a miscibility gap was
found for the growth temperature of 250 °C.

4.4. Group VII-B TMDs (Mn, Re)

The group VII-B layered TMDs are mostly limited to ReS; and
ReSe;, which are semiconducting and exhibit a strongly distorted
1T structure. ReTe, does not form a layered vdW structure. Tech-
netium (Tc) dichalcogenides are layered TMDs [315], but the rarity
and instability of Tc makes the Tc-dichalcogenides without tech-
nological importance and have not been studied. For Mn-
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are reproduced with permission from Ref. [324], Copyright © 2019, Springer Nature.

dichalcogenides, the non-layered pyrite structure is preferred.
Nevertheless, DFT simulations showed that 1T TMD may be a
metastable monolayer structure [316]. Moreover, it is predicted to
be ferromagnetic with a large magnetic moment and a predicted
Curie temperature of ~225K and 250K for MnS, and MnSe;,
respectively [317]. Experimentally, MBE growth of manganese
selenide on GaSe substrates has been suggested to form a mono-
layer MnSe; at the interface before continuing to grow as rocksalt-
MnSe. Room temperature ferromagnetic properties were measured
for this structure. Since neither the substrate nor rocksalt-MnSe is
ferromagnetic, the magnetism was associated with an interface
MnSe; layer [318]. Clearly more work on this system is desirable to
clarify the origin of this magnetism. In the following, we focus on
the semiconducting Re-dichalcogenides.

ReS; and ReSe; exhibit a strongly distorted 1T structure, as
shown in Fig. 19 (a). Fig. 19 (b) shows a high-resolution scanning
transmission electron microscopy (STEM) image of an exfoliated
monolayer [319]. In-plane bonding of rhenium atoms causes Re to
cluster in a diamond-shape with 4 Re-atoms per cluster. These
diamond shaped clusters form rows. The atoms within a diamond
are coplanar, but each ‘diamond’ is canted by 1.43° from the basal
plane. The diamond-shaped Re-clusters also give rise to a slight
difference in the chalcogen heights above the basal plane
depending on their position inside or outside of the ‘diamond’.

The structural anisotropic of ReS; and ReSe; in ‘diamond’-rows
give the material's strong anisotropic conductance and optical
properties in the bulk or in few-layer materials [320—322]. Recent
ARPES studies on bulk samples demonstrated the anisotropic
electronic structure of ReS; and ReSe; [323—327]. It was found that
the hole effective mass is four times heavier across the row struc-
ture than along. Also, the dispersion along k, was found to be larger
for ReS,; (120 meV) than for ReSe; (20 meV), suggesting weaker
interlayer interactions for ReSe;. The location of the VBM for ReS; is
not at the BZ center but at the Z-point on the BZ face for 3D crystals.
In the case of ReSe; the exact location of the VBM on the BZ face is
controversial, while some ARPES work reports the VBM to be at the
Z-point [324], others report that it is slightly off at a non-low
symmetry direction [325,326].

ReS; and ReSe; have attracted interest for optoelectronic ap-
plications. Strong optical absorption is making them promising
materials for light harvesting applications. Moreover, favorable
energy level alignments make them possible materials for photo-
and electro-catalysis [328]. Compared to the group VI-B
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semiconducting dichalcogenides, the rhenium based dichalcoge-
nides exhibit much weaker layer dependence [329], which could be
an advantage for more uniform materials, and thus device struc-
tures. Re-dichalcogenides have a close to direct band gap in the
bulk as well as for the monolayer that gives rise to strong photo-
luminescence. Although layer dependent changes in Re-
dichalcogenides are less pronounced, still a blue shift of the opti-
cal band gap from 1.47 eV in the bulk to 1.61 eV in the monolayer of
ReS; was reported [330]. Surprisingly, this optical band gap is larger
than the band gap reported for bulk ReS; by STS (1.35eV) [331] or
ARPES (1.2eV) [327]. The latter has been achieved by electron
doping of the CB by Rb-deposition on a bulk crystal to move the
Fermi-level into the CB. Nano-ARPES studies of exfoliated mono-
and multi-layer films, combined with DFT simulations, however,
suggest that there is a weak layer dependent variation [332]. In
these studies, a transition from an indirect band gap in the bulk,
with the CBM slightly away from T, to a direct band gap in mono-
and bi-layer ReS, has been observed. Also, the VBM becomes flat in
the monolayer suggesting heavier holes in the monolayer than in
the bulk.

Mono- and few layer ReS, and ReSe; have been synthesized by
CVD, but to the best of our knowledge, there have not been any MBE
or related in-vacuum growth attempts of rhenium dichalcogenides.
Surface studies have, however, been performed on cleaved single
crystals. Early STM studies date back to 1990s which showed
atomic resolution and most of the discussion in these early days of
STM focused on what atoms are imaged in STM [333,334]. Recent
STM/STS studies focused on the position of sulfur vacancies and
their electronic structure in ReS; [331]. In these studies, it was
found that sulfur vacancies appear to be preferred in the sub-
surface chalcogen layer.

4.5. Group VIII-B (9) (CoTe, and IrTey)

The group 9 TM are not well known for the formation of layered
TMDs. However, the tellurides of cobalt and iridium have been
reported to form structures related to the 1T phase, although
interlayer Te—Te contacts are strong.

CoTe; is found as the orthorhombic marcasite-like mineral, as
well as in the 1T-like layered structure. However, a strong interlayer
Te—Te interaction causes a relatively small layer separation and a
small c/a ratio of 1.38—1.41 [335]. Strong interlayer interactions
imply larger cleavage energies, and thus CoTe; may not be easily
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inverted band gap are observed in the surface BZ indicated as TSS1 and TSS2 in the ARPES data. Adapted by permission from Springer Nature Customer Service Centre GmbH, ref.
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exfoliated. The structure has been synthesized by CVD growth as
few layer thick flakes [336] but to our knowledge has not been
synthesized by vacuum techniques or as monolayer materials.
Strong interlayer interactions also suggest layer dependence in
their properties. The CVD grown multilayer samples exhibited
metallic behavior.

IrTe;, is the only layered dichalcogenide for iridium. IrS; and
IrSe;, on the other hand, prefer to condense in the 3D-pyrite
structure. However, it has been shown that alloying IrS, or IrSe;
with NbS,, NbSe; [337], TiSey [338] or V(Ta)Sey [339], the 1T
structure may be obtained, suggesting that these other two Ir-
dichalcogenides are close to form layered compounds.

IrTe; is a complex material with multiple charge order and
superconducting transitions and the bulk surfaces have been
studied by ARPES [340—344] and STM/STS [345—349]. It has been
suggested that these ordering transitions are strongly affected by
interlayer interactions, or Te—Te polymerization at the interlayer
contacts, as well as a 3D ordering [350—352]. Thus, one may expect
variations of the material properties if reduced to a single layer.
Exfoliation to thin flakes already has shown dramatic changes in
superconducting transitions [353]. However, to date, there are no
reports to our knowledge on exfoliated or monolayer IrTe; on
weakly interacting substrates. A recent report shows the synthesis
of IrTe2 monolayers by tellurization of an Ir(111) crystal [354]. DFT
simulations, however, suggest strong interaction between IrTe; and
the Ir-surface, which may affect the properties of the monolayer. A
synthesis and characterization of quasi free-standing monolayer
materials on weakly interacting substrates are required to better
understand the role of interlayer interactions for the properties of
IrTe,, and thus the synthesis of IrTe; by e.g. MBE may be a fruitful
future endeavor.

4.6. Group VIII-B (10) TMDs (Ni, Pd, Pt)

The group VIII-B (10) dichalcogenides are mostly present as the
1T structure, with the exception of PdS, and PdSe; that form a
unique structure described below. Many of the group 10 1T-TMDs
exhibit bulk Dirac cones, both of type I and type II (see section 3.2),
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as well as topological band gaps that give rise to topologically
protected surface states. Bahramy et al. proposed a unifying scheme
for the observed topological states in these TMDs based on the band
crossing of the chalcogen derived p-orbitals [355]. Here, we follow
Bahramy et al.’s argumentation. The splitting of the p-orbitals in 1T-
TMDs due to bonding (BA), crystal field (CF), and SOC is schemat-
ically shown in Fig. 20 (a). Bonding and antibonding cause triple
degenerate energy levels that split by the trigonal crystal field into
double degenerate E level (px, py derived) and a single A1 level (p,
derived). SOC transforms the A1 level into a double representation
Rz(J=1/2; |my|=1/2>) and the E manifold splits further into
R&6(|J = 3/2; |my| = 3/2>) and R (|J = 3/2; |my| = 1/2>), where the +
and — indicates the parity of each level. The bands derived from in-
plane pxpy orbitals have very little interlayer interactions and,
therefore, weak dispersion along the k, direction, i.e. the I"-A di-
rection in the 3D BZ. This is indicated in Fig. 20 (b) and (c) as flat
bands. In contrast, the p, derived bands disperse strongly in the I'-A
direction, and thus the A1 derived bands may cross the E-bands.
This suggests a set of k, dependent band inversions that are solely
based on the p-orbital derived states. Anti-crossing gaps can open,
as shown in Fig. 20 (¢), if both bands share the same symmetry and
angular momentum. Their opposite parity leads to an inverted
band gap with topological order. These bulk gaps can lead to to-
pological surface states as has been e.g. observed for PdTe;
[355,356], shown in Fig. 20 (d).

Strong interlayer interactions that gives rise to k, dispersion for
p; derived orbitals are required for the existence of these topo-
logical states. Interlayer interactions also imply layer dependent
properties as these materials are reduced to the monolayer. Indeed,
strong variations are observed in some of these materials in the
monolayer compared to the bulk. The most notable are the metal to
semiconductor transitions in the Pt-family of TMDs, as the number
of layers is reduced to the monolayer limit [357,358]. Some of the
fundamental properties and applications in gas sensing, electronic
devices, and electro- or photo-catalysis of the Pt and Pd families of
chalcogenides have been recently reviewed [359—361]. Here we
discuss efforts in synthesizing and characterizing different group 10
TMDs as monolayers and thin films by vacuum methods.
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Fig. 21. Properties of PdSe;. (a) shows the side and top-view of PdSe; crystal structure in a ball-and-stick model. Every Pd-atom is coordinated to 4 Se atoms that form a planar-
square configuration. The Se-dimers are indicated by dashed lines. The electronic structure of PdSe is strongly dependent on the number of layers. (b) shows DFT calculations of the
band structure as a function of layers. A large band gap is opening for the monolayer and the VBM and CBM are off the low symmetry points in the BZ. (a) is reprinted from
Ref. [374], with the permission of AIP Publishing (b) is reproduced with permission from Ref. [378]].; further permissions related to this material excerpted should be directed to the

ACS.

4.6.1. Nickel dichalcogenides

NiSe; and NiTe; are known to form layered vdW materials with
the 1T structures. Nickel disulfide only exists in non-layered
structures, such as the pyrite crystal structure. NiSe, has been
synthesized as a monolayer material by selenization of metallic
nickel foil [362] or Ni(111) single crystal [363]. On Ni(111), NiSe;
was obtained by depositing elemental Se onto the substrate and by
subsequent annealing in vacuum at 320 °C for 30 min. A /3 x /3
supercell is observed in LEED and STM, which is considered to be a
consequence of NiSe; forming a coincidence lattice with a \/7x+/7
supercell of the Ni(111) substrate. Formation of such a coincidence
lattice suggests strong interactions between the NiSe; layer and the
Ni(111) substrate.

Bulk NiTe; has been shown to have topologically protected type
Il Dirac cones and topologically protected surface states. These to-
pological states have been identified in ARPES studies of single
crystal surfaces [364,365]. Compared to other group 10 TMDs
(PdTe,, PtSe;, and PtTe;) that have similar topologically protected
states, NiTe; is special because the Dirac nodes are close to the
Fermi-level, which may enable the observation of these topological
properties also in transport measurements [366]. However, so far,
no signature of topological states could be found in Hall effect
measurements [367].

To the best of our knowledge, there have not been any vacuum
synthesis or studies of monolayer NiTe;,. The successful growth of
multilayer films by CVD has been reported, though [368,369].

4.6.2. Palladium dichalcogenides

PdS; and PdSe; exhibit an unusual puckered pentagonal crystal
structure, unlike any of the other TMDs. In these structures, the
layers are configured of Pd-atoms coordinated to four Se or S atoms,
with these five atoms lying in one plane. This is the consequence of
the d [8] configuration of Pd*t complexes that prefer a planar-
square configuration. These 5-atoms building blocks are twisted
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and tilted in the layer, with every chalcogen-atom shared between
2 Pd atoms and bound to one other Se-atom, forming Se-dimers
within the layers. The unit cell is slightly rectangular for the 2D
structure. Fig. 21 (a) shows the unit cell of the monolayer. Stacking
these layers on top of each other forms the bulk structure. The unit
cell in the bulk consists of two layers, i.e. the third layer repeats the
first layer and forms a centrosymmetric structure. Consequently,
only two-layer thick films, are non-centrosymmetric. While the
puckered pentagonal structure for PdS, and PdSe; is the energeti-
cally favored structure, the 1T structures are metastable and may
form under high pressure. A transition from the Pd>* charge state of
the puckered pentagonal structure to a Pd** state at high pressures
may indicate such a transition to the 1T-structure [370]. For PdTe,,
only the 1T structure is observed.

PdS,, to the best of our knowledge, has not been studied as
ultrathin films and have not been grown by MBE. Bulk PdS; is an
indirect band semiconductor with an experimental band of 0.7 eV
determined from resistivity measurements [371]. This is also in
good agreement with DFT simulations, that suggest an increase of
the band gap to 1.0eV [359] to 1.6eV [372] for the monolayer.
Computational studies also suggest that application of biaxial strain
can close the band gap and make it a semi-metal under larger than
8% strain [373]. This suggests that both bulk and monolayers are
semiconducting. In contrast, the 1T polymorph, if it can be stabi-
lized, is expected to undergo a semi-metal (for the bulk) to semi-
conductor transition (for the monolayer) [359].

PdSe; has been more extensively studied experimentally
compared to PdS,. There has been initial controversy regarding the
band gap of bulk PdSe;. Some initial experimental and DFT studies
suggested that the bulk may be (semi)metallic or only have a very
small gap [374,375]. This may have been related to the general
underestimation of the band gap and inappropriate description of
interlayer interactions using PBE functionals in the DFT simulations,
and defect induced gap states in the experiments. However, there is
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better consensus now that bulk PdSe; (in its puckered pentagonal
structure) is a semiconductor and the gap increase significantly
with a reduction of layers towards the monolayer limit [359].
Already in 1965, Hulliger [371] reported that bulk PdSe; has a gap of
~0.4 eV. Recently Zhang et al. [376] estimated the gap for bulk PdSe;
to 0.5eV and showed that the gap increases to 1.37eV in the
monolayer. The value for the monolayer quasi-particle band gap
also seems reasonable when compared to measurements of the
optical band gap for mono- and few layer flakes of 1.0—1.2 eV [375].
Recent DFT simulations using hybrid functionals agree with the
significant increase of the band gap from bulk to monolayer but
suggest that the true band gaps are even larger, with predictions for
the variation from the bulk-gap of 0.96 eV—~1.9 eV for the bilayer to
~2.2 eV for the monolayer [359,377]. The significantly larger band
gaps predicted by DFT compared to the experiments in these cal-
culations are surprising. Screening different DFT functionals to
match experimental lattice constants Sun et al. [378] obtained band
structure calculations that appear in better agreement with ex-
periments. They report band gaps of 1.38 eV for the monolayer,
0.83 eV for bilayer and 0.31eV for five layers. These results are
shown in Fig. 21 (b). These calculations also show that the VBM and
CBM are slightly off from low symmetry points in the BZ, while the
VBM is located at the I" point for multilayers.

Band gap values measured experimentally by optical absorption
show that the layer dependent change of the band gap spreads over
16 to 20 layers. This gives this material a high tunability by con-
trolling the layer numbers.

Most work on few layer materials has been performed on
exfoliated flakes. Recently, some CVD growth of few layer PdSe;
have also been reported, demonstrating that this material can be
synthesized by thin film growth methods [379]. PdSe; was also
grown by MBE on graphene/SiC [380]. Only bilayer PdSe; could be
obtained, possibly as a consequence of the strong interlayer inter-
action. The band gap of these bilayers was measured with STS to
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1.15 + 0.07 eV, which matches the optical absorption data, and thus
challenging the notion of strong exciton binding energy in PdSe,.
Also, interface band alignment effects were observed, with the
Fermi-level shifting by 0.2 eV depending on the support of the
PdSe; bilayer on mono- or bilayer graphene. This may be similar to
the effects reported above in Nano-ARPES measurements of WS,
supported in graphene/SiC, reported above.

Passivation of Se-vacancies, as well as modifications are
important for practical applications of the material in optoelec-
tronic devices or as a catalyst in chemical transformation reactions.
PdSe; is touted as an air-stable material, and thus does not easily
oxidize [375]. Ozone treatment at 60 °C has, however, shown to
induce oxygen in the surface by replacing Se atoms [381]. Such
modified materials improved device performances and increased
electrochemical hydrogen evolution reaction.

PdTe; condenses in the 1T-structure and exhibits type II Dirac
fermions and topological surface states [355—382]. These topo-
logical properties paired with its superconducting behavior below
1.7 K, makes it an exciting material for fundamental condensed
matter explorations. MBE growth of PdTe, has been studied on
BioTes [383] and graphene/SiC [384]. In the first case, a super-
conducting transition of 1.4K was observed consistent with the
formation of PdTe,. The growth on graphene/SiC was carried out at
a low growth temperature of 510K, but no uniform monolayer
growth was obtained. Careful characterization by STM, XPS, LEED,
Raman, and ARPES demonstrated that PdTe; was indeed obtained.
ARPES measurements on 6-layer thick films indicated the presence
of the type II Dirac cones. In another study, PdTe, was grown by
MBE on a SrTiO3(001) substrate from the monolayer to multi-layers
and was characterized by STM/STS and transport measurements
[385]. The monolayer exhibited a semiconducting gap while mul-
tilayers were metallic and all exhibited superconducting transi-
tions, with Tc increasing with layer thickness up to 1.8 K for bulk
like samples.
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Fig. 22. Layer dependent band gap determination of Pt-dichalcogenides. (a) shows DFT calculated band gaps as a function of layers. Experimental values are shown in red (see (b)
and (c)). Gray values are negative values, which indicate band overlaps in semimetals. (b) DFT band structure calculations and experimental ARPES and STS data for mono- and bi-
layer PtTe;. Note that the monolayer samples contained 10—20% of bilayer regions (determined by STM), which gives rise to the bands close to the Fermi-level in the ‘monolayer’
ARPES data. (c) STM and STS characterization of PtSe; islands grown on HOPG. Islands with mono-to tri-layer height enables local band gap measurements by STS and the measured
band gaps are indicated. DFT band structures and band gap values are adapted from Ref. [357], and STM/STS and ARPES has been adapted from Ref. [395]. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.6.3. Platinum dichalcogenides

The three Pt dichalcogenides preferentially condense in the 1T
structure. Topological type Il Dirac fermions have been first re-
ported by ARPES for bulk 1T-PtTe, [386] and are also observed in
1T-PtSe; [387—389], but not in PtS,. For non-bulk materials, the Pt-
dichalcogenides have attracted attention for their strong interlayer
interaction induced layer dependent properties. In particular, the
tunability of their band gaps as a function of layers has been re-
ported [358—392]. In the bulk, 1T-PtSe; and 1T-PtTe, are semi-
metals with the chalcogen p-derived electron pockets at the I'-
point and hole pockets at the K-point. A more detailed Fermi-
surface sampling also showed a hole pocket at non-symmetry
points in the 3D BZ within the I"-M-L-A plane for 1T-PtSe; [393].
PtS,, on the other hand, already possesses a band gap in the bulk.
Decreased interlayer interactions in few and monolayer materials
increase the separation between VB and CB. Thinning of the ma-
terial causes opening or widening of the gap. DFT-data of the band
gaps in Pt-dichalcogenides [357] with the 1T structure are shown in
the table in Fig. 22 (a). From this table, it is apparent that 1T-PtTe;
remains a semi-metal down to the bilayer and semiconducting
properties are only predicted for the monolayer. In MBE growth it
appears challenging to obtain single layer 1T-PtTe; and even for low
coverage bi-layer islands seem to form preferentially. This may
explain why most ARPES data are only reported for PtTe,-bilayers
and thicker [394]. We have found, however, that by reducing the
growth temperatures, monolayers can be obtained and Fig. 22 (b)
shows PtTe; ARPES for mono- and bilayers on graphene/SiC and
corresponding STS for PtTey-islands grown on HOPG [395]. Similar
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ARPES studies have also been reported by others for mono-to few-
layer films on graphene/SiC [396]. These measurements confirm
the semiconducting gap for monolayers and a band gap of ~0.5 eV is
measured by STS, i.e. slightly larger than the DFT prediction, while
bilayers are clearly metallic. 1T-PtSe, has been grown on HOPG
with various island heights on the same sample [395]. This enabled
determination of the band gap as a function of number of layers by
STS, as shown in Fig. 22 (c). Band gaps of 1.8 eV and 0.6 eV were
found for mono- and bi-layer islands, respectively. Again, these
experimental values indicate larger gaps than the DFT values. Tri-
layer islands have been found to be metallic. Layer dependent
modifications of the band structure have also been measured by
ARPES for PtSe; [397]. Moreover, spin resolved ARPES revealed a
helical spin texture for monolayers to bulk samples [398]. Prepa-
ration of monolayer PtSe; was also achieved by selenization of a
Pt(111) single crystal surface, by room temperature deposition of
elemental Se onto the platinum surface followed by annealing to
270°C [399]. In contrast to 1T-PtSe, and 1T-PtTe,, that have been
synthesized in the mono-to few-layer samples by vacuum pro-
cesses, 1T-PtS; has not yet been grown in vacuum. However, it has
been grown by CVD as few layer samples [400]. CVD growth of
PtSe; on alumina substrates has also reported to result in 2H—PtSe;
flakes [401]. The formation of 2H—PtSe; is surprising, considering
the much higher formation energy of the 2H phase compared to the
1T phase [359]. The phase stability and tuning for these materials
should be studied in more detail.

Defects in PtSe, were characterized by atomic scale STM for
PtSe; grown on mica by CVT [402]. Combined STM imaging and DFT
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Fig. 23. Crystal structure of AuTe. (a) crystal structure of the mineral calaverite. This structure is closely related to the 1T-structure but strong Te—Te interlayer dimerization occurs.
For a non-modulated structure, a zig-zag bonding is expected (shown on the left), but an incommensurate structure favors the dimer formation for interlayer tellurium (middle). If
doped with Pt, the 1T-like structure is obtained as shown on the right. (b) shows the misfit compound, consisting of Pb,BiS; and AuTe, vdW layers. The AuTe, layers form planar
structures, with Au-chains. (a) is reproduced with permission from Ref. [413], Copyright © 2013 The Physical Society of Japan. (b) is reprinted with permission from Ref. [414],

Copyright © 2015 American Chemical Society.
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simulations identified Pt- and Se-vacancies as well as Pt and Se
antisites (i.e. Pt in Se lattice sites or vice versa). Under the Se-rich
growth conditions in CVT, the Se-antisites were the most abun-
dant defects in the studied sample. Recently, exciting magnetic
properties were revealed in multilayer exfoliated PtSe, samples by
magneto transport measurements [403]. These studies suggested
that surface defects may magnetically couple across the PtSe;
layers, and thus induce magnetic properties in this material. Thus,
controlling defects in these materials may allow to induce new
functionalities in these materials. The Pt dichalcogenides have also
attracted interest for their potential electrocatalytic properties
[404], with PtSe; and PtTe, reported to exhibit high activity for
hydrogen evolution reaction or oxygen reduction reaction that ri-
vals that of elemental Pt [404—408]. Layer-dependence, defects,
and step edges are likely contributing to these chemical activities
and MBE grown samples may be an exciting tool for investigating
these properties.

4.7. Group I-B: AuTe;

The group I-B chalcogenides are not known for layered struc-
tures. Only AuTe; is closely related to the 1T-structure. AuTe; is a
known naturally occurring mineral, called calaverite. However, Te-
atoms in the layers form interlayer dimers, which causes a strong
distortion monoclinic structure and an incommensurate layer
stacking, illustrated in Fig. 23 (a) [409—411]. Multivalent Au was
suggested for AuTe;, but XPS studies have shown that Au is only
present in a single Au'* valency [412]. Interestingly, it was found
that by Pt incorporation, i.e. formation of Auj_xPtxTe,, a 1T structure
with broken interlayer Te-dimers is formed for Pt concentration of
larger than x=0.2 [413]. This breaking of the interlayer dimers
induced superconductivity with a Tc of 4.0 K.

Another structure of a vdW layer of AuTe, was found in the
misfit compound [Pb,BiS3][AuTe;], which consists of alternating
vdW layers of Pb,BiS3 and AuTe; [414]. In this case, AuTe; is a planar
structure consisting of AuTe; chains, illustrated in Fig. 23 (b).

To the best of our knowledge there have not been any attempts
of growing AuTe, by MBE or other thin film growth methods.
Reducing the layer thickness to the monolayer regime is a natural
approach for breaking the interlayer Te-dimerization for the 1T-
related structure, and thus may enable to induce superconductivity
in the monolayer. On the other hand, the 1T structure may compete
with the formation of planar AuTe,, which is expected to be a
strongly anisotropic material, with close 1D atomic chain struc-
tures. Thus, the successful synthesis of this material in the mono-
layer may also reveal new properties.

5. Modifications and nanostructures in TMDs

In the previous section we focused on the properties of
extended TMDs in mono- or few-layer form. Naturally, defects and
lattice-discontinuities are present in grown films and these can
exhibit exciting properties or even induce new functionalities to
the material. While defects can form inadvertently, other proper-
ties may be controlled and can be tuned on purpose. TMD mono-
layers and thin films are particularly promising materials to be
modified, because the lack of a bulk implies that methods that
usually would only affect the surface or an interface of a material,
does alter the entire monolayer. In this section, we explore how
mono-to few-layer materials can be modified by changing their
structure and/or composition, interfacing them with other mate-
rials, or by exciting them with an external stimulus. This may lead
to locally modified nanostructures or novel materials.

Growth of monolayers will result in lattice-discontinuities, such
as grain edges and grain boundaries. In 2D-materials, such an
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interruption of the 2D lattice are one-dimensional structures, and
thus may exhibit properties characteristic to such reduced di-
mensions. Further control of the growth by using templated sub-
strates or self-organized growth may lead to nanostructured
materials with large aspect ratios, unique grain structures, or novel
materials compositions. Properties of 1D-defects and on-surface
synthesis of wires and ribbons are discussed in section 5.1.

All thin films are grown on substrates and the substrate in-
teractions may influence the materials properties, as we have dis-
cussed above. While the concept of vdW epitaxy relies on negligible
bonding between the substrate and the grown vdW materials, long
range coincidence lattices or moiré structures will form. This im-
plies variations of the relative positions of the atoms in the
monolayer with respect to the substrate, and this may lead to local
variations of the electronic properties within the moiré-unit cell. In
materials systems where interlayer interactions give rise to strong
variations between monolayers and bulk such interlayer in-
teractions should also be expected in TMD heterostructures but
with additional modulations due to the moiré superstructures. This
is the case for group VI-B semiconductors and moiré superstruc-
tures may be achieved by the formation of monolayer hetero-
structures, or by twisting of layers of the same material relative to
each other using exfoliation and re-stacking. Recently, moiré
structures in group VI-B semiconducting TMDs have been studied
for excitonic lattices enabled by the modifications of the local
electronic structure. In addition, other potential applications as
templated surfaces may be future applications of such moiré
structures in surface science. Properties of TMD heterostructures
and their moiré-periodicity are discussed in section 5.2.

Compositional control and modifications of TMDs can give rise
to new phases. Some TMDs easily lose chalcogens upon heating and
this may cause transformation into other phases. Other methods
like ion sputtering can also assist in compositional variations.
Different vacuum processes may lead to materials with varying
composition or defect structures that accommodate stoichiometric
variations. These stoichiometric variations may occur during
growth or can be accessed by post-growth modifications of samples
with a few TMD layers. Understanding and controlling these
modification-mechanisms can result in the design of new mate-
rials. Some aspects of modifying TMDs to form compositional var-
iants are discussed in section 5.3.

Some TMDs exist in different structural phases and controlling
them is important, especially if they can be switched. We have
already seen in section 4 that some TMDs can be grown directly in
either the 1T or H phase. In section 5.4, the phase control of some
TMDs is investigated further. For some TMDs that exhibit only small
differences in the formation energies between different phases, it
has been demonstrated that adsorption, intercalation, and stimuli
by STM tips, among others, can induce phase switching. Finally, in
section 5.5, we will review general studies of molecular and atomic
adsorption on TMDs. Especially for monolayers, such adsorption
may change the properties of the TMD through bonding or charge
transfer.

5.1. One dimensional electronic states: island edges, grain
boundaries, and 1D ribbons

5.1.1. Edge states

Edges of monolayer TMDs may exhibit unique properties.
Above, we discussed topologically protected edge states of 1T
WTe, and WSe; monolayers that give rise to the QSHI. Topologi-
cally trivial edge states have been known for group VIB semi-
conducting TMDs for some time. For MoS,, islands grown by
sulfidation of vacuum deposited Mo on Au(111) have been studied
[415]. These studies revealed that step edges of MoS; islands are
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Fig. 24. Zig-zag edge termination of MoS,. (a) triangular MoS, nanoisland grown on Au(111) terminated by sulfur-decorated Mo-zig-zag edges. The bright contrast of the edges in
STM indicates their metallic nature. (b) DFT simulations of the electronic structure of Mo-zig-zag edges with three terminations; (i) bare (black), (i) one sulfur atom (blue), (iii) two
sulfur atoms (green) per Mo edge atom. (c) MoS, nanoribbon array grown on a vicinal Au surface (Au(775)) by decoration of Au edges. a) presents reprinted figures with permission
from Ref. [415], Copyright © 2001 by the American Physical Society. (b) is reprinted with permission from Ref. [418], Copyright © 2015 American Chemical Society. (c) is reprinted
with permission from Ref. [426], Copyright © 2016, Springer Nature. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

metallic. In STM images, this gives rise to bright contrast due to
electronic imaging effects (see Fig. 24 (a)). In H-TMDs, the zig-zag
edges are more stable than armchair terminations. However, from
the crystal symmetry, there are two kinds of zig-zag edges, which
are either a S- zig-zag or the Mo- zig-zag edge. Under most growth
conditions, triangular islands are observed (opposed to hexagonal
islands), which indicates the preference for one kind of zig-zag
termination. For MoS; islands on Au(111), the Mo-zig-zag edge
was observed, however, this Mo-edge was terminated with two
additional sulfur atoms per Mo-edge atom [415,416]. This sulfur
passivation of the edges was also proposed to make them more
stable against oxidation [417]. Ab-initio calculations also confirmed
that different terminations of the Mo-zigzag edges are metallic (see
Fig. 24(b)) [415,418]. The metallic edge state pins the Fermi-level at
the edges in the analogy of Fermi-level pinning by surface states in
bulk semiconductors. The Fermi-level at the edge was found ~1.2 eV
above the VBM [419]. The Fermi-level of the basal plane for
monolayer islands on HOPG was obtained at ~5 nm distance away
from the edge, indicating a short depletion ’'strip’ along the edges.
Ab-initio thermodynamics calculations also demonstrated that such
extra sulfur atoms along the edges have a lower formation energy
compared to bare Mo-termination [420]. In the same report, similar
chalcogen rich termination has been predicted for the TM-zigzag
edges for MoSe,, WS;, and WSe,. Experimental work on WSe;
supports the termination of W-edges with Se and their metallic
nature [421]. Surprisingly, HR-TEM studies of nano-porous MoS;
grown by MBE on SiO,/Si did not show additional sulfur at the Mo-
zig-zag edge, although it was the dominant edge orientation [422].
The sulfur zig-zag edges were found in three different edge struc-
tures. The unrestructured sulfur zig-zag edge termination was a
minority and two different Mo-rich restructurings of the edges
were identified to be more common. Interestingly, ferromagnetic
properties were observed in these nanoporous films up to 400 °C.
DFT simulations suggested that these magnetic properties were
induced by spin polarized metallic edge states [422—424]. Forma-
tion of straight Mo zig-zag edges without sulfur termination could
be obtained in MoS; ribbons by annealing to 800 °C in a TEM [425].
Growth of MoS; nanoribbons with the ultimate width of a single
unit cell was obtained by edge decoration of a vicinal Au(775)
substrate (Fig. 24(c)) [426]. These nanoribbons were, however,
modulated due to strong interaction with the metal support. The
Mo-zigzag edge was proposed to be terminated by a single sulfur
atom per Mo-edge atom, so that the overall stoichiometry of these
ribbons is sulfur rich.

The metallic edge state of MoS; islands has also been recently
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observed in transport measured of MoS; monolayers in a FET de-
vice. The transport characteristics are consistent with that of a 1D
electron gas described by a Tomonaga Luttinger quantum liquid
[427]. Most experimental work was done for MoS,, but there is also
an experimental indication for MoSe; and MoTe; edges to exhibit
metallic properties. Interestingly, recent DFT calculations also pre-
dicted metallic edge states for zig-zag edges in monolayer 1T- PtS;
and PtSe, [428]. For PtS; magnetic properties of the edges were
suggest by DFT for Pt-terminated zig-zag edges that become
energetically favored for low sulfur chemical potential [429]. Also,
STM images of semiconducting monolayer PtSe;, shown in Fig. 22
(c), exhibit bright edges suggestive of a metallic edge state. Such
predictions and experimental observations warrant further in-
vestigations of edge properties of other 2D materials.

5.1.2. Mirror twin grain boundaries

Related to the metallic properties of step edges in Mo-
dichalcogenides are the properties of MTBs in these materials
[285]. As pointed out in section 2.3.2, if a TMD is grown on a sub-
strate like graphene, then the formation of mirror grains is un-
avoidable. If such grains merge, a MTB is formed and this has been,
for instance, observed for MoS; growth on graphene/Ir(111) [264].
Other mechanisms for the formation of MTBs in MBE growth have
been revealed for MoSe; and MoTe; by the incorporation of excess
Mo in the lattice. Such incorporation mechanisms can lead to a high
density of MTB networks and these mechanisms will be described
below in section 5.2 in more detail.

MTBs can have different configurations that vary in their
composition. The compositional variants have formation energies
as a function of chalcogen chemical potential and computed
structures and their formation energies for MoSe, are summarized
in Fig. 25 [281]. The dependence of the formation energy on the
chemical potential may suggest that the MTB configurations are
tunable to some degree by the growth conditions, however, kinetic
limitations during growth may be important. Generally, during
MBE growth, chalcogen deficiency may be expected, and thus TM
rich MTBs are more likely to be observed.

The metallic character of MTBs is observed in STM by their
bright contrast and are confirmed by DFT simulations that show a
dispersing band intersecting the Fermi-level [430]. This metallic
character depends on the MTB configuration and may be hole- or
electron-like [269]. STM studies of MTBs in MoS; formed by coa-
lescence of mirror grains have identified two different grain
boundary configurations. Since these are metallic systems with
electrons confined in the one-dimensional grain boundary, the
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metallic band gap states, also shown in (b). The dispersing band shows two cusps in the second derivative that are consistent with calculated spin (S) and charge (C) excitation
bands (shown as red and blue lines) of a 1D Tomonaga Luttinger liquid. (a) is reprinted with permission from Ref. [281], Copyright © 2015 American Chemical Society. (b) is
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Fig. 26. Formation of MTB-loops in MoSe, and MoTe, by incorporation of excess Mo. The process of adding Mo-atoms into the interstitial sites of MoSe, and proposed re-
arrangements by adding one atom at a time to grow a closed MTB loop is illustrated in (a). The process of adding a 5th excess Mo atom and the expansion of the MTB loop is
shown in detail, indicating that the whole process is energetically downhill. STM studies of the formation of MTB loops and eventually MTB-networks by depositing excess Mo on a
single crystal surface of MoTe; and MoSe; is shown in (b). In MoTe, more than 10% of excess Mo can be incorporated to form a dense network of MTBs, while for MoSe, MTBs only
form initially before Mo-clusters nucleate at the corners of the triangular MTB loops. Reprinted with permission from Ref. [434], Copyright © 2018 American Chemical Society.

electron excitation spectrum should be governed by Tomonaga reached from the characterization of MTB networks obtained by
Luttinger liquid theory. Moreover, since the MTBs synthesized in MBE growth of MoSe, on MoS; single crystal substrates, shown in
this study are of limited length due to the size of the MoS; islands, Fig. 25 (b) [431]. The epitaxial relationship of the MoSe, with the
the 1D electron system is also confined along the wire, creating a substrate and a high density of MTBs enabled their characterization
1D electron-in-a-box system. Careful analysis of dI/dV mapping by ARPES measurements. These studies revealed Tomonaga Lut-
showed that the electronic modulations along the MTB can be tinger liquid behavior, such as a power law suppression of the
understood as a confined Tomonaga Luttinger system [269]. density of states at the Fermi-level and a splitting of the electron

Similar conclusions of a 1D Tomonaga Luttinger system were excitation spectrum in a spin- and charge-excitation branches.
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Reported Peierls’ distortion observed in STM with a 3-time peri-
odicity of the atomic lattice [431,432] and band gap opening is still
controversial as similar spectroscopic features are expected from
the Tomonaga Luttinger liquid-in-a-box model [269].
Measurement of a reduced band gap in the basal plane of MoSe,
in the vicinity of the MTB suggests that the metallic states in the
MTB induce electron screening effects that reduce the band gap
[284], similar to screening induced gap narrowing in monolayers
on a metallic substrate. Related observations have been made for
low angle grain boundaries in WSe,, which induced localized gap
states and modified the band gap of WSe; in its vicinity [433].

5.2. Compositional variations

Controlling the composition in MBE growth of chalcogenides is
generally challenging because of the high vapor pressure of chal-
cogens that require a high chalcogen overpressure during growth.
In many cases, the TMDs are the preferred crystal structure but are
competing with other known (or unknown) compositional phases.
Other vacuum processes such as vacuum annealing may also result
in loss of chalcogens that then subsequently may transform the film
into other compositional phases. Thus, starting with a TMD either
as a single crystal or thin film, one may obtain other materials by
post-growth annealing. In this sub-section, we review some of the
known processes that can lead to a compositional modification of
TMDs or a transformation of a TMD into another compositional
phase.

5.2.1. Excess metal incorporation into the lattice structure

One intriguing example of compositional variations in MBE
growth is the above-mentioned MTB networks in MoSe; and MoTe;,
[284,294]. These MTB networks can be very dense with MTBs
separated by less than 10 nm (see e.g. Fig. 25(b)). Also, the MTBs
observed in these networks are of the number-1 kind shown in
Fig. 25 (a) and are thus enriched in Mo compared to the MoSe;/
MoTe; basal planes. Formation of such dense networks by coales-
cence of mirror-grains is not a conceivable process. Instead, incor-
poration of excess Mo during growth was proposed, see Fig. 26
[285,434]. Experimentally, it was demonstrated that these MTB
networks can be obtained by vapor deposition of Mo onto a freshly
cleaved MoSe; or MoTe; single crystal surface held at 300 °C. The
same process was not active for MoS; and no MTB networks formed
on a MoS; single crystal. DFT simulations indicated that it is ener-
getically favorable for excess Mo to be incorporated into the
interstitial sites rather than adsorbing as Mo atoms on the surface
for MoSe;, and MoTe,, but not for MoS; [434]. Addition of more Mo-
atoms results in the nucleation of triangular MTB loops that can
grow in size by incorporating more Mo-atoms (see Fig. 26 (a)) the
energy per excess atom decreases as the size of the loop increases,
thus favoring their growth. Eventually, these loops intersect and
form the observed MTB network structure. High densities of crystal
imperfections that vary the crystal composition are known for ex-
amples in oxides, where crystallographic shear planes can alter the
composition of the parent material. The formation of MTBs in
MoSe; and MoTe; can be considered linear crystallographic varia-
tions that modify the composition of the material. Moreover, the
metallic nature of the MTBs, enables an approach to effectively
metalize MoSe; or MoTe, by selective deposition of Mo on the
crystal. While the modifications of TMDs with MTB networks has
mainly been observed for MoSe, and MoTe; a recent report sug-
gests that doping of WSe;, with Nb may also result in MTB networks
[435], and thus doping with heteroatoms may open a new approach
for inducing MTBs in materials that do not form MTBs in their pure
form.
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5.2.2. Compositional transitions by chalcogen desorption

Instead of changing the surface composition of MoTe; by adding
excess Mo, it was also shown that removal of Te by thermal
annealing [289] also results in the formation of MTB networks
[436]. This further illustrates that the MTB structures are energet-
ically favored configuration for Te-deficiency or Mo-excess. Inter-
estingly, further annealing and removal of Te causes the surface
region of a MoTe; crystal to restructure further and eventually quasi
1D vdW crystals are formed consisting of MogTeg vdW nanowires
[437]. Chalcogens in TMDs may also be desorbed by an electron
beam. Thus, it may not be surprising that MTB loops have also been
found for MoSe; in a TEM [438].

While chalcogen removal in MoTe; and MoSe; resulted in the
formation of a high density of Mo-rich linear defects, there exist
many TM chalcogenides with complex compositional phase dia-
grams with TMDs just as one possible compositional phase. TMDs
of such materials systems may transform into another composi-
tional phase upon desorption of chalcogens by, for instance, vac-
uum annealing. For example, the platinum telluride system
contains not just Pt ditelluride (as discussed above) but also Pt
monotelluride [439] and various intermediate compositions all as
layered materials. Thermal annealing of MBE grown epitaxial PtTe;
undergoes telluride loss as observed in XPS and formation of a new
epitaxial layer [440]. The transition is also clearly observed in
ARPES that shows very different electronic structure of the phases.
Both phases do exhibit a hexagonal structure. In contrast, thermal
annealing of PtSe; flakes to 500 °C showed a transition from the
layered PtSe, to a 3D-covalently bonded Pt monoselenide with a
cubic structure [441]. This transformation could be followed within
a TEM, and thus the transformation mechanism was characterized
on an atomic scale. Also, the process resulted in a 3D bonded
structures; the resulting flakes were ultrathin. Thus, loss of chal-
cogens, for instance induced by thermal treatments and subse-
quent transformation into a different phase, can be an approach for
synthesizing new layered materials or ultrathin films. In addition,
in the monolayer limit, new compositional phases may form that do
not have bulk counterparts. For instance, in VS, [68] and VSe; [442]
monolayers, thermal annealing has been reported to result in sig-
nificant chalcogen losses and the formation of new ordered struc-
tures. In both compounds, STM has shown the formation of linear
defects that have been associated with missing chalcogen rows.
Exposure to the chalcogen could restore the stoichiometric TMD
monolayer structure. As discussed above, the formation of such Se-
deficient VSe; structures has also been associated with magnetic
properties of VSe, [167]. Thus, these new phases may also induce
functionalities not present in the TMD parent material and, there-
fore, a full understanding of the compositional control of TMD
derived phases is important.

PdSe; with its unusual puckered pentagonal structure (see
section 4.6.2), also showed some compositional changes induced by
electron- or ion-beam desorption. Under the electron beam in a
STEM, fusion of a bilayer PdSe; into a new monolayer structure
with a composition of Pd;Se; was observed [443]. Argon plasma
treatment of PdSe; flakes triggered a transformation of the layered
structure into a three-dimensional Pd7Seqs crystal structure [444].
This phase is metallic and it was suggested that this approach is
useful for patterning metallic contact patches to PdSe; to avoid
Schottky barriers. Argon sputtering and annealing procedures were
also investigated in a UHV surface science study. Sputtering with
0.2—1keV Ar ions and subsequent annealing to 200C for 1h
resulted in the transformation of a PdSe; surface into a new PdSe;
nanoribbon structure [445]. This new PdSe, phase forms epitaxially
with respect to the underlying PdSe; crystal and the weakly bound
nanoribbons can be picked up by the STM tip. This allowed mea-
surement of the conductance of these nanoribbons with a ballistic
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intercalation compounds grown by MBE are also shown. Reprinted with permission from Ref. [136], Copyright © 2020 American Chemical Society.

transport through one conductance channel observed for a length
of 20nm. The metallic nature of the nanoribbons was also
confirmed by transferring the nanoribbons to a SiO; substrate to
measure transport properties.

5.2.3. Self-intercalation

Above, we have described how, in the case of MoSe; and MoTey,
excess TM are incorporated into the basal plane and form metal rich
MTB networks. Another possibility to incorporate excess TM in
TMDs is within the vdW gap of multilayer TMDs. Such self-
intercalation is particularly likely to occur in TM chalcogenides
that have compositional phase diagrams that include ordered
‘intercalants’. This is, for instance, the case of the first row TMDs of
the early TMs, Ti [446], V [447], and Cr [448—451]. A schematic of
possible intercalation compounds with different amounts of self-
intercalated TM and its relation to TMDs is illustrated in Fig. 27 (a).

It has been shown that annealing of VSe; or TiSe; mono-to bi-
layer films grown by MBE on HOPG may result in selenium loss and
transform the material into an intercalation compound consisting
of two layers of TMDs with a single layer of TM in between [452].
Thus this is another example of a post-growth compositional
change induced by vacuum annealing. In STM, the intercalated VSe;
exhibits a corrugated surface with a 2 x 1 structure with respect to
pure VSe;, which is also confirmed by LEED, suggesting the V3Sey
structure (note that the composition of a bilayer TMD with ¥ a layer
of TM intercalated is VsSes, but we use the composition an
extended bulk phase would have). The observed corrugation is
reproduced by DFT that demonstrates that an intercalated layer
causes significant distortion of the TMD layer. Direct growth of V-,
Ti-, and Cr-telluride also reported that the monolayer of these
materials can be grown by MBE as TMDs, but multilayer may easily
form intercalation compounds, all with the 2 x 1 structure on the
basal plane [136]. The intercalant induced corrugation of the

34

surface layer is, however, dependent on the material. Fig. 27 (b)
shows the simulated corrugation of intercalated bilayers and the
reported STM images. It is seen that the TixTey intercalation com-
pound exhibits very small corrugation of the TMD layer, which may
make it difficult to distinguish from STM alone. It may be important
to point out that the intercalant induced distortion of the TMD-
layer shows resemblance to the 1T’ structure of TMDs. This may
lead to some misinterpretation. For example, the formation of 1T
VSe, by high temperature MBE growth has been reported in the
literature [174,175]. However, as we discussed above the 1T
structure is not expected to form for a TMD with a single d-electron.
Since it is challenging to distinguish a true 1T’ structure from a self-
intercalated VSe, phase, the latter should be considered as a
possible explanation for the composition and structure of MBE
grown films with a 2 x 1 periodicity. Evidence for the formation of
intercalation compounds in high temperature MBE grown samples
also comes from recent growth studies of V-selenide multilayers on
sapphire an its characterization by cross-sectional TEM [176].
Another potential misinterpretation in the literature is for TiTe,
thin films grown by MBE. In these films a CDW with a 2 x2
structure was reported that persisted at least to room temperature
[54]. In section 4.1.1 we discussed that only monolayer TiTe, ex-
hibits a CDW with a Tcpw~92 K, while bulk TiTe; is known for its
absence of CDW instabilities. The CDW in thin film TiTe; was
considered to be a consequence of a strain-stabilize phonon
instability. However, the detailed characterization of the lattice
parameters by synchrotron x-ray diffraction studies would also
agree with the expected lattice parameters for a self-intercalation
compound. Generally, the possibilities of intercalation com-
pounds should be considered to explain unusual properties in MBE
grown films such as magnetism, unexpected CDW distortions, or
transition to a 1T’ structure in materials known to be stable as 1T.

Mostly the early TMDs are prone to self-intercalation. While



K. Lasek, J. Li, S. Kolekar et al.

(@) -2.5

-3.0-
3.5
4.0
4.5 N 1
-5.0- ,
5.5 SO ‘
601 [ |
6.5
7.0
T 5.'

A

Energy(eV)

-8.0 e
....:bf\...'\ ............ 'V'V'V
SRR

Surface Science Reports Xxx (XxXx) Xxx

(b) .2.5-

-3.0

-3.5-

-4.0
—-4.5-
>
©-5.0
2-5.5-
5 6.0
c ]
L -6.5-
7.0
-7.5+
-8.0-

:Z‘ o
\\590

2R R A
mq\é\'q@’& 1’{5&

<2

\¥° K3

Fig. 28. DFT calculations of band edges of monolayer 2D materials relative to the vacuum level (vacuum level is set to 0 eV). (a) Band edges for semiconducting and metallic TMDs.
(b) semiconducting TMDs and tin dichalcogenides. The blue and pink VB and CB edges correspond to calculations using PBE and GoW), functionals, respectively. Republished with
permission of IOP Publishing, Ltd, from Ref. [454]; permission conveyed through Copyright Clearance Center, Inc. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

e (C) —A~— Exp.
04l @ -@- Cal.
03 /\A
" A /o\.
[ 4
01
m ABsg, Br Aby
14
—
12 ./. \.
10
Ul o= s
06 ~—E— Exp
~—@— Cal
R Ao o Aoy

Sample bias (V)

-13

Position (nm)

Fig. 29. Moiré superstructure in MoS,/WSe, heterostructure. (a) Large scale STM and schematic moiré-unit cell with the stacking at the high symmetry points indicated. (b) Height
variation in STM within the moiré unit cell. (c) Local variation of the electronic structure extracted from STS measurements and DFT calculations. The band edge separation between
the K- and I'-points, and the changes in the overall band gap are shown. (d) measurements at low temperature indicate discrete confined states within the moiré potential. (a-c) are
reprinted from Ref. [461] © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a Creative Commons
Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/. (d) is reprinted with permission from Ref. [462], Copyright © 2018 American

Chemical Society.

during MBE growth self-intercalation of the same TM is possible,
the intercalation of a different element may be achieved by a post-
growth intercalation into TMDs. For instance, the intercalation of
copper from a solid source in between early TMDs was demon-
strated recently [453]. Thus, controlled intercalation in MBE grown
few layer TMDs by a post-growth process can be another tool for
tuning and inducing new properties and this should be studied in
more detail in the future.
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5.3. TMD heterostructures and moiré properties

Initially, vdW epitaxy was motivated by the ability to combine
different materials without restrictions imposed by lattice match-
ing conditions and with the anticipation that the contact between
the two materials does not strongly affect the properties of the
components. This simple picture assumes that interlayer in-
teractions are mostly negligible, and thus the properties of a vdW
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heterostructure may be considered the combination of each indi-
vidual layer. Thus, the interlayer band alignment in semiconductor
vdW heterostructures could be considered just by work function
difference and interlayer dipoles. The band edges for many of
bilayer TMD heterostructures have been calculated by DFT (see
Fig. 28) [454] and these values can be taken as a first approximation
for heterostructure formation. Experimental measurements of the
band alignment have been done by STM/STS on exfoliated and
stacked TMDs [455,456], as well as photoemission on related 2D
materials [36,37]. The latter showed the importance of taking
interface dipole corrections into account for obtaining the correct
band alignment. Particularly for group VI-B TMDs, a band align-
ment based on electronically non-interacting heterostructures is,
however, oversimplified. Based on the experience for group VI-B
TMDs that show that the monolayer has distinctly different prop-
erties from the bulk material due to their interlayer interactions,
one may expect variations in heterostructures, as well. One differ-
ence in heterostructures compared to bilayers of the same material
is that the layers have different lattice constants, which will give
rise to a long-range coincidence lattice, known as a moiré structure.
Related moiré structures may also be obtained if two layers of the
same material are twisted relative to each other. Such twist struc-
tures can be fabricated by exfoliation and re-stacking with defined
rotation. The expected moiré-periodicities of two rigid lattices may
be calculated from the lattice constants and their relative twist
angles [457]. While such moiré structures are generally observed,
recent studies showed that group VI-B TMD heterostructures with
closely matched lattice constants and small twist angles can also
undergo lattice reconstruction forming domains that have H- or R-
like stacking separated by stacking faults [458,459].

In bulk samples of group VI-B semiconducting TMDs, the
interlayer interactions of the chalcogen p-orbitals are partially
responsible for the strong variation of the band structure from
monolayer to bulk. Within the moiré unit cell of a heterostructure,
the atoms of the two layers are differently coordinated relative to
each other. Consequently, the interlayer orbital interactions are
locally modified within the moiré unit cell and a locally modified
electronic structures are anticipated [460]. Experimentally, the
local electronic structure variation in MoS;/WSe; heterostructures
was carefully studied by STS [461,462]. In these studies, MoS; is
grown on WSe; by CVD. The layers are rotationally aligned and a
moiré structure with a periodicity of ~8.7 nm is observed as can be
seen in Fig. 29 (a). The moiré unit cell contains low symmetry
stacking configurations with MoS, and WSe; atoms on top of each
other (AA) sulfur atoms of MoS; on top of W atoms in WSe; (ABse), a
bridge configuration (Br), and Mo-atoms on top of the Se atoms of
the WSe; (ABw). These different sites are imaged with significantly
different corrugation in STM (Fig. 29 (b)), partially due to differ-
ences in the interlayer separation as a consequence of the stacking.
STS and DFT simulations are in qualitative agreement that the
different stackings give rise to strongly varying interlayer hybrid-
izations that cause local variation in the VBM, particularly the en-
ergy separation between the VBM at the I'- and K-points within the
moiré unit cell, as well as a variation of the band gap of ~0.2 eV
within the moiré unit cell. Moreover, it has been proposed that the
potential variation in the moiré structure gives rise to confined
states with discrete energy levels that could be observed at low
temperatures (5 K) [462]. Fig. 29 (d) shows a constant height dI/dV
map along the yellow line across the moiré unit cell. Discrete
confined states appear at the ABse and ABy points (labeled B and C
in Fig. 29 (d)).

Modifications of exciton binding by the lateral superpotential of
the moiré structures in semiconducting group VI-B TMD hetero-
structures, have recently attracted significant attention [463—467].
Optical properties of TMDs are beyond the scope of this review, and

36

Surface Science Reports xxx (XxXx) Xxx

thus are not further discussed here, but the fundamental electronic
modifications demonstrated in the STM/STS studies are founda-
tional for these optical applications.

Most of the work on moiré heterostructures is done by exfoli-
ated samples and the STM work was done on samples synthesized
by CVD growth and related methods. MBE synthesis of true het-
erostructures, i.e. growth of two monolayer TMDs on top of each
other, has not yet been reported. One challenge is the above re-
ported formation of MTBs in MoSe; and MoTe,, and the other is the
challenge of suitable sulfur sources and the growth sulfides in
general. So far, the emphasis for heterostructures has been on the
group VI-B TMDs that exhibit strong interlayer interactions that are
responsible for the electronic variations in the moiré unit cell.
Weaker variations may be expected in group IV-B TMD semi-
conductors that do not show strong modifications from bulk to
monolayer. While the moiré superstructure is exciting for new
properties that arise from nanometer scale lateral periodic poten-
tial, these modulations are not always desirable for applications,
and thus group IV-B semiconductors may be better materials
choices if uniform properties are desired. More work should be
done to grow heterostructures by MBE and characterize their
properties at the nanoscale.

5.4. 1T to 2H phase control

In this sub-section we examine approaches that enable to con-
trol or change the structural phase of TMDs without significant
compositional change. In TMDs this is typically a switching be-
tween the 1T or 1T’ to the H-phase or vice versa. We have already
discussed the controlled growth of monolayers of different phases
in MBE in section 4. Here we focus on approaches that can switch
one phase into the other by a stimulus like heat or electric field.

Group VI-B TMDS: Controlling the growth to obtain MoTe;, and
WSe, in 1T’ or H phase has been discussed in section 4.3.2 and 4.3.3,
respectively. Also, the phase switching of MoTe; from the semi-
conducting 2H phase to the semi-metallic 1T’ phase by localized
laser heating has been discussed and may be used to make ohmic
contacts to the semiconducting 2H—MoTe; [83]. MoTe; may be a
natural target for exploring phase switching behavior since it does
undergo a phase transition from the 2H phase at low temperature
to the 1T phase at 650—900 °C.Error! Bookmark not defined. The
large variation of this transition temperature may be related to
chalcogen deficiencies in the material. Excitingly, the transition
temperature could be tuned to room temperature by applying a
tensile strain of 0.2% with an AFM tip [468]. This is consistent with
DFT simulations shown in Fig. 30 that indicate that the formation
energy of the 1T phase is the closest to the formation energy of the
H-phase for the group VI-B TMDs. Recently, the ability to reversibly
switch MoTe; from its semiconducting to semimetallic phase was
also demonstrated by electrostatic gating [82].

The energy difference between the 1T/1T’ phase and the H
phase in pristine MoS; is significant and a phase change is not easily
possible in pristine materials. However, it is well-known that
electron doping of MoS; or WS, for instance by alkali atom inter-
calation, causes the 2H phase to transform into the 1T or 1T" phase
[80,469,470]. Intercalation of ammonium in aqueous solution has
also demonstrated to stabilize the 1T phase [471]. Li-intercalation
in MoS, single crystal and the associated phase transition to the
1T phase was already studied by photoemission in the 1990s [472].
A binding energy shift of ~0.8 eV in the Mo-3d core level allows for
a convenient differentiation and assessment of the concentration of
the 1T and 2H phases of MoS; [473]. Chemically exfoliated mono-
layer MoS; [474] and WS; have also been shown to be often het-
erogeneous and contain 1T, 1T" and H-phases [475—478]. This has
been suggested to be a consequence of charge transfer to the TMDs,
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Fig. 30. Calculated formation energies for the H and 1T (1T’) phases. 1T phase is preferred for Zr- and Hf-dichalcogenides. For Nb- and Ta- dichalcogenides the 2H phase is only
slightly preferred over the 1T phase. For Nb- and Ta—Te, the known bulk structure is the distorted 1T phase, which has not been calculated here. For the group VIB TMDs, only
WTe, has the 1T’ phase as the lowest energy the other materials prefer the 2H phase with 1T'-MoTe; being very close in energy to its 2H phase. The data plotted here were taken

from DFT calculations presented in references [238,483].

from the organic compounds used for the exfoliation process,
typically butyl lithium. However, the 1T phase is retained also when
dried and this was attributed to adsorbed ions such as protons and
remaining alkali ions that compensate for the negative charge on
the 1T-MoS; [473,479]. 1TT-WS, was suggested to be also stable
without indication of Li ions [478]. It has been suggested that once
the 1T phase is formed for MoS; or WS, it is metastable with a
significant energy barrier of ~ 1eV for reformation of the H-phase
[478—481]. However, annealing in vacuum can reform the stable H-
phase. This also allows controlled local modification of MoS; into
1T (1T") and H patterns, which may be exploited for making
metallic contact pads for the semiconducting H-phase [81]. In
electrochemical or photocatalytic applications, the 1T phase or a
phase mixture is often considered to be beneficial and higher HER
has been obtained in 1T MoS; compared to its H-phase. In mono-
layer MoTe, the phase transition was also monitored at the atomic

scale by STEM, which revealed that the transition proceeded via an
intermediate phase between the 1T and H-phases and that the
transformation into the T-phase can be induced by the electron
beam [482].

All in vacuum phase-switching by charge donating molecules on
monolayer group VI-B TMDs has not been reported yet and most
processes for monolayer materials involve some solution process-
ing. However, phase changes on single crystal surfaces by Li
adsorption have been shown some time ago [472], so phase
switching for monolayers by vacuum processing is also likely to
succeed.

Group V-B TMDs: We have seen that NbSe, (section 4.2.2) or
TaSe, (section 4.2.3) may be grown in either 1T or 1H phase
depending on the growth temperatures. The different phases of
group V—B TMDs are very close in energy as can be seen in DFT
calculations shown in Fig. 30 (b) (note that TaTe, and NbTe;, do not
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Fig. 31. Surface modifications of group V—B TMDs by voltage pulsing of an STM tip. (a) Local switching of a 2H—NbSe; into a 1T phase. The new 1T phase exhibits the /13 x /13
CDW. The phase boundary between the new 1T and the 2H phase is characterized by atomic resolution STM and the boundary structure is indicated by the ball-and-stick model. (b)
Voltage pulsing of 1T-TaS; does not result in a phase change, but a mosaic structure is observed in the pulsed region. This mosaic structure consists of CCDW domains separated by
(brighter) domain boundaries. Note the corrugation of the STM image is that of the CDW, the scale bar in the image is 5 nm dI/dV map along the yellow line, indicates that the region
of the mosaic structure is metallic, in contrast to the unaltered region that exhibits MI band gap with the lower and upper Hubbard band resolved in the STS spectra. The breakdown
of the MI state in the CCDW of the mosaic domains is believed to be associated with phase shifts relative to the subsurface layer. (a) is reprinted with permission from Ref. [487],
Copyright © 2017 American Chemical Society. (b) is reprinted with permission from Ref. [488], Copyright © 2016, Springer Nature. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

37



K. Lasek, J. Li, S. Kolekar et al.

form the ‘simple’ 1T structure but are forming a distorted structure,
which we referred to as the 1T” structure). Also, VSe; and VS,
which are not included in Fig. 30 (b) have often been predicted by
DFT to be more stable in the H-phase rather than the 1T phase,
however, experimentally only the 1T phase has been observed both
in the bulk as well as in the monolayer, as was discussed in section
4.2.1. Possibly the CDW phase lowers the energy of the 1T phase
sufficiently to stabilize it over the 1H phase, but clearly the for-
mation energy of these two phases must be very close.

According to Fig. 30, the 2H—Ta$; is the lower energy configu-
ration than its 1T phase and Wang et al. [483] have shown that
thermal annealing in vacuum of a 1T crystal may cause the surface
layer to transform into a 2H phase. This transformation is verified
by the characteristic CDW structures of these materials (see section
4.2.3). Such a transformed 2H—TaS, surface layer on the 1T-TaS;
bulk exhibited an enhanced superconducting transition tempera-
ture of 2.1 K, compared to bulk 2H—TaS; crystals. Applying voltage
pulses with the STM tip allowed to switch the 2H—TaS; back to the
1T phase. Such STM tip induced switching has been reported for
other group V—B TMDs, but only a switching from the 2H phase to
the 1T phase has been observed. The first reports of such switching
were for TaSe;, [484,485] and recently for NbSe, [486,487]. Espe-
cially the latter is interesting because, as we pointed out in section
4.2.2, the 1T phase of NbSe; is not known as a stable phase in the
bulk and only was recently synthesized as monolayer materials by
MBE. The transformation under the STM tip is induced by voltage
pulses of larger than 4V [487] or a raising of the voltage to —1.3V
while reducing the tip sample separation [485]. These processes
cause a transformation of a patch underneath of the tip of 100's of
nanometer in size. The large corrugation of the /13 x /13 CDW of
the 1T phase allows for a distinction of the transformed region in
STM. Fig. 31 (a) shows the phase boundary of the transformed 1T
phase within the 2H phase of the NbSe; crystal [487]. The mech-
anism for the transformation is not fully explained, though. While
local heating during the tip pulsing could play a role, so could the
electron injection, induced strain and strong electric fields during
the process.

Pulsing the STM tip on a 1T-TaS; sample held at low tempera-
tures does not transform the phase (as pointed out above only
phase changes from H to T phase but the inverse is not observed by
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STM pulsing of group V—B TMDs), but instead induces a mosaic
structure in the /13 x 4/13 CDW structure [488,489]. This mosaic
structure is understood to consist of commensurate CDW (CCDW)
domains, that are separated by domain walls in which the CDW
phase is shifted. As discussed in section 4.2.3, only the CCDW is
expected to be a MI. However, STS measurements, shown in Fig. 31
(b), indicate that the whole mosaic patch is metallic, while the
surrounding unaltered TaS; (without mosaic structure) remains a
MI with the lower and upper Hubbard bands resolved in STS
measurements. This led to the conclusion that the interlayer
stacking is important for the MI state. The tip induced phase shift of
the CCDW domains in the surface also implies a shift of the CDW-
phase with respect to the subsurface layers and this interlayer shift
has been proposed to cause the collapse of the MI state. This result
suggests that interlayer interactions are important for the MI state
in bulk materials. However, this seems to be at odds with results on
related monolayer TaSe; and NbSe; that suggest that monolayers
can be MiIs in the absence of adjacent layers. Thus, further studies
may be needed to fully understand the role of interlayer in-
teractions for these MIs.

Group VIII-B (10) TMDs. Above in section 5.2, we have already
discussed that mild low energy argon sputtering and annealing
may transform the PdSe, surface from its bulk truncation into a
novel vdW nanoribbon structure [445]. For the more conventional
hexagonal group 10 TMDs, usually, the 1T structure is the most
energetically stable phase while the 1H phase has a significantly
higher formation energy [359]. Thus, the observation that a 1T
PtSe; monolayer grown on a Pt(111) crystal could be partially
transformed in 1H-phases was unexpected [490]. This trans-
formation was triggered by annealing induced Se-loss. It is pro-
posed that Se-vacancies arrange at the 1T-1H phase boundary and
stabilize the 1H-phase. This gives rise to triangular 1H domains
within the 1T matrix and eventually an ordered pattern as seen in
Fig. 32. The Se-3d core level peak for the 1H phase is shifted by
~0.4eV to higher binding energy with respect to that of the 1T
phase, and thus the relative intensities of the components in XPS
also allows for measuring the concentration of the transformed
surface. The transformation into the 1H phase is reversible by
exposing the surface to Se, further demonstrating the importance
of Se-deficiency in the transformation process. Interestingly, the TH
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Fig. 32. Nanopatterning of PtSe,/Pt(111) by vacuum annealing. (a) 1T-PtSe, grown on Pt(111) substrates, transform to triangular 1H-domains by vacuum annealing to 400 C. The
proposed process is indicated in the models. Se-loss by annealing results in clustering of vacancies which then stabilizes small domains of 1H phase. The formation of 1H domains is
also seen in the Se-3d XPS spectra that shows a 0.4 eV shift to higher binding energy for the 1H phases compared to the 1T phase. (b) the surface patterned with 1T and 1H phases is
an adsorption template with pentacene selectively adsorbing on the 1H—PtSe, domains. Reprinted by permission from Springer Nature Customer Service Centre GmbH, ref. [490],

Copyright © 2017.
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Fig. 33. Adsorption studies on MTB networks in MoSe,. (a) DAP adsorption shows a preferential alignment of the molecules with the MTBs and variation of L- and T-type coor-
dination, resulting in a nanoporous structure that leaves the vertices of the MTB network free of molecules. (b) water adsorption at 20 K on MTB networks shows the formation of
amorphous 2D water islands. Within these islands water exclusively decorates the MTB network. (c) adsorption of Au-atoms results in Au-cluster formation at the vertices of the
MTBs. For sub-monolayer MoSe; islands on graphite, the edges of the MoSe, islands are also decorated with Au. (a) is reprinted with permission from Ref. [493] Copyright © 2019,
Springer Nature. (b) has been adapted from Ref. [494]. (c) is reprinted with permission from Ref. [284], Copyright © 2017 American Chemical Society.

phase adsorbs pentacene more strongly than the 1T phase, and thus
the 1T/1H patterned surface can be used as an adsorption template
as shown in Fig. 32 (b). In general, molecular adsorption on
monolayer TMDs can be used for their modification and control of
properties. This will be discussed in the next section.

5.5. Molecular and atom adsorption on TMDs

Molecular adsorption on monolayer TMDs has been studied
mostly on the group VI-B H-phase semiconducting TMDs and
among those mostly by solution processes. In these studies, organic
components have been used to passivate defects that may other-
wise induce charge traps and exciton recombination sites. More-
over, surface passivation has been used for charge transfer doping
and charge carrier screening and to enhance photoluminescence or
transport properties. In addition, covalently attached organic
molecules allow adding variety of functional groups that can pro-
vide chemical selectivity for sensing applications or energy con-
version. Thus, the organic/TMD interface has potential for
enhancing properties and inducing new functionalities to TMDs.
Since solution-based functionalization of TMDs [491] as well as
vacuum adsorbed molecular layers on TMDs [492] have both been
recently reviewed, we point to these articles for detailed descrip-
tion of the progress in these fields.

In extension to these reviewed works, nanopatterns on mono-
layer TMDs may affect the fundamental adsorption processes. This
is, for example, the case on the 1T/1H patterned PtSe, surface
shown in Fig. 32 for pentacene adsorption. Other patterns we
encountered in this review are the MTB networks in MoSe; of MBE
grown films. MTBs are interesting modifications of the TMD
structure since the MTBs themselves are perfect crystal
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modifications that are not exposing undersaturated bonds like step
edges or vacancies may do. On the other hand, though, the strongly
different electronic properties of these line defects may affect
molecular adsorption properties, and thus allow these nanoscale
structures to be used as templates to direct molecular adsorption.
This was found for the adsorption of 2,3-diaminophenazine (DAP),
which formed self-assembled porous structures steered by the
underlying MTB network in MBE grown MoSe; [493], as shown in
Fig. 33 (a). This assembly has been attributed to stronger coupling
of the MTBs with amino groups in the DAP, and thus causing the
assembly of the DAP by alternating T- and L-type aggregation,
leaving the vertices of the MTB network free of DAP molecules. A
similar decoration of the MTBs was observed for water adsorption,
shown in Fig. 33 (b) [494]. Water was adsorbed in UHV with the
sample at 20K. Initial water adsorptions form hexagonal or
pentagonal water rings as previously observed for adsorption of
other weakly interacting surfaces [495]. These water-rings prefer-
entially adsorb close to the vertices of the MTBs. Further adsorption
forms larger disordered or amorphous water islands (like amor-
phous water found on other inert surfaces [496,497]). Closer in-
spection of these water islands shows that they are nano-porous
water networks. However, in contrast to the DAP the water is
decorating the MTBs and their vertices, while leaving the basal
plane of the MoSe; in between the MTBs free of water. Decoration
of MTBs suggests a stronger interaction of the water with the
substrate at MTBs, however DFT simulations only find minimal
variations of adsorption energies at MTBs compared to defect free
basal planes. Substrate induced charge transfer to the MTBs can
increase these adsorption energies slightly but alternative mecha-
nisms such as water dissociation and hydrogen adsorption on MTBs
may stabilize the water network. There may be other molecules
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Fig. 34. Incorporation of TM into the H-MoX5. (a) DFT simulation of formation energies of single TM at two different adsorption sites (h-top and Mo-top), for exchanging sites with a
surface chalcogen atom (X-Sub.) and in the interstitial sites (Int). It is seen that many TM gain energy by occupying lattice or interstitial sites, especially for H—MaTe,. (b) ex-
periments for vapor deposited V on a MoTe, surface at room temperature. The V-atoms are dispersed across the surface and no clustering is observed for low V-concentration.
Annealing results in the occurrence of two Te-vacancy sites. One site is identified as a neutral vacancy, while brighter contrast is associated with a charged vacancy, which occurs
according to DFT calculations if it is associated with a V-atom in the interstitial site. Thus, it is proposed that annealing results in V diffusing into the energetically favored interstitial
site and the formation of a Te-vacancy. (a) is reprinted with permission from Ref. [498] Copyright © 2019 American Chemical Society. (b)is reproduced with permission from

Ref. [499], Copyright © 2019 Wiley-VCH GmbH.

that even without covalent interactions may exhibit strongly
varying interactions with the MTBs versus the basal plane. In first
approximation, this may be probed with molecules with suitable
HOMO and LUMO levels that enable charge transfer to the MTB
induced gap states but not the semiconducting MoSe; basal planes.
Future studies may explore the fundamental adsorption on these
line defects further, specifically to use the MTB networks as a
template for nanostructured molecular adsorption.

Atomic metal adsorption on TMDs generally results in clustering
of the adatoms because of weak interaction with the substrate and
strong adhesive energies of metals. Defects in TMDs may act as
nucleation sites of such metal clusters, and thus defects induced by
annealing or sputtering may affect the nucleation density and the
growth of metal clusters. As pointed out above, MTBs are crystal
modifications without dangling bonds and may not induce nucle-
ation sites. However, vertices of MTBs are more complex and will
contain unsaturated bonds [284]. Au-deposition on MoSe,-MTB
network shows that the gold exclusively nucleates at vertices of
MTBs if the surface is completely covered with a MoSe; layer, see
Fig. 33 (c). For sub-monolayer MoSe,; on HOPG Au-clusters also
form along the edges of the MoSe, islands. Thus, such nano-
patterned TMDs may be useful for nanocatalyst supports that may
prevent sintering of metal clusters.

The formation of MTBs in MoSe; and MoTe, was explained by
the introduction of excess Mo into the lattice (see section 5.4).
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Based on this observation, the question if other TMs can also be
incorporated into MoX; lattices has been addressed. DFT simula-
tions investigated the energies for TMs in interstitial sites, or for
exchanging sites with chalcogens [498]. Fig. 34 shows the forma-
tion energies for different adsorption configurations of TM on the
three H-phase MoXs. It is apparent that for MoTe; the incorporation
of many TMs into the TMD matrix is preferred over single atom
adsorbing on the surface. This will, however, change once larger
atom clusters can form on the surface where the adhesive energies
between metal atoms may favor clusters over distributing single
atoms. Nevertheless, these results imply that single atoms vapor
deposited onto MoTe;, and to a lesser extent on MoSe, may be
incorporated into the lattice. There are few experimental data
available for this process. STM studies of V and Ti on MoTe; do,
however, support such a mechanism [499]. Fig. 34 (b) shows V
vapor deposited on MoTe; at RT. Instead of forming clusters uni-
formly distributed atomic size protrusions are imaged, which may
be associated with V exchanging sites with Te-atoms. After
annealing of the surface, these protrusions disappear with two
different kinds of Te-vacancies remaining. A regular vacancy that is
also observed on the surface without V-doping and Te-vacancies
that appear brighter. The latter, based on DFT, has been associ-
ated with a charged vacancy due to charge transfer from a V-atom
in an adjacent interstitial site, thus forming a defect complex of
interstitial plus vacancy. Interestingly, V-doping by this approach
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can induce magnetic properties in MoTe,. There have been a few
reports on diluted ferromagnetic TMDs, and detailed character-
ization of the dopant configurations may help in better under-
standing these surprising properties. MBE growth of well-defined
doped TMDs and their characterization at the atomic scale by STM
would provide important information.

As pointed out above, the lack of dangling bonds in TMDs
generally results in adatoms to bond weakly to the TMD, and thus
causes clustering. However, there are surprising reports in some
cases that show dispersion of adatoms on TMDs. For instance, co-
balt adatoms on monolayer MoS, have been reported to form or-
dered single atom arrays by a sonication induced assembly in
solution [500]. It was observed that the adsorbed Co induced a
phase transition in MoS; to its 1T phase and this may assist in the
dispersed adsorption of Co. This single atom array on MoS; has
been reported to be a superior HER catalyst. Dispersion of single
adatoms was also found by vacuum deposition of tin onto 1T"-
NbTe; surface [501]. In this case the low cohesive energy of Sn may
help to prevent clustering. The Sn-atoms adsorb along rows of the
3 x 1 structure of the distorted 1T” structure. At low coverage, the
Sn atoms repel each other as a result of Coulomb repulsion due to
charge transfer according to DFT simulations from the substrate to
the Sn atom in excess of 0.6 e~ per Sn atom. These studies show that
adsorption of post-transition metals on TMDs may also be inter-
esting charge transfer dopants and their potential role for tuning
the materials properties in monolayer TMDs should be investigated
further.

6. Conclusions and outlook

Monolayers of almost all TMDs have been grown by vdW
epitaxy and their properties have been characterized in detail by
methods like ARPES and STM. These studies have revealed signifi-
cant modifications of the properties of monolayer materials
compared to bulk. Changes occur due to the lack of interlayer in-
teractions that modify electronic structures that have profound
effects on band dispersions in semiconductors and cause the
transition from indirect to direct band gaps in the H-phase of group
VIB TMDs. Reduced charge screening in semiconductors also affects
excitons, resulting in large increases in exciton binding energies of
TMDs in the 2D limit compared to bulk materials. Changes in
metallic TMDs are similarly pronounced as in semiconductors but
not always easily understood. Generally, TMDs that exhibit CDW
behaviors in the bulk also undergo CDW in the monolayer. Most
transitions are even enhanced in the monolayer with an increase in
the CDW transition temperatures. Mostly, the periodicity of the
lattice distortion in the basal plane remains the same for bulk and
monolayers. However, there are notable exceptions, for example for
VSe,, which may be related to the loss of a 3D nesting condition
compared to the bulk material. There are also two materials re-
ported that only have a CDW in the monolayer but not in the bulk.
VTe, forms a 1T structure for the monolayer down to low tem-
peratures while in the bulk it exhibits a distorted 1T” structure. This
structural variation facilitates a CDW that is like that of the
isoelectronic material VSe; and has been shown to be associated
with a Fermi-surface instability. The other material that exhibits a
CDW only for the monolayer is TiTe;. Its CDW may be explained by a
phonon instability and this may also help explaining the CDW in its
sister compound TiSe,, whose unconventional CDW has been dis-
cussed extensively.

Exciting new phenomena may arise through the coupling of
CDW with other electronic properties of monolayer materials. A
well-known example in the bulk is the coupling of the CDW to the
MI states in 1T-TaS,. It has been shown that a MI state can also be
found in monolayer 1T- TaSe, (while bulk 1T-TaSe; is not a MI).
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Moreover, 1T-NbSe, can be grown as monolayers by MBE (while
only the 2H phase exists in bulk form) and this new monolayer
material exhibits CDW and MI states, like its 1T Ta-dichalcogenide
counterparts. In these materials, the MI state is directly related to
their CCDW and it has been shown that modifying the CDW with
tip-voltage pulses on bulk 1T-TaS, surfaces can destroy the MI,
giving hints for possible modifications of Mott states also for the
monolayers. Monolayer materials, in general, can be more easily
modified than bulk surfaces. For instance, charge transfer doping
opens new opportunities for tuning materials properties. Alkali
metal deposition is a convenient approach for electron doping
materials in vacuum, while electron accepting molecules may be
used for hole doping. Li-doping of 1T-TaS; monolayers, for instance
has shown a change of the CDW periodicity froma3 x3toa2 x 2
structure. On TiSe;, K-doping showed the suppression of CDW with
electron doping and the filling of the Ti-3d band. This may also help
to induce superconductivity in monolayer TiSe;, like ion-liquid
gating has shown for exfoliated flakes. Modifying or inducing
new properties in MBE grown TMDs by charge transfer doping
appears to be a fruitful future field for gaining a better under-
standing of quantum phenomena in these materials.

Topologically protected electronic states have become an
important aspect of fundamental condensed matter physics. TMDs
have made important contributions to this field. Bulk 3D Dirac
semimetals have been observed in the group VIII (10) 1T-phases.
NiTe; is a type I Dirac semimetal while the over-tilted type II Dirac
cone has been identified in PtSe;, PtTe,, and PdTe;. Type Il Wyle
semimetals have been observed in the Ty4-phase of MoTe; that have
indicated the presence of Fermi-arc surface states in ARPES mea-
surements. In context of the main emphasis of this review on
monolayer materials, the discovery of the 2D topological insulators
of the 1T'-WSe, and 1T-WTe, which enables the QSHI, is most
noteworthy. Combination of ARPES and STM allowed the identifi-
cation of the opening of the gap in the inverted bands due to the
SOC, while STS allowed a determination of the conducting topo-
logically protected edge states in monolayer islands.

Tuning the properties of TMDs by controlling the growth con-
ditions during MBE is another promising approach for obtaining
new materials. This is highlighted by the above-mentioned syn-
thesis of 1T'-WSe; as a new 2D topological insulator, which has no
bulk counterpart as bulk WSe; only exists in the 1T phase. Other
examples of MBE monolayers without bulk counterparts, are the MI
1T-NbSe, and the CDW-material 1T-VTe;,. Others like the semi-
conducting TH—CrSe; or 1H—CrTe; (in contrast to 1T bulk phases)
have been theoretically predicted and initial experimental work to
synthesize these metastable materials are in progress. Thus, new
phases of TMDs may be discovered by controlling growth condi-
tions in their monolayer form. For this to be a more successful
approach, guidance from computational screening of potential
phases would be desirable. So far, computational predictions,
however, have not always been accurate. For instance, a few
computational studies suggested that VSe; should adopt the sem-
iconducting H-structure for monolayers. However, in experiments,
the monolayer always shows the same T-structure as known for
VSe; bulk. This discrepancy may be caused by not taking an energy
lowering CDW phase as the ground state into account in the
computations. In general, computational predictions must be
considered with caution and always require experimental verifi-
cation. Computation, however, is undoubtedly the approach for
accelerating materials discovery and MBE synthesis of chalcogen-
ides is a versatile tool for investigating these predictions.

A challenge in MBE synthesis is that compositional control for
chalcogenides cannot just be achieved by controlling the atom flux,
because of the low sticking of the chalcogens on the surface.
Therefore, compounds that have multiple compositional phases
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may require further tuning for obtaining materials with desired
compositions. Furthermore, many compositions may be structur-
ally very similar, and thus challenging to distinguish especially for
ultrathin films. A common configuration for early TMDs is inter-
calation compounds, where additional TMs are situated in between
TMD layers. Such intercalation, in between the TMDs can induce
new properties in these materials. For instance, Cr,Tes or Cr3Te4 are
known to exhibit ferromagnetic ordering in their bulk. Therefore,
these intercalation compounds are valuable functional materials
that can be grown by vdW epitaxy on other vdW substrates.
Compounds with different density of ordered intercalants are
known, and thus control of the intercalant in the growth process
may allow tuning of their properties. Also, the presence of inter-
calants in between the substrate and the film should be further
studied. Another compositional variation in TMDs during MBE
growth has been observed for MoSe; and MoTe; by incorporation of
excess Mo not in the vdW gap but directly into 2D lattice by for-
mation of Mo-rich MTB-networks. These form 1D metallic elec-
tronic states and it has been shown that these 1D metallic
modifications in 2D materials, either as MTBs or island edges, are
hosting Tomonaga Luttinger quantum liquids.

In general, while there has been significant progress in the
synthesis of mono-to few-layer materials by vdW epitaxy, there has
not been any significant work on the growth of heterostructures
and superlattices using vdW materials by MBE. The evidence that
the materials properties of vdW materials are affected by interlayer
interactions and their dielectric environment, suggests that vdwW
superlattices may be a fruitful avenue for tuning materials prop-
erties. In addition to interlayer interactions, that may vary within a
moiré structure, charge transfer between layers can cause doping
effects that modify the materials properties. Controlling the growth
in superlattices is much more challenging than the growth of just
monolayers and inhomogeneities will increase with the number of
stacks. Vacuum characterization of heterostructures, although not
grown by MBE but CVD, has already played an important role in
understanding moiré structures. STM and STS of group VI-B semi-
conductor moirés have demonstrated that the interlayer in-
teractions that are so important to determine the bulk electronic
properties of these materials, cause strong local variations within
the moiré unit cell. The effect of the moiré structure on the local
electronic properties will depend on the TMDs. A first approxi-
mation is to expect strong modifications in heterostructures for
materials that have strong layer dependent properties. Apart from
the group VI-B semiconductors this would also be potentially the
case for group 10 noble-metal dichalcogenides, but no hetero-
structures have yet been reported for these materials.

MBE grown TMDs are also excellent systems to study modifi-
cations by interfaces with other materials. This may be either
achieved by growing on different substrates or by adsorption of
atoms or molecules. Substrate effects are highlighted throughout
this review, generally vdW substrates such as HOPG, graphene, or
MoS;, only interact weakly with the grown TMD, and thus these
substrates do not affect their properties significantly. Growth on
metals (particularly gold), on the other hand, has shown to strongly
affect the properties of TMDs. For weakly interacting substrates,
modification of the properties of TMDs by adsorption of charge
transfer dopants such as alkali-atoms, post-transition metals, or
organic molecules can be studied and help us give insight not just of
how charge doping may affect many-body physics properties such
as CDW and superconductivity, but also structural phase stability
and potential for inducing phase changes in these materials. In this
review, we also investigate how nanostructures induced in TMDs
affect the adsorption of molecules and can be used to control mo-
lecular interactions.

Another area in which MBE growth can make contributions is
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the controlled doping of layered materials [502]. The flexibility of
depositing almost any element in MBE and the relatively low
growth temperatures for TMDs, opens opportunities to modify
most TMDs with impurities. Doping is most interesting for semi-
conducting TMDs. For instance, niobium has been suggested as a
promising p-type dopant of MoS, [503]. However, doping for
adjusting the Fermi-level may just be one aspect worthwhile
exploring. Recently, several reports suggested that magnetic im-
purities and intrinsic defects can induce long range magnetic
ordering in TMDs [499—507]. Such diluted ferromagnetic materials
may offer promise for spintronic applications utilizing the advan-
tages of layered materials and the relatively high Curie tempera-
tures reported in these materials. The origin of the magnetic
properties in these materials is, however, still not well understood,
and a first step would be to synthesize well defined materials and
characterize the dopants and defect-complexes induced by the
dopants. In layered materials, dopants may incorporate into the
lattice either at TM or chalcogen sites, at interstitial sites, form
complex defect structures, or locate in between TMD layers. One
study reported that the doping mechanism in monolayers may
depend on the growth substrate [508], thus suggesting that the
doping and resulting properties are substrate dependent. The
magnetic coupling mechanism in diluted layered materials is
controversial but MBE grown materials may help in gaining a better
understanding. For instance, coupling between magnetic dopants
by charge carriers may be probed by controlling the Fermi-level by
field-effect of charge transfer doping in MBE grown samples.

In conclusion, initial MBE growth studies of TMDs focused on
revealing how properties in TMDs are changed if reduced to the
single layer limit. Some materials still await their synthesis and a
detailed characterization of their properties as monolayers. This
work should be completed and vacuum-vdW epitaxy is a promising
approach to prepare monolayer materials and is especially valuable
for materials that cannot be easily exfoliated. Future studies will
focus more on tuning materials properties for monolayers, syn-
thesize heterostructures, and develop strategies for inducing new
functionalities in these materials. The controlled growth that MBE
offers, makes it an indispensable tool for advancing the materials
research in layered materials.
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