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SUMMARY

This thesis presents an experimental work on electronic transport in two-dimensional
(2D) van der Waals systems. The variety of the physics of the chapters reflects the ex-
ploratory character of the Ph.D. study and demonstrates the versatility and the unique
properties of some of the members of the vast group of van der Waals materials. In the
experiments we explore the fundamental properties of carriers and states in 2D materi-
als via electrical transport.

The first three chapters include experimental work on planar transport in multi-
terminal devices from transition metal dichalcogenides (2H-MoS;) and trichalogenides
(TiS3). In the fist chapter, we study how intravalley spin relaxation and the phase coher-
ence affects weak localization in boron nitride encapsulated MoS;. In TiS3 we explore its
electronic properties and in order to avoid disorder induced localization, we protect the
devices with hexagonal boron nitride. An improvement in the quality of the transport
and signatures of charge-density-wave transition are observed. Lastly, multi-terminal
transportin 1T/1T'-MoS; and its carrier transport mechanism are investigated, with spe-
cial emphasis on how to establish low-temperature electrical contacts to 2H-MoS.

The next part of the thesis shifts to vertical transport in van der Waals heterostruc-
tures. Firstly, we use WS; as tunneling barrier between monolayer graphene and metal
contact. We observe sequential tunneling through localized states. By studying the
ground and excited states, we gain information about their spatial sizes and the mag-
netic moments of these states. Lastly, we explore heterostructures of graphene on WSe,
and potential effects on the band structure due to the dielectric environment and the
proximity induced spin-orbit coupling.

vii






SAMENVATTING

Dit proefschrift presenteert een experimenteel onderzoek naar elektronen transport in
tweedimensionale (2D) van der Waals-systemen. De verscheidenheid van de fysica van
de hoofdstukken weerspiegelt het verkennende karakter van mijn promotie onderzoek
en demonstreren de veelzijdigheid en de unieke eigenschappen van enkele leden van
de grote groep van van der Waals materialen. In de experimenten verkennen we de
fundamentele eigenschappen van ladingsdragers en elektronische toestanden in 2D-
materialen via elektronen transport.

De eerste drie hoofdstukken bevatten experimenteel werk in vlak transport in multi-
terminal apparaten van overgangsmetaal dichalcogenide (2H-MoS;) en trichalogenide
(TiS3). In het eerste hoofdstuk bestuderen we hoe intravalley spin-relaxatie en de fasec-
oherentie in met boornitride ingekapselde MoS, structuren de zwakke lokalisatie bein-
vloeden. We verkennende elektronische eigenschappen van TiS3 en om lokalisatie door
wanorde te vermijden, beschermen we deze structuren met hexagonaal boornitride.
We zien een verbetering in de kwaliteit van het transport en de kenmerken van een
ladingsdichtheidsgolf-overgang. Ten slotte voeren we multi-terminal transport metin-
gen uit in 1T/1T’-MoS, en onderzoeken we het onderliggende transport mechanisme
van de ladingsdragers met nadruk op het realiseren van lage temperatuur geschikte elek-
trische aansluitingen met 2H-Mos.

Het volgende deel van het proefschrift verschuift naar verticaal transport in van der
Waals heterostructuren. Ten eerste gebruiken we WS als tunnelingbarriére tussen een
monolaag grafeen en een metaalcontact. We observeren opeenvolgende tunneling door
gelokaliseerde toestanden. Door de grond en aangeslagen toestanden te bestuderen,
krijgen we informatie over hun ruimtelijke afmetingen en de magnetische momenten
van deze toestanden. Ten slotte verkennen we heterostructuren van grafeen op WSe,
en potentiéle effecten op de elektronische bandstructuur als gevolg van de diélektrische
omgeving en de door nabijheid geinduceerde spin-baankoppeling.






INTRODUCTION

1.1. A BRIEF HISTORICAL OVERVIEW OF TWO-DIMENSIONAL MA -

TERIALS

No one could expect that the discovery of graphene in 2004 [1] would provide so much
playground for physicists, chemist and even artists. Although there were many attempts
to isolate individual layers of van der Waals materials during the 1980s via intercalation
techniques [2], in the beginning of the new century A. Geim’s and P. Kim’s group from
Manchester and Columbia university, respectively, worked towards thinning down lay-
ers of graphite. While P. Kim’s group relied on thinning down graphite via scribbing an
AFM-based (atomic force microscopy) tip of graphite (nanopencil), the group of Manch-
ester succeeded in obtaining thinner flakes by using a simpler method, based on scotch
tape cleavage. The sticky tape method is commonly used by physicists for the prepara-
tion of surfaces of HOPG (highly oriented pyrolytic graphite) for calibration of scanning
tunneling microscopy systems [3].

The explosion of research related to graphene took place after the Nobel price award
to K. Novoselov and A. Geim. As a result of the unique properties of graphene which in-
clude relativistic Dirac dispersion, pseudospin due to sublattice symmetry, Berry phase
of 7, Klein tunneling, large Young’s modulus, universal optical absorption and many
more, the rate of publications was enormous [4]. Until recently companies like IBM and
Samsung were investigating intensively properties of graphene devices, as well as large
scale growth for transistors in processors. Nevertheless, the low ON/OFF ratio of tran-
sistors as a result of the lack of a considerable bandgap in graphene, terminated dreams
of replacing silicon with graphene in processors. Nowadays, graphene is a promising
candidate for interconnects due to the large electrical and thermal conductivity [5].

We should mention that already in 2005 other van der Waals crystals had been exfo-
liated and devices were fabricated with these new members of the 2D family [6]. A few
years later the first two-dimensional transistor (n-type) based on MoS, was fabricated
[7]. Although the electron mobilities were low, the ON/OFF ratio was far larger due to
the band gap of ~2 eV. The properties of 2D semiconductors make them promising for
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Figure 1.1: Heterostructures based on van der Waals materials. Layers of different van der Waals
materials (graphene, h-BN, WSe; etc.) can be stacked together like Lego bricks to form artificial
materials. Unlike conventional covalent-bonded materials that require molecular beam epitaxy
(MBE) to form heterostructures, van der Waals heterostructures do not require such tools as they
can be formed mechanically. Adapted from [9].

continuing scaling of transistors’ dimensions and the proven end of Moore’s law [8]. Nev-
ertheless, disorder from substrate and contacts are major problems to all devices that are
fabricated from 2D materials, which limit significantly their mobility.

Since ultrathin van der Waals materials can be consider as ‘double surfaces’, they in-
teract strongly with the environment; this can be beneficial as one can fabricate all types
of sensors, but it can also be a bottleneck if one desires low disorder. Extrinsic disor-
der can come from everywhere. Firstly, silicon oxide (SiO») that is the most common
substrate has a lot of charge traps due to the presence of dangling bonds and a high
roughness. Secondly, disorder can be induced by surface adsorbates and during the de-
vice processing with lithography, resists, annealing, baking, and chemical treatments
more defects can be created in these sensitive atomically thin layers. Carrier mobility
of graphene on SiO is in the order of 500-30,000 cm?V~'s~! at low temperatures, while
for MoS; or other TMDC (transition metal dichalcogenides) semiconductors the mobil-
ity is a few cm?V~!s™! at room temperature. At low temperatures disorder can induce
Anderson localization and the material to behave as insulator.

The universe of 2D materials is large. So far, we have mentioned only semimetals and
semiconductors. There are 2D materials that are insulators (e.g. h-BN, talc, mica), semi-
conductors ( e.g. MoS;, WSe;,, black phosphorus, InSe, As,S3), topological semimetals
(1T'-WTey, MoTe,), superconductors (e.g. NbSe,, FeSe(Te), BSCCO), magnetic materi-
als (e.g. Crl3z, CrCls, FesGeTey), anisotropic materials (e.g. black phosphorus, TiS3) and
many more categories. All these individual layers can be combined and stacked on top
of each other creating artificial materials with unique properties [9, 10].
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One of the most valuable materials is hexagonal boron nitride (h-BN), which is an
insulator. Due to the absence of dangling bonds, and the ultraflat surfaces, it is the per-
fect environment for electronics with graphene and other 2D materials [11, 12]. With
boron nitride substrates there are less electron-hole puddles and one can access lower
energies at the chemical potential of graphene close to the Dirac point. Mobilities in
graphene boosted to hundreds of thousands of cm?V~!s~!. Moreover, the small lattice
mismatch between graphene and h-BN was the reason of the Moire based superlattices
that form when graphene is placed on top of h-BN. The period of the superlattice is ro-
tation dependent and can be controlled. Such a property can result in the opening of a
small bandgap, thereby creating secondary Dirac cones in graphene or ‘Hofstadter but-
terfly’ physics and broken symmetry states [13-15].

Although disorder from the substrate has been eliminated, the top surface of graphene
is still exposed to chemicals and polymers. Since van der Waals bonding is the way
that a flake adheres to the substrate, one can use the same force to pick-up flakes. The
Columbia group showed that boron nitride can be used to pick-up and sandwich graphe-
ne [16]. Through this innovative procedure, quality is further improved and the inter-
faces are ultra-clean apart from regions with bubbles from water and residues. More-
over, the problem of contacts was solved by the formation of one-dimensional edge con-
tacts. Such devices exhibit mobilities in excess of 1,000,000 cm?V~'s~! in good quality
graphene, and mean free paths of a few microns [17]. One more step to reduce extrinsic
disorder is the use of graphite gates in combination the h-BN so any influence of charged
impurities from the substrate and the individual layers, can be eliminated.

Later on, the same technique has been used to assemble similar heterostructures
based on MoS;, WSe2 black phosphorus and other 2D semiconductors [18-20]. It was
the beginning of devices that consisted completely from 2D materials. Unlike graphene,
semiconductors are more challenging to form ohmic electrical contacts, and the prob-
lem of the Schottky barriers hindered advancements on devices based on these materi-
als. Many groups worked on solving this issue [21].

Although the issue of the Schottky barriers, as well as the low quality of 2D semicon-
ductors hindered experiments on quantum transport, optical experiments, photodete-
tors and LEDs (Light Emitting Diodes) were pursued by many research groups. Photode-
tectors are less prone to extrinsic disorder and Schotty barriers allow to investigate prop-
erties of the photodetectors. Spectroscopic techniques can probe properties of excitons
and do not require fabrication of devices; the excitonic properties of semiconducting
TMDCs and their combinations came into spotlight [23].

From all the 2D semiconductors, TMDCs have been studied mostly. This fact is be-
cause of two reasons. Fistly, TMDCs exhibit a layer dependent bandgap at optical fre-
quencies, that is indirect in bulk and direct in a monolayer [24]. The second reason is
the unique band structure of TMDCs where the spin of the carriers is coupled to the val-
ley degree of freedom as a result of the spin-orbit coupling (SOC) in combination with
broken inversion symmetry [25]. In transport experiments the consequences of such a
band structure result in Ising superconductivity, and the Berry curvature of the bands
is responsible for topological currents, while the spin-valley Hall effect or coupling of a
magnetic field to the valley magnetic moment results in the valley Zeeman effect. In op-
tical experiments circular polarized light can excite carriers on specific valleys, based on
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Figure 1.2: Minimizing extrinsic disorder in graphene. (a) Topography (a) and Charge density (b)
maps of graphene on SiO» and h-BN.(c) Different types of graphene devices based the degree of
disorder. Generation 1 devices consist of graphene on SiO, second generation take advantage of
polymers to transfer graphene on h-BN. In generation 3, devices are fully encapsulated with h-BN
and assembled via dry-transfer techniques. Finally, in the fourth generation graphite is used as
top and bottom gates to reduce even further disorder. (d) Longitudinal resistance as function of
carrier density of devices based on the gen. 1-4 schemes. The reduction of the disorder is reflected
on the decreased broadening of the Dirac peak. Fully encapsulated with bottom and top h-BN
dielectrics and graphite gates devices exhibit the lowest disorder. Image adapted from [22].

the chirallity of the light, which is promising for quantum information processing. The
new field that has emerged is called valleytronics [26].

As mentioned above, 2D materials are sensitive to their environment. When a 2D ma-
terial is placed on top of a substrate with a specific property, it can inherit that property.
To elaborate further, graphene on TMDCs or transition metals, can acquire spin-orbit
coupling as a result of orbital hybridization [27], similar to proximity induced supercon-
ductivity in normal thin films. Through interface engineering, one can achieve different
types of SOC, and modify the band structure of graphene or other 2D materials accord-
ingly. Another example of such engineering is the proximity induced superconductivity
[28] or the magnetic proximity effect [29]. Such properties can be used for the realization
of Majorana bound states and topological states in 2D heterostructures [30].

Lastly, I end by mentioning the emergence of the field of twistronics. As mentioned
above stacked 2D materials can be rotated with respect to each other. Earlier reports
on tunneling between two graphene layers separated with ultrathin boron nitride took
advantage of this property to investigate momentum conservation during tunneling of
carriers [31]. In 2018 it was discovered that artificially misaligned bilayer graphene at an
angle of 1.05 ° becomes superconducting and a Mott insulator due to the formation of
a flat band at the charge neutrality point [32, 33] in agreement with the theoretical pre-
dictions [34]. This discovery was reproduced quickly by other groups [35, 36] and very
soon expanded to other 2D systems [37]. The condensed matter research is not the same
as twisting a material can result in altering its properties dramatically. Who can say that
‘'magic angles’ cannot make boron nitride conducting or quench the superconductivity
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Figure 1.3: Structural and spin-valley properties of TMDCs. (a) Top view of the hexagonal lattice of
TMDCs with blue spheres the transition metal atoms and yellow spheres the chalcogen atoms (up-
per panel). The bottom panels show side view of the structure of monolayer and bilayer graphene
and TMDCs. Monolayer graphene has a broken inversion symmetry if the onsite energies of the A
and B sublattice are different, while monolayer TMDCs have a structural inversion symmetry. The
bilayer counterparts have a restored inversion symmetry that can break under the application of
an electric field. (b) Hexagonal Brillouin zone of a monolayer TMDC, with the six lower bands at
the its corners. States from different valleys have different spin orientation. This property results
in valley contrasting optical selection rules, where 0™ (¢ 7) polarized light (circular arrow) couples
and excites e — h pairs from the K (K™) valley. (c) Due to the opposite Berry curvature in the K, K~
valleys, an in-plane electric field deflects carriers from the two valleys in transverse and opposite
directions, building a voltage perpendicular to the electric-field. This effect is called the valley Hall
effect. Adapted from [25].
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of NbSe,? It is certain that the precision of the rotation that is required is not easy to
handle and fabrication of such devices can be challenging. Nevertheless, it can be the
way that scientific questions on topics like high temperature superconductivity and cor-
related physics can be better understood, as well as to be the way towards new platforms
of electronics. Research on 2D materials might slow down, but a new discovery can ig-
nite research onto a whole new scientific field and sometimes one needs to think simple
and use simple methods, like adhesive tape, to change the world.

1.2. OUTLINE OF THIS THESIS

As the title states, this thesis reports studies on transport with 2D materials and their
heterostructures. Such experiments can provide information about the electronic prop-
erties of the system. One can distinguish between insulators and metals from the depen-
dence of the sheet resistance on the temperature. By applying a perpendicular magnetic
field and measuring the transverse voltage or Hall voltage one can get information about
the carrier density and the Hall mobility. At very low temperature, carriers behave more
like quantum particles and their wave character can affect the resistance of the mate-
rial due to interference effects. In the latter, effects like weak localization and universal
quantum fluctuations take place because of the interference at time reversed paths and
point defects, respectively. At very high magnetic fields the carrier trajectories form cir-
cular orbits and the carriers enter the quantum Hall regime, where they move along the
edges, while the bulk is insulating (i.e, this is the first example of a topological insula-
tor). Another example that we investigate is reading’ the density of states of a material
via tunneling techniques by utilizing ultrathin barriers; a method that provides direct
measurement and visualization of gaps and states in the electronic spectrum.

All the above effects might seem somewhat non-correlated, but beyond the common
aspect of experimenting with 2D materials, there are common aspects. For example,
in many of the chapters we will see that electron-electron interactions play an impor-
tant role. In chapter two they are the source of dephasing and possibly the intravalley
spin-relaxation, while in chapter three electron-electron interactions cause the charge-
density-wave formation due to a Peierls transition in TiS3 or in chapter 5 where they
affect the hopping of the electrons. Another example that is common in many of the ex-
periments is disorder, which is at the origin of weak localization in MoS;, localized states
in WS,, and Efros-Shklovskii variable-range-hopping in 1T/1T’-MoS;.

This thesis includes five chapters (chapter 3 to 7) of experimental work that belong
to the mesoscopic transport field. The first three chapters report experiment on pla-
nar transport using two- and four-terminal measurement techniques. In these chapters
the resistance (or conductance) is studied as a function of carrier density, temperature
and/or magnetic field. The other two chapters show another type of transport in 2D
heterostructures, namely that of carrier tunneling through ultrathin barriers in vertical
heterojuctions. The next chapter (chapter 2) introduces the experimental methods and
techniques that were used for the studies presented in this thesis.

In chapter three, we study the effect of weak localization in bilayer MoS, encapsu-
lated with boron nitride. In TMDCs the presence of weak localization indicates low to
medium disorder, while weak antilocalization appears when the material has very high
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Table 1.1: 2D materials and their usage in the experiments that are described in this thesis.

Material Type Usage Chapter

2H-MoS, semiconductor active layer 3
TiSs semiconductor/ CDW active layer 4

1T/1T' MoS; | metal/semiconductor active layer 5

graphene semimetal electrode 6,7
h-BN insulator substrate,tunneling barrier 3,4,6,7
WSe, semiconductor substrate 7
WS, semiconductor tunneling barrier 6

density of defects or if very large external fields are applied [38]. Weak localization and
weak antilocalization are phase coherent effects and depend strongly on the spin state
of the carriers. By studying weak localization in bilayer MoS, we get information about
the spin relaxation and the phase coherence of the electrons.

The encapsulation with boron nitride when applied to other systems, can further
highlight the intrinsic properties of the electronic system by minimizing extrinsic dis-
order. We apply this technique to TiS3 (chapter 4), which is a semiconductor and, at
low temperatures predictions, and earlier experiments have indicated that it undergoes
a charge density wave transition. In this work, devices of TiS3 sheets show metallic be-
havior and do not show disorder induced localization like in samples on SiO» substrates.
Furthermore, to investigate the density and the mobility of the electrons, Hall measure-
ments were performed, while at low temperatures non-linear transport elucidates the
characteristics of the CDW phase.

Electrical contacts in MoS; is a bottleneck until now and complicated techniques
need to be applied for ohmic contacts. A new contacting technique is based on the use
of a different phase of MoS;, that of 1T/1T’-MoS,. It can be obtained partially though
chemical doping methods that result in a mix of phases from 1T 1T’ and 2H-MoS;. 1T/1T’-
MoS,/2H-MoS; heterojunctions showed promising results if used for contacts in 1T/1T’-
2H MoS; [39]. By performing multi-terminal measurements we gain information about
the transport mechanism and the contact resistance of 1T/1T'-MoS,. Chapter five deals
with this research topic.

Chapter six shows tunneling through localized states in WS, barriers. Using mono-
layer graphene between a back-gate and a WS, sheet, we study the individual states in
the gap of WS; that lead to Coulomb blockade effects in the transport measurements.
Sequential carrier tunneling though quantum dot like states from defects in the WS is
studied under an applied perpendicular magnetic field. By studying the ground state we
gain information on the magnetic moment of these states and their spatial sizes.

Finally, in chapter seven we study the Landau level (LL) spectrum of monolayer graphe-
ne on WSe; using tunneling measurements through boron nitride. From LL spectroscopy
we investigate about the electronic structure of graphene on WSe,. The Fermi velocity
of the carriers as well as the gaps of the LLs are obtained.

All the experiments above make use of different 2D materials in various roles. MoS;
and TiS3 are used as the active channel in the multi-terminal devices, while boron ni-
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tride acts as top and bottom dielectric. For the tunneling experiments, the structures are
more complicated and thin boron nitride and WS, are used as tunneling barriers with
graphene as electrode. Table 1.1 shows the list of the materials with different classifica-
tions (i.e. insulator, semiconductor etc.) and their use in the different Chapters.



EXPERIMENTAL TECHNIQUES AND
METHODS

In this chapter we introduce the processes and the techniques that were used for the real-
ization of the experiments in this thesis. We explain the procedures and the tricks of the
exfoliation. Novel ways of stacking 2D materials have provided heterostructures of high
quality and we show how one can avoid problems of bubbles and blisters. As we used
different polytypes of MoS,, we explain the procedure of chemical induced phase engi-
neering. Moreover, we present the equipment that was used for the devices that have been
fabricated as well as the ones that we used for the characterization. Finally, we introduce
the tools that we used for the electrical measurements and the setups that helped reach
cryogenic temperatures.
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(@)

Nitto tape

Graphite SifSiO,

Figure 2.1: Exfoliation of a van der Waals material. (a) Components required for the exfoliation: A
bulk crystal, which is natural graphite in this case, a sticky tape (Nitto) and a substrate (SiO2/Si).
(b) Graphene and graphite flakes on SiO2/Si as seen under an optical microscope. Bar corresponds
to 50um.

2.1. INTRODUCTION

A fun part of studying properties of 2D materials and their heterostructures is the
processes of exfoliation, assembly, device fabrication that we will explain shortly. Unlike
studies on conventional 2DEGs (2D electron gasses) in quantum wells were the layers
are formed via molecular beam epitaxy (MBE) and device mesa that are buried in the
stack, 2D materials have completely different fabrication procedures.

The basic route towards the creation of a device based on 2D materials, goes as fol-
lows: Firstly, we need a 2D sheet and this can be grown or exfoliated as in the case of
2D materials. Then what follows is the assembly of the 2D heterostructure or if one
wants only to study the bare material one can move directly to the step where he/she
designs the device. The design of a device is important. For example, a Hall bar is used
to perform Hall measurements and magnetoresistance without the contribution of the
resistance from the contacts. If avoiding the edges of the channel is of major impor-
tance, a Corbino geometry or a tunneling device is more appropriate. After designing
the device, the fabrication process takes place, where electron beam lithography, metal
deposition or etching steps are applied. Once the device is ready the measurements can
be performed. In case of optical experiments or basic material characterization one can
perform measurements without the need to fabricate a device first. Then the data pro-
cess and the drawing of the conclusions are the final steps of the process. In the following
sections we explain the steps of the above route in more detail.

2.2. THE ART OF EXFOLIATION

Exfoliation of 2D van der Waals materials is the starting part of the process. This
part requires three ingredients: A bulk crystal of a van der Waals material, for example
graphite for isolation of graphene or molybdenite for MoS; (Fig. 2.1a). Mechanical exfo-
liation of bulk crystals results in better quality of flakes than liquid exfoliation or chem-
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Figure 2.2: Color-thickness correspondence of hexagonal boron nitride on 90 nm SiO2/Si sub-
strates. Optical image of a large flake with multiple terraces. The two colored square regions are
the areas that were scanned with AFM and presented in panels (c) and (d). The colorbar on the left
shows the color of the h-BN as its thickness varies. (b) A thin flake of h-BN, presumably bilayer.

ical vapor deposition (CVD) growth of flakes. The second ingredient is an adhesive tape
or tapes (Fig. 2.1). The choice of the adhesive tape is important as it can contaminate
the flakes if it has a lot of tack, or in some cases it may force the flakes to break into small
pieces. In the experiments that we conducted in this thesis, we used mainly blue Nitto
tape, scotch magic-tape and polydimethylsiloxane (PDMS) films.

The third ingredient is a proper substrate where the flakes will be exfoliated onto in
order to be identified and processed further. Usually the substrate that is being used
by the community of researchers, is SiO/Si although Si with another dielectric on top
such as SigNy is used sometimes. In order for atomically thin flakes to become visible
the thickness of the SiO, must have specific values in order to maximize the contrast
of the flake. Typical values are 285-300 nm for graphene, MoS; and other 2D metals,
semimetals and semiconductors. In the case of dielectrics, such as h-BN and talc, which
have a refractive index with lower value, SiO» with thickness of 90 nm is an ideal sub-
strate in order for a monolayer or bilayer to be visible. The contrast or color of the flake
depends on its thickness. Once calibrated, an optical inspection of a flake can provide
the number of the layers accurately without the need of Raman spectroscopy or atomic
force microscopy (AFM). We have found that oxygen plasma cleaning of the substrates
prior to the exfoliation increases the yield significantly.
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We show in Fig. 2.2 an image of an exfoliated h-BN flake on 90 nm SIO,, with mul-
tiple step-heights. Using atomic force microscopy (AFM) we measured its thickness and
created the colorbar. For encapsulation of graphene or another 2D material, an h-BN
that can serve as bottom and top dielectrics the typical thickness is 10-40 nm, although
up to 60 nm thick h-BN can also work but the visibility of the intermediate layer is poor
in that case. For h-BN that serves as a tunneling barrier the optimal thickness is between
1-5 layers. With a thickness of 3-5 nm (9-15 layers), h-BN, can serve as a barrier between
two conducting layers like that of graphene for Coulomb drag or exciton condensation
experiments [40], where the motion of the carriers in one layer affects the motion in the
other without tunneling through the h-BN. So it is evident that a 2D material can be
used for different purposes at different thicknesses. Another example is multi-layered
graphene where at larger thickness it can be used as a gate electrode.

Recently it was found that heating while making the contact between the adhesive
tape (with exfoliated flakes) and the targeted substrate can improve the yield of exfoli-
ated flakes due to better interaction between flake and substrate [41]. In this thesis we
used for the exfoliation of most of the materials the magic scotch tape heated to 100 °C
to obtain thin flakes with large area. Alternatively, we used exfoliation with PDMS for
example in the case of TMDCs where conventional exfoliation results in very small and
thick flakes. This is even more amplified when Nitto tape is used, presumably due to the
softness of this tape. Although the hot exfoliation results in a lot of polymer residuals
on the substrate, the flakes are contaminated mainly on the edges and not in the bulk.
Lastly, post-annealing at high temperatures (350-400 °C), should be avoided because al-
though it cleans the flakes and the substrate, it increases the adhesion between flake and
substrate and pick-up of the flake is not possible thereafter.

2.3. ASSEMBLY OF 2D HETEROSTRUCTURES

One can say that the biggest advantage of 2D materials is that they can be assembled
in anyway that one desires. Unlike in 3D materials that are grown epitaxially where crys-
tal structure and lattice constants are important in determining whether two materials
can form a stack, in van der Waals material such obstacles do not exist.

Earlier methods of stacking of 2D materials involved complicated routes that in-
volved covering them with polymers, etching of substrates and cleaning in solvents so
a stack can form in a layer-by-layer way like Lego bricks. After the discovery of the dry-
transfer techniques, such methods have become obsolete and the quality of heterostruc-
tures have improved substantially. Especially, the van der Waals pick-up technique, that
is used to form 2D heterostrcutures by taking advantage of the adhesion to polymers and
of the van der Waals forces of 2D materials, can improve significantly the quality of the
heterostructures [42, 43].

Based on the pick-up technique, stamps of a glass slide/PDMS/and polycarbonate
(PC) or (polypropylane carbonate) PCC are used to pick-up a flake that serves as the
top layer and via van der Waals forces the subsequent ones are picked-up. When the
polymer gets in contact with the 2D flake, the temperature rises above its glass transi-
tion temperature (1) where it behaves more like a liquid and covers uniformly the flake.
After cooling down below Ty, the flake can be picked-up. Subsequently, the rest of the
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Figure 2.3: Setup for assembly of heterostructures and a van der Waals heterostructure. (a) Stamp-
ing and stacking setup of 2D materials at the Kavli Institute consisting of: a light source, a
monitor, a XYZ-micromanipulator, a hating stage with a vacuum chuck embedded on an XY-
positioning and rotating stage, as well as a heat controller. (b) A heterostructure fabricated with
the current setup that can be used for tunneling experiments. The structure is h-BN/graphene/h-
BN/graphite/h-BN on SiO2/Si.

2D materials are picked-up and stacked on top of each other. This way the structure is
formed on the polymer from top to bottom. The choice of the polymer, which can be
PC or PCC or even PMMA, is important and depends on the limitations of the 2D mate-
rials that are used. For example, the working temperatures of PCC are much lower than
those of PC and that is why PPC is better for temperature sensitive materials. On the
other hand, graphene cannot be picked up with PPC but PC or a polymer that has a glass
transition at a higher temperature may be used in that case. Also, for angle-aligned het-
erostructures higher temperatures tend to rotate the fakes with respect to each other and
any attempts to construct magic angle superlattices can fail. Lastly, we have noticed that
assembling heterostructures at a temperature above 120 °C results in negligible bubbles
and blisters. Nowadays complete robotic systems that can exfoliate, recognize and stack
flakes, have been developed [44].

Another way to construct 2D heterostructures is based on the dry-transfer technique
(Fig. 2.5) [45, 46]. Based on this technique no heating is required and using PDMS stamps
the flakes are stacked one after the other. The disadvantage is that the flakes have to be
exfoliated on the PDMS although there are recent reports, where water assists the pick-
up with PDMS [47]. This method, however, results in more bubbles at the interface of
the materials and contamination from the PDMS cannot be excluded [48].

In this thesis the van der Waals pick-up technique was used to assemble the het-
erostructures. In the beginning of this Ph.D. the stamping method was also explored but
was found to introduce more bubbles at the interfaces. Moreover, the PDMS stamping
which relies on exfoliation and thinning of the flakes on the film itself, is limited to the
usage of thick layers of boron nitride and insulators as a result of the low optical contrast
of the thin flakes.
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Figure 2.4: Assembly of 2D heterostructures using a pick-up method based on adhesive polymers.
(i) The glass/PDMS/PC(PPC) is brought above the flake, (ii) The stamp is brought into contact
with the flake and the temperature rising above the glass transition Tg so the polymer expands
and covers the flake uniformly. (iii) When the temperature reduces below Tg then the stamp is
retract and the flake is n the PC or PPC (iv). (v) Repeating steps (i-iv) for assembly of the stack. (vi)
The final substrate is places below the 2D heterostructure. (vi) The heterostructure is brought into
contact with the substrate and (vii) the temperature increases to above the melting point of the
polymer (Ty;). After retracting the PC or PPC with the heterostructure stay on the substrate (viii).
(iv) After washing in a specific solvent to remove the polymers the structure can be process for the
fabrication of the final device (x).
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Figure 2.5: Assembly of 2D heterostructures using dry-transfer with stampping.(i) A PDMS stamp
with an exfoliated flake is sitting on a glass slide and is brought above the targeted substrate. (ii)
the stamp is brought into contact and upon releasing the flake stays on the substrate (iii). (iv)
Repetition of steps (i-iii) multiple times to form a stack.

2.4. BASIC CHARACTERIZATION TECHNIQUES

For this particular thesis we used mainly four techniques to characterize our flakes with-
out contacting them electrically: Optical microscopy, atomic force microscopy Raman
and photoluminescence spectroscopy. These four tools combined can provide informa-
tion about the thickness of the flakes or the stacks, their homogeneity, the presence of
bubbles at the interfaces and material quality.

As we saw in the previous section, the color and contrast of the flake when placed on
Si/SiO, substrates is strongly dependent on its thickness. It is therefore relatively easy
to search and identify flakes with specific thickness and morphology for a desired ex-
periment or application. Atomic force microscopy uses a tip on a cantilever to measure
topology and can provide information about thickness, homogeneity and the presence
of cracks or other “defects” that are difficult to detect optically. Measuring the thickness
of amonolayer in non-contact mode is challenging because the interaction between tip-
substrate and tip-flake can result in overestimation of the thickness.

Raman spectroscopy became popular technique in studies of carbon based (nano)
materials. Raman spectroscopy probes phonon from the center of the Brillouin zone
by exciting electrons in real or virtual states, thereby the electronic structure can play
a significant role. In the case of 2D materials and based on the behavior of the peaks,
Raman spectroscopy can provide information about the number of the layers, the strain,
the doping and the disorder.

Lastly, photoluminescence (PL) spectroscopy is applied to semiconductors and the
spectrum depends on the size of the band gap and whether the band gap is direct or indi-
rect. We applied this technique to the TMDCs, due to their layer dependent bandgap at
optical wavelengths. The spectrum can also tell us information about the doping and the
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Figure 2.6: Raman (a) and photoluminescence spectra (a) of monolayer MoS; obtained with Ren-
ishaw inVia under illumination with a CW laser (1=514 nm). In the case of Raman the two char-
acteristic peaks of MoS; at 385 and 405 cm™! can be seen, along with the peak from the silicon
substrate at 520.7 cm L. In the case of the PL spectrum the A excitonic peak is evident, while the
B excitonic peak and the Raman bands are more weakly present.

disorder as trap states can be seen as extra peaks in the spectrum. Finally, excitons can
be studied and in the case of 2D materials many excitonic complexes exist in individual
layers and heterostructures with interesting physics.

For the Raman and photoluminescence spectroscopy measurements we used a Ren-
ishaw InVia system which is equipped with a continuous wave (CW) excitation laser at
514 nm with a diameter spot less than 1 y when focused with the 100x objective. The
grating of 1800 lines/mm provides high resolution spectral separation (0.5 cm™1) and
an edge and notch filter is cutting-off the laser line before the signal reaches the peltier
cooled CCD detector. With this system apart from obtaining spectra, using the X,Y au-
tomatic stage one can also perform Raman or PL mapping that can provide information
about the spatial characteristics of samples. An example of Raman and PL spectra from
monolayer MoS; can be seen in Fig. 2.6.

2.5. DEVICE FABRICATION

The fabrication of devices takes place inside the clean room of the Kavli institute, where
the fabrication tools are and the contamination from dust and other particles is mini-
mum (level 10,000-100). For the device fabrication described in this thesis, we mainly
used three tools: (a) electron beam (e-beam) lithography, (b) reactive ion etching (RIE)
and (c) metal deposition.

An electron beam pattern generator (EBPG) is a machine that uses an electron beam
to pattern or generate a mask that is sensitive to the electron radiation. This is very sim-
ilar to optical lithography, but since the Fermi wavelength of the accelerated electrons
can be smaller than the diffraction limit of light, the minimum size that can be achieved
is a few nanometers. Two systems have been used, both from Raith: the EBPG 5000+ and
5200, with an beam accelarated at 100 kV and with apertures of 200-400 ym.
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Figure 2.7: (a) A design of a complete device using AutoCAD software. Markers are yellow and blue,
contact pads are red, blue and light green are device contacts and blue/purple is the etching mask.
Bar is at 500 um (b) EBPG5000+ system from the Kavli Nanolab in Delft.

Reactive ion etching is a dry etching technique that uses a chemically reactive RF
excited plasma of gas molecules (O2, Ar, CHF3 (Fluoroform), SF¢ etc.) at low pressures
to etch away material. Both sputtering (removal of material) due to the kinetic energy
of the ions and removal due to chemical reaction of the ions on the surface take place.
We have used mainly fluoride rich gases at pressures of a few microbar and power of less
than 100 W. As etching masks we usually used Polymethyl methacrylate (PMMA), CZAR
(ARP) resists as well as hydrogen silsesquioxane (HSQ).

For metal contacts and gates we used metal deposition through e-beam evaporation.
The accelerated electron beam is guided on the crucible (with the metal) with magnetic
lenses and consequently heats the material. The substrate sits above the target and faces
downwards. Typical metals used in this thesis are titanium and chromium as sticking
layers and gold or gold-palladium alloy on top.

The process of making a device can be found in each chapter individually and step-
by-step fabrication recipes can be found in the appendix. We should mention though
that the process consists usually two e-beam lithography steps, one dry etching step and
one step of metal deposition for a device without any local gates (Si then acts as a global
gate). If one does not need to have a specific device shape then just one step of e-beam
lithography is efficient and one step of metal deposition. In chapters three and four we
used a more complicated route with pre-patterned top boron nitride, prior to stacking
and device fabrication steps, in order to ensure ohmic contacts to the devices.

During measurements, the device is connected with the outside world via wires. Ca-
bles from the measurements setups are reaching the dip sticks or the setup where the
device is placed. In the case of a probe station the probes touch the device pads where
currents and voltages are applied directly. On the other hand most of the setups con-
tain PCBs (printed circuit board) on which the device is attached and wire-bonding has
to take place. The wire-bonding technique is a complex process where the ultrasonic
power heats the metal wire (Al-Si alloy or Au) that touches the device pads so that weld-
ing between pad and wire takes place. Toward avoiding problems such as gate leakage
(too high force and power) or wire detachment (too weak force/power or bad adhesion
of pad contacts), the bonding parameters such as force, power and time, need to be op-
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Figure 2.8: Optical images of a device after multiple fabrication processes. (a) An h-BN/TiS3/h-BN
heterostructure on 285 nm SiO2/Si. (b) Heterostructure with a PMMA mask that defines the shape
of the device (Hall bar) after e-beam lithography. (c) Structure after RIE etching with ChF3/0> gas
at 50 ubar and 60 W. (d) Stack with a PMMA mask that defines the contact leads to the Hall bar after
e-beam lithography. (e) Complete and final device with Ti/Au contacts. Scale bars correspond to
10 pm.

timized. In the case of absence of a global back-gate silicon electrode, and with the use
of local gating the above mentioned problems are reduced since one does not have to
worry about gate leakages. Lastly, it is very important that the contact pads are nicely
adhered to the substrate using a sticky layer like titanium in order to avoid metal pad
detachments.

2.6. PHASE ENGINEERING IN MOS,

Many materials have many allotropes and polytypes. That is when two materials share
the same stoichiometry or chemical composition, but they have different structure and
properties. A very well known example is graphite that has as allotropes diamond, car-
bon nanotubes and fullerenes. In this thesis we explored the allotropes of MoS; such as
1T and 1T" MoS;. Similar polytypes exist for WSe,, WTe,, MoTe; etc.

MoS; occurs naturally in the trigonal prismatic phase or 2H-phase (in the mono-
layer is called 1H). In this phase MoS; is a semiconductor with a band gap that depends
on the number of layers. 1T-MoS; is metallic and 1T’-MoS; is a semiconductor and is
potentially a spin Hall insulator. The route to transform the 2H-phase to the 1T and 1T’
phases is via doping. An electron density of above 10'® cm™ can be sufficient to estab-
lish such a transition. The problem is that the 1T phase is metastabe and relaxes to the
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Figure 2.9: Phase engineering in different polytypes of MoS;. (a) 2H-MoS; after immersion in n-
butylithium becomes mainly 1T and 1T’ MoS; with a small areas of 2H-MoS; due to doping from
the intercalated lithium. (b) Top view and side view of the crystal structures 2H-MoS; (trigonal
prismatic), 1T-MoS; (octahedral) and 1T’-MoS; (distorted octahedral). Image adopted from [49]

1T’, causing an inhomogeneous landscape within a flake, with coexisting phases.

Chemical doping is an easy way for obtaining 1T/1T" MoS,. Solvents that are rich in
alkali metals are usually employed. In this thesis n-butyl lithium was used that requires
inert conditions for its usage. Exfoliated flakes were immersed in the solution for more
than 24 hours and then they were washed with water and IPA (Fig. 2.9 and 2.10). The
disadvantage of this technique is that some 2H phase remains.

2.7. ELECTRICAL MEASUREMENT SETUPS

For electrical measurement at room or low temperatures we used electronic equipment
that has been fabricated at TU Delft (DEMO). It allows to perform low-noise and high-
resolution measurements (IVVI-Rack). The optical digital-to -analog (DAC) converter

t>24 h H,0, IPA
—_—

Figure 2.10: Phase engineering process via n-butylithium (Buli) in MoS;. A substrate with MoS;
flakes (or devices) is immersed in BuLi. After an extended period of time (>24 h) the lattice rear-
ranges to the 1T/1T’ structures. Extraction and washing in H»O and IPA results in 1T/1T’ MoS,.
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(16-bit) provides high resolution and low-noise signal conversion, and is connected to a
computer. At the side of the sample it is connected to amplifiers that receive the signal to
the device. The recorded signals from the device are collected, amplified and converted
to voltages where they are being measured though a Keithley multimeter. The multime-
ter converts the analogue signal (voltages) to digital (ADC) and is sent to the computer.
For lower noise and small-signal measurements we used lock-in amplifiers (Stanford In-
struments), at low frequency AC signals.

Some of the room temperature measurements were performed in a probe station
(Lakeshore) that allows us to apply low pressures on the sample to avoid oxygen and hu-
midity to affect the measurements. For experiments at low temperatures (liquid helium
and below) we used different types of fridges. The first is cryogenic setup that comprises
of a long dip stick that can be immersed into liquid He-bath (T =4.2, and is connected
electrically to the electrical equipment). The sticks are usually equipped with a “1-K pot”
to reach temperatures of ~2 K. We have also used a dry fridge or closed cycle cooling sys-
tem (Montana Instruments), where the *He is condensing with the help of a variable flow
helium compressor. The sample is in a compartment that is under vacuum. Lastly, in or-
der to reach temperatures below 2 K we used a dilution refrigerator (Leiden Cryogenics),
but due to a defect in the setup we did not manage to reach temperatures less than 300
mK for long duration. The fridges based on liquid “He and the dilution refrigerator, are
also equipped with superconducting solenoids that can reach 8 and 14 T, respectively for
magnetotransport measurements.

2.8. CONTACT ENGINEERING IN MOS,

On of the most challenging physical problems in mesoscopic devices is the formation of
good ohmic contacts, which are required for transport experiments. In the case of alarge
contact resistance there are two problems: firstly, sourcing and draining the current from
the device becomes difficult. This has also an extra effect, which is the Joule heating at
the contacts. Second, if the contact resistance becomes comparable or larger than the
internal resistance of the voltmeter, then the measured value on the voltmeter does not
correspond to the difference of the potential across the channel. In general the contact
resistance should be zero ideally, though this is not possible, but low values that are in the
order of a few hundreds of ohms or a few kQ at low temperatures are good for transport
measurements.

Contact resistance is usually created by a barrier that forms at the interface of two
metals, two semiconductors or metal and a semiconductor, and depends on the val-
ues of the workfunctions of the two materials. At equilibrium, the Fermi level across
the junction has to be constant and this condition is established via charge transfer be-
tween the two materials. Charge transfer will cause band bending and the creation of a
(build-in) potential, which in turn act as barrier for thermionic or field-emission of car-
riers. This barrier is called Schottky barrier. Therefore, choosing materials with similar
values of workfunctions is a workaround this problem. For metal-semiconductor con-
tacts this is more challenging and usually ion implantation below the contacts helps to
increase the doping locally and help with the aforementioned alignment. Lastly, in this
discussion we have ignored the Fermi level pinning effect, which originates from metal-
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Figure 2.11: Contact engineering in ultrathin MoS;. (a, c and e) Schematic illustration of the device
cross-section with different contact configuration. (b, d and f) Current-voltage characteristic at
different gate voltages. In the case of bottom contacts the local gates at 15V and there is a bottom
graphite gate that is responsible for the lower values of the gate voltages.

semiconductor states below the conduction band edge and make the workfunction of
the metal somewhat irrelevant.

In graphene, ohmic contacts are easy to form and usually are one-dimension edge
contacts [17]. In 2D semiconductors, ohmic contacts are more challenging to be achieved
and there are many reports on improvements of the contact resistance through different
metals and techniques, but most of them fail at low temperature [21, 50-53]. Neverthe-
less, there are many techniques that have can provide ohmic or quasi-ohmic contacts
for ultrathin semiconductors like MoS, even at low temperatures. The most known are:
edge contacts, graphene contacts with or without local gates [18, 54], post-etching of the
top h-BN layer and metal deposition [55, 56], using pre-etched top h-BN layer as well as
bottom metal contacts with local gates [57].

We carried out further investigation and tried three techniques for making contacts
monolayer and bilayer MoS;: top contacts through pre-etched boron nitride on mono-
layer (Fig. 2.11 a and b), graphene contacted bilayer (Fig. b and c) and bottom contacts
on monolayer (Fig. d and e). As it can be seen from the I3-14 of the devices at low
temperatures, the best configuration is the one of the bottom contacts with local gates
that shows linear characteristics even in monolayer (Fig. 2.11f). The conatct resistance
based on the top contact scheme depends on the chamber pressure during metal de-
position. Although it does not work that well for monolayer MoS;, in bilayer it provides
good ohmic contacts as we will see in chapter 3. Moreover, method based on the top-
contacts provides better results in the case of TiS3, which has a lower bandgap of ~1 eV
(see chapter 4). Also, graphene contacts could also provide good contacts in MoS; and
other 2D semiconductors, but local gating is required to induce sufficient doping at the
contacts.

Lastly, we should mention that we also investigated chemical doping and phase en-




22 2. EXPERIMENTAL TECHNIQUES AND METHODS

(b)
1.25 T T T T T T
12 hin 1,2 dichloroethane °
V=50 V
1.00 | R
o
S 075} -
S os0l i 1
= *
X
0.25F 2R, ~43.5kQ.um |
. R, ~365.5 kQ/sq.
0.00 . . . . . A
00 05 10 15 20 25 3.0

L (um)

Figure 2.12: Transfer-length measurements in 1,2-dichloroethane doped monolayer MoS;. (a) Op-
tical image of a monolayer MoS; device consisting of multiple finger contacts with different chan-
nel lengths in the range of 0.5-4 pym. (b) Resistance multiplied with the width of the device versus
channel length for V=50 V. The values follow a linear line. Extrapolating to L=0 um the value of
2R, is found equal to 43.5 kQum, while the slope yields the square resistance which is 365.5 kQ/sq.

gineering due to reports that presented promising results for reduction of the contact
resistance. We, however, did not find a significant decrease of the contact resistance at
room temperature. From transfer length measurements we found a contact resistance at
room temperature of 20 kQ - um for doping with 1,2-dichloroethane, 40 kQ - ym for am-
monium hydrosulfide, and 100 kQ - um for doping with BuLi. At cryogenic temperatures
the contact resistance would further increase and therefore the particular methods are
not promising.

In chapters three, four and five we use the direct deposition of Ti/Au (top) contacts
for devices with 2H-MoS;, TiS3 and 1T/1T’-MoS,, respectively. In the other two chapters
we use tunneling devices with graphene and we use edge contacts of Cr/Au layers.



WEAK LOCALIZATION IN BORON
NITRIDE ENCAPSULATED MOS,

We present measurements of weak localization on hexagonal boron nitride encapsulated
bilayer MoS,. From the analysis we obtain information regarding the phase-coherence
and the spin diffusion of the electrons. We find that the encapsulation with boron nitride
provides higher mobilities in the samples, and the phase-coherence shows improvement,
while the spin relaxation does not exhibit any significant enhancement compared to non-
encapsulated MoS,. The spin relaxation time is in the order of a few picoseconds, indi-
cating a fast intravalley spin-flip rate. Lastly, the spin-flip rate is found to be independent
from electron density in the current range, which can be explained through counteracting
spin-flip scattering processes based on electron-electron Coulomb scattering and extrinsic
Bychkov-Rashba spin-orbit coupling.

Parts of this thesis have been published in Physical Review B (2019), by N. Papadopoulos, K. Watanabe, T.
Taniguchi, H. S.J. van der Zant, and G. A Steele, [58].
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3.1. INTRODUCTION

Molybdenum disulphide (MoS,) is a member of the family of transition metal dichalco-
genides (TMDCs) with semiconducting properties, in which the interplay between spin
and other pseudo-spins, such as valley and layer index, has created new prospects for
spintronics and valleytronics [25, 59]. Bilayer MoS; is centrosymmetric and the sub-
bands of the two K and K’ valleys are spin degenerate under non perturbed conditions
[60]. When an out-of-plane electric field is applied, an inter-layer potential is generated
and the inversion symmetry breaks and leading the possibility of spin-valley locking in
bilayers [61-63].

Quantum corrections to the conductivity due to interference effects of charged car-
riers in disordered systems can provide information about fundamental properties of
the carriers that reside in the system [64, 65]. They can, for example, provide informa-
tion about the phase-coherence as well as about spin[65], and other types of scattering
rates of the carriers [66]. Specifically, in MoS, and other TMDCs, weak localization (WL)
or weak antilocalization (WAL) can provide crucial information about the spin lifetime
established by intravalley and intervalley scattering, as well as about the Zeeman-like
splitting that is induced by the intrinsic SO coupling [38, 67].
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Figure 3.1: A high-mobility encapsulated MoS; bilayer Hall bar and device characteristics. (a) Opti-
cal image of an h-BN/2L-MoS, /h-BN stack, with pre-patterned holes in the top h-BN. (b) Optical
image of a completed Hall bar device. (c) Cross-sectional schematic of the device. (d) Electrical
conductivity, o, and electron mobility ¢ as a function of the gate voltage Vg, obtained from Hall
measurements at 7' =2 K.

Although other studies have observed WL in disordered monolayer [67] and in a few-
layer MoS; samples [68, 69] the case of bilayer and boron nitride encapsulated has been
unexplored. In this chapter, we study weak localization in high quality bilayer MoS;
encapsulated in hexagonal boron nitride (h-BN). Analyzing our measurements using the
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Figure 3.2: Weak localization in bilayer MoS;. (a) Magnetoresistivity (Ap = p(B) —p(B =0T), p(B =
0T) = 4.56 kQ at Vg = 45 V) as a function of the back-gate voltage (Vg) and the magnetic field
(B) at T=2 K. The overlaid linecut shows the magnetoresistivity at a gate voltage of Vg = 45 V. (b)
Symmetrized magnetoconductivity Ag* (B) as a function of magnetic field for different electron
densities n measured at T = 2 K. (c) Symmetrized magnetoconductivity as a function of magnetic
field for different temperatures with 7 = 7.2 x 1012 cm™2. The drawn solid black lines correspond
to fits using the HLN model. Data and fitted curves have been shifted vertically by 0.1¢?/h for
clarity.

Hikami-Larkin-Nagaoka (HLN) model [70], we extract the spin relaxation lengths and
spin lifetimes that indicate fast spin relaxation rates through intravalley processes. Our
data further suggest that the dominant source of phase-decoherence is the Altshuler-
Aronov-Khmelnitsky mechanism, in which electron-electron inelastic scattering takes
place [71], similar to previous studies of quantum transport in monolayer and a few-
layer MoS; [67, 68].

3.2. RESULTS AND DISCUSSION

3.2.1. FABRICATION AND TRANSPORT PROPERTIES

Figure 3.1a and 3.1b show optical images of a van der Waals heterostructure (sample
D2) and a final device (sample D1), respectively. To maintain the quality of MoS; during
fabrication and to be able to establish good electrical contacts, we followed a different
route than other studies [16, 55, 72]. Prior to the stacking of the heterostructure via the
hot pick-up technique [73], at the top h-BN sheet we opened “windows” in it, via stan-
dard electron beam (e-beam) lithography followed by reactive ion etching. This allows
the metallic contacts to be deposited directly on the MoS, channel [19] and recently it
was shown that this can be a good alternative to graphene contacts [56]. The ohmic
behavior of the current-voltage characteristics at moderate back-gate voltages V (Fig.
3.5) verifies the good quality of the contacts at low temperatures and allows the use of
lock-in measurements, without the need of complicated stacking of graphene with local
gates [54, 74]. In the main text we present results from data of sample D1, while in the
supplemental material data from sample D2 can be found.

The carrier density is obtained using Hall measurements and is found to be in the
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Figure 3.3: Phase-coherence length (a) and phase-coherence time (b) as a function of the electron
density for T = 2 K. (c) Logarithmic plot of the phase-coherence length as a function of tem-
perature, for two different back-gate voltages. The power law dependence with a ~ 0.5 suggests
electron-electron scattering as the dephasing mechanism.

range of 4 — 8 x 10'2 cm~? for gate voltages between 40 and 80 V. The conductivity versus
back-gate voltage shows typical n-type behavior and increases when the temperature
decreases due to the metallic character of the channel at these gate voltages (Fig. 3.5b).
As a result of the encapsulation, the devices reach Hall mobilities of ~1000 cm?/Vs at
Vg=80V (n =7.9 x 10'? cm?) and field-effect mobilities of ~3000 cm?/Vs at T = 2 K (Fig.
3.5d). The mean free path (L,), the diffusion constant (D) and the momentum relaxation
time (7 ) are in the range of 6-30 nm, 0.4-2.2x 1073 m?%s~! and 55-200 fs, respectively, as-
suming an effective mass of 0.4m, where my is the free electron mass. Also, the Fermi
level (eF) lies in the range of 13-24 meV above the conduction band edge. The electron
mobility increases with the carrier density, which points to the presence of long-range
Coulomb scattering [75]. The disorder induced doping in the MoS, channel can be ob-
tained by extrapolating the carrier density to zero Vg, which gives ny = 3.7 x 10" cm~2.

3.2.2. MAGNETOTRANSPORT MEASUREMENTS

At low temperatures, the magnetoresistance in our devices shows a prominent peak
around B = 0 T (Fig. 3.2a), a clear signature of weak localization of the electron wave-
functions. Figure 3.2b shows the symmetrized magnetoconductivity Ac*(B) (Ac™(B)
= (0(B) +0(=B))/2—0(B = 0T)) in units of 2/ h, for different carrier densities at T = 2
K and in Fig. 3.2c for different temperatures at n = 7.2 x 10'2 cm™2. As the carrier density
increases, the dip at zero magnetic field becomes more prominent, while it declines with
temperature. The former can can be attributed to an increase of the coherence length
of the electrons with electron density, while the latter can be explained from a decrease
in the coherence as the temperature increases. Furthermore, at high carrier densities
the magnetoconductivities show oscillations that are ascribed to universal conductance
fluctuations (UCFs) (see also Fig. 3.12). We have also observed weak localization char-
acteristics in the sample D2, which has also similar transport characteristics (Fig. 3.6).
For the analysis of the low B-field magnetoconductivity we have employed the re-
vised from Iordanskii et al. theory of Hikami-Larkin-Nagaoka [70, 76, 77] that has been
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adopted for the analysis of magnetotransport in MoS; in previous reports [67-69]. This
model contains spin-orbit terms, responsible for spin relaxations. We have also per-
formed analysis with the recent theory for monolayer TMDCs [38]. In the main text we
focus on results based on the HLN theory. The magnetoconductivity according to the
HLN model is given by [69, 70, 76, 77]:

2 By + B 1 _Bp+2B 1_B
e ¢ T Dso 1) so ¢
F +-F(———)—-=-F(—)|. 3.1
o e ( B ) 2 ( B ) 2 (B) 3.1

Ao (B) =

Here, F(z) = w(1/2+ z) — In(z) and v is the digamma function. Eq. (3.1), contains two
variables: By, which corresponds to the phase-coherence field and B, which is related
to the spin-orbit mediated spin relaxation processes. The black curves in Fig. 3.2b and
3.2c correspond to fits with Eq. (3.1). We have limited the fitting to fields below 1.5-2.2 T
so we avoid contributions from the classical magnetoresistance and from UCFs.

3.2.3. PHASE COHERENCE OF ELECTRONS

From the fits, we have deduced the phase-coherence length of the electrons. In Fig. 3.3a
we show the phase-coherence length as a function of the electron density for T = 2 K,
calculated from the relationship Ly = \/fi/(4eBg). The error bars have been calculated
based on error propagation methods. The phase-coherence length is between 35 and 80
nm for n = 5.5-7.5 x 10'2 cm~2, showing an increase with the density. Even though the
electron density is small in comparison to other reports [67-69], the phase-coherence
lengths obtained here are among the largest reported for MoS,, owing to the large mo-
bilities of the samples. Furthermore, values of Ly obtained from weak localization data
are in good agreement with the ones obtained from the conductance fluctuations: us-
ing the equation AB = (hi/e)/(n r)? (78] and for AB=~1.2-2T (period of oscillations), we
get a length scale of 50-63 nm. Another quantity that we obtain is the phase coherence
time from the relationship: 74 = L¢2/ D. Figure 3.2b presents the phase coherence time
as a function of electron density. A weak density dependence can be observed with an
increase from ~0.8 to ~2 ps. Lastly, the phase coherence length is found to depend on
temperature with a power law: Ly oc T-%. We find values of a equal to 0.56 and 0.49,
for V; = 63 V and 73 V, respectively. Such values of @ imply dephasing due to electron-
electron scattering processes [71], which has also been reported in graphene [79], black
phosphorus [78] and monolayer MoS; [67].

3.2.4. SPIN RELAXATION PROPERTIES

The fact that we observe weak localization in our devices indicates the absence of strong
disorder that leads to intervalley spin-flip scattering and in turn to weak antilocalization
[38, 67, 80]. Thus, the spin relaxation obtained through Eq. (3.1) is mainly related to
intravalley spin-flip processes (Fig. 3.4a). The dependence of the spin relaxation length
(Lso = 11/ (4eBsp)) on density is presented in Fig. 3.4b. The values are between 40 and 75
nm for n = 5.5—7.5x 102 cm ™2, exhibiting an increase with n, presumably due to the in-
crease of the diffusion constant as in the case of the phase-coherence length. The values
obtained here are larger than the ones found in monolayer MoS; on SiO; (20 nm) [67]
but somewhat smaller than those obtained from a few-layer MoS, in weak localization
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Figure 3.4: Spin relaxation properties of electrons in bilayer MoS,. (a) Energy-dispersion schematic
illustrating spin relaxation due to intravalley spin-flip process. Different colors represent electron
populations of different spin orientations. Spin relaxation length Ls, (b) and time 750 (c) as a
function of electron density (T = 2 K); obtained from fitting the magnetoconductivity data to Eq.
(3.1). The spin relaxation length increases with electron density, while the spin relaxation time is
independent of the electron density.

(100-270 nm) [68, 69] and non local spin measurements (~ 200 nm) [81]. We note that
the spin relaxation and phase coherence lengths seem quite similar. Although we see
no reason that these should be related, it is an interesting question if there is underlying
physics behind this observation.

Unlike the spin relaxation length, the spin relaxation time is a more universal figure of
merit that can be compared among different devices and materials as it does not depend
on the diffusion constant. The spin relaxation time is found to be relatively fast, ~2 -3
ps (Fig. 3.3b). Recent reports on pump-probe spectroscopy on monolayer WS, have also
shown fast intravalley spin-flip rates [82]. Furthermore, we find that the spin relaxation
time is independent from the density. We consider two counteracting effects that can
explain this observation. Firstly, according to the theoretical work of Wang ef al. [80]
the intravalley spin-flip processes are dominated by electron-electron Coulomb scatter-
ing. As the electron density increases, the spin-flip rate should thus decrease. The spin-
relaxation rate can also be tuned due to breaking of inversion symmetry in centrosym-
metric TMDCs [83, 84]. The electric-field of the back-gate can polarize the two layers and
therefore break the inversion symmetry of the system. In the case of our devices though,
the inversion symmetry is already broken for the range of the back-gate voltages applied
[61, 85] and should not affect the spin relaxation rate. The second mechanism tends to
increase the spin relaxation rate through the Bychkov-Rashba SOC [86, 87]. These two
mechanisms could counteract each other resulting in a relaxation time independent on
n. For very large electric-fields, the Bychkov-Rashba SOC dominates and the in-plane
and momentum-locked effective B-field becomes strong enough to drive the system to
WAL by spin-flip intervalley scattering [38, 69, 83, 88].

In addition to the HLN model that has been typically used for the analysis the ex-
periments of WL and WAL in MoS; [67-69], a specific model was recently developed for
the analysis of of WL and WAL in monolayer TDMCs, which takes into account the inter-
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play of the SO interaction and the multiple valleys in the band structure of TMDCs [38].
The model developed by H. Ochoa et al. and contains four free parameters (By, Bs, B,
and B,). In the parameter range applicable to our measurements, however, we find that
the parameters of the model are too strongly cross-correlated to provide a meaningful
analysis of our data (see Fig. 3.11) We do note, however, that with similar parameters as
found in the HLN fit, the model of [38] does provide a theoretical prediction of the WL
that is in agreement with our observations (see supplemental material for the quality of
the fittings as well as results from the fitting).

3.3. CONCLUSION

In summary, we have studied weak localization effects in h-BN encapsulated bilayer
MoS; devices for different temperatures and electron densities. Based on the analysis
of the HLN theory, we found large phase-coherence lengths limited by electron-electron
inelastic scattering. The spin relaxation rate is found to be relatively fast and indepen-
dent from electron density. This latter observation may indicate the presence of coun-
teracting relaxation mechanisms involving electron-electron scattering and spin-orbit
interaction.

3.4. SUPPLEMENTAL MATERIAL

3.4.1. ELECTRONIC TRANSPORT AND DEVICE CHARACTERISTICS

The fabrication scheme that was used in this study provided ohmic behavior at cryogenic
temperatures in the devices as shown in Fig. 3.5a. This verifies the low contact resistance
in the devices. Both D1 and D2 devices exhibit a metallic behavior at the range of the
applied back-gate voltages, as indicated by the fact that the resistivity (conductivity) of
the channel decreases (increases) when the temperature decreases. Figure 3.5b shows
the conductivity of sample D1 as function of back-gate voltage for various temperatures.

The carrier density was obtain via Hall measurements at different temperatures. The
capacitance per unit area (C) is found equal to ~15 nF/cm?, a value close to the predicted
one from the parallel plate capacitor model for a 285 nm SiO, and 30 nm h-BN dielectrics
11 nF/cm?, assuming a dielectric constant €, = 4 for both dielectrics. The Hall mobilities
(1) were calculated using the Drude relation o = nep, while the field-effect mobilities
where obtained from the linear fit of the conductivity versus gate voltage characteristics
and using the relationship u = %AA_‘Z'

Moreover, we studied the scattering mechanism in the devices (Fig. 3.5c). We find
that at moderate temperatures the mobility increases upon cooling and the scattering is
dominated by optical phonons, indicated by the value of the y that is equal to -1.3, very
close to theoretical prediction for monolayer [89]. At low temperatures the mobility is
nearly independent of the temperature, which is a signature of scattering from impuri-
ties [90].
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Figure 3.5: Transport characteristics of the bilayer MoS, van der Waals heterostructures.(a) Two-
probe current-voltage characteristics at different back-gate voltages at 2.8 K. (b) Conductivity o as
a function of the back-gate voltage Vg for different temperatures.(c) Dependence of the electron
mobilities ¢ from the temperature based on field-effect and Hall measurements. The values of
Hall mobilities are for electron density of 7.7x1012 cm™2. The red line corresponds to the linear fit
to the data that yields a slope of -1.3, characteristic for optical-phonon scattering.

3.4.2. PHOTOLUMINESCENCE SPECTRUM

In order to verify that the thickness of the MoS; flakes corresponds to that of a bilayer
we have measured their photoluminescence spectrum. Figure 3.6 shows the photolumi-
nescence spectrum os the sample D1. As it can me seen this corresponds to the spectra
of a bilayer MoSs flake according to earlier reports [24]. The peaks with the letters N,
A and B, correspond to photon emission that originates from the indirect bands gap as
well of the two distinct excitons of the direct gap, respectively.

3.4.3. WEAK LOCALIZATION IN SAMPLE D2

We have performed magnetotransport in sample D2 and we have observed weak local-
ization effects as well. In this case we have taken datasets at gate voltages of 50 V and
60 V. Figure 3.7 presents the magnetoconductivity at 3.2 K, included the fitting with the
HLN model. We believe that the deviation of the data from the fit is due to a jump in the
gating of the channel due to an unstable gating effect. From the fitting we have obtain
the values of Ly, Ty, Ls and 7. Figure 3.8 shows the results for two different electron
densities. The values are very similar to the ones that we obtained for sample D1 and
presented in the main text.

3.4.4. BEHAVIOR OF THE FITTING PARAMETERS IN THE MODEL OF OCHOA
etal. AND IN THE HLN MODEL
The model of Ochoa et al. that addresses quantum interference of electrons in TMDCs ,

is being used for the first time in the current report and we have to investigate it’s behav-
ior. The model (for Er > A in the “clean” limit) contains four free parameters: magnetic
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Figure 3.6: Photoluminescence spectrum of sample D1. The spectrum corresponds to bilayer MoS;
[24]. The A, B letters indicate the A, B excitonic peaks of the direct transitions, while the N corre-
sponds to indirect transitions. The stars (*) indicate peaks of unknown origin, which are possibly
associated with defect or impurity luminescence from the MoS; according to previous reports [24].
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Figure 3.7: Weak localization in sample D2. (a) Optical image of sample D2. Scale bar is 10 y m.
(b) Magnetoconductivity of sample D2 at T = 3.2 Kand Vg = 60 V. The red line corresponds to the
fitted curve with the HLN model.
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Figure 3.8: Results from the analysis of weal localization in sample D2 at T = 3.2 K. Phase coherence
length (a) and time (b) and spin relaxation length (c) and time (d), as a function of the electron
density. The error bars have been obtained using uncertainty propagation methods.
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fields associated to the phase coherence length (By), the momentum relaxation length
(Be), the spin-flip length (B;) and length associated to the SO splitting of the bands (B,).
In our analysis we have reduced the number of the parameters by one, due to the use
of the momentum relaxation length from the transport data. Nevertheless, even three
parameters in the model is a large number in order to have an accurate determination
of the specific properties of the system. Therefore the uncertainty in the parameters can
get very large values.

In a new function that is being used to fit a specific curve is useful to study how many
minima of the residual sum squares (RSS or y?) exist in the parameter space. This allows
us to verify whether a specific set of values can result from the fitting process or there
are more sets of values that have same values of y?. In Fig. 3.9 we have plotted the
XZ as a function of values of By and By, for the case of the model of Ochoa et al. (Fig.
3.9a) (the expression of the model is presented in the next section) and for the Hikami-
Larkin-Nagaoka model (Fig. 3.9b). According to Fig. 3.9a the y? has minima across a
line and therefore the two parameters are cross-correlated. On the other hand the HLN
model has one global minimum of the y2. So in the case of the Ochoa model the initial
conditions as well as any boundaries can affect the result of the fitting.
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Figure 3.9: Residual sum squares (y2) as a function of By and B for the model of Ochoa (a) and for
the HLN model (b) for a specific data set (Vg =65 V).

3.4.5. ANALYSIS OF THE DATA WITH THE MODEL OF OCHOA et al.

Although as we described above the model of Ochoa et al. has cross-correlated param-
eters, we will try to obtain some estimates by applying some boundaries. The condition
that we apply is Bf < B;, so that the phase coherence length is lager than the mean free
path. Also, in order to avoid “biasing”, we used initial values outside the bounds of the fit-
ting parameters. For K/K’ electrons with finite splittings and with the Fermi level above
the SO splitting, the magnetoresistance is then given by [38]:
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Figure 3.10: Symmetrized magnetoresistance Ap(B)/p? as a function of magnetic field B for differ-
ent electron densities n measured at T = 2 K. (b) Symmetrized magnetoresistance as a function
of magnetic field for different temperatures with 7 = 7.2 x 1012 cm~2. The drawn solid black lines
correspond to fits using Eq. (3.2). Data and curves have been shifted vertically by 0.5¢%/mh for
clarity.
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Here F(z) = w(1/2 + 1/z) + In(z). In the particular form we have considered mainly
Dyakonov-Perel processes in the SO induced Zeeman term. Fitting to the experimental
data are shown in Fig. 3.10 with black solid lines. The fitting is satisfactory for the most
cases, but at high densities the fitted curves do not follow the data that well.

From the fitting we find that the phase coherence length has values that range be-
tween 30 and 40 nm for the lowest temperature and the mechanism of dephasing is also
the Altshuler one as in the case of the analysis with the HLN model. On the other hand
the spin relaxation length and time are small. Nevertheless the dependence from the
density is the same with what we found with the HLN model. That is, an independent
from density spin diffusion time and a linear increase of the spin relaxation length. We
have not added the error bars in this case, due their large magnitude.

3.4.6. UCFS IN THE MAGNETOCONDUCTIVITY OF SAMPLE D1

The magnetoconductivity curves show oscillations at high magnetic fields. These os-
cillations are related to universal conductance fluctuations (UCFs) and not from Shub-
nikov de Haas type of oscillations. UCFs appear in samples with finite disorder as a result
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Figure 3.11: Results obtained from fitting the magnetoresistance data to Eq. (3.2). The spin relax-
ation length increases with electron density .(a) Phase coherence length as a function of tempera-
ture for different back-gate voltages in logarithmic scale. (b) Phase coherence length as a function
of electron density for different temperatures (b). Spin relaxation length Lg (c) and time 7 (d) as a
function of the electron density for different temperatures.
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of change in the relative phase of the different trajectories during their interference, as
a result to changes in the impurity configuration, chemical potential or magnetic field
(change of the magnetic flux that penetrates the path). As mentioned above, the period
of the oscillations is AB = 1.2—2 T, which can be translated in a coherence length of 50-63
nm using th relationship AB = (fi/e)/(n rZ.

15

electron density
(10" cm®)

Figure 3.12: Extended version of Fig. 3.2b from the main text, where the UCFs can be seen more
clearly. the curves are also shifted by 0.1e/7h.



MULTI-TERMINAL ELECTRONIC
TRANSPORT IN BORON NITRIDE
ENCAPSULATED T1S; NANOSHEETS

In this chapter we study electrical transport as a function of carrier density, temperature
and bias in multi-terminal devices consisting of hexagonal boron nitride (h-BN) encap-
sulated titanium trisulfide (TiS3) sheets. Through the encapsulation with h-BN, we ob-
serve metallic behavior and high electron mobilities. Below 60 K an increase in the resis-
tance, and non-linear transport with plateau-like features in the differential resistance are
present, in line with the expected charge density wave (CDW) formation. Importantly, the
critical temperature and the threshold field of the CDW phase can be controlled through
the back-gate.

37
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4.1. INTRODUCTION

Titanium trisulfide (TiS3) is a van der Waals semiconductor with a direct band gap of
~1 eV. It has a crystal structure with Ti-S bond lengths longer in the b-direction than
in the a-direction, and is built of 2D sheets that are usually elongated along the b-axis.
The one-dimensional chain-like lattice of TiSs is responsible for the large optical and
electronic in-plane anisotropy [91, 92]. The anisotropic features along with the high mo-
bilities and photo-response have established TiS3 as a promising candidate for transis-
tors [93-95] and polarization sensitive photodetectors [96, 97]. Furthermore, theoretical
studies have suggested that monolayer TiS3 has very high mobilities at low temperatures
[98], rendering this material promising for studying quantum transport phenomena.

The electrical properties of bulk TiS3 whiskers have been studied by Finkman et al.
[99] and later on by Gorlova et al. [100, 101] who showed that TiS3 exhibits semiconduct-
ing behavior (resistance decreases with temperature) and below certain temperatures
(57 K and 17 K) it undergoes a transition to a charge-density-wave (CDW) state due to
Peierls instability. Similar behaviors were also found for other members of the family
of the transition metal trichalcogenides (TMTCs) like NbSes [102] and ZrTes [103]. Very
recently, the electrical properties at different temperatures of field-effects devices from
TiS3 nanoribbons were studied [104, 105]. Similar to other 2D semiconducting systems
like MoS; [106] and WSe, [107] on SiO,, the devices showed disorder induced electron
localization even at high temperatures and high carrier densities. Moreover, degradation
during the fabrication should not be excluded as TiS3 could form vacancies and oxidize
under atmospheric conditions even at moderate temperatures [108].

In this chapter we present results on electrical and multi-terminal transport on multi-
terminal TiS3 devices. Via encapsulation with hexagonal boron nitride (h-BN), we elim-
inate extrinsic sources of disorder and measure the intrinsic properties of this material.
We study the conductivity (sheet resistance), the mobility and the current-voltage rela-
tionship as a function of temperature and electron density.

4.2, RESULTS AND DISCUSSION

4.2.1. HETEROSTRUCTURE ASSEMBLY

The boron nitride encapsulated TiS; heterostructures were fabricated using the van der
Waals pick-up technique with polypropylene carbonate (PPC) films [73]. Prior to the
stacking process, the top h-BN was pre-etched using a rich-in-CHF3 gas reactive ion
etching (RIE) process in order to deposit top metallic contacts (for more details see meth-
odssection) [109]. This way the channel is always protected during the device fabrication
procedure. The elongated flakes were aligned so the long edge is parallel to the biasing
direction. The final stacks were deposited on Si/SiO, substrates, where the carrier den-
sity can be tuned by the Si back-gate. A schematic of the device cross-section is shown
in Fig. 4.1a. We fabricated two devices of thickness 26 and 9 nm, labeled as D1 and D2,
respectively. In the main text we focus on results from sample D1 (inset of Fig. 4.1d).
Very similar results on the conductivity and mobility were obtained from sample D2 and
can be found in the supplemental material.
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50

Figure 4.1: Device schematic and room temperature electrical characteristics. (a) Schematic illus-
tration of the cross-section of a device consisting of a TiS3 sheets encapsulated with h-BN. The
Ti/Au contacts were deposited on TiS3 through prepatterned windows on the top of the h-BN. (b)
Current-voltage characteristics from two-terminal measurements for different back-gate voltages.
(c) Conductivity from four-terminal measurements as a function of the back-gate voltage. Inset
shows the device that was used for the measurements (sample D1). Scale bar corresponds to 3

pm.

4.2.2. ELECTRICAL TRANSPORT AT ROOM TEMPERATURE

Room-temperature electrical characterization in a two-terminal configuration verified
the ohmic contacts from the drain current-voltage bias (I — V4,) characteristics at dif-
ferent back-gate voltages (Vg) (Fig. 4.1b). Using four-terminal measurements we obtain
the intrinsic conductivity as a function of the back-gate voltage (Fig. 4.1c). We find an
n-type semiconducting behavior similar to earlier reports [91, 94, 105]. The ON/OFF ra-
tio appears to be small ~ 2.3, while the threshold voltage is about —30 V from the onset
of conductivity, indicating that large residual doping is responsible for the large current
in the OFF state, in agreement with previous studies [94]. The room-temperature field-
effect mobility, was calculated based on the relationship urg = do/(Cg"dVy), where C5*
is the gate capacitance determined by the parallel plate capacitor model and o is the 2D
or sheet conductivity. The mobility is found to be equal to 54 and 122 cm?/Vs for two-
and four-terminal measurements, respectively. These mobilities are the largest reported
so far for TiS3 [93, 94, 105].




4. MULTI-TERMINAL ELECTRONIC TRANSPORT IN BORON NITRIDE ENCAPSULATED TIS3

40 NANOSHEETS
(a) (b)
50 30
8 20
N — <
- x
> 12}
® 10
25
5% 100 200 300 Oo 100 200 300
T (K) T (K)
(c) (d)
8 8
6
67 K
=
%
84
IS —
2
/g/ 287 K
0 0
50 0 50 -20 0 20 40 60
Vy (V) Ve V)

Figure 4.2: Temperature and gate dependence of the conductivity (sheet resistance). (a) Colormap
of the conductivity as a function of the temperature and the back-gate voltage. The horizontal
dashed lines correspond to the temperature sweep traces at constant gate voltages of the sheet
resistance that are plotted in panel (b). (b) Rs vs. T for different back-gate voltages. Transfer
characteristics for temperatures between 67 and 287 K in (c) and between 18 and 66 K in (d). The
dataset of panels (a) ,(b) and (c) was obtained using I = 100 nA, while the dataset in panel (d) was
obtained with I =20 pA.

4.2.3. TEMPERATURE DEPENDENCE OF THE SHEET RESISTANCE AND CON-
DUCTANCE

In order to investigate the conducting mechanism in the devices, we obtained the con-
ductivity as a function of back-gate and temperature using multi-terminal DC measure-
ments at finite current bias (Fig. 4.2a). A decrease of the sheet resistance with the de-
crease of the temperature is observed, which is a signature of metallic behavior at all
back-gate voltages. Nevertheless, below certain temperatures (which range between 70
and 150 K, depending on the charge carrier density) the sheet resistance starts to in-
crease, which is a signature of insulating behavior (Fig. 4.2b). For negative gate voltages
this up-turn takes place at high temperatures around 150 K. This behavior can be ex-
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Figure 4.3: Mobility of device D1. (a) Electron density from Hall measurements and mobility as a
function of back-gate voltage at T = 66 K. (b) Logarithmic plot of the mobility as a function of the
temperature for different carrier densities. At high temperatures the dependence is approximately
linear following a power law dependence u o< TY. (c) Dependence of the coefficient y on the
electron density. The shaded grey curve represents the uncertainty in the parameter y.

plained by a Fermi level alignment below the conduction band or mobility edge and
when the temperature decreases the thermally excited carriers freeze out. For zero and
positive gate voltage values we observe a metal-to-insulator-transition (MIT) at lower
temperatures, but the resistance increase is more abrupt for higher gate voltages. This
could be attributed to Mott-insulating behavior or more probably due to a CDW transi-
tion as expected at this temperature range for TiSz [100, 101]. From the transfer charac-
teristics, we observe that the conductivity increases with the decrease of the temperature
down to 67 K for positive gate voltages (Fig. 4.2c). The threshold voltage that is the back-
gate voltage at which the conductivity starts to increase, shows a strong temperature
dependence as a consequence of the aforementioned carrier freeze-out. Below 67 K the
conductivity starts to drop and as the temperature decreases; the transfer characteris-
tic show a sublinear ‘bending), indicating enhancement of the insulating state at higher
electron densities (Fig. 4.2d).

4.2.4. HALL AND FIELD-EFFECT MOBILITY

In semiconductors and metals one of the most important figures of merit is the carrier
mobility, and to calculate it from the conductivity based on the Drude model, the carrier
density should be known. To obtain the carrier density, we performed Hall measure-
ments at various temperatures (75, 90, 150, 250 K). Figure 4.3a shows the carrier density,
which increases in a linear way with the back-gate voltage; it equals 6-12x10'? cm™? for
Vg=0-50 V. From this measurement we obtain a capacitance per unit area of 1.9 x 1074
F/m?, which is larger than the estimated one from the parallel plate capacitor model
(1.2 x10™* F/m?, for epgyn = 4). Based on the Drude formula o = nyepy;, where e the
electron charge, ny the electron Hall density and pyy the Hall mobility, we calculate the
Hall mobility as a function of the back-gate voltage. At 90 K, py is found to be between
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250 and 330 cm®V~'s™! for Vg = 0—50 V (Fig. 4.3a). This result demonstrates that the de-
vice exhibits high electron mobilities due to the encapsulation with h-BN, although the
mobilities are lower than those of TMDCs and black phosphorus when using similar en-
capsulation techniques [18, 110, 111]. Also, the large residual density for Vz = 0V, shows
that the TiS; sheet contains a large density of impurities that probably originates from
sulfur vacancies as in the case of the TMDCs [112-114], thereby limiting the mobility in
the device.

The mobility usually depends on the temperature with a power law: poc TY. The
value of the coefficient y can reveal the dominant scattering mechanism of the elec-
trons. A y in the range of -0.5 and below, is a signature phonon scattering [115]. At very
low temperatures, y can approach 0 (mobility independent from temperature), which is
the case of impurity scattering for degenerate semiconductors, while in non-degenerate
semiconductors with substitution doping y = 3/2 [116, 117]. In Fig. 4.3b, we plot on a
logarithmic scale the field-effect and the Hall mobilities (for n5=9 x 10'> cm™2) as a func-
tion of the temperature from 280 to 75 K. The Hall mobility was calculated based on the
Drude formula as mentioned above, while the field-effect mobility was obtained from
the transconductance through the relationship pgg = 60/ (CgFE6 Vg), with a linear fit in
the o-Vj plots of Fig. 4.2c around V=0 V. From the linear fit of the data in this log;, (1)
vs.log,o(T) plot, we obtain the coefficient y in the temperature range of 90 to 280 K. The
value of y is -0.9 and -2.0 for the Hall and field-effect mobilities, respectively, indicating
phonon scattering at this temperature range [115]. As found usually, the Hall mobil-
ity is 2-3 times smaller than the calculated field-effect mobility [111, 118]. We attribute
this discrepancy to the Hall scattering factor that can be different than unity [68, 119]
and is defined as i = up/ tefs Where pegr is the effective or drift mobility, or equivalently
ru = Cg"/Cy', with Cg' the capacitance per unit area based on Hall measurements. The
Hall scattering factor in this case is found to be equal to 0.9 at 250 K and decreases to 0.6
at90 K.

4.2.5. NON-LINEAR TRANSPORT

Metal-insulator transitions (MIT) or charge density wave (CDW) transitions are usually
associated with non-linear transport with distinct characteristics. In the case of CDW,
the lattice rearranges due to a Peierls instability and an electronic gap opens at the Fermi
level due to the formation of the standing electron wave [120]. Pinning of the CDW to
impurities leads to bias dependent transport. In the differential resistance a plateau ap-
pears around zero bias and above a critical field depinning leads to an abrupt decrease
of the differential resistance. MITs, on the other hand, originate from carrier localiza-
tion due to strong disorder. In this case hopping of electrons is strongly temperature and
electric field dependent [121].

Figure 4.4a presents voltage-current bias (V},-I) curves for Vg = 50 V from four-terminal
measurements that show almost linear behavior for high temperatures, but below 66 K
they become strongly non-linear. In the differential resistance a strong peak at low cur-
rent bias is evident, which forms a plateau upon lowering the temperature (Fig. 4.4b).
Figure 4.4c shows I-V}, characteristics for different gate voltages at T=4 K. The shape of
the V},-1 curves shows clear signatures of a CDW phase as in the case of NbSes [122, 123].
From the differential resistance the critical (or threshold) electric-field of the sliding
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Figure 4.4: Low-temperature non-linear transport properties. Probe-voltage (a) and differential re-
sistance (d Vol dI) (b) as a function of the current bias for different temperatures below 67 K for
Vg =50V. (c) Vp — I characteristics for different gate voltages at T = 4 K. (d) Differential resistance
as a function of the probe-voltage for the same gate voltages and temperature as in (c). The curves
have been shifted vertically for clarity. Dashed lines indicate the critical voltage (E-field) of the
sliding CDW.
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Figure 4.5: CDW analysis of resistance versus temperature curves. (a) Temperature dependence of
the zero-bias differential resistance (Rsp) for different gate voltages. The curves have been shifted
vertically for clarity. (b) d(InRgg)/d(1/T) vs. T. From the inflation point the critical temperatures
associated with the CDW have been determined. The inset shows a zoom of the dashed area at
the low temperature regime, where a second inflation is present. (c) Critical temperatures as a
function of the gate voltage.

CDW estimated to be 120 V/cm for Vg = 50 V, where the transition can be seen more
clearly (Fig. 4.4d). For lower gate voltages the I-V}, characteristics indicate a reduction
of the critical field but as the curves are more smeared, it is difficult to extract accurate
values.

4.2.6. CHARGE DENSITY WAVE ANALYSIS

Since the non-linear current-voltage curves indicate a CDW phase, we will follow with
an analysis that is usually carried out to investigate the critical temperature of the CDW
transition. The zero bias differential resistance (Ryy) as a function of T for three differ-
ent gate voltages is plotted in Fig. 4.5a. A cusp is present at temperatures of ~ 60 K,
followed by an increase in the resistance and a second cusp just below 20 K indicating
the presence of two transitions shown by the arrows. Such anomalies in the differential
resistance are evidence for a CDW transition due to the formation of the gap and have
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been observed for different materials [124, 125]. For higher bias features of CDW vanish
(Fig. 4.11) [126]. Plotting the logarithmic derivative d(InRgy)/d(1/T) vs. T the CDW, the
transition temperature can be determined from the maximum of the curves (Fig. 4.5b).
There is a clear peak-like shape curve with a maximum around 60 K and zooming-in
around 20 K there is a small bump visible (inset of Fig. 4.5b). Figure 4.5c presents the de-
pendence of the temperatures of the two transitions on the back-gate voltage. The first
transition exhibits an increase from 42 K to 52 K when the gate voltage increases from
0 to 50 V. In bulk samples and along the b-direction the critical temperature was found
equal to be 59 K [101], close to the values obtained here. Such modulation of the tran-
sition temperature was also found in NbSe, and TaS; recently [127]. On the other hand,
the second transition, which is found around 22 K for V; = 0 V shows a weak gate depen-
dence and drops to 19 K at Vi = 50 V. Since the uncertainty of this critical temperature
is large, we cannot determine with certainty whether it increases or decreases with the
back-gate voltage.

Sample D2 also shows signatures of CDW at positive gate voltages (see Supp. Info
for the analysis). There are non-linear current-voltage characteristics, and for small val-
ues of Vg the dV},/dI exhibit a zero bias peak-like feature in the differential resistance.
At Vg = 80V a clear plateau appears with a critical electric field of 112 V/cm, in agree-
ment with sample D1. The bias dependent differential resistance with a peak structure
is a characteristic of hopping transport (E-field dependent hopping) [128]. Following
the same analysis for finding the Tcpw with sample D1, we find one critical tempera-
ture from the maximum of the curve in the d(InR)/d(1/T) vs. T plot. For sample D2,
the critical temperature lies around ~50 K, similar to the one found in sample D1. The
critical temperature however, shows an independence from the gate voltage. Such obser-
vation can be attributed to the presence of a MIT close to the CDW transition, therefore
resulting in such weekly dependent on the gate voltage critical temperature, as well as
superimposed plateaus and peaks in the differential resistance.

4.3. CONCLUSION

In summary, we have studied electrical transport in exfoliated TiS3 encapsulated in boron
nitride. TThe mobilities of our samples are the largest reported for this material, high-
lighting the encapsulation with boron nitride as a useful approach to improve sample
quality. Moreover we found that the thicker sheet shows clear evidence for a CDW tran-
sition, while the thinner shows CDW features along with an overlapping MIT. Our results
provide clear evidence that quantum phase transitions can be controlled in TiS3 render-
ing the particular system interesting to study many-body physics.

4.4, SUPPLEMENTAL MATERIAL

4.4.1. METHODS: GROWTH OF T1S3, FURTHER DETAILS ON DEVICE FABRI-
CATION AND MEASUREMENT SETUPS

TiSz3 growth: The TiS3 nanoribbons and nanosheets were synthesized by sulfuration of

bulk Titanium discs. Titanium discs are vacuum sealed in an ampule with sulfur powder

(> 75 atomic % sulfur) and heated to a designated growth temperature (500 °C). After 20
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hours of growth, the ampule is cooled in ambient conditions (see also [91]).

Device fabrication. Flakes of TiS3 (thickness:10-30 nm) and h-BN (thickness:15-30
nm) were exfoliated on substrates of SiO2/Si. The flakes were identified using optical mi-
croscopy and investigated with atomic force microscopy and Raman later on. We found
that in the case of TiS3, flakes thinner than 10 nm have very small area and they could not
be used for multi-terminal devices. The h-BN flakes that would be used as top dielectric
were further processed for the opening of the windows for the contacts [109]. We used
a polymethyl methacrylate (PMMA) mask and after patterning with electron-beam (e-
beam) lithography, a reactive-ion-etching (RIE) step etched the holes through the h-BN.
The boron nitride h-BN/TiS3/h-BN stacks formed via the van der Waals pick-up tech-
nique based on PPC/polydimethylosiloxane (PDMS) stamps. The heterostructures were
transferred on top of 285 nm SiO, /Si substrates with delamination at 110 ° C and cleaned
with anisole and IPA to remove any polymer residuals. Sample D2 was etched in a Hall
bar shape in a CHFj3 rich RIE step. For the metal contacts we used a dual layer of 450
A6/950 A3 PMMA resist and after patterning with e-beam lithography, Ti/Au contacts
were deposited.

Measurement setups. All DC electrical measurements took place in a liquid-He bath
cryogenic system, equipped with an 8 T superconducting magnet and in a Montana C2
cryostation.

Growth of the flakes was done by Eduardo Flores, Jose R. Ares, Carlos Sanchez and Isabel J. Ferrer
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4.4.2. RESULTS FROM SAMPLE D2
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Figure 4.6: Optical image of Sample D2 and Raman spectrum. (a) Optical image (transmission
mode) of the flake that was used to fabricate the device D2, sitting on PDMS film. (b) Hall bar
device (sample D2) after fabrication. Scale bars are at 4 pum. Raman spectra of a TiS3 flake in the
range of 150 to 700 cm™!. The four peaks of the Aj g modes of TiS3 along with silicon peak at 520.7

1

cm™* are visible.

Sample D2, which is thinner than sample D2, showed very similar properties. The de-
vice was fabricated with the same way as sample D1 using pre-etched top h-BN. Raman
spectroscopy verified that the flakes were consisting from TiS3 and not another allotrope
(Fig. 4.6).

Similar to sample D,1 we recorded the four-terminal resistance/conductance as a
function of gate voltage for different temperatures, from room temperature down to 4 K
(I=20 pA)(Fig. 4.7a). The conductivity has a maximum around ~60 K and then declines
as in the case of sample D1. The R; — T curves show a metallic behavior down to 60 K
and below that temperature the sample shows an increase in the R, (Fig. 4.7b).

The field-effect mobility, which was also calculated using the formula u = 5o/ (Cg"6 V),
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Figure 4.7: a Colormap of the conductivity as function of temperature and back-gate voltage. (b)
Sheet resistance as a function of temperature for different gate voltages. The data were obtained
with a bias current of 20 yA.

shows a decrease with the electron density (for T = 90 K) and itis 330 cm?*V~!s™! for V=0
V and decreases to 120 cm?V~!s~! for V=80V (Fig. 4.8a). Figure 4.8b shows a logarith-
mic plot of the field-effect mobility as a function of temperature in the range T=75-200
K. Similar to sample D2 the mobility increases as the temperature reduces and saturates
below 80 K, as a result of the CDW transition. The slope of the linear fit at high tempera-
tures yields the parameter y, which is found to be equal to -1.8; a value close to the one
found for sample D1 using the same method (field-effect measurements).

Figure 4.9 shows the differential resistance as a function of the probe-voltage. At
the temperature of 4 K and for gate voltages below 80 V the dV,,/dI shows a prominent
peak around 0V, which is a characteristic of localization. At V; =80 V we observe the
plateau until 30 mV along with the superimposed peak at 0 V. This feature is associated
with a CDW phase as in sample D1. The threshold field is found equal to 112 V/cm. The
observed plateau is increasing as the temperature decreases (Fig. 4.9b).

Carrying out the same analysis as with sample D1, we plot the zero-bias differential
resistance as function of temperature for different densities. In this case we observe a
monotonic increase of the differential resistance for T < 60 K at all gate voltages (Fig.
4.10a). From the maximum of the dIn(Rgy)/d(1/T) vs. T, we obtain the temperature
where the onset of the increase of the differential resistance (Fig. 4.10b). The critical
temperature in this case is independent from the gate voltage (Fig. 4.10c) and can be
attributed to a competition of metal-insulator and CDW transition. From Fig. 4.9a based
on the plateaus of the dV},/dI we can conclude that the CDW phase takes place at a
temperature close to that of the MIT and similar to the Tcpw of sample D1.
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Figure 4.8: Electron mobility in sample D2. (a) Field-effect mobility versus back-gate voltage at
T=90 K. The green line indicates the threshold voltage. (b) Logarithmic plot of the field-effect
mobility vs. temperature. The linear fit at the high-temperature regime results in the y coefficient
which is -1.8.
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Figure 4.9: Differential resistance as a function of probe-voltage (measured in the four-terminal
configuration) for different gate voltages at T = 4 Kin a and for different temperatures (4 K (red) to
56 K (yellow)) for Vg=80Vin (b). The curves have been shifted vertically for clarity in a.
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Figure 4.10: CDW analysis in sample D2. (a) Temperature dependence of the zero-bias differential
resistance (Rgp) for different gate voltages. (b) ‘Z}?f;‘;) vs. T. From the inflation point we obtain
the critical temperatures associated with CDW transitions. (c) Critical temperature as a function

of the gate voltage.




4.4. SUPPLEMENTAL MATERIAL 51

4.4.3. CDW SUPPRESSION WITH CURRENT BIAS

When a sample shows signatures of CDW the bias current or voltage can suppress those
signatures [102]. Also in our case we see that when we apply large current bias the resis-
tance of the sample changes and features of CDW get smeared.
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Figure 4.11: (a) Zero bias differential resistance of sample D1 as a function of temperature for differ-
ent current bias. (b) Hall resistance (Rxy) of sample D1 as a function of the magnetic field (B) for
two different gate voltages at 7=90 K.

4.4.4. HALL RESISTANCE AT 90 K

Figure 4.12 shows the Hall resistance (Ryy) as a function of the magnetic field for two
different gate voltages at T=90 K. As it can be seen the Hall resistance is linear as a result
of a single carrier transport, which is electrons in this case. The electron density was

. . . dR . .
obtained based on the relationship 7 = e(—5z"), where the e is the electron charge, and is
shown in the main text.







EFROS-SHKLOVSKII VARIABLE
RANGE HOPPING AND NONLINEAR
TRANSPORTIN 1T/1T'-MoS,

In this chapter we study temperature- and electric-field dependent carrier transport in
single flakes of MoS, treated with n-butyllithium. The temperature dependence of the
four-terminal resistance follows the Efros-Shklovskii variable range hopping conduction
mechanism. From measurements in the ohmic and non-ohmic regime, we estimate the lo-
calization length and the average hopping length of the carriers, as well as the effective di-
electric constant. Furthermore, comparison between two- and four-probe measurements
yield a contact resistance that increases significantly with decreasing temperature.

Parts of this thesis have been published in Physical Review B (2017), by N. Papadopoulos, G. A. Steele, and H.
S.J.van der Zant [129].
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5.1. INTRODUCTION

Transition metal dichalcogenides (TMDCs) form a family of van der Waals crystals with
the general formula MX,, where M is a transition metal and X a chalcogen atom. Molyb-
denum disulphide is the most known among the TMDCs and in its natural form (2H
phase) it is a layered semiconductor with a band gap of 1.3 eV in bulk and 1.8 eV in
monolayers [130]. 2H-MoS; has attracted a lot of interest due to its use in field-effect
transistors (FETSs) [7], photodetectors [131], and its rich spin-valley physics [132]. Un-
like 2H-MoS;, the 1T-MoS, phase has metallic properties and an octahedral stucture
[133]. This phase is metastable and relaxes to the distorted 17’ one with clustering of the
Mo sites and formation of Mo chains [134, 135]. The 1T’ phase is semiconducting whose
band gap has not been measured directly, but calculations yield values ranging from 0.08
eV [136] to 0.8 eV [137].

High doping levels can cause a phase transition from the 2H to the 1 T and 1T phases,
which can be achieved chemically via charge transfer through intercalation of alkali met-
als [138], by exposure to electron beam irradiation [139] or by metallic adatom adsorp-
tion on the surface [140]. This phase transition has been studied extensively and was
found to take place with gliding of the sulfur atom planes [141]. Unfortunately, the above
processes convert the 2H phase to the 1T and 17T’ phases (1T/1T’), but they also leave
some domains of the semiconducting 2H phase inside the MoS, lattice [142]. Nonethe-
less, the resulting sheets have very different electronic and chemical properties than the
natural 2H-MoS,.

Although there is a large variety of studies on 1T/1T'-MoS; and related heterostruc-
tures, there are not so many investigations on their electrical properties. Recently, tem-
perature dependent two-terminal transport measurements showed that electrons in 1T/
1T'-MoS; from chemical treatment are localized inside the metallic patches of the 1T
phase, leading to Mott variable-range-hoping (VRH) [143]. Here, we report on four and
two-probe measurements on few-layer 1T/1T'-MoS; flakes, obtained from a n-butyl lithium
treatment. We find that the channel resistance increases dramatically as the tempera-
ture decreases. Comparison between the two measurement configurations yields a small
contact resistance at room temperature that increases considerably at low temperatures.
We find that the temperature dependence of the resistance obtained with four terminal-
measurements in the ohmic regime fits the Efros-Shklovskii VRH mechanism better than
the Mott-VRH model. Furthermore, we study the nonlinear transport at low tempera-
tures with two-probe measurements. While at low bias (ohmic-regime) the temperature
dependence of the resistance is strong, at high electric fields this dependence is sup-
pressed and the device operates in the non-ohmic and electric-field activated regime
[128].

5.2. RESULTS

5.2.1. PHASE TRANSITION AND FABRICATION

Thin MoS; flakes were obtained using the scotch tape technique and transferred on
285 nm Si0,/Si substrates via a PDMS dry transfer method.[144] A transferred flake be-
fore the chemical treatment is shown in Fig. 5.1a. The flakes were immersed in n-
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Figure 5.1: Room-temperature characterization of 1T/1T’-MoS; flakes and devices. Optical images
of an MoS; flake after exfoliation (a), after immersion in n-butyllithium (b) and of a fabricated
device (c). Scale bar is 15 um. (d) Raman spectra from 1T/1T'-MoS; devices prepared under dif-
ferent conditions: Unbaked (black line), baked at 87 °C (blue line) and baked at 175 °C (red line).
(e) Two-terminal conductance as a function of the back-gate voltage for 2H-MoS; (grey curve) and
1T/1T’-MoS;y (red curve). The inset shows the transfer characteristics of the 1T/1T' channel, for
five back-gate voltages from -50 V to 50 V with a step of 25 V; all curves fall on top of each other.

butyllithium (1.6 M in hexane) for more than 48 hours and after extraction, the substrates
were washed with hexane and deionized water to remove excess lithium. After the chem-
ical treatment, there is a color change of the flake as can be seen in Fig. 5.1b. Another
way to verify the phase transition is with Raman spectroscopy. Figure 5.1d depicts the
spectrum of a flake after extraction from the n-butyllithium solution (black line). The J;,
J» and J3 peaks that originate from the 17" phase (green labels), the A, peak from the
1T phase, as well as the Eg, Ezlg and A;g peaks from remnant patches of the initial 2H
phase can be seen [134, 137]. The Raman spectrum therefore indicates that the phase
transition was incomplete, in line with previous reports [142, 145].

After inducing the phase transformation, we proceed to device fabrication, for which
standard e-beam lithography was used with a single layer PMMA resist. To preserve the
1T/1T phases, heating the PMMA above 95 °C must be avoided, which is the tempera-
ture at which the 1T/1T’ to 2H phase transition is expected to take place [133]. We have
found that baking the PMMA resists at 87 °C in a vacuum oven for a couple of minutes is
sufficient to preserve the 1T/1T’ phase. This can be seen in Fig. 5.1d, where the Raman
spectrum before (black curve) and after baking (blue curve) is similar, indicating that
there is no substantial composition change of the flake. In contrast, flakes with PMMA
baked at 175 °C for 3 minutes show a significant reduction in the intensities of the J;, />
and J3 peaks with a change in the background and an increase in the peak intensity from
the 2H phase.

After PMMA patterning via e-beam lithography, e-beam metal evaporation was used
to evaporate 5 nm of Ti and 70 nm of Au to form the contacts. Several Hall bars and other
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multi-terminal devices for transport measerements have been fabricated. The advan-
tage of n-butyllithium treatment and post-fabrication, compared to a treatment after
device fabrication, is that below the contacts there is 1T/1T’-MoS,, which can provide
better ohmic contacts according to earlier reports [39, 50]. One of the final devices is
shown in Fig. 5.1c.

Figure 5.1e shows a room-temperature, two-probe electrical characterization of de-
vices with 2H (grey) and 1T/1T’-MoS; (red) flakes. The G-Vg curves were obtained by
applying a DC voltage bias between source and drain and measuring the source-drain
current while sweeping the back-gate voltage. In the case of the sample with the 1T/1T’-
MoS,, the back-gate modulation of the conductance is negligible, while in the untreated
2H-MoS, sample the curve is semiconducting n-type with a high ON/OFF ratio. The
zero transconductance in the case of the treated sample shows that the Fermi level lies
inside the conduction band and that the material has a high electron density. The inset
shows current-voltage characteristics from the device with the 1T/1T’-MoS; channel at
different back-gate voltages; these are linear, indicating ohmic behavior.

5.2.2. TEMPERATURE DEPENDENCE IN THE OHMIC REGIME

To investigate the electrical properties of thin 1T/1T'-MoS$; flakes, we studied their four-
and two-terminal resistance as a function of temperature in two devices. Figure 5.2a
shows current-voltage curves of two-terminal measurements that remain linear (ohmic)
down to liquid nitrogen temperatures. The decreasing slope indicates that the resistance
increases upon cooling. Using a four-probe configuration, we extract the resistance of
the channel in the ohmic regime as a function of temperature by applying currents of
+100 nA between source and drain, while measuring the voltage drop across the chan-
nel. Figure 5.2b shows the two-probe and four-probe resistance as a function of tem-
perature; both exhibit a strong temperature dependence displaying semiconductor-like
behavior. The four-terminal resistance increases from 5 kQ at room temperature to 180
kQ at 90 K, while the two-probe resistance reaches 700 kQ at 90 K. From this data, it is
clear that although the 1T/1T’ state shows a reduced resistance at room temperature and
no gate voltage dependence, at low temperatures it exhibits an insulating state.

From the data in Fig. 5.2b the contact resistance of the device can be estimated from
the formula R, = 0.5(Ra7 — (l7/l47)R41), Where R, is the two-terminal and R4t the
four-terminal resistance, I47 the length between the voltage probes and where I, 7 is the
length between the current contacts. At 275 K R, is around 5.2 kQ and increases con-
siderably with decreasing temperature, reaching 70 kQ at 90 K (Fig. 5.2c). The contact
resistance in the two devices was found to be less than 20% of the total resistance be-
tween 90 K and 275 K.

To probe the nature of this localization, we analyze the temperature dependence
of the four-terminal conductance of the device. The increase in the resistance indi-
cates that the carrier transport takes place via hopping processes of the localized car-
riers. There are several models for hopping transport in solids. In the nearest neighbor
hopping model (NNH) the resistivity is proportional to exp(Ea/ kg T), with E, the acti-
vation energy [146]. The general form for VRH assisted transport on the other hand is
p o exp((Ty/T)%), where Ty is a characteristic temperature. For two-dimensions and
in the case of Mott-VRH, the exponent a is equal to 1/3 and the electrons hop between
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states that are spatially further apart but closer energetically [147]. In the case of Efros-
Shklovskii (ES) VRH the exponent a = 1/2 and hopping takes place under the influence
of strong electron-electron interactions [148].

As it can be seen from the inset of Fig. 5.2b, which depicts the natural logarithm
of the four-terminal conductance InG as a function of 1000/ 7, the data do not follow
a straight line so that the NNH model cannot explain the conduction mechanism of
1T/1T'-MoS,. To analyze this further, one can plot InG vs. T~1/2: in the case that the
transport is governed by ES-VRH, the data should show a linear relation. The data in
Fig. 5.2d shows such a plot, and the linear relation indeed suggests an ES-VRH mech-
anism. To confirm the exponent, one can also plot InW as a function of InT, where
W = —0lnp/0InT x a(T,/T)*. The slope of InW vs. InT is equal to the exponent a.
Such a plot is shown in the inset of Fig. 5.2d. From a linear fit, we extract an exponent
a = 0.46 £ 0.02, close to the exponent expected for an ES-VRH mechanism [149, 150].
Similarly from a second device (device B) a = 0.43 +0.02. Interestingly, if we do the same
analysis for two-terminal measurements that include the contact resistance, we find a
slope for device A of 0.31+0.02 and for device B of 0.49+0.03, highlighting the impor-
tance of four-terminal measurements for the determination of such exponents.

Returning to the analysis of InG vs. T~%, we can also compare different linear fits
taken for different exponents for the temperature on the x-axis. In the plot of InG vs.
T-12, alinear fit yields a residual sum of squares error of 0.0076. Similarly, in a plot of
InG vs. T~Y3 (not shown), the linear fit yields a value of the residual sum of squares er-
ror equal to 0.025. The smaller value of the residuals in the former case verifies that the
Efros-Shkolvskii mechanism explains better our results than the Mott-VRH model. From
this analysis, we can also extract the slope in a InG vs. T~!/2 plot, from which the char-
acteristic temperature of the ES hopping (Tgs) can be determined. For the two devices,
we find a Tgs 0f 5426 K (device A) and 7898 K (device B).

5.2.3. ELECTRIC-FIELD DEPENDENCE IN THE NON-OHMIC REGIME

Another aspect of hopping conduction is the field-assisted motion of charge carriers be-
tween localized states [151]. This field-assisted hopping leads to nonlinear transport
characteristics and above a critical electric field the conductivity becomes temperature
independent. According to the ES-VRH model, the dependence of the resistivity from
the electric field (E) is given by [128, 152, 153]:

/
poc elBrs/ BN (5.1)

where Egg is a characteristic field connected to the localization length(¢) and to Tgg by
the relationship: Egs = kg Trs/eé [152].

Bellow a critical field E.(T) transport follows an ohmic dependence and is in the
strongly temperature-dependent regime, since the phonons assist the hopping processes.
Above E.(T) the carriers have enough energy to pass the Coulomb barrier and the tem-
perature dependence is suppressed. As E;(T) is temperature dependent and decreases
as temperature is lowered, nonlinear current-voltage curves are therefore more promi-
nent at low temperatures; furthermore, at low temperatures the channel resistance can
become very high and four-terminal measurements are therefore more challenging for
studying the electric-field dependence of transport.




5. EFROS-SHKLOVSKII VARIABLE RANGE HOPPING AND NONLINEAR TRANSPORT IN
58 1T/1T'-Mo0S;

(b)750 T T T
° Or
600 |- O 10} 4
[ ] £ A1k
—~ 4501 o M2
(@ ° 4 6 810
< -
x 300 g 1000/T (K™)
[ ® 4-probe
150 |- \ \ ® 2-probe
0 i 1 1 1 1 ]
-10 -5 0 5 10 50 100 150 200 250 300
V. (mV T (K)
(©) » (M) (d)

°

°

‘ .

\ 09, | ™
10F ’0‘ 45 50 55|

e)
< 40 % 1 € e, T
x’ \ Mt ®, i
20 . ;“
()
%o g | oot *e, |
\. & Experimental Data *
100 150 200 250 300 0.06 0.07 0.08 0.09 0.10 0.11
T (K) T2 (K?)

Figure 5.2: Four-terminal transport measurements from room-temperature to liquid nitrogen tem-
peratures to determine transport mechanisms. (a) Current-voltage (I;-V}) characteristics from
87 K to 230 K. In this temperature range, the observed low-bias I;-V}, curves are linear with re-
sistances below 1 MQ. Inset shows an optical image of the device that was used. Scale bar is 7
pm. (b) Two-terminal (blue) and four-terminal (red) resistance as a function of temperature. In-
set shows the dependence of natural logarithm of the four-terminal conductance from the inverse
of the temperature 1000/ T. The deviation of the data from a linear relation (red line) indicates
that the transport mechanism is not nearest neighbor hopping. (c) Contact resistance as a func-
tion of temperature: at low temperatures, the contact resistance diverges. (d) InG as a function of
T~1/2, The symbols are experimental data and the green dashed line the linear fit to them. Inset
shows InW (see main text for definition) as a function of InT. The linear fit yields an exponent
a =0.46 +0.02, consistent with the ES-VRH model.
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Figure 5.3: Non-linear transport in 1T/1T’-MoS,. (a) Nonlinear current-voltage characteristics in
the range of 85-105 K. (b) Four-terminal current-voltage characteristics at three different temper-
atures, displaying a nonlinear dependence. (c) (a) Current-voltage characteristics in the range of
3.5-30 K showing strong nonlinearities. (d) Semi-logarithmic plot of the current I; as a function of
temperature for different bias voltages V},. The crossover from a strong temperature dependence
to a weak temperature dependence of the channel current is more clearly seen.
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In Fig. 5.3a and 5.3c we plot two-terminal I;-V}, curves of the device (device B in
this case), at temperatures between 85 and 105 K and 3.5 and 30 K, respectively; they are
highly nonlinear. At a temperature of 3.5 K and with a bias of 4 V the resistance is 4.4 GQ,
while for 15 V it declines to 150 MQ. Despite the high bias we did not observe electrical
breakdown of the devices. Note, that the large channel and contact resistances (G(),
do not allow to perform four-terminal measurements at very low temperatures due to
the internal resistance of the voltmeter and the voltage limits of our isolation amplifiers.
Nonlinear transport characteristics in the current-voltage curves in this device were also
observed in four-terminal measurements at temperatures between 85 K and 105 K (see
Fig. 5.3b), but the activationless regime is not accessible due to the high critical field (E,)
at these temperatures.

The crossover from strong to weak temperature dependence can be seen more clearly
in Fig. 5.3d, which depicts a semi-logarithmic plot of the current as a function of tem-
perature for different bias voltages (V}). The plot indicates that the suppression of the
temperature dependence takes place above 12 V. This translates to an electric field of
2x10% V/m for a channel of 6 um. At V},=4 V the ratio between the current at 3.5 K and
30 K is on the order of 50, while for 15V this ratio is about 2.

Assuming that the nonlinearity in the current-voltage curves arises from ES-VHR
with a negligible contribution from the contacts, we can then extract the ES electric field
from the non-ohmic regime. The value of Egg can be obtained by plotting the In/; as a
function of E~'/? as depicted in Fig. 5.4 for different temperatures. As the electric field
increases (left hand side of the plot) the curves from different temperatures converge to
a single line at the temperature dependent critical field (E;(T)). Equation (5.1) indicates
that a least square fit to the linear part of the InI;-E~/2? curve provides an estimate for
Efgs. For the lowest temperature (3.5 K), which fulfills this condition, we obtain a slope of
14347 (V/m)'/? that corresponds to an electric field of 2.06x10® V/m (inset of Fig. 5.4).
For the other device, Egg is found to be 3.8x 108 V/m.

5.3. DISCUSSION

From the values of Egs and Trs determined from the experiment, the localization length
¢ can be estimated using the relationship ¢ = kg Trs/eEgs. For device A the localization
length is 1.2 nm, while for device B the localization length is 3.3 nm. The average hop-
ping length, which for ES-VRH is given by 7 = é(Tgs/ T)'/?), can be estimated using the
experimental values of ¢ and Tgs. At 300 K, the average hopping distances of the carriers
in Device A and Device B are 5 and 17 nm, respectively. The obtained values of 7 favor the
physical picture of electron hopping from one 1T phase patch to another as previously
suggested by Kim et al. [143].

Another parameter that can be calculated from the data is the effective dielectric
constant of Li treated MoS,, which in this case originates from the 17’ and 2H phases
between the 1T phase domains. According to the ES-VRH model the critical temperature
is given by [154]:

2.8¢2

-7 5.2
4meoe, kgé (5:2)

Tgs

where e is the electron charge, €, is the dielectric constant and ¢ the electric permittivity



5.3. DISCUSSION

61

125 ——7——

-156.0

Inl,

-17.5

-20.0

In/,

-22.5

-25.0

o e,

-16 |

-18 |

2
0.6

0.8

£ (1 03 V/m)-1/2-

Lea | o

Setols s ¢ |

-27.5 ——"~1L——
0.001 0.002

0.003 0.004 0.005

E1/2 (V/m)-1/2

Figure 5.4: Determination of the characteristic field Egg from the nonlinear transport data. Inl; as
for temperatures from 3.5 K to 28.7 K (red to yellow). The slope of the linear
part at high electric fields and at 3.5 K yields the parameter E}:_/SZ (inset).

a function of E~1/2

of the vacuum. We estimate effective dielectric constants of 7 and 2 for the thick and
thin flakes, in line with the order of magnitude expected for MoS; [155]. We note that
this estimation of the dielectric constant does not take into account the possibly metallic
character of the material, which could change the screening characteristics. To get better
estimates of the effective dielectric constant in atomically thin materials, their 2D nature

should be taken into account [156].
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We also note that in a previous work Mott-VRH was observed in the transport behav-
ior of n-butyllithium treated MoS; from two-terminal measurements, a hopping mech-
anism that is different compared to our analysis on data from four-terminal measure-

ments [143]. We note, however, that an analysis of our two-terminal resistance data from

device A can also be performed with the Mott-VRH model, with an exponent of a = 0.31

and a localization length of 0.7 nm, very similar to previous work [143], and in this sense

the two datasets are not in contradiction.

Our observation of Efros-Shklovskii driven transport in 1T/1T'-MoS; agrees with stud-
ies on similar systems [149, 157, 158]. Theoretical studies of irregular arrays of metallic

grains, embedded in an insulating matrix resembling the n-butyllithium treated MoS,
lattice, show that Coulomb interactions take place and that the transport follows the ES-
VRH mechanism [157]. Similar results were obtained from electrical transport in two-

dimensional graphene quantum dot arrays[158] and chemically reduced graphene oxide

sheets [149].

Finally, the significant increase of the contact resistance in 1T/1T'-MoS, suggests
that the material is not the ideal candidate for contacting semiconducting 2H-MoS, for

experiments at cryogenic temperatures. Nevertheless, at room temperature, the mea-
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sured R, is low, which is in agreement with previous studies [39]. Measurements on de-
vices with varying channel lengths (transfer length method) and studies on flakes with
higher content of the metallic 1T phase, can provide more insights regarding the behav-
ior of the current injection into the 1T/1T’ material.

5.4. CONCLUSION

In summary, we observe Efros-Shklovskii-VRH transport in 1T/1T'-MoS,, as obtained
from a treatment with n-butyllithium. From temperature-dependent measurements in
the ohmic regime and electric-field dependent studies in the non-ohmic and electric-
field driven regime, we obtain localization lengths in the order 1-3 nm. An interesting
future direction of research could be to quantify and control the mixing of the different
phases and observe how this affects the transport mechanisms.



TUNNELING SPECTROSCOPY OF
LOCALIZED STATES OF WS,
BARRIERS IN VERTICAL VAN DER
WAALS HETEROSTRUCTURES

In transition metal dichalcogenides, defects have been found to play an important role,
affecting doping, spin-valley relaxation dynamics, and assisting in proximity effects of
spin-orbit coupling. Here, we study localized states in WS, and how they affect tunnel-
ing through van der Waals heterostructures of h-BN/graphene/WS,/metal. The obtained
conductance maps as a function of bias and gate voltage reveal single-electron transistor
behavior (Coulomb blockade) with a rich set of transport features including excited states
and negative differential resistance regimes. Applying a perpendicular magnetic field, we
observe a shift in the energies of the quantum levels and information about the orbital
magnetic moment of the localized states is extracted.
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Figure 6.1: Device schematic and optical image. (a) 3D schematic illustration of a device illustrating
the different layers and electrical contacts. (b) Optical image of a final device. The dotted purple
and green lines indicate the shape of the WS, and h-BN flake, respectively. K1, K2, K3 and KG are
labels of the contacts. Scale bar: 5 pm.

6.1. INTRODUCTION

Tunneling spectroscopy in van der Waals and other heterostructures is a powerful
tool that can reveal unique information about the density of states (DOS) of the elec-
trodes [159, 160], about phonons (or other excitations) [161-163], about the chiral, valley
[164] and spin states of the carriers [165, 166] and their interactions [167]. Recently it was
shown that the presence of defects in crystalline hexagonal boron nitride (h-BN) tunnel-
ing barriers can be detected in the tunneling spectra, which is dominated by Coulomb
blockade effects [168, 169].

Semiconducting layered materials such as transition metal dichalcogenides (TMDCs)
are promising building blocks for transistors and tunneling devices [170-172]. Further-
more, because of their crystallinity and absence of surface dangling bonds, they can be
used as ideal substrates and barriers[173-175] when the Fermi level is placed inside their
band gap. Earlier studies have shown that WS,, which has the largest bandgap among
the TMDC s, is a promising material for tunneling transistors [173, 176]. Moreover het-
erostructures of graphene and WS, are interesting for proximity induced spin-orbit cou-
pling in graphene [177] as well as for tuning the excitonic properties of TMDCs [178].

Here, we study tunneling spectroscopy of h-BN/graphene/WS;/metal heterostruc-
tures at low temperatures. The conductance maps show clear Coulomb diamonds (CDs),
which originate from tunneling through localized states formed by defects in the WS,
barriers. Such states have also been found in electrostatically defined WS, quantum
dots[179] but have not been studied in detail. We find that these localized states have
a radius on the order of 2-12 nm in the plane of the WS;, in agreement with previous
reports [179]. Finally, by studying the behavior of the energies of different charge tran-
sitions under a perpendicular magnetic field, we calculate their orbital magnetic mo-
ments. Using these values, we estimate the spatial extent of the individual states.
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Figure 6.2: Tunneling spectroscopy at low temperatures. (a) Differential conductance (dI/dV;,) asa
function of bias-voltage (1},) and back-gate voltage (Vg) recorded at T = 1.8 K. The green dashed
lines indicate two Coulomb-diamonds. (b) Line-cut showing at dI/dV, versus Vg at V, =0V ex-
tracted from (a). (c),(d) Energy band diagram of the vertical heterostructure under Vg >0V and
Vp=0Vin (c) and Vg=0V and V}, >0 Vin (d). The back-gate is capacitively coupled to the graphene
as well as to the WS, which has discrete states in the band-gap that are located in different layers.
Carrier tunneling between the two electrodes takes place via the impurity states. When the bias
voltage | 4| increases above a certain point, carriers can directly tunnel into the conduction band

of WS; thereby increasing the conductance significantly (regions in panel a).
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6.2. RESULTS AND DISCUSSION

Devices with thin WS, tunnel barriers have been fabricated by a van der Waals pick-up
method using poly-carbonate (PC) films [42]. A four-layer WS, flake and a monolayer
flake were chosen as tunneling barriers. The bottom electrode in the devices consists
of a monolayer graphene, while for the top tunneling electrodes Cr/Au or graphite was
deposited on the WS, flakes. Moreover, we employ hexagonal boron nitride (h-BN) as
bottom dielectric with a thickness of 40 nm. The flat h-BN substrates provide ideal sub-
strates that eliminate extrinsic disorder in graphene and WS, [11]. Figure 1a and 1b show
a schematic illustration of the 4L-WS; device and an optical image of the heterostruc-
ture, respectively. All the measurements shown in the main text are data taken from the
device with four layers of WS, (D1), by using the KG-K1 tunneling electrodes (see Fig.
1). Data from the other electrodes can be found in the supplemental material section.
The device with monolayer WS, (D2) as barrier did not show any tunneling characteris-
tics, an observation that is in-line with reports on monolayer MoS, Josephson junctions,
where metallic behavior in the monolayers was observed [180]. Results from the D2 de-
vice can be found in the supplemental material.

Figure 2a shows the dependence of the differential conductance (d1/d4) on the tun-
nel bias (V4) and back-gate voltage (V;) at a temperature of 1.8 K. Although at room tem-
perature the conductance of the device is a few uS (see Supplemental material), a sig-
nificant decrease of three orders of magnitude in the values of dI/d}, as well as many
resonant features from Coulomb blockade effect are evident. The observed Coulomb di-
amonds in the differential conductance originate from parallel tunneling through mul-
tiple states originating from impurities in the WS, layers (Fig. 2c), presumably sulfur
or tungsten vacancies. Similar features in hexagonal boron nitride tunneling barriers
have been reported recently [168, 1812 , 182]. Moreover, an increase in the number of
the resonances with back-gate voltage is observed (Fig. 2b), that can be attributed to
the presence of localized states close to the edge of the conduction band, which could
originate from sulfur vacancies. Interestingly even at V; = 50V, the zero-bias background
conductance is suppressed, verifying that the Fermi level of WS; is below the conduction
band edge.

The conductance map in Fig. 2a provides further information about the nature of
the localized states in the WS, sheet. The full-width-at-half-maximum (FWHM) of the
zero-bias peaks is found to be close to 3.5kg T which suggests that the system is in the
thermally broadened, weak coupling regime i.e. the electronic coupling to the impurity
states is the smallest energy scale. Furthermore, from the slopes of the diamonds we can
extract their capacitive couplings to the leads (Cs, Cq) and the back gate (Cy) and can
calculate the lever arm a = Cg/(Cs + Cq + Cg) for the quantum dots [183]. We find that
a follows a distribution of values in the range of 0.8 — 2.5 meV/V, with a maximum at
1.3+0.1 meV/V (see Fig. 6). Interestingly, we observe several diamonds with large values
of a at large negative gate-voltages. A possible origin of these diamonds are different
types of impurities with a smaller localization size and on-site capacitance. Assuming
that the level spacing AE is much smaller than the charging energy E., such that the
addition energy E,qq = 2E., and that the shape of the dots is circular, we can estimate

the size of the quantum dots using 2E; = for disk shape dots. Here e is the electron
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Figure 6.3: Excited state spectroscopy of defect states. (a) Detailed differential conductance map as
a function of bias voltage 1}, and gate voltage V. The Coulomb diamond shows four excited state
lines that run in parallel to the diamond edge. (b) Energy as a function of differential conductance
from the linecut in panel (a). The high conductance peaks correspond to the excited states and
have energies of 1.4, 3.5, 8.2 and 10.3 meV.

charge, €, the vacuum permittivity, r is the dot radius and ¢, = 3.9 the effective relative
permittivity of SiO, and h-BN. Using the extracted values of E,gq = 50 — 75 meV, this
assumption yields a quantum dot size of about 9-12 nm. It is worth to mention that the
diamonds and their positions change significantly after thermally cycling the device (see
Supplemental Material).

Above a voltage bias | 14| of 30 mV the conductance in the map of Fig. 2a increases
significantly and many lines from diamonds can be observed. To explain such an in-
crease of the current and the differential conductance at high bias, we have to take into
account the effects of the interlayer voltage bias on the shape of the barriers. Although
at zero bias and non zero gate voltage, the bias window contains only states within the
band gap that assist the tunneling process (Fig. 2c), at higher bias the shape of tunneling
barrier is modified and the WS, conduction band is lowered [184, 185]. This results in a
field emission of the carriers above the band gap of WS, (Fig. 2d) [173, 185], where car-
riers from the graphene and the electrode can tunnel directly into the WS; layer, which
increases the conductance significantly.

Figure 3a shows a detailed differential conductance map of the gate voltage regime
between -60 and -20 V, where a clear Coulomb diamond can be observed. This particu-
lar diamond exhibits excited states for positive bias and many negative differential resis-
tance (NDR) features in the sequential tunneling regime. Excited states can have many
different origins and can be phonon, spin or orbital excited states. Figure 3b shows E vs.
dI/dV, obtained from the line-cut of Fig. 3a (black line). The level of the ground state
has been shifted to 0 meV for clarity. From this we can extract the excited state energies
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of the first two excited states which are 1.4 and 3.5 meV, respectively. The next pair of ex-
cited states have energies of 8.2 and 10.3 meV. It is worth mentioning that the diamonds,
apart from providing information about the localized states in WS,, show features that
originate from the graphene. In a few diamonds (like the one shown in Figure 4a), we
observe lines with slopes that are different from those of the diamond edges. These lines
represent multiple negative-differential-resistance (NDR) like feature. Earlier reports on
molecular junctions [186] and tunneling spectroscopy through h-BN barriers [187], have
shown similar lines in their stability diagrams and they have been attributed to universal
conductance fluctuations (UCFs) from the graphene contacts.

Upon application of a magnetic field perpendicular to the 2D plane, the Coulomb
diamonds can reveal information about the spin and the orbital states. To this end we
recorded the stability diagrams in the Fig. 3a and Fig. S1 at magnetic fields up to 12 T in
order to study the field dependence of the ground and the excited states. Figure 4 shows
the d1/dV;, maps at 0 and 12 T, in (a) and (b), respectively. From the former, we observe
clearly three zero-bias resonances, from which two have same values of @ (~1.3 mV/V)
while the other one has a slightly higher value of a around 2.1 mV/V, presumably orig-
inating from a different type of defect. As it can be seen in Fig. 4b, the different types
of diamonds have shifted horizontally at B = 12 T, which can be explained by the cou-
pling of the electron magnetic moment to the magnetic field. Moreover, the UCF lines
decrease in number upon increasing B due to the formation of Landau levels in the DOS
of the graphene. Additionally, we observe bending of the excited state lines as well as the
edges of the Coulomb diamonds, a finding which could be explained by parallel trans-
port via multiple dots.

Figure 4c shows dI/dW, versus Vg at zero bias, for magnetic fields from 0 to 12 T
in steps of 0.5 T (blue to red). For B = 0 T, the three ground-state resonance peaks are
located at -7, -10 and -11 V, which we label P1, P2 and P3, respectively. P1 and P3 have
similar gate couplings, while P2 has a larger a as was seen in Fig. 4a. The P2 and P3 peaks
shift in a similar way to more negative energies with increasing magnetic field, indicating
that the two states have the same orbital wave-function. The P1 peak, on the other hand,
shifts weakly to more positive gate values. Such shifts of the three states, originate from
the coupling of the magnetic moments of the localized states to the external magnetic
field. This becomes apparent when plotting the peak positions of P1, P2 and P3 as a
function of magnetic field (Figure 4 (d)). The field dependence of the P2 and P3 peaks
is non-linear, indicating a strong orbital magnetic moment of the involved ground state.
Furthermore, from the linear fit to the high magnetic field data of peaks P1, P2 and P3,
we get magnetic moments of 0.09+0.03, 0.4440.05 and 0.32+£0.03 meV/T, respectively.
From the Zeeman energy, E, = % uB = %g,uBB, where g is the Landé g-factor, it and up
the magnetic moment and the Bohr magneton, g-factors 3.4+0.9, 15.8+1.8, 11.0+0.9.
All the corresponding g-factors are much larger than the value of 2 expected for a free
electron. Thus, orbital magnetic moments play a significant role in the magnetic field
dependent transport of defects in WS;.

Finally, we recorded the stability diagram shown in Fig. 3 at a magnetic field of 8 T
(Fig. 4e). Besides the aforementioned bending of the excited state lines and the edges
of the Coulomb diamond we observe a drastic change of the excited state energies when
comparing the data recorded at 0 and 8 T: out of four lines observed at 0 T (see Fig. 3), we
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Figure 6.4: Ground state and excited state spectroscopy at finite magnetic fields. Differential con-
ductance versus V}, and Vg obtained by applying B-fields of 0 in (a) and 12 T in (b). (c) Waterfall
plot of dI/dW, vs. Vg for different magnetic fields. The dashed lines track the shifts of the three
different resonances. (d) Position of the P1, P2 and P3 peaks in (c) as a function of magnetic field.
From linear fits to the data we extract up = % equal to 0.0940.03, 0.44+0.05 and 0.32+£0.03 meV/T
for P1, P2 and P3 respectively. (e) dI/dV}, map of Fig. 3 at B=8 T and dI/dW, vs. E (f) from the line-
cut of panel (e).
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only observe two lines with energies 1.8 and 7.3 mV at 8 T (Fig. 4f). Such strong changes
of the excited state energies further suggests that the corresponding g factors are large
and/or that the spin of the excited state is > 1/2.

Unlike the hydrogen atom, whose ground-state has an orbital magnetic moment of
zero (m = 0) due to spherical symmetry, in the case of a dot formed in a 2D material
there is a finite out-of-plane orbital magnetic moment even for the s-shell, as a result
of the reduced dimension along the z-axis. The orbital magnetic moment of a moving
charge in a circular orbit, is given by [188, 189]: uo, = revp/2, where r is the radius of the
orbital, vp the Fermi velocity and e the charge of the electron. Assuming a Fermi velocity
around 1 x 10° m/s, we obtain a radius for the P1, P2 and P3 resonances of 2+1, 9+2 and
6+1 nm, in relatively good agreement with the estimations of the dot size based on the
capacitance extracted from the addition energies (Fig. 2a).

6.3. CONCLUSIONS

In summary, we have performed tunneling spectroscopy measurements in van der Waals
heterostructures with WS, barriers. Our data reveal a rich spectrum of Coulomb dia-
monds that we attribute to localized states inside the WS, sheet. These states localize
carriers in a radius of a few to ten nanometers and show large orbital magnetic moments.
Recent experiments indicate that such localized states have intrinsic spin-orbit coupling
as large as 230 meV, and therefore tunneling devices as the ones shown here can be used
for single spin-polarized electron injection. Lastly, localized states in TMDCs are impor-
tant for single photon emission [190, 191] and if properly engineered could provide new
systems for quantum communications, similar to nitrogen-vacancy centers in diamond.

6.4. SUPPLEMENTAL MATERIAL

6.4.1. ROOM TEMPERATURE TUNNELING CHARACTERISTICS

At room temperature, the current-voltage (I-14) characteristics for different back-gate
voltages (Vp), exhibit non-linear behavior (Fig. 6.5a). By increasing the back-gate voltage,
the current and differential conductance increases (Fig. 6.5b), which is a characteristic of
n-type behavior of the WS, film. The absence of graphene-transport characteristics like
ambipolar behavior can be attributed to on-barrier thermionic emission of carriers from
the graphene to the metallic contacts [173] or thermally activated interlayer hopping.
The n-type behavior, also demonstrates that the electrochemical potential of WS, can
be efficiently tuned by the back-gate.

6.4.2. TUNNELING SPECTROSCOPY MEASUREMENTS FROM ALL CONTACTS
AFTER THERMAL CYCLING

Figure 6.6, shows the conductance map from the same tunneling contacts as the ones
that were used for the map of Fig. 2a of the main text (KG-K1). It can be seen that al-
though the device is the same, the data set looks very different and it can be seen that
the density of the Coulomb diamonds has increased. This indicates that the density of
the defects has increased with time, even though the device was stored in low humidity
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Figure 6.5: Room temperature tunneling characteristics of the device. Current (I) and differential
conductance (dI/dV,) versus voltage bias (14,) for different gate voltages (Vg) in (a) and (b), re-
spectively.

and Nj rich conditions. Moreover, we find that although the first measurements con-
tained diamonds with similar slopes, in Fig. 6.6 (also zoomed in Fig. 6.4a and 6.4b) we
can observe some diamonds with different and actually steeper slopes. The back-gate
lever arm a of such states reaches 2 mV/V. Although small variation in the values of a
can be explained of a model of defects in different layers (Fig. 6.6d), such large value
of a is attributed to a defect with smaller localization radius as indicated by the small
magnetic moment in Fig. 6.4d.

Apart from the KG-K1 contacts that we used to investigate carrier tunneling in the
device, also the KG-K2 and KG-K3 tunneling configurations were used and as it can be
seen in Fig. 6.7, they show similar patterns.

6.4.3. SAMPLE (D2) WITH A MONOLAYER WS, AS TUNNEL BARRIER

Apart from the device with the 3-4 layer WS; barrier, we fabricated a device with a mono-
layer WS, barrier and with a top graphite contact, rather than Cr/Au. The reason for
using graphite electrode, is to prevent the quality of the tunneling area of the mono-
layer WS,. Figure 6.8a shows an optical image of the device consisting of Si/SiO,/h-
BN/graphene/1L-WS,/graphite. This sample shows linear /-4, characteristics with high
currents at low temperatures (Fig. 6.8b), which is a signature of negligible barrier resis-
tance and high transport transparency of the WS, layer. This is further verified from the
dI/dV, map at 8 T, where conductance enhancements due to Landau level formation
is present (Fig. 6.8¢c). To elaborate further graphene at such magnetic fields is a quan-
tum Hall insulator and the continuous density of states splits into Landau levels. As it
can be seen these oscillations in Fig. 6.9c and 6.8d do not show an dependence on the
,. Comparing these observations with similar reports on Josephson junctions with Mo,
[180], we conclude that some short of charge transfer or hybridization between metal-
leads and TMDC monolayer resulted in the metallic behavior of WS, monolayer [180].
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Figure 6.6: Differential conductance as a function of bias-voltage and back-gate voltage for T = 2
K. (b) Line-cut at V}, = 0 V from (a). The dash green and magenta lines indicate two different
diamonds. (c) Histogram of the value of the a obtained from all the stability diagrams, showing
a distribution attributed to the dispersion of the impurity states within the different layers. (d)
Model of different dots in different layers that can explain the dispersion of values in a due to

different coupling to the gate.
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Figure 6.7: Tunneling spectroscopy using the other contacts. dI/dV4, from KG-K2 and KG-K3 con-
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Figure 6.8: Data from a tunneling device with monolayer WS, barrier. (a) Optical image of a device
consisting of Si/SiO»/h-BN/graphene/1L-WS,/graphite. Scale bar is at 6 um (a) I-V;, character-
istics for different back-gate voltages (T=1.7 K). The high linearity indicates high transparency of
the monolayer WS, barrier. (c) dI/dV;, map at a perpendicular magnetic field of 8 T. The verti-
cal dI/dW, peaks originate from Landau levels in the graphene, but the independence from the
V}, indicates ohmic transport rather than tunneling. (d) dI/dV,-Vg for 14,=0 V. The conductance
oscillations are due to the formation of Landau levels in the graphene electrode.

Regions were WS, has broke and graphene touches graphite directly, should not be ex-
cluded completely, although were not observed during the assembly process. Lastly, the
zero-bias suppression of the conductance was also present in two-terminal measure-
ments on the graphene layer and is due to non-ideal edge contacts to the graphene.



TUNNELING SPECTROSCOPY OF
GRAPHENE ON WSE,

2D materials are sensitive to their environment and modifications in their electronic spec-
trum can take place. It had been found that spin-orbit coupling from TMDCs can be prox-
imitized to graphene. In this chapter we investigate such interactions of graphene on WSe,
via tunneling spectroscopy in vertical heterostructures. We do not find any band gap and
spin-splittings in the Landau level spectrum of graphene, which is in line with a Rashba
type of induced spin-orbit coupling. Furthermore we find a Fermi velocity around 2x 10°
m/s, indicating spectrum renormalization. Lastly, we measure the gaps of the lowest Lan-
dau levels, which split as a result of lifted spin and valley degeneracy due to electron-
electron interactions.
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7.1. INTRODUCTION

Heterostructures of 2D materials have shown great results on interesting physics with
a lot of potential for applications in electronics, photonics, photoelectronics and spin-
tronics [9, 10, 192, 193]. One of the properties of 2D materials is that their properties
can be altered when are placed in different environments. One of the most profound
examples is graphene on hexagonal boron nitride (h-BN), where the mobility of the car-
riers resembles that of free-standing graphene and the charge inhomogeneity is reduced
significantly, but also in graphene/h-BN superlatices the sublattice symmetry is broken
and sizable bandgaps open [11, 194, 195]. Also, two examples that we are more inter-
ested here is the graphene in a modified dielectric environment that shows spectrum
renormalization [196, 197] and modification of the band structure of graphene due to
proximity induced spin-orbit coupling (SOC), which has recently attracted a lot of atten-
tion [27, 177, 198-201].

Here, we investigate the electronic properties of graphene on WSe, via tunneling
spectroscopy through ultra-thin boron nitride barrier, that proves directly the electronic
spectrum [202]. As tunneling electrode we use graphite that provides a flat and homoge-
neous electrode for the carriers of graphene. We examine possible modifications of the
band structure of graphene due to proximity induced SOC, as well as modification due
to the dielectric environment that can impact the Fermi velocity of the carriers.

7.2. RESULTS AND DISCUSSION

7.2.1. DEVICE CONFIGURATION

(a)

h-BN
Graphite |
h-BN~——
Graphene
WSe,
h-BN

SiOy

2
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Figure 7.1: Si/SiO2/h-BN/WSey/graphene/h-BN/graphite/h-BN heterostructure. (a) Schematic of
the cross section of the heterostructure. (b) Optical image of the final device with highlighted some
of the individual layers of the heterostructure. The scale bar corresponds to 8 um.

Heterostructures of h-BN/WSe, /graphene/h-BN/graphite/h-BN, were fabricated us-
ing the van der Waals pick-up technique with PC/PDMS stamps (Fig. 7.1a). Individual
layers of few layer WSe;, monolayer graphene, 3-4 layer of boron nitride as tunneling
barrier, 20-40 nm of bottom and top boron nitride dielectrics and graphite flake (15-20
nm) were exfoliated on different substrates of SiO,/Si and assembled via the van der
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Waals pick-up technique. The heterostructure was processed such that edge contact of
Cr/Au electrodes were deposited on the graphene and the graphite. The final device is
shown in Fig. 7.1b. For the

7.2.2. TUNNELING AT ZERO MAGNETIC FIELD

The Fermi level of the graphene is tuned by the back-gate voltage and the interlayer bias
voltage. All measurements were performed in a combination of DC+AC signals via a
lock-in amplifier at the frequency of 187 Hz with excitation of 250-500 ym. Figure 7.2a
shows the 2D plot of the differential conductance (d1/dV}) as a function of the interlayer
bias voltage (V}) and the back-date voltage (V). Note that the back-gate voltage is ap-
plied to the Si electrode. There are many features visible in the particular plot. Firstly,
the black dashed line indicates the low conductance loci that is associated with the zero
DoS Dirac point of the graphene. The gate lever arm, is close to 9.3 mV/V. Second feature
in the map is the low conductance band from -17 to 17 mV of V,. This band is clearly
independent from the back-gate voltage and is associated with the suppression of the
elastic tunneling at those voltages [202, 204]. At higher voltages inelastic tunneling via
phonon emission takes place and the conductance is increased. The suppression of the
elastic tunneling rate comes from the fact that momentum of the carriers needs to be
conserved and in the particular device the lattice of the graphene is strongly misaligned
with the lattice graphite and that rotates the Brillouin zones of the materials resulting in
large momentum offsets.

One more feature in the map that can be seen weakly is the vertical low conductance
line at Vz=-7 V. This low conductance feature is independent from the interlayer bias and
is the Corbino resistance of the graphene. Since the tunnel current has to traverse later-
ally through the graphene Layer to reach the contacts, the Corbino (spreading) resistance
also contributes to our observed device resistance. On the other hand we cannot identify
any characteristics related to graphite or WSe, DoS, but we can see some conductance
resonances in the low dI/dV;, horizontal band (see also in Fig. 7.7), which originate from
defect states in the h-BN barrier, responsible for effects like Coulomb blockade as we
saw in the previous chapter.

The advantage of the tunneling device over other types of devices and experiments
(transport, capacitance etc.) is the fact that the DoS of a material can be qualitatively
seen in the data sets. Figure 7.2b shows a dI/dV;,-V curve from line cut at V,=-50 mV.
The ‘V’-like shape of the graphene DoS can be seen clearly. We observe that the tunnel
conductance of our device does not vanish at the Dirac point, where the DoS of pristine
graphene is expected. This effect might originate from weak disorder in the sample that
does not allow us to access that regime. Furthermore, if we plot the d1/dV}, as a function
of the bias voltage for different back-gate voltages (Fig. 2c), we can identify the lower
conductance dips that shift as the back-gate voltage changes (denoted with arrows on
top of curves).

The tunneling process can be seen clearly in Fig. 7.3d in panels (i-iii). For ;, and W,
equal to zero and ignoring any doping effects the tunneling process can be seen in (i).
Note that graphite is a compensated semimetal and electron-hole carriers coexist at zero
energy. When an interlayer voltage is applied, the levels of graphene are shifted up (for
negative bias and grounded graphite electrode) and there are carriers (electrons) from
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Figure 7.2: Carrier tunneling between graphene and graphite. (a) dI/dV}, vs. Vgand V, at T=2K
and B=0 T. The black dashed line indicates the low conductance associated with the DoS at the
Dirac point of graphene. (b) dI/dV, as a function of Vg at V},=-50 mV. The line shape has the
characteristic “V” shape of the graphene DoS. (c) dI/dV}, vs. W, for different gate voltages. The
arrows indicate the position of the Dirac point. (d) Tunneling process for different conditions. (i)
for V,=Vg=0V, (ii) V}, #0 V and for V}, and Vj}, #0 V. In the band structure of graphene has not been
taken into account any modifications from the proximity induced SOC. The graphite DoS shown
here has been sketched by taking into account that thin graphite is a compensated semimetal
where electrons and holes are free for at zero energy [1, 203].

more states that can tunnel to the graphite’s empty states. Upon application of a back-
gate voltage the bands shift up or down in energy, thereby tuning the chemical potential
of the graphene, and for a positive value the levels of the graphene shift further down,
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consequently increasing carrier density and more electrons tunnel to the graphite.

7.2.3. LANDAU LEVEL SPECTROSCOPY
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Figure 7.3: Tunneling at finite magnetic fields. (a) dI/dW, vs. Vg and V}, at B=3 T. (b) dI/dV}, as
a function of Vg at different V}, voltages. The curves are shifted vertically for clearance and the
numbers on the peaks indicate the LL index. (c) Inter-Landau level tunneling. (i) Tunneling is

allowed when the filled LLs from graphene align with empty LLs from the graphite. (ii) Tunneling
is blocked when the filled Landau levels of graphene align with filled LLs from graphite

By applying a perpendicular to the device plane and large magnetic field, the Lan-
dau level spectrum of the graphene can be investigated. The presence of a gap or any
spin-splittings in the DoS of the graphene should be seen in the dI/dV}, map as extra
splittings in the LLs of the graphene. Figure 3c shows the conductance map at B=3 T.
The black dashed line indicates the position of the zero-LL, while the white line indicates
the resonances that probably emerge from LLs in graphite. The resonance from the LLs
of the graphene and graphite are responsible for the observed checkerboard like struc-
ture. Similar maps have been observed in graphene to graphene tunneling in twisted
heterostructures [205]. Although in graphene, due the dependence of the energy of the
Landau levels on the magnetic field that follow the relationship E, o v/B, the individual
LLs can be clearly seen and identified. On the other hand, the LLs that originate from
the graphite, due to the parabolic dispersion of the bands, have equal distances and the
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zero LL cannot be identified. As we mentioned above, graphite has large DoS and is a 3D
metal, at which a quantum Hall effect is not expected, but recently has been shown that
it undergoes a dimensional reduction and can hold a unique quantum Hall effect [203].
Figure 7.3a shows three vertical yellow dotted lines. These lines indicate the Corbino
conductance that oscillates with the back-gate voltage due to finite conductance when
the Fermi level crosses a LL. Since there are no edges in the graphene to assist transport,
when the Fermi level lies between LLs the resistance takes very large values as the bulk
of the graphene is gapped.

Figure 7.3 shows dI/dV, vs. Vj for different values of interlayer bias voltage. the
LLs of the graphene can be seen and they shift as the bias 14, changes. Up to thirteen
individual LLs can be seen and eight of them have been labeled according to their index.
Figure 7.3c explains schematically the tunneling process at finite magnetic field. The
band structure of graphene and graphite forms LLs. When there are available empty LLs
within the interlayer bias window the conductance is enhanced (panel i), while when all
the LLs are occupied or the Fermi level of graphene and graphite lies between LLs, the
conductance is suppressed (panel ii). From Fig. 7.3a and 7.3b broadening of the Landau
levels at large bias is observed. The broadening with the increase of the bias voltage can
be explained if we take into account that as the bias voltage increases, carriers acquire
higher drift velocities until they reach the tunneling regime, which increases the effective
temperature of the carriers.

From the LLs in Fig. 7.3a no splitting at the zero or any other LL is visible. This indi-
cates that there is no gap at the graphene charge neutrality point or any spin-splittings
as a result of the proximity induced SOC of the WSe;, indicating that any Ising SOC is
small or negligible.

Landau Fan diagrams can track the evolution of the LLs with the magnetic field. We
have obtained the Landau fan diagrams at low and high bias, shown in Fig.7.4. For low
bias (14,=20 mV) the Landau fan diagram shows the emergence of LLs at magnetic fields
as low as 0.1 T, characteristic of a high quality sample. The LLs show also their character-
istic B o« E2 dependence as a result of the massless-Dirac linear spectrum of graphene.

As a result of the high quality of the sample the fourfold degeneracy of the zero Lan-
dau level is lifted, due to Coulomb exchange interactions that break the SU(4) (from the
spin and valley) symmetry, at the magnetic field of 5 T. It is evident that all the other LLs
do not show any splitting.

Spin splittings due to Rashba SOC in the band structure of a material are momentum-
dependent (bands shifts horizontally) and cannot be probed by a tunneling experiment
that probes quasi-particles in real-space [206]. It has also to be taken into account that
the strength of the Rashba SOC has been measured to be 0-15 meV [200, 207-209], in-
directly via weak antilocalization and spin-transport experiments, while Ising SOC that
results in Zeeman-like spin splitting is in the order of 1-2 meV [210, 211]. On the other
hand, SOC induced band gap has been predicted to be in the order of 0.54 meV [210].
Small vertical (in energy) splittings and bandgap cannot be easily resolved at 4 K and for
voltage bias of 20 mV as a result of possible broadening. Also, lower bias is not possible
due to the reduced carrier tunneling. In the Landau fan diagram obtained at bias of 150
mV, the -2,-1,+1 and +2 LLs cannot be resolved due to smearing, proving the need for low
interlayer bias (Fig. 7.3b).
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Figure 7.4: Landau Fan diagrams at different interlayer bias voltages. (a) Landau Fan diagram for
=30 mV in (a) and for V},=150 mV in (b). In the low bias Fan diagram the zero LL breaks into
four, while for bias of 150 mV such splitting cannot be observed. In the high bias regime the Fan
diagram contains some conductance dips that cross different LLs. In panel (a) blue to red: 1 to 9
musS and in panel (b) 4 to 9 uS. (c) Plots of dI/dV, as a function of Vj at different magnetic fields
from panel (a) in (c) and from panel (b) in (d). In the low bias spectra the zero landau splits in four
peaks, due to lift of the spin and valley degeneracy, with filling factors v=-2,-1,+1,+2. In the case
of the spectra obtained with ;=150 mV the LLs are not as clear and many conductance dips are
observed.

The Fermi velocity of the relativistic Dirac Fermions can be obtained from the dis-
persion of the LLs. Based on the relationship:

E,=Ep+\/2ehvi|N|B,N=0,%1,+2,..,, (7.1)

where Ep is the energy of the charge neutrality point point, e is the electron charge, 7 is
the Planck constant divided by 27, vr the Fermi velocity, N the Landau level index and
B the magnetic field. From the E vs. signy/NB plot and based on a linear fit a Fermi
velocity of 1.9-2.5 x 10° m/s is obtained (Fig. 7.5a). The value of the Fermi velocity that
is obtained here is larger than the Fermi velocity of graphene on boron nitride [197, 212,
213] and can be attributed to the screening of the long range charged impurity scattering
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by the WSe, substrate and the graphite electrode. Screening of the long range impurities
can enhance the kinetic energy, leading to electronic spectrum renormalization [197].

Based on the plot of Fig.7,4a, we have evaluated the energy gaps for the filling factors
of v=0,v=6 and v=10 (Fig. 7.5b). The difference between the v=0 and the v =6,10 gaps
is that the former is due to many-body interactions, while the other two result from the
cyclotron orbits of the carriers. The v=0 gap shows a more linear behavior and other than
Coulomb interactions have to be also taken into account. These results are in agreement
with previous findings [214].

Also, to investigate further the low conductance curves that appear in Fig. 7.4b we
plot in Fig. 7.6 the dI/dW;, for B=14 T. In this plot the N=0 and +1 LLs can be seen and
they are very broadened. Also, many low conductance lines that seem symmetric around
Vb=Vg=0V are present. We can only speculate the origin of such complicated data struc-
ture, and we can say that it probably originates from the carrier tunneling conditions
between graphene and graphite.
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Figure 7.5: Fermi velocity and energy gaps of the LLs at different fillings (a) E as function of
signv/NB plot. The linear fit of the data yields Fermi velocity 1.9-2.5x10% m/s. (b) Dependence
of the energy gaps of different filling factors on the magnetic field. The black dashed lines corre-
spond to LL cyclotron gaps using Eq. (7.1) and the red dashed line based on the Coulomb energy
(Ec = €2 /4mly, Ig = 26 nm /v/B and € = 5¢p). The magenta dashed line serves as a guide to the eye.

7.2.4. ZERO-BIAS PEAK AND DEFECT ASSISTED TUNNELING

In the section above we showed data from a large range o bias. For low bias a gap is
observed. Figure. 7.7a illustrates the d//dV}, map at the regime of £14 mV. As it can be
seen multiple Coulomb diamonds are present, but these resonances are weaker than the
resonances in the case of the WS in the previous chapter. The slope of the diamonds
yields a equal to 1.3 mV/V, which is similar to what we found for the localized states of
WS,, and this value indicates dot size around ~10 nm. Another characteristic is the zero-
bias peak of amplitude 0.4 uS that is present and spans in all the range of gate voltages.
At a perpendicular magnetic field of B=7 T the map changes significantly and the peak
looks like a dip.
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There are a few possible explanation for such-zero bias peak. Firstly, since there are
multiple dots that cross each other, they can enhance the conductance at zero-bias volt-
age. Second possible explanation is the Kondo effect [215] that can create such pattern,
and third and a bit more unlike is the coupling between electron (holes) from graphene
and holes (electrons) from the graphite that result in pairing and a condensate giving
rise to enhancement of conductance at zero-bias [216]. Although the first scenario is
more likely, more experiments need to take place; for example temperature dependence
or in-plane magnetic field measurements could elucidate the root of such observation.

7.2.5. CONCLUSION

In summary, we have studied tunneling spectroscopy in graphene on WSe, substrates.
The tunneling spectra show the absence of a bandgap and splittings related to the prox-
imity induced SOC, indicating that either such gap and splittings are too small to be
resolved or the proximity induced Rashba SOC results in momentum-dependent spin-
splitting and no considerable bandgap. From the datasets we have obtained the Fermi
velocity that indicates reduction of the Coulomb interactions. Also, interactions play a
significant role for energies close to the charge neutrality point, where the N=0 Landau
level exhibits a fourfold splitting to the v=+1 and +2 filling factors. Further studies are
required on the particular system in order to fully understand all the different features in
the data as well as to verify the role on the WSe; in the properties of the graphene band
structure. It would be beneficial if the graphite electrode can be substituted with a more
simple metal that can provide an interface of similar quality, and does not form Landau
levels at high magnetic fields.
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Figure 7.7: dI/dV}, map at B=0T (a) and B=7 T (b). The suppressed tunneling regime shows multiple
Coulomb diamonds that originate from defect assisted sequential tunneling. For B=0 T and at
15=0 mV an enhancement of the conductance is observed, while for B=7 T the zero-bias peak
becomes a dip.



CONCLUSIONS AND OUTLOOK

In conclusion we saw a few works of electrical transport in 2D heterostructures. The
results can be summarized below:

In chapter 3 it was shown that encapsulation with boron nitride does not improve
only the electron mobilities but also improves other properties of the electrons. We over-
came the problem of forming ohmic contacts by a technique with pre-etched windows
for metal evaporation top boron nitride layer. By studying the weak localization effect
we saw that the phase coherence is improved with respect to MoS; on SiO, substrate,
but the spin relaxation is relatively fast and in the order of a few picoseconds. Since
the spin relaxation in good quality samples takes place through intravalley scattering,
the fast spin relaxation that we obtained, indicates that the intravalley scattering is fast.
The independence of the spin relaxation time on the electron density is a characteris-
tic that indicates that spin-flip due to electron-electron scattering that decreases with
the increase of the gate voltage compete with the Rashba SOC that tends to increase the
spin-flip rate.

In chapter 4 we studied another 2D semiconductor, TiS3, which shows a rich range of
properties. In order to avoid extrinsic disorder we encapsulated the devices with h-BN as
in the case of MoS,. We found that when the Fermi level lies in the conduction band the
material show metallic behavior with metal insulator transitions at low temperatures.
The highest mobility reached by our devices is 350 cm?/Vs at 90 K, and is the highest to
be reported so far. Until 60 K, TiS3 shows trivial electrical properties of a band-insulator
or semiconductor, but below 60 K the non linear transport characteristics exhibit sig-
natures of a charge-density-wave phase along with features of localization. The critical
temperature and electric-field of the CDW depinning is found dependent on the electron
density that can be controlled through the gate electrode yielding new opportunities for
studying many-body phenomena in TiSs.

1T/1T’-MoS; whose electrical transport mechanism was not known, was studied in
chapter 5. Although the devices show low resistivity and no modulation of the conduc-
tivity through the backgate (due the large carrier density) at room temperature, as the
temperature decreases the resistance increases rendering the material an Anderson in-
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sulator, which is insulator due to high disorder or inhomogeneity. Temperature depen-
dence of the resistivity can elucidate the transport mechanism, which we found to be the
Efros-Shklovskii variable-range-hopping, in contrast to earlier reports with two-terminal
measurement that show Mott variable-range-hopping as the transport mechanism. The
localization length is found around 10 nm in line with the size of the 1T domains. The
role of the electron-electron interactions and the reduced screening in 2D materials, im-
plicates that Efros-Shklovskii could be potentially the dominant variable-range-hopping
mechanism in the 2D limit.

In the second part of the thesis we explored physics in the tunneling devices with
combinations of TMDCs with graphene. The motivation of such experiments was to
learn whether one can extract direct evidence of proximity effects in the band struc-
ture of graphene and what are the limitations. In chapter 6 when we use WS as a tun-
neling barrier in vertical heterostructures, the conductance maps can be dominated by
Coulomb diamonds whose origin is defect/impurity states withing the WS, layers. Al-
though such observation obstructs in studying the density of states of the graphene, it
provides a lot of valuable information about such states, that are important for the elec-
tronic and optical properties of WS, and similar TMDCs. From the conductance maps
and more accurately from the Coulomb diamond slopes we can distinguish different
types of defect states. By studying the behavior of such states at large magnetic fields
we also showed that they have finite magnetic moments, which we used to calculate the
localization lengths of individual states, and found to be 2-10 nm.

Finally in chapter 7 we explore tunneling of heterostructures where graphene lies
on a WSe, and carriers tunnel though ultrathin boron nitride to the graphite electrode.
Ultathin boron nitride is insulator and can have less disorder than TMDC s, therefore is
a better candidate for tunneling experiments. Graphene on WSe; shows good quality
with Landau level formation at magnetic fields of 0.1 T. The DoS of the graphene was
probed at high magnetic fields and the characteristic with the Dirac type of Landau level
dispersion was revealed. We observed symmetry breaking states at the zero Landau level
due to electron-electron interactions, but not any visible splitting due to the proximity
induced spin-orbit coupling. This proves that Rashba SOC that splits the spin up and
spin down bands in momentum can be stronger than Ising SOC, which shifts spin-up
and spin-down bands in energy. Lastly we measured the Fermi velocity of the carriers,
which depends on the dielectric environment and was found equal to 1.9-2.5x10% m/s.

Further directions of research would be to experiment further with tunneling exper-
iment with graphene on WSe, or encapsulated to WSe, where WSe, acts also as a tun-
nel barrier. Such experiments will provide more evidence about the proximity induced
spin-orbit coupling in graphene and its consequence to the band structure of graphene.
Helical edge states that were found to exist in bilayer graphene proximitized to WSe,
can be important in graphene Josephson junctions and SOC induced topological phases
in multilayer graphene have been proposed [211]. Transport with TMDCs has matured
over the years and some groups around the world are advancing with samples and de-
vices of higher quality where the spin-valley properties can be probed in magnetotrans-
port in the quantum Hall regime [57, 217]. Weak localization and antilocalization can be
explored further in the low density regime in bilayer MoS; or MoSe, and it can be stud-
ied in detail how the position of the Fermi level at the spin-valley split bands, as well as
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the inversion symmetry affects quantum interference effects. Lastly a more interesting
direction would be the realization of Majorana bound states in graphene. Combining
proximity induced SOC and superconductivity in graphene one can explore Majorana
physics [30]. Limiting the transport modes to 1 by using the v=1 LL or using bilayer
graphene quantum point contacts. In combination with tunneling experiments there
can be direct evidence for the existence of such exotic states in graphene.
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