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2D or not 2D, that is the question.
� Hamlet in the Flatlands





Abstract

Two-dimensional (2D) materials like graphene, MoS2 and hexagonal boron nitride
(hBN) are building blocks for novel electronic and photonic device applications
beyond the operating limits of traditional bulk semiconductor devices. Stacking
multiple 2D materials into vertical heterostructures opens up further degrees of
freedom for engineering device functionality and facilitates the emergence of new
physical phenomena. However, for building high-quality heterostructures, pre-
serving the surface cleanliness of 2D materials poses a major challenge. In this
thesis, we show that substantial residues and compressive strain can be present in
2D materials transferred from PDMS, a widely used polymer for heterostructure
assembly. We demonstrate that these residues can be minimized by cleaning the
PDMS surface in UV-ozone prior to exfoliation. Accumulated strain, interfacial
bubbles and wrinkles can be e�ciently removed by vacuum annealing after transfer,
thereby restoring the surface morphology of transferred �akes to their native state.
Furthermore, integration of Ohmic contacts into heterostructures is essential for ob-
taining high performance devices. However, no scalable methodology for gaining
electrical access to monolayer MoS2 buried within heterostructures currently exists.
We overcome this challenge by fabricating reliable one-dimensional edge contacts
to hBN encapsulated monolayer MoS2, and for the �rst time, achieve performance
metrics similar to conventional top contacts. Quantum transport simulations reveal
that edge contacts exhibit a higher carrier transmission probability in comparison
with top contacts, independent of contact length. Thus, edge contacts open the
door to further shrinkage of the device footprint attainable with 2D semiconductors
and mark an important step towards practical realization of encapsulated devices
with macroscopically homogeneous electrical and optical characteristics.
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Zusammenfassung

Die Möglichkeiten zweidimensionaler (2D) Materialien wie Graphen, MoS2 und
hexagonalem Bornitrid (h-BN) in deren Funktion als Bausteine für die Herstellung
neuartiger elektronischer und photonischer Strukturen, übertre�en das Potential von
traditionellen Halbleitermaterialien. Das Kombinieren mehrerer 2D Materialien in
vertikalen Heterostrukturen erö�net neue Wege, die Eigenschaften des Gesamt-
systems gezielt zu manipulieren und enthüllt neue physikalische Phänomene. Die
Erhaltung der Ober�ächenreinheit, entscheidend für die Realisierung hochquali-
tativer Heterostrukturen, stellt jedoch eine grosse Herausforderung dar. In dieser
Arbeit zeigen wir auf, dass der Transfer von Materialien mit Hilfe von PDMS,
einem in der Heterostruktur-Herstellung weit verbreiteten Polymer, zu signi�kan-
ten Rückstände und kompressiver Spannung führt. Wir demonstrieren, dass diese
Rückstände durch UV-Ozon-Reinigung der PDMS-Ober�äche vor der Exfolierung
minimiert werden können. Blasen und Falten an Grenz�ächen sowie aufgestaute
Spannung können e�zient durch Tempern in Vakuum entfernt werden. Hierdurch
wird der ursprüngliche Zustand der Ober�ächenmorphologie der transferrierten
Materialien wieder hergestellt. Eine weitere Herausforderung stellt die Integra-
tion von ohmschen Kontakten in Heterostrukturen dar, welche essentiell für die
Herstellung leistungsfähiger Halbleiterbauelemente sind. Allerdings existiert mo-
mentan keine skalierbare Methode um einen Zugang zu Monolagen von MoS2

zu scha�en, welche in einer Heterostruktur eingebettet sind. Deshalb etablieren
wir in dieser Arbeit einen Fabrikationsprozess zur zuverlässigen Herstellung so-
genannter eindimensionale Kantenkontakte, welcher reaktives Ionenätzen, in-situ
Ar+ Sputtern und Tempern kombiniert, mit Hilfe dessen wir Monolagen von
MoS2, die in h-BN eingebettet sind, kontaktieren. Mit Hilfe von Quantentransport-
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Simulationen zeigen wir auf, dass Kantenkontakte, unabhängig von der Kontakt-
länge, eine höhere Ladungsträger-Transmissionswahrscheinlichkeit aufweisen als
Ober�ächenkontakte. Dies ermöglicht die weitere Minimierung der für eine auf
2D Materialien basierenden Halbleiterbauelementen benötigten Fläche. Somit
stellt unsere Arbeit einen wichtigen Meilenstein auf dem Weg zur praktischen
Anwendung eingebetteter Halbleiterstrukturen mit makroskopisch homogenen
elektrischen und optischen Eigenschaften dar.*

*Translated into German by Dr. Markus Parzefall
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Chapter 1

Introducing the Flatlands

The invention of the transistor by Bardeen, Brattain and Shockley in 1947 is often
considered amongst the greatest scienti�c achievements of the 20th century which
marked the beginning of the modern electronics era and revolutionized human
civilization in innumerable ways. Since more than half a century, silicon (Si)
has continued to be the semiconductor of choice for the ever-growing electronics
industry. Fueled by tremendous innovations and technological breakthroughs, Si
technology has been pushed to its limits in keeping up with Moore’s law. How-
ever, further scaling of Si-based devices beyond the current state-of-the-art 7 nm
technology node poses huge challenges which has opened up new opportunities
for alternate materials to complement silicon. The quest for building blocks for
the so-called �More than Moore� computing regime has led to a massive outburst
in research into many new material classes. Among them, two dimensional (2D)
materials comprising of semi-metallic graphene, insulating hexagonal boron ni-
tride (hBN), transition metal dichalcogenides, silicene, black phosphorus and many
others [1] are considered viable candidates as noted in the IEEE International
Roadmap for Devices and Systems (IRDS) 2017 [2].

2D materials have a layered structure characterized by strong covalent bonds
within each layer and weak out-of-plane van der Waals bonds between di�erent
layers, allowing the layers to be easily separated. Graphene, �rst isolated by Geim
and Novoselov in 2004 by mechanical exfoliation of graphite [3], gained immediate
attention as an exciting playground for physicists due to its fundamentally new phys-
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2 Introducing the Flatlands

ical properties like linear dispersion, leading to carrier transport with nearly zero
e�ective mass and extremely high mobilities >1 � 105 cm2 V�1 s�1, comparable to
the highest quality 2D electron gases found in III-V quantum wells [4]. However,
the lack of a bandgap in graphene makes it di�cult to completely switch-o� the
current �owing in a graphene sheet, thus limiting its use as an channel material in
�eld e�ect transistors. A bandgap is also desirable for optoelectronic applications.
This acted as a precursor for the exploration of other 2D materials, suddenly setting
o� an explosion in this �eld of research. Nonetheless, graphene is still valuable for
transparent electrodes, conductive inks and interconnects in integrated circuits and
optoelectronic devices as well as for charge storage and catalysis due to its high
surface area to volume ratio [5].

1.1 Transition metal dichalcogenides

The family of layered transition metal dichalcogenides (TMDCs) is more appealing
for semiconductor devices due to the existence of a �nite bandgap in some of them.
As illustrated in Fig. 1.1a, TMDCs are composed of 3-atom thick sheets having
the form MX2 (or X-M-X) where M is a layer of transition metal atoms such as
Mo, W, Zr, Hf, etc. sandwiched between two layers of chalcogen atoms (X = S,
Se or Te). Although these materials have been known for nearly a century for their
photovoltaic properties [9], research interest in them was regenerated in the wake of
graphene. A breakthrough came in 2010 when it was discovered that upon thinning
down bulk TMDCs to the monolayer limit, the photoluminescence (PL) intensity
increased drastically as shown in Fig. 1.1b for 2H-MoS2 [7], the most well-studied
TMDC. While bulk 2H-MoS2 has an indirect bandgap of 1:2 eV, single-layer 2H-
MoS2

* was found to exhibit a direct bandgap >1:8 eV [8, 10]. Such an unusual
behavior arises from the nature of d-electron orbital bonds which are characteristic
to transition metal compounds and can be understood with the aid of the density
functional theroy (DFT) calculated bandstructures in Fig. 1.1c. The valence band
states at the � point and the conduction band states at the point of indirect bandgap,
originate from a linear combination of d-orbitals of Mo atoms and antibonding

*Here the pre�x 2H indicates the semiconducting crystal phase (polytype) of MoS2 to distinguish it
from the 1T, 1T0 metallic phases. For simplicity we’ll refer to 2H-MoS2 as just MoS2 from now on.
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a b

Bulk 4-layer 2-layer 1-layer
c

Figure 1.1 Transition metal dichalcogenides. (a) 3D crystal structure of a TMDC monolayer
depicting transition metal atoms (blue spheres) sandwiched between two layers of chalcogen atoms
(yellow spheres). (b) Photoluminescence spectra of chemically exfoliated MoS2 �akes showing
increasing emission intensity with decreasing thickness. (c) Calculated bandstructure of MoS2 for
di�erent number of layers. Bulk MoS2 has an indirect bandgap. As the number of layers are reduced,
the valence band states at the �-point shift downwards while the conduction band minima states
shift upwards causing a transition to direct bandgap in the 1L limit. Fig. a was reproduced from [6]
' 2011 IOP Publishing. Figs. b, c were adapted with permission from [7,8] ' 2010, 2011 ACS.

pz orbitals of S atoms. These states are strongly a�ected by interactions between
S atoms in adjacent layers due to which their energies depend sensitively on the
number of layers [10]. As visible in Fig. 1.1c, upon reducing the thickness these
states shift in energy substantially. On the other hand, the states at the K point
are primarily composed of strongly localized d-orbitals at Mo sites which have
minimal interlayer coupling and hence, hardly shift with a change in thickness. A
combination of these two phenomena causes a indirect-to-direct bandgap transition
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in monolayer MoS2 accompanied by a strong PL enhancement.

Upon absorption of a photon by a TMDC layer, a Coulomb bound electron-
hole pair called an exciton is generated. In case of a monolayer, reduced dielectric
screening results in a strong electrostatic attraction between the electron and hole
causing them to be bound tightly [11]. The energy needed to dissociate an exciton
known as the exciton binding energy can be as large as �500 meV in TMDCs [12]
which is an order of magnitude larger than any conventional bulk III-Vmaterial [13].
This enables these excitons to exist even at room temperature with an increased
recombination probability and is another reason behind the strong PL observed
in monolayer (1L) MoS2 and other TMDCs. The luminescence from 1L-MoS2

can be engineered to reach a nearly 100% quantum yield at room temperature [14]
which makes it highly attractive for light emitting diodes (LEDs) and on-chip
lasers [15]. On the other hand, indirect gap multilayer TMDCs are promising
for photodetectors and modulators due to a high optical absorption coe�cient
and fast response [16]. Moroever, the TMDC family o�ers a wide range of ma-
terial choices with bandgaps spanning the visible to the near-infrared spectral range.

An important criteria that makes any material suitable for device applications
is availability of scalable growth processes and compatibility with established
CMOS fabrication technologies to enable on-chip integration. In this aspect, 2D
materials are highly promising as 2D layers can be grown on a wafer-scale and
transferred to any desired substrate [17]. This allows them to be integrated with pre-
fabricated logic circuitry and photonic structures on a Si chip like waveguides [18],
resonators [19], optical antennas [20] and photonic crystal cavities [21]. In addition
to this, a unique possibility that exists with these materials is of stacking them
into vertical heterostructures to create arti�cial materials that do not exist naturally
and thus give birth to new properties and functionalities [22]. These so called
van der Waals heterostructures [23] can be built by a variety of methods (Fig. 1.2)
like chemical vapour deposition (CVD) [24], epitaxial growth [25, 26], inkjet
printing [27] or more generally by mechanical stacking of individual layers [28,29]
which has opened up several new frontiers in device engineering. For example by
assembling metallic graphene, insulating hBN and semiconducting MoS2 &WSe2

into a quantum well structure, e�cient LEDs were demonstrated [30].
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Figure 1.2 From 2D to 3D. Innumerable combinations of diverse 2D materials can be assembled
layer-by-layer into 3D heterostructures by mechanical stacking (top) or epitaxial growth (bottom) to
engineer new properties. Figure reproduced with permission from [23] ' 2016 AAAS.

1.2 Electrical contacts to TMDCs

Apart from optoelectronic devices, TMDCs can also be used to build transis-
tors [32]. Remarkably, owing to an ultra-thin body, a few layer MoS2 channel can
be turned-o� completely even with a gate length as narrow as 1 nm [33] with a
very low OFF state leakage current (�pA µm�1) and high on-o� ratio (>106). This
makes TMDCs interesting for next generation low-power logic devices. A key
metric for quantifying the performance of transistors is the �eld e�ect mobility
which determines how fast carriers can move under an applied electrical �eld. A
drastic reduction in mobility is seen in silicon when thinned down to few nanometer
thickness as shown in Fig. 1.3a due to scattering of carriers at surface and interface
roughness. However, 2D materials have an atomically smooth surface free of
out-of-plane dangling bonds which allows them to retain their intrinsic mobility
even in the monolayer limit. External in�uences from surface impurities, substrate
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a b

Figure 1.3 Benchmarking 2Dmaterial transistors. (a) Experimentally measured mobility values
for various 2D materials in comparison with bulk semiconductors of similar thicknesses. It can
be seen that carrier mobility in Si drops sharply for thickness <2 nm and becomes similar to few
layer TMDCs. (b) Contact resistance values of many di�erent MoS2 contacts reported in literature
together with the International Technology Roadmap for Semiconductors (ITRS) recommendations
which are an order of magnitude lower. A high contact resistance still undermines the performance
of MoS2 devices. Figure reproduced with permission from [31] ' 2018 Nature Publishing Group.

e�ects and crystal defects still hamper the mobility though (see Ch. 3).

Another relevant parameter for device performance is contact resistance. As
visible in the scatter plot in Fig. 1.3b, the resistance of the best reported MoS2

contacts currently is still an order of magnitude higher than ITRS recommended
values. Even though 1 nm gate lengths were demonstrated, the contact lengths in
those device were still on the order of �µm. For reducing the total device footprint,
the contacts also need to be scaled down. Moreover, in case of heterostructures,
good contacts to buried layers become even more di�cult to fabricate. Hence,
contact engineering is still a hot topic in TMDC research and many novel strate-
gies for making contacts to heterostructures have been reported in recent years [34].
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In the ever growing class of 2D materials, over 5000 layered compounds have
been identi�ed for far out of which more than 1000 have been calculated to be
easily exfoliable [35]. This has opened up a whole zoo of materials with yet unseen
possibilities. E�cient and universal contact strategies would play an essential role
in ensuring high performance devices based on these diverse range of materials
and their heterostructures.

1.3 Thesis outline

Building clean hBN-monolayer MoS2-hBN heterostructures and making good
electrical contacts to them is the subject of this thesis and is structured in the
following manner. Minimizing polymer residues is essential while stacking 2D
materials. In Chapter 2 we establish a residue free PDMS transfer technique
combined with vacuum annealing for obtaining pristine 1L-MoS2 on hBN. In
Chapter 3 we give an in-depth introduction to the issues currently plaguing con-
ventional contact techniques. To overcome some of these hurdles, we introduce
the concept of edge contacts and outline their unique advantages in comparison
with top contacts. Furthermore, some pitfalls pertaining to edge contacts are also
elucidated and some insights for their practical realization are discussed. With
this understanding, in Chapter 4 our edge contact fabrication strategy is revealed,
the electrical characteristics of devices with edge contacts are presented and the
relevant device parameters are extracted. Lastly in Chapter 5, we summarize this
thesis with some concluding remarks and provide guidelines for future work aimed
at further improving the properties of edge contacts.





Chapter 2

Building Clean Heterostructures

* Integrating 2D materials into 3D heterostructures o�ers opportunities for novel
material functionalities and applications in electronics and photonics [23]. Among
the many available techniques for manual assembly of 2D materials [20,29,37�40],
one popular approach is to mechanically exfoliate bulk 2D crystals onto a stamp
made of a viscoelastic material, poly-dimethylsiloxane (PDMS), bring them in
contact with a desired substrate and then slowly detach the stamp to leave the 2D
�akes behind [41, 42]. Although this procedure is very versatile, deterministic and
fairly simple to perform, not much attention had been paid to the surface cleanliness
of the �akes transferred this way. In this chapter, using 1L-MoS2 as a test layer, we
show evidence of substantial residues and up to �0.22 % compressive strain being
present in MoS2 transferred onto hBN using PDMS. For transferring MoS2 in a
cleaner way, we present an ultraviolet-ozone (UV-O3) treatment recipe to clean the
PDMS surface before MoS2 exfoliation and demonstrate a signi�cant reduction in
residues compared to transfer from untreated PDMS. We further also show that
an additional 200 �C vacuum anneal after transfer e�ciently removes interfacial
bubbles and wrinkles as well as accumulated strain, thereby restoring the surface
morphology of transferred �akes to their native state.

*This chapter is based on the following publication [36].

9



10 Building Clean Heterostructures

2.1 Introduction

PDMS is a widely used polymer for contact printing [43], micro�uidics [44] as well
as stretchable electronics [45], and its chemistry has been studied extensively [46].
PDMS is composed of a network of cross-linked dimethylsiloxane oligomers which
do not get fully cross-linked even after extensive curing [47] and depending on
the curing time and temperature, up to 5% of oligomers can remain uncrosslinked
within the PDMS bulk [47,48]. It is well-known that these uncrosslinked species
are even present on the surface of PDMS stamps and get transferred to the target
substrate during contact printing [49, 50], thereafter acting as a surface contam-
ination layer. PDMS oligomer residues have been characterized previously by
many techniques such as nonlinear spectroscopy [51], X-ray photoelectron spec-
troscopy (XPS) [49, 52], atomic force microscopy (AFM) and ToF-SIMS [52],
con�rming that PDMS can indeed degrade the surface cleanliness of transferred
materials. Residues were also found to occur on 2D materials, e.g. graphene [53]
and TMDCs [54], transferred using PDMS. Owing to their two-dimensional struc-
ture, the properties of 2D materials are quite sensitive to surface contaminants
and residues trapped at the interfaces within 3D heterostructures [55]. Hence, it is
essential to stack these materials with minimum residues. To address this issue, we
developed an e�ective PDMS cleaning recipe for a pristine transfer. Although here
we chose 1L-MoS2 for demonstration since its sensitive PL and Raman signals
allow for systematic optical characterization, our cleaning recipe is general and
can be used with other 2D materials as well.

2.2 Evidence of residues

Naturally occurring MoS2 crystals purchased from SPI Supplies were exfoliated
on commercial PDMS �lms (Gel-Filmfi PF-40-X4 sold by Gel-Pak) using a blue
tape (BT-150E-KL). Figure 2.1a is an optical microscope image of a monolayer
MoS2 �ake on PDMS. Bulk hBN crystals were separately exfoliated on O2 plasma
cleaned p+Si/SiO2 (285 nm) substrates. The PDMS stamp with MoS2 was placed
on a transparent quartz plate and aligned on top of a suitable hBN �ake on SiO2

using a mask aligner (SÜSSMicroTecMJB4) as depicted schematically in Fig. 2.1b.
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Upon slowly bringing MoS2 in contact with hBN at room temperature, the entire
stack was heated to �65 �C for two minutes using a Peltier module kept underneath
the Si/SiO2 substrate. After allowing the stack to cool down, the PDMS stamp was
slowly detached as described in ref. [42], leaving behind the MoS2 �ake on hBN
(Fig. 2.1c).

SiO2

PDMS 1L-MoS2

1L-MoS2

Bottom h-BN
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Figure 2.1 Characterization of PDMS residues. (a) Optical microscope image of a 1L-MoS2
�ake exfoliated on PDMS. (b) Schematic illustration of an inverted PDMS stamp with MoS2 being
transferred onto hBN. (c) The same MoS2 �ake as in a after transfer to hBN. (d) Large area AFM
topography map of the region outlined in c displaying an �apparently clean� surface together with
some bubbles and wrinkles. (e)Higher resolution AFMmap of the red-outlined region in d exhibiting
a dense distribution of residues over the entire MoS2 �ake. (f) Higher resolution AFM map of the
green-outlined region in d with a thick layer of residues covering a majority of the area. (g) AFM
phase map recorded together with the topography in e depicting a poor phase contrast between MoS2
and hBN due to PDMS residues on both surfaces. (h) Height pro�le across the MoS2 edge along the
dashed line marked in e. An accurate estimation of the thickness of monolayer MoS2 is hindered by
topography variations due to surface residues. (i) Height pro�le across the PDMS residue layer and
PDMS + MoS2 along the dashed lines marked in f. The thickness of the residue layer is �2:5 nm.
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To characterize the surface of the �akes after transfer, we performed topogra-
phy mapping using an atomic force microscope (AFM) operating in tapping mode.
Figure 2.1d shows an AFM topography map of the region outlined in black in
Fig. 2.1c. The MoS2 �ake appears mostly �clean� on this large scale apart from
the usual wrinkles and bubbles which are frequently seen in PDMS transferred
�akes [42]. However, if we examine the region outlined in red more closely in the
higher resolution map in Fig. 2.1e, a dense network of residue islands is clearly
visible on the entire MoS2 surface, making it di�cult to even obtain an accurate
estimate of the 1L-MoS2 thickness from a horizontal cross-section (Fig. 2.1h).
Note that these �0:6 nm (rms) variations in topography cannot arise from substrate
roughness alone as the hBN layer below is atomically smooth. Moreover, on the
narrower 1L-MoS2 �ake on the right in Fig. 2.1d, a thick residue layer can be
clearly identi�ed which is unmistakably distinct from the MoS2 �ake itself. Better
visible in the higher resolution AFMmap in Fig. 2.1f, this additional layer left-over
by PDMS can be as thick as �2:5 nm in some areas (magenta pro�le in Fig. 2.1i).
Together with the topography map in Fig. 2.1e, we also recorded the corresponding
AFM phase map as shown in Fig. 2.1g and observed a poor phase contrast be-
tween theMoS2 and hBN surfaces, con�rming the presence of residues everywhere.

We tested several �akes and similar residues were found on all of them. The
amount of residues transferred was also a�ected by the temperature and pressure
applied during the transfer. In case of transfers done without applying any heat,
residues were visible even in an optical microscope due a change in the color of
the SiO2 (285 nm) layer which arises from interference and is sensitive to a few
nanometers thick transparent organic layer on top (see ref. [36]). These results
unambiguously demonstrate, in agreement with previous reports [49�54], that
PDMS can indeed leave a signi�cant amount of residues behind and an e�cient
method for eliminating them is genuinely needed.

Although a high temperature (400 �C) vacuum anneal after transfer has been
reported to reduce PDMS residues on graphene [53], such high temperatures are
known to introduce additional defects in TMDCs [56,57] which are more fragile
compared to graphene. Moreover, we found that annealing by itself is not su�cient
to fully restore the transferred �akes to their pristine state. AFM maps of the
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a b c

Vacuum annealed Annealed twice

b

0.9 nm1.6 nm

nm
Vacuum annealed

nm nm

Figure 2.2 Limited e�ect of annealing on PDMS residues. (a) AFM topography map of the
dirty 1L-MoS2 �ake shown in Fig. 2.1d after 3 h annealing in vacuum. (b) Higher resolution AFM
map of the white-outlined region in a. Even though the surface appears mostly free from bubbles
and more homogeneous than before (cf. Fig. 2.1e), a thin layer of PDMS residues is still present
over the entire MoS2 �ake. Inset: Height pro�le along the red dashed line revealing a total thickness
of 1:6 nm for the monolayer �ake. (d) AFM map of the same region after annealing again for 3 h.
Although the total amount of residues does decrease after prolonged annealing, the surface looks far
from pristine. Inset: Height pro�le along the green dashed line.

MoS2 �ake shown in Figs. 2.1d, e are displayed again in Figs. 2.2a, b after vacuum
annealing�. It can be noticed that although bubbles and wrinkles are mostly gone,
the MoS2 surface is still smeared with residues. This is also evident from the AFM
cross-section in Fig. 2.2b revealing the total thickness of the �ake to be 1:6 nm,
which is signi�cantly higher than the expected value of 0:7 nm for monolayer
MoS2. An additional vacuum anneal using the same parameters did somewhat
reduce the thickness to �0:9 nm as depicted in Fig. 2.2c. However, it can be easily
seen that the surface topography is quite inhomogeneous and does not approach
the cleanliness level of a freshly exfoliated MoS2 �ake. Alternatively, dissolving
PDMS residues in organic solvents such as dichloromethane and toluene [48] is
also not very e�ective as the solvent molecules themselves tend to get adsorbed at
exposed 2D material surfaces/edges and can even chemically dope TMDCs [58].
To eliminate PDMS residues without compromising the 2D material being trans-
ferred in any way, it appears more reasonable to clean the PDMS surface itself
before it comes in contact with the 2D material.

�Annealing was performed in a quartz tube furnace at 200 �C for 3 h in a low vacuum of
5 � 10�3 mbar (limited by our rotary pump). Before heating, the quartz tube was �ushed sev-
eral times with argon gas to remove any residual water or oxygen molecules. After 3 h, the furnace
was left for a few hours to cool down naturally to room temperature before taking out the samples.
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2.3 Minimizing residues

To achieve this, we developed a UV-O3 treatment recipe to modify the PDMS
surface prior to MoS2 exfoliation. This recipe was found to signi�cantly reduce
transfer residues without having any negative e�ect on the MoS2. UV-O3 cleaning
of PDMS has been proposed in the past [49] and the mechanism behind it can be
understood as follows. Oxygen free radicals and ozone (O3) created from atmo-
spheric oxygen in the presence of UV-radiation, break down organic species on the
PDMS surface into CO2, H2O and simpler volatile organic products. At the same
time, the silicon present in poly-dimethylsiloxane gets oxidized and forms a thin
(20-30 nm) layer of silicon oxide (SiOx) on PDMS [59]. This SiOx surface layer
besides having a low carbon content, also acts as a di�usion barrier for oligomers
still present within the PDMS bulk.

To optimize the treatment time, we exposed several PDMS stamps to UV-O3

in a Bioforce Nanosciences UV Ozone ProCleaner for varying times, and found
a duration of 30-40 min to be the optimum. Shorter times did not fully clean the
PDMS and longer exposure led to a poorer coverage of �akes on the PDMS upon
exfoliation. We also observed that if the exfoliation was done immediately after
UV-O3 treatment, bonding often occurred between the PDMS and the blue tape
used for exfoliation or in rare cases even between the PDMS and O2 plasma treated
SiO2 surface during the transfer process. However, this bonding could be avoided
by leaving the PDMS exposed to ambient air for a few hours to let the surface
undergo a partial hydrophobic recovery [60, 61]. This led us to the following
optimized process �ow, the results of which are presented below.

The PDMS stamp was exposed to UV-O3 for 30 min and then after a wait
interval of 2 h in air, MoS2 was exfoliated on PDMS as usual. Figure 2.3a shows
an optical microscope image of a large MoS2 �ake exfoliated on 30 min UV-O3

treated PDMS which was subsequently transferred to hBN (Fig. 2.3b). In the AFM
topography map of the 1L region shown in Fig. 2.3c, one can notice the absence
of dense islands or thick layers of PDMS residues unlike in Figs. 2.1e or 2.1f.
Although small amounts of residues can still be detected, this MoS2 �ake is signi�-
cantly cleaner than the one in Fig. 2.1 which was transferred from untreated PDMS.
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Figure 2.3 Clean transfer from UV-ozone cleaned PDMS. (a) Optical microscope image of 1L-
MoS2 exfoliated on 30 min UV-O3 cleaned PDMS. (b) The same MoS2 �ake after transfer to hBN
with the monolayer segment demarcated. (c) AFM topography map of the region outlined in b.
Areas densely covered with residues like in Figs. 1e or f could no longer be detected although a
considerable amount of bubbles do occur which could also be e�ciently removed. (d) AFM map
of the same region showing a drastic reduction in bubbles and wrinkles from the entire �ake after
200 �C vacuum annealing. (e) Higher resolution AFMmap of the red-outlined region in d displaying
a very clean and smooth MoS2 surface. The faint streaks correspond to migration paths of residual
bubbles which couldn’t reach the MoS2 edge and get released. (f)Height pro�le along the red-dashed
line in e exhibiting a clear monolayer MoS2 step of 7:2¯ unlike in Figs. 2.1h or 2.2b-c. Inset: AFM
phase map recorded together with the topography in e revealing a clear phase contrast between MoS2
and hBN which further indicates the absence of residues (cf. Fig. 2.1g).

The large number of bright spots in Fig. 2.3c are wrinkles and bubbles �lled
mainly with air molecules and organic adsorbates that become trapped between
MoS2 and hBN during transfer and get squeezed into small pockets via a self-
cleaning e�ect [38,62]. The amount of trapped bubbles can be reduced by perform-
ing the exfoliation and transfer inside an Ar �lled glove box to exclude molecular ad-
sorbates [63] or even fully eliminated by stacking in vacuum as shown recently [17].
Alternatively, we found that bubbles and wrinkles can be very e�ciently removed
by vacuum annealing at 200 �C, similar to another recent report [64]. At this
temperature and under low pressure, the trapped species inside the bubbles become
mobile and coalesce into bigger bubbles to minimize the total surface energy [40].
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They also tend to migrate towards the edge from where they eventually escape
the interface, thereby lowering the overall density of bubbles. Figure 2.3d is an
AFM map of the same region as Fig. 2.3c after 3 h vacuum annealing at 200 �C
exhibiting a complete removal of wrinkles and a remarkable reduction in bubbles.
The higher resolution AFM map in Fig. 2.3e of the red outlined region features a
nearly pristine surface with a clean step of 7:2¯ (Fig. 2.3f) and a surface roughness
of �1:4¯ (rms) over the entire �ake. This is in striking contrast to the MoS2 �ake
transferred from untreated PDMSwhere the surface quality remained compromised
by PDMS residues even after prolonged annealing as shown in Figs. 2.2b-c. The
corresponding AFM phase map in Fig. 2.3f (inset) shows a clear phase contrast
between MoS2 and hBN (unlike Fig. 2.1g) providing further evidence for the
decrease in residues by UV-O3 treatment of PDMS. Detailed AFM analysis of two
additional 1L-MoS2 �akes transferred from UV-O3 treated PDMS can be found in
the supplementary �le of ref. [36].

Thus our recipe provides a new method to obtain very clean 2D material �akes
on hBN. We would like to stress that a combination of UV-O3 pre-cleaning fol-
lowed by vacuum annealing is crucial, and vacuum annealing by itself does not
result in a pristine surface as evident from Fig. 2.22. Note that here we trans-
ferred MoS2 onto atomically smooth hBN �akes to decouple the SiO2 substrate
roughness from the surface topography of MoS2 which allowed us to better resolve
surface residues using AFM. Although the surface cleanliness doesn’t depend on
the substrate used, we have observed that the removal of bubbles and wrinkles
during vacuum annealing is not very e�ective forMoS2 transferred directly on SiO2.

2.4 Optical Characterization

To further characterize the e�ect of PDMS transfer on the optical properties of
MoS2, we performed PL and Raman spectroscopy. Experimental details can be
found in Appendix A.2. Spatial maps of the spectrally integrated PL counts were
recorded from the MoS2 �ake in Fig. 2.1d transferred using untreated PDMS
(labelled as ‘untreated’ in Fig. 2.4) as well as from the clean MoS2 �ake transferred
using UV-O3 treated PDMS and subsequently vacuum annealed (Fig. 2.3d). PL
maps of the two �akes depicted in Figs. 2.4a, b show no apparent di�erences and
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the count rates were comparable for similar excitation powers. This indicates that
PDMS residues (and/or vacuum annealing) do not seem to a�ect the overall PL
quantum yield which could be one reason why residues have been overlooked in
the past. The PL spectra of the two �akes, however, did show some interesting
di�erences.

Besides the well-known A, B-exciton and trion (X�) peaks, a new broad feature
around 1:68 eV can be noticed in Fig. 2.4c in the PL spectra of untreated MoS2.
This low energy peak can be better visualized at the locations marked by green
and yellow dots in Fig. 2.4a where thick PDMS layers were present on MoS2 (as
shown previously in the AFM map in Fig. 2.1f). At these spots, the main excitonic
peaks were weaker which made it easier to resolve the new peak (see Fig. 2.4c
inset). Surprisingly, this peak could not be detected in MoS2 �akes transferred
from UV-O3 treated PDMS (light blue and orange curves in Fig. 2.4d inset) as
well as in the �uorescence spectra of an untreated PDMS stamp without MoS2

(data not shown here). It appeared in the PL spectra of MoS2 only when PDMS
residues were present on MoS2 but its true origin is unclear at present. Such a
broad low energy emission could possibly be attributed to impurity bound excitons
at room temperature [57, 65] whose creation, however, is still not well understood
in literature and a more detailed investigation is needed to elucidate the exact
mechanism that gives rise to this additional peak.

Apart from this, it can be clearly observed in Fig. 2.4d that the A-exciton peaks
of as-transferred MoS2 (light and dark blue curves) are slightly blue-shifted with
respect to that of vacuum annealed MoS2 (orange curve) and lie at 1.887�0:002 eV
which agrees very well with the value of 1:89 eV measured previously on MoS2

transferred from PDMS onto various substrates [66]. On the contrary, for vacuum
annealed MoS2 the A-exciton peak lies at 1.876�0:002 eV, very close to that of
MoS2 exfoliated directly on SiO2 [14,67]. By comparing the PL spectra at various
locations on the two �akes in Figs. 2.4a, b and performing multi-Lorentzian �tting
to decouple the trion peak from the exciton peak, we estimated a blue-shift of
11�3 meV for the A-exciton peak of as-transferred MoS2. Moreover, one can also
notice a blue-shift in the B-exciton peak as highlighted by the Lorentzian �ts in
Fig. 2.4e. The complete set of �ts for the entire spectra can be found in Fig. 2.5.
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Figure 2.4 Optical characterization. (a, b) Spatial maps of the spectrally integrated PL counts
from the 1L-MoS2 �akes in Figs. 2.1d & 2.3d displaying similar emission intensities. The dark spots
and lines in a are interfacial bubbles and wrinkles respectively (cf. Fig. 2.1d) where the photon counts
were somewhat decreased. (c) PL spectra of MoS2 transferred from untreated PDMS recorded at
points marked by matching colored dots in a. Besides the indicated excitonic peaks, all spectra also
show a low-energy feature (marked by arrow) around 1:68 eV. (d) PL spectra of MoS2 transferred
from UV-O3 treated PDMS showing the absence of any low-energy feature in comparison with
MoS2 from untreated PDMS. This indicates that the new feature arises only in the presence of PDMS
residues on MoS2. Apart from this, the PL spectra in light and dark blue show blue-shifted A, B
excitonic peaks which reveals the presence of compressive strain in as-transferred MoS2 (irrespective
of PDMS pre-treatment). This strain got released from the �ake in b upon annealing. The PL spectra
in light blue was recorded fromMoS2 before annealing. Insets: magni�ed plots of the spectra around
1:68 eV. (e) A magni�ed view of the B-exciton emission in d. The �lled area plots are Lorentzian
�ts to the B-exciton peaks and display a clear shift in the center positions. (f) Raman spectra of
the two �akes (vertically o�set for clarity). The empty circles are measured data points while the
smooth lines are Lorentzian �ts to estimate the center position of each peak. The E1

2g peak (in blue)

is up-shifted by �1 cm�1 which also indicates a build-up of compressive strain in as-transferred
MoS2, in agreement with the PL spectra. All spectra have been normalized to the silicon Raman
peak for a better comparison.
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In order to understand the origin of the A, B-exciton blue-shift upon transfer,
we performed Raman spectroscopy to gain further insight from the E1

2g mode which
is sensitive to strain in MoS2. In exfoliated, unstrained 1L-MoS2 at room tem-
perature, the E1

2g peak should lie at 385 cm�1 [68] whereas for our as-transferred
MoS2 on hBN it lies at �386 cm�1 (blue curve in Fig. 2.4f). An E1

2g peak up-shift
signi�es an increase in built-in compressive strain, thus implying that PDMS not
only leaves residues behind, but can also compress the MoS2 during transfer. An
up-shift of �1 cm�1 corresponds to an accumulation of �0.22% compressive strain
in MoS2 after transfer [69], similar to estimate made by Buscema et al. [66] This
induced strain causes an increase in the direct bandgap at the K-point which leads
to blue-shifted A, B-exciton emission [70, 71]. According to previously reported
DFT calculations [72] as well as experimental results [69], a 0.22% strain would
induce an A-exciton shift of 10�1:5 meV which is in good agreement with the shift
of 11�3 meV estimated from our PL measurements. For the sake of completeness,
one can also compare the A1g peaks in the two Raman spectra to characterize the
e�ect of residues on doping. The strong electron-phonon coupling of the out-of-
plane A1g mode in MoS2 causes it to down-shift with increasing doping [73]. In
Fig. 2.4f, the two A1g peaks lying at �406:5 cm�1 imply a low n-doping in both
MoS2 �akes on hBN (compared to 403-404 cm�1 for 1L-MoS2 on SiO2) [66, 68].

The origin of strain can possibly be attributed to the inherent lack of sti�ness
of PDMS. As discussed previously by Gomez et al. [42], PDMS being soft can get
slightly deformed during transfer by the pressure exerted on PDMS upon coming
in contact with the target substrate. It is quite likely that this deformation of PDMS
induces a compressive strain in the �ake being transferred as measured for MoS2

in our case. The induced strain eventually gets released upon vacuum annealing,
down-shifting the E1

2g peak to 385 cm�1 and at the same time red-shifting the A,
B-exciton peaks to unstrained values close to that of directly exfoliated MoS2. The
release of transfer induced compression in MoS2 can also be evidenced in the
AFM scans in Fig. 2.3c, d before and after annealing where an increase in the total
surface area upon annealing can be clearly noticed.
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2.5 Conclusions

To summarize, we demonstrated that PDMS residues as well as compressive strain
can be present in 2D materials exfoliated onto and transferred from PDMS stamps.
Using 1L-MoS2 as an example, we observed evidence of surface contamination in
both AFM maps and PL spectra. UV-O3 treatment of PDMS prior to exfoliation
signi�cantly reduced the amount of unwanted surface oligomers which resulted in
a cleaner transfer of MoS2 in comparison with untreated PDMS. We showed that a
1L-MoS2 surface of a very high quality can be obtained by a combination of UV-O3

pre-cleaning followed by vacuum annealing after transfer. AFM topography of
annealed MoS2 �akes on hBN displayed a homogeneously smooth surface with
a substantial reduction in interfacial bubbles and wrinkles. PL spectroscopy of
as-transferred MoS2 revealed blue-shifted A, B-exciton peaks due to an accumula-
tion of compressive strain during the transfer. This induced compression could be
released by a post-transfer vacuum anneal.

It is advantageous to exfoliate MoS2 on PDMS for obtaining large area (>1000
µm2) monolayer MoS2 �akes with a high yield unlike direct exfoliation on SiO2

which results in relatively smaller �akes. The recipe we provide makes it possible
to integrate these large area �akes exfoliated on PDMS into clean heterostructures
for high performance electronic and photonic devices. Our results are valuable for
future experimental studies and practical applications utilizing clean 2D material
heterostructures.

One must keep in mind that even though PDMS residues do not signi�cantly
in�uence the optical properties of MoS2, surface residues could still a�ect elec-
trical transport by scattering charge carriers and thereby reduce carrier mobility.
Moreover, trapped residues within TMDC heterostructures could also weaken
interlayer coupling [55] and adversely a�ect physical phenomena such as interlayer
charge recombination or separation, interlayer electron-phonon coupling, polari-
ton formation, out-of-plane tunneling, etc. which rely on high-quality interfaces.
Hence, the importance of eliminating residues while stacking 2D materials using
PDMS, or any other technique in general, cannot be overstated. In this direction,
our results highlight the signi�cance of a careful characterization and optimization
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of any transfer procedure and subsequent processing steps in order to preserve in-
terface quality and obtain unperturbed crystal structures with well-de�ned physical
properties.

a

b
UV-O3 + anneal

Untreated

Figure 2.5 Lorentzian �ts to the PL spectra. (a) PL spectra of MoS2 transferred from untreated
PDMS �tted with a sum of four Lorentzians (red) where each Lorentzian represents one spectral
feature. Along with the �tted sum, the individual �t components are also plotted. (b) Sum of three
Lorentzians (red) �tted to the PL spectra of MoS2 transferred from UV-O3 treated PDMS and
annealed. The empty circles are experimentally measured data points (reproduced from Fig. 2.4d)
while the smooth curves are �ts to the measured data. From the �ts, a shift of 10 meV in the A-exciton
peak position was deduced for this pair of spectra. The trion peak showed a much smaller shift of
�3 meV.





Chapter 3

One-Dimensional Electrical
Contacts

The ability to transfer and stack dissimilar 2D materials in any arbitrary order
opens up many new routes for device engineering. In particular, MoS2 combined
with other 2D materials into van der Waals heterostructures, appears promising
for future transistor architectures [31], atomically thin p-n junctions [74], tunnel
diodes [75], memristors [76], high-e�ciency photodetectors [21], light emitting
diodes [77] and novel valleytronic devices [78]. Any practical implementation of
these devices, however, requires integration of low resistance electrical contacts
within 2D heterostructures to allow for e�cient carrier transport. This has spurred
a great deal of research into contact engineering for 2D materials in the quest for
better contact architectures [34].

3.1 The contact dilemma

Conventionally, electrical contacts to 2D materials are made in a top-contact geom-
etry where the contact electrodes come in direct physical contact with a 2D layer
over a �nite area (Fig. 3.1a). However, such a methodology inherently requires pat-
terning unprotected 2D layers by means of photo- or e-beam lithography, thereby
exposing them to foreign chemical species which are di�cult to remove. Moreover,
in case of TMDCs like MoS2, exposed surfaces in air are also susceptible to O2 and

23
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H2O adsorption [79�81]. Owing to their atomically thin nature, mono- or few-layer
TMDCs are quite sensitive to their immediate environment which includes both
surface adsorbates from ambient exposure and processing residues. These act as
unintentional dopants which lead to a spatially inhomogeneous carrier density [82]
and cause device-to-device variations in threshold voltage [83,84] and Schottky
barrier height [85]. Besides doping, surface contaminants also scatter [86] and trap
charge carriers, resulting in reduced mobility and low ON-state current [79�81],
increased �icker noise [87, 88] and hysteresis [89] as well as compromised optical
properties [90]. Although measurements performed under high vacuum after in-
situ annealing have made it possible to observe the intrinsic electrical transport
properties of MoS2 [91, 92], measurements of unprotected devices in air show a
drastic reduction in carrier mobility, implying that even short-term air exposure is
detrimental for mono- and bi-layer MoS2 based devices [79, 80].

In addition to this, it is also known that most TMDCs including MoS2, MoSe2

and WS2, upon exposure to air over longer periods of time undergo gradual oxida-
tion even at room temperature, which leads to further mobility degradation [93],
morphological changes [94, 95] and adversely a�ected photoluminescence [96].
Moreover, some TMDCs like MoTe2, HfSe2, ZrSe2, NbSe2 and other 2D materials
such as black phosphorus or InSe are so unstable in air that surface deteriora-
tion can be detected within a day [95]. This restricts their assembly to an inert
atmosphere [63]. Encapsulation of 2D materials is often employed to limit air
exposure and provide protection against any chemical species (polymers, solvents,
etc.). Nowadays, this is routinely achieved by sandwiching 2D materials between
two sheets of hBN [63,93], which has enabled a sharp reduction in the excitonic
linewidth of TMDCs [97�99] together with an enhanced mobility at room tem-
perature [93,100]. This improvement is partly also due to the atomically smooth,
trap-free hBN substrate instead of SiO2. However, fabrication of high quality
top-contacts in a conventional manner to a buried TMDC layer after encapsulation
is di�cult and often impractical. Therefore, to enable real-world usage of TMDCs
in integrated electronics, a new contact technique which allows them to be encap-
sulated before contact patterning is desperately needed in order to preserve the
intrinsic material quality during processing and obtain homogeneous, well-de�ned,
robust electrical and optical characteristics on a macroscopic scale.



3.1. The contact dilemma 25

a b

Figure 3.1 3D illustration of 2D vs. 1D contacts. In the top contact geometry (a), the electrodes
(in yellow) partially overlap with the surface of a 2D material whereas in the edge contact geometry
(b), they only come in contact with the 2D material from the sides.

For making electrical contacts to heterostructures, a common work-around
is to embed within the hBN-TMDC-hBN stack additional layers of graphene
[93,101,102] or metallic NbSe2 [103,104] to act as electrodes. However, align-
ment and transfer of multiple graphene contact layers onto an underlying TMDC
severely increases the fabrication complexity and is di�cult to scale-up for practi-
cal purposes. Even though large-area CVD growth of lateral graphene-MoS2 het-
erostructures has made progress in recent years [105�107], hard to control growth
inhomogeneities as well as ripples and strain induced by lattice mismatch [108]
still exist along 2D-2D edge interfaces which could ultimately hinder fabrication of
very short channel (<100 nm) devices. To overcome the hurdle of making contacts
to TMDCs and encapsulating them at the same time, some other novel techniques
also exist. For example, encapsulation with a very thin top hBN allowing formation
of tunneling contacts [109�111] or using a thicker hBN with pre-patterned contact
windows [112, 113] have been demonstrated in recent years. Unfortunately, these
methods also impose several restrictive demands on device assembly which limits
their applicability.

Alternatively, a more practical and �exible approach is to etch through the top
hBN layer, in order to expose an edge of any buried 2D material of interest, and
form a one-dimensional (1D) ‘edge contact’ to it [29] (Fig. 3.1b). In this manner,
contact vias can be lithographically patterned into pre-assembled stacks with a
high alignment accuracy and could be integrated into wafer-scale heterostructures
requiring multiple metallization layers akin to today’s CMOS technology. More-
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over, this strategy holds a greater promise for multilayer 2D materials wherein
each layer can be individually contacted from the side, in contrast to top contacts,
potentially resulting in a higher current density. Lastly, the advantage of not having
to overlap with a 2D material surface implies that edge contacts can be made
as narrow as possible and thus are scalable. On the contrary, carrier injection
through top-contacts on TMDCs can occur over a �nite area and consequently,
upon being scaled down below a certain overlap length, the contact resistance has
been observed to increase [114,115]. Thus, edge contacts seem highly promising
for large-scale practical implementation of encapsulated TMDC based devices. In
practice however, edge contacts have been bene�cial only for graphene [29] while
similar attempts with MoS2 were met with limited success until now [116�118].
In the remainder of this chapter we’ll discuss some factors that could limit the per-
formance of edge contacts and provide guidelines for realization of good contacts.

3.2 Theoretical insights*

In order to gain a better insight into edge contacts and compare them with top con-
tacts, ab initio quantum transport simulations using the non-equilibrium Green’s
function (NEGF) formalism were carried out (see AppendixA.3 for computational
details). Ti -monolayer MoS2 top and edge contact structures depicted schemat-
ically in Fig. 3.2a were constructed for performing the computations. Here Ti
was chosen since it is widely used for making contacts to MoS2. Figure 3.2b
shows the equilibrium band alignment for a Ti-MoS2 edge contact with the color
scale corresponding to the density of states (DOS) and indicates a non-zero Schot-
tky barrier (SB) for electron injection. To simulate the transport behavior in the
ON-state under an applied gate bias, the MoS2 region was elongated to 55 nm
and an exponentially decaying potential was superimposed over the MoS2 (see
AppendixA.3). The resulting band-diagram is displayed in Fig. 3.2c for the case
of edge contacts. The electron transmission probability as a function of energy was
calculated in the ballistic transport regime (no scattering included) and is plotted
in Fig. 3.3. It can be easily discerned that edge contacts result in an enhanced
transmission probability compared to top contacts, as predicted previously [119].

*The simulations presented here were performed by Dr. `ron Szabó and Prof. Mathieu Luisier.
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Figure 3.2 Edge contact simulation. (a) Schematic cross-sections (not to scale) of the simulated
Ti -monolayer MoS2 top and edge contact structures. (b) Computed band alignment diagram of the
edge contact structure in a under equilibrium. (c) Band-diagram of an edge contact structure with a
substantially longer MoS2 region than in a. The bottom of the MoS2 conduction band was pushed
to 1 eV below the Fermi level by superimposing an exponentially decaying electrostatic potential to
emulate the e�ect of a gate voltage. The color scale in b, c represents the DOS plotted on a linear
scale and the horizontal red dashed line indicates the Fermi level (EF ).

This can be attributed to a shorter tunneling path (edge: 0:84¯, top: 1:5¯
from ref. [119]) and stronger orbital overlap between the terminal Ti and Mo
atoms when brought in contact laterally without an intermediate layer of S atoms.
However, for current to �ow, electrons need to be present at the relevant energy
levels. The Fermi-Dirac distribution function at 300 K is also plotted in Fig. 3.3
(lightly shaded curves), and it governs the probability for an electronic state at
a given energy level to be occupied. The expected current is determined by the
product of the transmission probability and the Fermi function. Hence, only the
portion of the transmission plot that lies within the Fermi window can contribute
to current �ow. In Fig. 3.3a, even though the transmission probability is certainly
higher for electron injection into the MoS2 conduction band, the calculated metal
Fermi level at the contact region lies a few 100 meV below the conduction band.
On the contrary, in case of Ti top contacts (Fig. 3.3b), the metal Fermi level lies
much closer to the conduction band. Or in other words, the SB height turns out
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Figure 3.3 Comparison. Energy dependent electron transmission probability for (a) edge and (b)
top contacts. A higher transmission can be observed in the former case which has a more favorable
orbital overlap between Ti and Mo atoms. Only ballistic transport was considered here. The shaded
semi-transparent plot is the Fermi function at T = 300 K and overlaps partially with the transmission
spectrum which determines the cut-o� for the current �ow.

to be lower for top contacts compared to edge contacts. The interesting point to
highlight here is that for the same metal-semiconductor combination, the band
alignment depends sensitively on the contact geometry which results in di�erent
barrier heights. A similar behavior was also reported in another theoretical pa-
per [120] and was attributed to the subtle di�erence in the spatial distribution of Mo
d-electron orbitals that interface with the contact metal in the two geometries. How-
ever, it must also be emphasized that the absolute values of metal work function
and band alignment computed by DFT are not necessarily correct and di�er from
experimentally measured values [121]. Moreover, in real devices, the e�ective SB
height is strongly dictated by Fermi level pinning mediated by defects and interface
states [122�124] as well as interface dipole formation [125], which is beyond the
scope of these simulations. Thus in practice, the interplay between the actual
SB height and transmission e�ciency would govern the overall injected current.
Hence, it is reasonable to say that with a more favorable band alignment achieved
by a proper choice of metal and contact interface engineering, edge contacts can
perform similar to or even better than top contacts.

For the sake of completeness, it should also be mentioned that in ref. [119], it
was claimed that a Schottky barrier does not exist in edge contacts to 1L-MoS2, irre-
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spective of the choice of metal (Ti, Pd, Au and In were simulated). This conclusion
was drawn from the argument that in the vicinity of the contact metal, the MoS2

becomes metallized by the appearance of metal-induced gap states, thus allowing
electrons to �ow through any Schottky barrier rather than over it. Such states are
also visible in Fig. 3.2b in the MoS2 bandgap around x =4:8 nm and originate
from metal wavefunctions which decay evanescently into the MoS2. However,
as the computed transmission plot in Fig. 3.3a shows, these states do not act as
transport channels since they have an imaginary k-vector. Instead, what is more
relevant to consider in the context of edge contacts are edge states.

3.3 Edge states

Strictly speaking, the true bandstructure of a semiconductor is de�ned for a lat-
tice with an in�nitely repeating unit cell. In real crystals with a �nite size, the
translational symmetry of the lattice gets broken at domain boundaries - surfaces
in 3D materials and edges in case of 2D materials - which can lead to dangling
bonds and/or surface reconstruction. These perturb the bandstructure at the domain
boundaries and can give birth to additional states, known as surface (or interface)
states in bulk semiconductors [126, 127]. Such states are ubiquitous in solid state
systems, playing a critical role in metal-semiconductor junctions and enabling
exotic materials like topological insulators [128].

Edge states are the 2D analogue of surface states. At MoS2 edges and grain
boundaries, localized states arising from dangling bonds can cause the MoS2

bandgap to disappear. The existence of such metallic edge states has been veri�ed
experimentally by scanning tunneling microscopy (STM) [129�132] and transport
measurements [82] as shown in Figs. 3.4a-c. In general, the density of edge states
depends on the type of edge (armchair or zigzag), on the terminating atom (Mo
or S) and may be modi�ed by the reconstruction of edge atoms. Irrespective of
that, edge states have profound implications for edge contacts. As sketched in
Fig. 3.4d, if a van der Waals gap is present between the contact metal and an MoS2

edge, a high density of in-gap states would exist at each electron injection site.
Firstly, these could trap incoming electrons causing a space charge region to build
up which would subsequently repel further injected electrons. Secondly, it has
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Figure 3.4 Edge states. (a) STM image of a monolayer MoS2 island (48¯ Ö53¯) grown on a
reconstructed Au(111) surface (Vt = 5:3 mV, It = 1:28 nA). An enhanced conductivity is visible
along the boundary of the MoS2 island which is a direct experimental evidence of the presence of
additional states at the edges. (b) Optical image of a transistor fabricated from a few layer MoS2
�ake exfoliated on a Si/SiO2 (285 nm) substrate. Microwave impedance microscopy (MIM) was
performed on this device as a function of the applied back-gate voltage (see ref. [82] for details). (c)
Spatial maps of the MIM signal recorded from the white outlined region in b at three di�erent values
of VGS . The color scale directly corresponds to the free electron density at the surface. It can be seen
that as the Fermi level moves up with increasing gate voltage, the electrons �rst populate the MoS2
edges, followed by the 4L- and then the 3L-MoS2 region . This indicates that MoS2 edges host
conductive states which lie at a lower energy than the conduction band minimum of MoS2. (d-e)
Diagram depticting electron injection from metal into MoS2 from edge and top contacts respectively.
In the former case, edge states can trap injected electrons leading to a higher contact resistance
whereas in case of top contacts, electron injection is not hindered by edge states. CB: conduction
band, VB: valence band. Fig. a was reprinted with permission from [129] ' 2001 The American
Physical Society. Figs. b, c were adapted from [82] ' 2016 National Academy of Sciences.
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been observed in STM experiments that a depletion region is formed in the vicinity
of edge states in MoS2 leading to a strong upward band-bending [130, 133]. This
would result in a larger SB height for electrons [133]. A combination of these
two mechanisms would increase the contact resistance substantially. Therefore,
elimination of edge states is absolutely essential for a good edge contact. This
scenario is fundamentally di�erent from top contacts where the injected electrons
do not encounter any edge states (Fig. 3.4e) since the translational symmetry of
the underlying MoS2 lattice is not broken (in the absence of interfacial reactions
and defects) and on the contrary, a van der Waals gap is bene�cial for avoiding
Fermi level pinning [134].

One possible way to get rid of edge states is metal-MoS2 covalent bonding to
passivate dangling bonds. However, it must be kept in mind that in reality a high
density of defects like Mo- and S-vacancies can be present along an etched MoS2

edge which would further increase the density of edge states, and consequently
cause trapping and scattering of even more carriers. It is known that O2 and H2O
molecules from air can rapidly bind to these defect sites [135,136]. The observa-
tion of edge states in MoS2 devices fabricated in air, shown in Figs. 3.4b-c [82],
suggests that adsorbed O2 and H2O are unable to passivate edge states. This was
recently discovered in WSe2 as well [137]. From these experimental observations,
we can make an important inference that if air molecules are trapped between the
MoS2 edge and contact metal, edge state passivation would be hindered.

To summarize, in this chapter we discussed that edge contacts o�er a versatile
solution for making electrical contacts to encapsulated 2D materials, thereby en-
abling preservation of intrinsic characteristics. They promise an increased electron
transmission probability but also su�er from a higher Schottky barrier for electrons
in comparison with top contacts. For a practical realization of edge contacts, passi-
vation of edge states must be considered. With this understanding, we developed a
fabrication procedure to overcome these challenges and form reliable Ti-Au edge
contacts to 1L-MoS2 for the �rst time. This is discussed in the next chapter.





Chapter 4

Edge Contact Engineering

* After having established a method for residue free transfer of MoS2 on hBN as
described in Chapter 2, hBN-MoS2-hBN heterostructures with clean interfaces
could be assembled. Our next objective was to make electrical contacts to hBN
encapsulated 1L-MoS2. Since no scalable methodology for electrically accessing
buried 1L-TMDCs currently exists, we developed a fabrication procedure for mak-
ing edge contacts to 1L-MoS2, aided by the insights gained in the previous chapter.
With an optimized combination of reactive ion etching, in-situ Ar+ sputtering and
annealing, we could achieve a high mobility (up to �30 cm2 V�1 s�1), moderately
low contact resistance (46� 10 k
�µm) and high on-current density (>50 µA�µm
at VDS =3 V) similar to top contacts. A unique advantage of this approach is that
the top and bottom hBN layers not only preserve the intrinsic MoS2 quality during
fabrication, but also provide an atomically smooth, trap-free dielectric environment
for carrier transport in the MoS2 channel resulting in a low subthreshold swing
(116 mV/dec) with negligible hysteresis. In this chapter, we will present our strat-
egy for obtaining reliable edge contacts and discuss their electrical characteristics.

*This chapter is based partly on the manuscript available at arXiv:1902.05506.
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4.1 Fabrication procedure

The fabrication outline is discussed here in brief (detailed process steps are in
Appendix A.1). Bottom hBN �akes were exfoliated directly on p+Si/SiO2 (100 nm)
substrates. 1L-MoS2 and top hBN �akes were separately exfoliated on UV-O3

cleaned PDMS stamps and transferred sequentially onto a suitable bottom hBN
�ake, as illustrated schematically in Figs. 4.1a, b. After each transfer, the resulting
stack was annealed at in high-vacuum to release trapped bubbles, wrinkles and
strain (if any) induced by PDMS during transfer. Figure 4.1c is an optical image of
a 1L-MoS2 �ake on hBN. AFM topography map of the outlined region is shown
in Fig. 4.1d and exhibits a clean MoS2 surface with a monolayer thickness (inset).

Figure 4.1 Assembling hBN-MoS2-hBN heterostructures. (a-b) Schematic illustration of the
heterostructure assembly. 1L-MoS2 is exfoliated on PDMS and transferred onto an hBN layer. Later
on, the MoS2 is fully encapsulated by stacking another hBN layer on top. (c)Di�erential interference
contrast (DIC) optical microscope image of a 1L-MoS2 �ake on hBN (25 nm thick) after vacuum
annealing. (d) AFM topography map of the 10 µm Ö 10 µm region outlined in c exhibiting a pristine
MoS2 surface with few interfacial bubbles (bright spots). Inset: Cross-section pro�le along the
green dashed line.
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Figure 4.2 Edge contact fabrication. (a) Schematic depiction of an hBN-MoS2-hBN heterostruc-
ture patterned by EBL and RIE to expose MoS2 edges for making edge contacts. (b-c) Sketch of the
structure in amounted upside down inside an e-beam deposition chamber also equipped with an Ar+

sputtering system. Both edges are cleaned with Ar+ sputtering at +15° and -15° tilt angle, followed
immediately by metal deposition. (d) Schematic of the �nal device after metallization and lift-o�.
(e) Optical image of six devices built using the MoS2 �ake in Fig. 4.1c after hBN encapsulation,
EBL, etching and Ti-Au deposition. The edge contacts outlined in blue were etched with SF6 +Ar
following ref. [138] while those in red were etched with CHF3 +O2 [29]. For all devices, L = 1 µm,
W = 3 µm and the contact length Lc = 0:5 µm. (f) SEM image of Ti (10 nm, unannealed) deposited
over the edge of a test hBN �ake etched with CHF3 +O2. A seemingly conformal deposition could
be achieved by tilting the sample at an optimum angle (�15° in our case) despite a rough hBN
sidewall and overhanging bilayer PMMA undercut.



36 Edge Contact Engineering

To fully encapsulate the MoS2, another hBN �ake was transferred on top. For
device fabrication, bubble-free areas were chosen and contact trenches were de�ned
by e-beam lithography (EBL) with PMMA resist. The exposed hBN-MoS2-hBN
was etched away by reactive ion etching (RIE) to create MoS2 edges for making
contacts as depicted in Fig. 4.2a. The samples were then loaded into an e-beam
evaporator for metal deposition. An etched MoS2 edge consists of dangling bonds
as well as defects like Mo- and S-vacancies which are much more reactive than
the basal plane of MoS2 [136]. During the time spent between etching and metal
deposition, MoOx can readily form at unpassivated Mo-edge sites in the presence
of any O2 molecules [136]. This is in strong contrast to top contacts where MoOx

formation is unlikely. We observed that MoOx, which is often used as a hole trans-
port layer in solar cells, is not favorable for electron injection into MoS2 [139,140].
Hence immediately before metal deposition, MoOx and any adsorbed O2, H2O,
etc., were removed by in-situ Ar+ sputtering at �15° tilt angle to expose a fresh
MoS2 edge followed by deposition of Ti-Au (5-40 nm), as illustrated in Fig. 4.2b-c.

After lift-o�, the devices were annealed in Ar+H2 at 300 �C for 3 hrs to im-
prove the Ti-MoS2 edge interface and reduce the contact resistance. Figure 4.2e
shows the �nal set of devices with edge contacts, fabricated using two di�erent
etching recipes. For the devices outlined in red, the contacts were etched with
CHF3 +O2 plasma following the same recipe used for graphene edge contacts [29].
However, we found this recipe to result in the formation of narrow crevices with
triangular facets along hBN sidewalls, which made it di�cult to form edge contacts
reproducibly (see Fig. A.1 for extended discussion). A scanning electron micro-
scope (SEM) image of Ti (10 nm thick) deposited over an hBN sidewall etched
with CHF3 +O2 is displayed in Fig. 4.1f. Although the deposition appears quite
conformal on this scale, uncontrolled roughness increased the device-to-device
variability, as shown in the electrical characteristics later. Alternatively, the devices
outlined in blue were etched with SF6 +Ar plasma following ref. [138], which led
to lower variability. Besides Ti-Au, we also tested pure Au edge contacts which,
however, turned out to be highly unreliable. Au without Ti did not adhere very
well to etched hBN sidewalls with a tendency to re�ow and lose contact during
annealing at 300 �C (refer to Appendix B.2 for details).
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4.2 Electrical characterization

I-V measurements were carried out using a Keithley 2602B source meter in two-
probe con�guration. All devices were measured at room temperature in air un-
less stated otherwise. Figure 4.3a shows the ID-VDS curves of an edge contacted
1L-MoS2 device at di�erent gate voltages exhibiting n-type behavior. A slight
non-linearity at low VDS indicates a small Schottky barrier at the contacts. The
ID-VGS characteristics for the same device are plotted in Figs. 4.3b and 4.3c on
linear and log scales respectively and exhibit a high current density exceeding
50 µA�µm at VDS = 3 V with an on-o� ratio >107. This clearly demonstrates that
despite a zero overlap area between MoS2 and Ti, an e�cient carrier injection per
edge atom on average can be obtained via edge contacts. In Fig. 4.3c, each curve
comprises of both forward and backward sweeps displaying a very small hysteresis.

A magni�ed plot of the subthreshold characteristics shown in Fig. 4.3c inset
reveals a low subthreshold swing (SS) of 116 mV/dec maintained up to nearly 4
orders of magnitude. Note that these values were obtained for a relatively thick gate
dielectric (100 nm SiO2 + 25 nm hBN) and upon thinning it down (increased gate
capacitance) a smaller SS, approaching the room temperature thermionic limit of
� 60 mV/dec, is expected. Realization of such a steep subthreshold slope and low
hysteresis was made possible here by encapsulation in hBN which not only protects
the MoS2 channel from processing residues but also provides an atomically smooth
dielectric interface free of dangling bonds or defects. This signi�cantly decreases
the interface trap density in comparison with an exposed MoS2 layer on a SiO2

substrate. Moreover, the absence of thermally populated surface optical phonons
in hBN at room temperature leads to a reduced scattering rate and enhanced carrier
mobilities in MoS2 [28]. Using the relation [142],

SS = „ln 10”
kBT
q

�
1 +

Cit

CG

�
(4.1)

where CG = 27:8 nF cm�2 is the gate capacitance per unit area and Cit = q2Dit

is the interface capacitance per unit area, we estimated the density of interface
trap states Dit = 1:7 � 1011 eV�1 cm�2. This value is at least 10� lower than for
unencapsulated, lithographically exposed MoS2 on SiO2 [143,144] and ZrO2 [33].
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Figure 4.3 I-V characteristics. (a) Two-probe ID -VDS measurements of a 1L-MoS2 device with
edge contacts at di�erent VGS . (b) ID -VGS characteristics of the same device at di�erent VDS demon-
strating that edge contacts can support a high current density comparable to the best reported top
contacts with similar channel lengths but large metal-MoS2 overlap areas [92, 141]. Inset: Optical
image of the measured device (outlined). (c) The data from b with ID plotted on a log-scale show-
ing both forward and backward sweeps to highlight the low hysteresis. Inset: Magni�ed plot of
the subthreshold characteristics for VDS = 1 V exhibiting a steep slope and <1 pA�µm o� current.
(d) ID -VGS characteristics of the next device (inset) showing current magnitudes similar to the �rst
device in b. Scale bars in b, d: 3 µm.

Note that in this sample, the SS is primarily limited by the back-gate dielectric
thickness (100 nm SiO2 + 24 nm hBN). From Eq. (4.1), it is evident that for a
larger gate capacitance (thinner dielectric), a smaller SS approaching the room
temperature thermionic limit of � 60 mV/dec is anticipated. The ID-VGS character-
istics of a second device on the same sample are plotted in Fig. 4.3d, displaying a
current density comparable to Fig. 4.3b.
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4.3 Contact resistance extraction

In Fig. 4.3b, it can also be noticed that the ID grows sub-linearly with VGS for all
VDS whereas for an ideal long-channel nMOSFET operating in the strong inversion
regime, a linear dependence of ID on VGS governed by Eq. (4.2) is expected.

ID = �oCG

W
L
„VGS; int � VT � VDS; int�2”VDS; int (4.2)

where �o is the intrinsic mobility, CG the gate capacitance per unit area, VT

the threshold voltage and the internal drain (VDS; int) and gate (VGS; int) voltages are
equal to the external applied bias. However, in the presence of a �nite contact
resistance Rc in series with the MoS2 channel, the internal voltages seen by the
channel get reduced to VDS; int = VDS � 2ID Rc and VGS; int = VGS � ID Rc. In such a
scenario, Eq. (4.2) can be modi�ed to

ID = �oCG

W
L

�
„VGS � ID Rc” � VT � „VDS � 2ID Rc”�2

�
„VDS � 2ID Rc” (4.3)

Rearranging Eq. (4.3), we obtain

=) ID =
�oCG

1 + �„VGS � VT � VDS�2”
W
L
„VGS � VT � VDS�2”VDS (4.4)

where � = 2Rc �oCG

W
L

From Eq. (4.4), we can see that when Rc , 0, ID increases sub-linearly withVGS .
To obtain a linear relation, one can calculate 1�pgm as shown by Ghibaudo [145]
and Jain [146], where gm � @ID�@VGS is the transconductance of the device.

1
p

gm
=

�
L

�oCGVDSW

� 1�2 �
1 + �„VGS � VT � VDS�2”

�
(4.5)
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Figure 4.4 Mobility and contact resistance estimation. (a) Y-function vs VGS plot of the data
shown in Fig. 4.3b. The dashed lines are linear �ts from which the mobility (�o) and threshold
voltage (VT ) were extracted using the slope (S1 ) and x-intercept respectively. (b) 1�pgm vs VGS

plot of the same dataset as a. Rc can be estimated from the slopes S2 of the linear �ts using the
given expression. (c) ID -VGS data from Fig. 4.3b �tted with the model in Eq. (4.4) choosing �o, �
and VT as �t parameters. The goodness of the �t con�rms that Eq. (4.4) can accurately model our
ID -VGS characteristics. �o � 30 cm2 V�1 s�1, Rc�W = 27.8, 11.7 and 8:3 k
�µm at VDS = 1, 2 and
3 V were estimated from the �ts for this device. (d) Histogram of Rc�W values for six SF6 +Ar
etched devices extracted by �tting the respective ID -VGS curves with Eq. (4.4). For each device the
Rc was estimated for both bias polarities (VDS = +1 V, �1 V) owing to slightly asymmetric ID -VDS

curves (see Fig. 4.3a). In some cases, Rc was also extracted from ID -VGS curves recorded at VDS =
+2 V, �2 V (orange shaded bars). (e)Histogram of Rc�Wvalues for seven CHF3 +O2 etched devices
at VDS = �1 V. The device-to-device variation in Rc is somewhat higher for CHF3 +O2 compared
to SF6 +Ar. (f) Histogram of mobility values for all devices, <�o> = 20.5� 5:5 cm2 V�1 s�1.
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By multiplying Eqs. (4.4) and (4.5), an expression that is linear in VGS , com-
monly known as the Y-function can be obtained.

Y �
IDp
gm

=
�
�oCGVDS

W
L

� 1�2

„VGS � VT � VDS�2” (4.6)

From Eq. (4.6) it can be seen that by plotting the Y-function vsVGS , the mobility
and threshold voltage (VT) can be extracted from the slope (S1) and x-intercept
respectively [84, 147]. Figure 4.4a is a Y-function plot of the data from Fig. 4.3b
showing an approximately linear behaviour in the inversion regime from which
�o = 29:2 cm2 V�1 s�1 and VT = �1:8 V were estimated for this device. Lastly, by
plotting 1�pgm versus VGS (Fig. 4.4b) and again estimating the slope (S2) of the
linear region, Rc can be determined from the relation Rc = S2VDS�2S1 obtained
using Eqs. (4.4)�(4.6) [148]. However, we realized that the plots in Figs. 4.4a, b
may not always remain linear for the entire VGS �VT > VDS�2 range for every device
and the extracted slope can vary depending on the �tting range chosen for the 1D
polynomial �t. Hence for a more reliable estimation of device parameters, we
followed a slightly di�erent approach and directly �tted our ID-VGS curves with
Eq. (4.4) choosing the three unknowns (VT , � and �o) as �tting parameters. We
found this procedure to be more straightforward and less prone to errors than the
Y-function method.

Figure 4.4c is a reproduction of the plots from Fig. 4.3b �tted with Eq. (4.4)
in the inversion regime for each VDS . The excellent quality of the �ts indicates
that the model in Eq. (4.4) can describe our I-V characteristics quite well. The
estimated mobility �o = 29:8 cm2 V�1 s�1 also agrees very well with the value
obtained previously from the Y-function plot in Fig. 4.4a. Knowing �o and �
from the �ts, the contact resistance can be deduced for every VDS . It was found to
decrease with increasing VDS bias owing to a non-linear ID-VDS dependence (see
Fig. 4.3a) with low values of Rc�W = 27.8, 11.7 and 8:3 k
�µm at VDS = 1, 2 and
3 V respectively. These numbers are very similar (or even lower in some cases) in
comparison to room temperature Rc values reported for graphene top contacts on
hBN encapsulated 1L-MoS2 devices [101] as well as CVD grown graphene -MoS2

edge contacts [105, 106] but with enhanced mobility under ambient conditions
owing to hBN encapsulation. This results unambiguously demonstrate that edge
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contacts can replace graphene contacts in encapsulated devices to achieve better per-
formance with a less restrictive and scalable fabrication methodology. Moreover,
use of graphene is currently only limited to electron injection in MoS2 whereas
with a proper choice of edge contact material, hole injection is also feasible.

It should be noted that here Rc was assumed to be independent ofVGS whereas in
reality it decreases asymptotically with increasing carrier density for low VGS , near
the onset of inversion and saturates at higher VGS . Similar to the Y-function method,
the Rc estimated here is this VGS independent value at high carrier densities [147].
The most accurate way of extracting Rc is the transfer length method (TLM) which
requires fabrication of several devices with decreasing channel lengths. However,
TLM only works well when all devices have a very similar Rc such that a plot of
total resistance vs. channel length follows a straight line. The simpler method we
used can be applied to every single device in order to obtain a reasonable estimate
of �o and Rc in the presence of device-to-device variability. Besides Fig. 4.4c,
similarly good �ts were obtained for ID-VGS curves measured from several other
devices which further corroborates the model we used (see Fig. 4.5).

Figure 4.4d is a histogram of the edge contact resistances at VDS = �1 V
(blue bars) estimated from six devices having identical channel lengths of 1 µm
etched with SF6 +Ar. Since our ID-VDS curves were slightly asymmetric in general
(Fig. 4.3a), we extracted Rc values from ID-VGS �ts for both positive and negative
VDS . From this distribution, we estimated an average Rc�W = 64.2� 9:6 k
�µm
where the error margin represents one standard deviation. Some devices were also
measured at VDS = �2 V (orange bars) with an average Rc�W = 46� 10 k
�µm.
Additionally, as highlighted in Fig. 4.1e etching with CHF3 +O2 was also tested
for some devices. Interestingly, we noticed that the etching recipe a�ected the
device-to-device variability of edge contacts to a certain extent. Figure 4.4e is
a histogram of Rc values for seven CHF3 +O2 etched devices and show a wider
distribution with a somewhat higher Rc�W = 73.5� 23:4 k
�µm. We attribute this
increased variability to greater etching inhomogeneity resulting from CHF3 +O2

in comparison with SF6 +Ar, which we discovered upon SEM imaging of bare
hBN sidewalls (Fig. A.1).
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We further characterized our devices at low temperatures inside a liquid ni-
trogen �lled cryostat as shown in Figs. 4.6a-b. The contact resistance (Fig. 4.6c)
remains constant up to 120 K and the ID-VDS characteristics plotted in Fig. 4.6d be-
have similar to those at room temperature seen earlier in another device (Fig. 4.3a),
highlighting that carrier injection into MoS2 via edge contacts occurs e�ciently
even under cryogenic conditions.
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Figure 4.6 Low temperature measurements. ID -VGS characteristics of an edge contacted 1L-
MoS2 transistor at various temperatures plotted on (a) linear and (b) log scales. Inset: Optical
image with measured device highlighted. Scale bar: 10 µm. (c) Extracted Rc values revealing a
temperature independent behavior, which indicates that edge contacts can perform well even at low
temperatures. The horizontal dashed line is a guide to the eye. (d) ID -VDS curves at 122 K displaying
similar characteristics as at room temperature (Fig. 4.3a). Note: This sample was annealed at 400 �C
in Ar+H2.
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4.4 Discussion

Interactions between the contact metal and MoS2 at the atomic scale and structural
characteristics of the contact interface play a signi�cant role in governing the
performance of any contact. However with edge contacts where carrier transfer
is restricted to a single atomic edge, an optimum metal-MoS2 interface is crucial.
This makes them quite challenging to fabricate unlike top contacts which impose
fewer constraints and can tolerate local non-idealities to a greater extent due to
the availability of a �nite area. Our main achievement here lies in developing
an optimized process for realizing low resistance edge contacts with a very high
density current injection at each atomic site. Devices fabricated without in-situ
Ar+ sputtering to get rid of MoOx, O2 and H2O (see Appendix B.3) or not an-
nealed under the right conditions to promote Ti-MoS2 bonding (as discussed in
Appendix B.1) do not give satisfactory results which is probably why good edge
contacts had not been realized until now. The need for such extra measures does
not arise in case of edge contacts to graphene where edge states (if any) would be
unable to trap carriers due to the lack of a bandgap in graphene and even oxygen
incorporation at the edge was shown to have a negligible e�ect on transport [29],
thus greatly simplifying fabrication of edge contacts to graphene. We believe that
with further improvement of the MoS2 edge contact interface by reducing disorder
and approaching a more favorable band alignment, even smaller Rc values should
be achievable. Some worthwhile approaches in this direction are discussed in the
next chapter.





Chapter 5

Summary and Outlook

5.1 Concluding remarks

To recapitulate, in this thesis we �rst revealed that signi�cant polymer residues and
strain can be present in 2Dmaterials transferred from PDMS.We then established a
PDMS cleaning recipe for assembling 2Dmaterial heterostructures in a residue free
manner and demonstrated that vacuum annealing can release interfacial bubbles
and strain. Using this procedure, we further built hBN-MoS2-hBN heterostructures
and successfully fabricated viable 1D edge contacts to monolayer MoS2 for the
�rst time. Even though �µm long Ti-Au [141], Ag-Au [84] and Ni-Au [149] top
contacts on 1L-MoS2 have resulted in an order of magnitude lower Rc than what
we obtained, it is also known however that this Rc begins to increase considerably
for contact lengths smaller than the current transfer length in both mono- [114] and
multi-layer MoS2 [115]. Hence, conventional contacts are di�cult to scale down
beyond a certain limit which would ultimately restrict the minimum achievable
device footprint (channel length + 2 Ö contact length). To ensure scaling of TMDC
based devices, contact geometries that work e�ciently irrespective of dimensions
are necessary. We overcame this bottleneck via edge contacts which have a zero
overlap area with MoS2 and thus in principle can be made as narrow as possible.

The possibility to encapsulate 2D materials before processing with chemicals
remains the biggest advantage of edge contacts for building cleaner devices. Many
fundamental studies rely on high interface quality and macroscopic homogeneity
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for uncovering new physical phenomena which can bene�t from edge contacts fab-
ricated after encapsulation. Edge contacts hold a greater promise for 2D materials
unstable in air for which fabrication of top contacts is more challenging due to re-
strictions imposed by encapsulation inside an inert atmosphere of a glovebox before
being exposed to air. Often such heterostructures are built in a top-down manner
and the need to make contacts to buried layers demands pick-up of additional
graphene sheets. In these scenarios, edge contacts can provide more �exibility and
freedom in heterostructure assembly and can be scaled up for integrated circuits
with multiple metal layers separated by insulating dielectric layers. Furthermore,
ambient degradation can also be prevented by suitable encapsulation thereby en-
suring long-term device stability. Thus we envision that, with their several unique
advantages, edge contacts can bring 2D materials based devices one step closer to
practical implementation and open up new pathways in 2D materials research.

5.2 Guidelines for future work

The bottleneck for further reduction of Rc seems to be disorder at the contact metal-
MoS2 edge interface arising from defects like S or Mo vacancies and dangling
bonds created during reactive ion etching and Ar+ sputtering which give rise to
additional states in the MoS2 bandgap. These defects act as traps and also scatter
injected electrons thereby increasing Rc. Further studies are needed to unravel the
rich physics and chemistry happening at theMoS2 edge contact interface. It is likely
that unpassivated edge states at interface voids still undermine the performance
of edge contacts. Ti-MoS2 bonding can eliminate edge states but this could also
lead to unwanted Fermi level pinning [134,150]. Alternatively, suitable chemical
termination of dangling bonds and repair of sulphur vacancies might be a better
strategy to reduce disorder, passivate edge states and de-pin the metal Fermi level.
In recent years, several chemical techniques have been demonstrated [14,151,152]
for enhancing the electrical and optical properties of MoS2 by either replenishing
or passivating sulphur vacancies at the MoS2 surface. These could potentially be
applied to the MoS2 edge as well, before or after contact metal deposition. Some of
these strategies are discussed in more detail below in the context of edge contacts
to serve as a guide for future researchers.
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1. Passivation by atomic hydrogen. Due to its high reactivity, hydrogen is
widely used to passivate dangling bonds in traditional semiconductors Si, Ge and
III-V, II-VI compounds like GaAs, ZnO, etc. [153,154]. Recently, atomic hydro-
gen was utilized for passivating S vacancies in epitaxially grown 1L-MoS2 [151].
Since S vacancies act as n-type dopants, this resulted in a reduced n-doping as
evidenced by a shift in the Raman and XPS spectra of MoS2. ARPES mapping
also revealed a modi�cation of the density of states of MoS2 at the � point. In the
case of edge contacts, hydrogen atoms being small (van der Waals radius 1:2¯),
should be easily able to di�use in-between the metal and hBN sidewalls [155] to
reach the buried MoS2 edge and passivate it. In ref. [151], atomic hydrogen was
generated by cracking H2 molecules with a hot tungsten �lament (1400 �C) kept at
5 cm from the MoS2 sample at room temperature in vacuum (2 � 10�5 mbar). This
could be implemented by adding a tungsten �lament (maybe from a commercial
light bulb) to a standard vacuum tube furnace. Interestingly though, the reaction
with MoS2 itself does not require any high temperatures and so in principle, a
strong acid could also be used to supply atomic hydrogen (H+) in a more direct way.

2. Superacid treatment. Sulphur vacancies are known to act as non-radiative
recombination centers in MoS2 leading to poor photoluminescence (PL) quantum
yields. M. Amani et al. [14] showed that treatment with a non-oxidizing organic
superacid - bis(tri�uoromethane) sulfonimide (TFSI) dramatically increased the
PL quantum yield of exfoliated MoS2 to nearly 100% at low excitation powers
without a�ecting electrical transport. It is believed that TFSI eliminates the adverse
e�ect of S vacancies in MoS2 by one of the following two possible mechanisms:
either three H+ ions bind to the three Mo dangling bonds created by a missing
S stom and move the vacancy states out of the MoS2 bandgap, or that the TFSI
anion itself donates S atoms to re�ll the vacancies [156]. In any case, it appears
promising to use superacid treatment for improving the MoS2 edge contact inter-
face although some challenges need to be overcome �rst. TFSI was observed in
ref. [14] (supplementary �le pg. 8) to corrode Ni (10 nm) contacts despite a Au
(40 nm) capping layer on top due to which a HfO2 protection layer was deposited
over the contacts before performing the treatment. It is expected that Ti would
also be similarly attacked by TFSI. To avoid this, TFSI treatment could be done
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before metal deposition in case of edge contacts. However, TFSI solution needs
to be prepared in a 1:9 mixture of 1,2-dichloroethane and 1,2-dichlorobenzene
solvents which also dissolve the PMMA resist used for EBL. This implies that EBL
would need to be repeated to rede�ne the contacts areas before metal deposition.
However, this would inevitably leave PMMA residues (and possibly even MoOx)
at exposed MoS2 edges which might in the end lead to poorer results. Alternate sol-
vents like water or acetonitrile have shown PL enhancement to a lower extent [157].

3. Sulphurization with silane. Apart from hydrogen treatment, S-containing
molecules have also been utilized for replenishing sulphur atoms. In a promi-
nent work [152], monolayer MoS2 �akes were immersed in (3-mercapto propyl)
trimethoxysilane (MPS) for 24 h in a glovebox to chemically repair sulphur vacan-
cies as con�rmed by TEM imaging. Electrical transport measurements showed an
increase in ON current and improved mobility (> 80 cm2/Vs at 300K). However,
apart from the restriction to use a glovebox, here too the MPS solution was made
in dichloromethane which again implies that with edge contacts, EBL would need
to be carried out twice if MPS treatment is done before metal deposition. In case
the treatment is done on edge contacted devices after metal deposition, it must
be ascertained whether the long MPS molecules would be able to squeeze in the
narrow gap (�nm) between an etched hBN sidewall and the contact metal.

4. Atomic sulphur. Some other groups made use of (NH4)2S to precipitate
atomic sulphur on exfoliated MoS2 �akes and observed a p-doping e�ect [158,159].
Ideally, for proper activation of sulphur by integrating it into the MoS2 lattice, high
temperature annealing close to the growth temperature of MoS2 (850 �C) [115]
should be performed. But owing to the low boiling point of sulphur (444:6 �C), it
would completely vaporize before reaching this temperature. Nevertheless, this
suggests the of possibility of employing sulphur vapors (generated by vaporizing
sulphur powder like in conventional CVD growth) to repair S vacancies at etched
MoS2 edges. However, the high temperature needed for this purpose might induce
stress in the heterostructure and the e�ect of excess sulphur on the properties of
the contact metal (Ti or Au) is also unclear.
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5. 1T-phase contacts. It is well known that besides the semiconducting 2H
crystal phase in which MoS2 normally occurs, MoS2 can also exist in the 1T-phase,
which has a modi�ed lattice structure resulting in a gapless bandstructure and thus
acts like a metal. Treatment with n-butyl lithium was shown to transformmultilayer
2H-MoS2 into the metallic 1T phase in selected regions to act as seamless electrical
contacts to 2H-MoS2 with record low contact resistance (0.2-0:3 k
�µm) [160].
In the context of edge contacts, an alternative way for reducing the edge contact
resistance could be 1T-phase transformation of a disordered MoS2 edge. Similar to
zero bandgap graphene, edge contacts to a metallic 1T-MoS2 edge could be more
e�cient than semiconducting 2H-MoS2 due to the disappearance of the MoS2

bandgap in the 1T-phase and thus becoming immune to adverse e�ects of in-gap
states. However, it must to be tested if n-butyl lithium would be able to di�use
between the top and bottom hBN layers and transform an MoS2 ribbon of a �nite
width at the edge into 1T-phase. Moreover, it is still an unresolved question whether
a chemically induced phase transformation is even possible for 1L-MoS2. A recent
paper noted the substantially increased stability of the 2H-phase and higher 2H
! 1T phase transition energy barrier for 1L- MoS2 compared to multilayer, thus
necessitating harsh chemical treatment conditions [161]. Although after 5 days
of treatment with 1.6M 1:6 mol n-butyl lithium, monolayer MoS2 did exhibit a
metallic behavior (no gate dependence of conductivity) but the sheet resistance
remained very high (ref. [161], supplementary Fig. S8).

6. Lewis acid-base chemistry. A novel chemical approach for functionalizing
the basal plane of 2D materials is by Lewis acids like TiCl4 [162]. A Lewis acid is
a chemical species that contains an empty orbital which is capable of accepting a
lone pair of electrons from a Lewis base to form an adduct. TiCl4 when dissolved
in a protic solvent like ethanol gets ionized into Ti4+ ions and thus acts like a strong
Lewis acid. On the other hand, 2D materials with surface atoms like S and Se have
a lone pair of electrons that gives them a Lewis base character and thus can bond
to Lewis acids [162]. Ti4+ attachment to dangling bonds and sulphur atoms of the
hBN encapsulated MoS2 edge with Ti-Au edge contacts followed by annealing
could also be another viable strategy for reducing edge states. Note that TiCl4
being highly sensitive to moisture needs a glovebox to work with.
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Although many of the chemical treatments discussed above seem to pose their
own challenges for combining them with the edge contact fabrication process in
the current form, establishing an optimized treatment recipe for e�ciently bridging
the gap between metal contacts and MoS2 edge is an interesting subject for future
studies. For example, a solvent like ethanol that does not dissolve the PMMA
could be used for TFSI or MPS in place of dichloromethane or a weaker acid that
does not corrode the contact metal could also be tested. So far our discussion
was focused on chemical passivation and suphur vacancy repair. However, con-
trary to that one could instead also perform the opposite process - desulphurization.

7. Desulphurization. Removing partially terminated sulphur atoms at the
MoS2 edge can expose a clean Mo-edge for direct bonding with the contact metal
without bridging sulphur atoms. Since it is relatively easier to remove sulphur
atoms than retaining them, this strategy might be more e�ective in reducing dan-
gling bonds than realizing a clean sulphur terminated edge. A possible way for
achieving this could be high temperature annealing in vacuum [163] or H2 ambient
to cause hydro-desulphurization [164]. However, we have observed that annealing
in H2 at T> 400 �C can also degrade device quality leading to increased hysteresis
width and poor ambient stability. This most likely originates from increased adsorp-
tion sites for oxygen and moisture on the top hBN surface. Mild Ar+ ion sputtering
at low energies has also been reported to selectively remove sulphur atoms leaving
Mo intact [165]. Our current Ar sputtering recipe could be adapted to etch only a
single line of sulphur atoms but this would require fabrication of a separate device
for testing every change in the sputtering parameters. In comparison, optimization
of the annealing recipe could be achieved with fewer iterations.

5.3 Defect tolerant TMDCs

Besides the most well-studied TMDCs like MoX2 and WX2 (where X = S, Se or
Te), there are hundreds of other layered metal chalcogenides which are potentially
exfoliable and stable [35]. Among them, some materials like ZrS2, ZrSe2, HfS2

and HfSe2 appear highly promising for device applications and can bene�t even
more from edge contacts than MoS2.
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In particular, the theoretically estimated phonon limited room-temperature
mobilities in ZrSe2 and HfSe2 exceed 2000 cm2 V�1 s�1 [166]. These materials
also possess lower band-gaps of 0:9 eV - 1:2 eV (bulk to monolayer) closer to Si
allowing ambipolar transport and exhibit technologically desirable native high-k
oxides (HfO2 and ZrO2) to act as gate dielectrics [167]. In addition to that, defect
induced states within these materials have been theoretically predicted to lie at
shallow levels very close to the band extremas [168]. This exceptionally unique
feature makes them ‘defect tolerant’ since carriers that might get trapped at defects
in these materials can escape by scattering with phonons. However, the down side
is that both ZrSe2 and HfSe2 tend to rapidly oxidize in air and the experimentally
achieved mobilities [167] were two orders of magnitude lower than theoretically
predicted values. Owing to their air-sensitivity and defect tolerance, edge contacts
seem the natural choice for encapsulated ZrSe2 and HfSe2 to enable future device
applications of these attractive materials.

To sum up, this thesis lays the foundation for edge contact engineering in
TMDC heterostructures and it is anticipated that with further innovations, edge
contacts can become technologically relevant with broad applicability.
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Methods

A.1 Edge contacts fabrication

hBN-MoS2-hBN heterostructure assembly: Bottom hBN �akes were directly
exfoliated on O2 plasma cleaned p+Si/SiO2 (100 nm) substrates using a blue tape
(Nitto). Naturally occurring MoS2 crystals (SPI Supplies) were exfoliated on
viscoelastic PDMS stamps (Gel-Filmfi PF-40-X4 sold by Gel-Pak). Prior to MoS2

exfoliation, all PDMS stamps were treated with UV-O3 in a Bioforce Nanosciences
UV-ozone ProCleaner for 30 min (manufacturer speci�ed illumination intensity:
14:76 mW�cm2), following the procedure outlined in Sec. 2.3. After UV-O3 treat-
ment, PDMS stamps were left in ambient air for 2 h to deactivate the surface
termination and cause a partial hydrophobic recovery of the PDMS surface.

Bulk MoS2 crystals were then exfoliated on the clean PDMS stamps after 2 h
and monolayer �akes were identi�ed in an optical microscope. For transfer, PDMS
stamps with MoS2 were placed on a transparent quartz plate and aligned on top of
suitable bottom hBN �akes on SiO2 using a SÜSS MicroTec MJB4 mask aligner.
All transfers were carried out in air. Upon coming in contact, the hBN-MoS2 stacks
were heated to �65 �C for 2 min with a Peltier module kept underneath the Si/SiO2

substrates. After allowing for a few minutes to cool down, the PDMS stamps
were then slowly detached. The transferred MoS2 �akes on hBN were annealed at
200 �C for 3 h in high vacuum (2 � 10�6 mbar) to remove any remaining PDMS
residues and release transfer induced compressive strain as well as accumulated
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Figure A.1 Etched hBN roughness. (a) Tilted view SEM images of contact trenches in a test hBN
�ake, etched half-way through with CHF3 +O2 for 210 s. The etched regions display a very rough
bottom surface, with partially etched hBN pyramids, and sidewalls featuring narrow, vertical crevices
with triangular facets, arising from the crystallographic planes of hBN. Two such crevices have
been indicated by red dotted lines. (b) SEM images of a curved trench etched in another (thinner)
hBN �ake with SF6 +Ar for 20 s. It exhibits a smooth bottom SiO2 surface with a signi�cantly
reduced density of unetched hBN pyramids. No triangular crevices like those indicated in a could
be resolved in this �ake, although considerable sidewall roughness is still present. All images were
taken immediately after etching, without removing PMMA, in order to avoid deposition of any
organic residues that might smear out the sharp hBN features and reduce image contrast. Upon
interaction with the electron beam (5 keV), the PMMA layer retracted away from the sides, allowing
hBN to be imaged. Scale bars: 200 nm in all images.

bubbles/wrinkles in MoS2 [36]. The same procedure was followed to transfer the
top hBN �akes onto the MoS2 - (bottom) hBN stacks and the resulting heterostruc-
tures were again vacuum annealed at 200 �C for 3 h to reduce the density of bubbles.
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Electron beam lithography (EBL) and etching: Clean, bubble-free areas in
the hBN-MoS2-hBN heterostructures were chosen and patterned into well-de�ned
rectangular channels by EBL (RAITH150 Two) with a bilayer of PMMA 50k
(4% in chlorobenzene) and 950k (4.5% in anisole). Each layer was spin-coated
at 5000 rpm for 45 s and baked at 180 �C for 4 min. After EBL (electron dose:
400 µC�cm2 at 30 kV), PMMA was developed in MIBK:IPA (1:3) for 60 s and ex-
posed areas were etched away by reactive ion etching (RIE) in an Oxford Plasmalab
80 Plus system. For making edge contacts into the rectangular channels, EBL and
RIE were repeated again. RIE was performed with either (a) CHF3 +O2 plasma
(40+ 4 sccm, 50 W power and 37:5 mTorr pressure, etch rate: �36 nm/min) [29]
or (b) SF6 +Ar plasma (20+ 20 sccm, 50 W power and 100 mTorr pressure, etch
rate: >90 nm/min) [138]. Scanning electron microscope (SEM) images of the
hBN surfaces resulting from the two etching recipes are shown in Fig. A.1 for
comparison and reveal some striking di�erences. Reactive ion etching of hBN
with CHF3 +O2 proceeds primarily via chemical interactions that strongly favor
etching along certain in-plane crystal directions. It can be noticed in Fig. A.1a that
this highly anisotropic etch rate leaves behind a high density of hBN pyramids in
the etched regions and forms sidewalls with very narrow triangular crevices (red
dotted lines). It is reasonable to assume that during metal deposition over such
hBN sidewalls, Ti grains might not �ll these �ne crevices entirely, resulting in a
loss of contact with the MoS2 edge at certain spots. Moreover, within a single
device, source and drain contacts formed along parallel etched trenches would
have di�erent faceting due to the 60° rotational symmetry of hBN (and not 90°),
giving rise to asymmetric ID-VDS characteristics. In case of SF6 +Ar (1:1), the
introduction of Ar adds a physical sputtering contribution to the etch process. This
leads to more isotropic in-plane etching, resulting in sidewalls devoid of triangular
facets, as shown in Fig. A.1b and lower contact variability.

Metal deposition and annealing: This is the most critical part of our fabri-
cation process. As discussed in the main text, etched MoS2 edges have a large
number of dangling bonds which host in-gap edge states [82] and act as adsorption
sites for air molecules (O2, H2O). These adsorbed species could likely hinder
covalent bonding between the contact metal (Ti) and MoS2, leaving edge states
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unpassivated, which subsequently act as traps for injected carriers. Moreover, Mo
atoms located at the edge can oxidize to form MoOx which, owing to its high
work-function, would pose a further barrier for electron injection [140]. Therefore,
in order to limit MoS2 oxidation after RIE, the samples were immediately loaded
into an electron beam evaporator (Plassys MEB550S) for metal deposition, with
only a few minutes of air exposure in between. While loading, the etched contact
trenches were aligned parallel to the axis of the tilting motor and thereafter, the
samples were not rotated in-plane at any point during sputtering and evaporation.
To remove any MoOx and form a clean MoS2 edge just before metal deposition,
the contact edges were sputtered in-situ with an Ar+ ion beam at +15° and -15° tilt
for 15 s each (250 V beam voltage, 50 V acceleration voltage, 10 mA beam current).

Ti (5 nm) was then deposited at 0:2 nm/s rate under a pressure of 1 � 10�7 mbar,
�rst at +15° tilt and then 5 nm again at -15° tilt. Tilting was necessary to avoid
shadowing of the MoS2 edge by the overhanging bilayer PMMA sidewalls. In this
manner, a nearly conformal Ti layer could be deposited over the hBN sidewalls
despite the rough topography. Au (40+ 40 nm) was then deposited the same way.
Note that the choice of deposition angle was constrained by the PMMA under-
cut angle in our case. Deposition at 20° caused the PMMA sidewalls to be also
partially coated with Ti-Au, leaving behind vertical ears upon lift-o�, while 30°
resulted in no lift-o�. After lift-o� in hot acetone, the samples were annealed at
300 �C in Ar+H2 (380+ 20 sccm) for 3 h inside a quartz tube furnace to improve
the contacts. The optimum annealing parameters were chosen by testing various
temperatures and anneal durations and measuring the performance of resulting
devices (see Appendix B.1).

Finally, for electrical characterization, wire-bonds were made manually with
a 25 µm diameter tungsten wire and silver epoxy (CircuitWorksfi CW2400). The
epoxy was cured at 80 �C for 30 min in a vacuum oven. Unlike conventional ultra-
sonic wire-bonding, Ag epoxy helped to prevent shorting with the Si back-gate
through the 100 nm SiO2 layer.
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A.2 Optical characterization

All measurements were carried out at room temperature under ambient conditions.
For PL measurements, samples were mounted on a piezoelectric stage and excited
with a 532 nm Nd:YAG laser (attenuated to 15 � W power) using a 50x air objective
(0.8 NA) in a scanning confocal microscopy setup. The MoS2 �akes were raster
scanned across the laser focus and photon counts at each xy-position were recorded
with a single photon counting module (Perkin Elmer SPCM-AQRH-14) after pass-
ing through a 532 nm RazorEdge longpass �lter. PL spectra were measured with
a Princeton Instruments Acton SP300i spectrometer at 100 � W excitation power
(30 s integration). For Raman spectroscopy, excitation was done with the 530:8 nm
line of an Ar-Kr laser (Coherent) at 100 � W power and the back-scattered light was
dispersed onto a grating with 1200 grooves/mm. The grating was calibrated with
a Neon lamp before recording the Raman spectra. Lorentzian �ts were obtained
using the freely available peak-o-mat software. All spectra were normalized to the
Raman peak of p+Si lying at 521:7 cm�1 for a better comparison.
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A.3 Computational details

Transport through the Ti-MoS2 interface was simulated using a quantum transport
solver based on the non-equilibrium Green’s function (NEGF) formalism [169].
The Hamiltonian of the system in equilibrium was determined ab initio with the
help of the DFT tool VASP [170]. An approximately 20 nm long cell was con-
structed that contained large enough regions of both pure Ti and pure MoS2 far
from the interface where bulk-like behaviour could be expected. Ti was modeled
with only 6 atomic layers in height, as adding more layers vertically did not signi�-
cantly change the interface properties [119]. Generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof (PBE) [171] was applied. Van der Waals
interactions between Ti and MoS2 were included through the DFT-D2 method
of Grimme [172]. Ions close to the interface were relaxed through geometric
optimization and the single-particle electron wavefunctions were determined. The
results were then transformed into a set of maximally localized Wannier functions
(MLWFs) with the Wannier90 code [173].

For calculating the transmission probabilities, the Hamiltonian of a system
with a longer (55 nm) MoS2 extension was created from the Hamiltonian matrix
elements in the MLWF basis. This procedure is further detailed in Appendix B2
of ref. [174]. Since self-consistent NEGF simulations are problematic in metallic
systems, a decaying exponential function (/ exp »�x�� …where the screening length
� = 5 nm) receding away from the metal contact was superimposed over the MoS2

region to model a realistic behavior. This is known to be a good approximation for
the electrostatic potential pro�le in the MoS2 channel near the contacts under an
applied gate �eld [175]. The same potential pro�le was used for both side- and
top-contact geometries.
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Additional data

B.1 Signi�cance of annealing

Post metal-deposition annealing is commonly employed to lower the contact resis-
tance (Rc) in 2D material devices. We tested several temperatures for this purpose
and found that for edge contacts annealed in Ar+H2 (380+ 20 sccm), Rc reduced
with increasing temperatures up to 400 �C, as shown in Fig. B.1a. At the same
time, the high interface quality of our devices remained preserved due to hBN
encapsulation, as evidenced by the unchanged steep subthreshold slope and negli-
gible hysteresis in all ID-VGS plots in Fig. B.1b. However, we observed that high
temperatures can a�ect the long-term ambient stability of our devices to a certain
extent. Besides this, we also varied the annealing time at a �xed temperature but
did not notice a substantial change in ID after a total duration >1:5 h (Fig. B.1c).
Considering both these facts, a temperature of 300 �C and time 2-3 h were there-
fore chosen as optimum for our fabrication recipe. Lastly, un-annealed devices
measured directly after metal deposition and lift-o�, can sometimes exhibit a large
hysteresis in the transfer characteristics, as seen in Fig. B.2a. Annealing can help
to get rid of such hysteresis (Fig. B.2b).

Thus, we can conclude that annealing is indispensable for edge contacts. Sev-
eral processes can occur simultaneously during annealing: metal-MoS2 covalent
bonding, reduction of interfacial oxides and sulfur atoms by H2 molecules, inter-
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Figure B.1 Contact resistance reduction by annealing. (a) ID -VGS characteristics of the 1L-
MoS2 device, presented in Figs. 2a-c of the main text, measured after annealing in Ar+H2 at three
di�erent temperatures. It can be seen that the current density increases monotonically with the
annealing temperature, implying a reduction in Rc upon annealing. This enhancement can possibly
be attributed to improvement of the edge contact interface, leading to reduced scattering/trapping of
electrons and thus, more e�cient current injection. (b) ID -VGS data shown in a, plotted on a log-scale,
exhibiting a consistently steep subthreshold slope after each annealing cycle. Moreover, all plots
comprise of both forward and backward sweeps that display very small hysteresis (sweep directions
marked by arrows). This indicates that in our devices, the MoS2 crystal quality and the low interface
trap density (�1011 eV�1 cm�2), remain preserved by hBN encapsulation and do not deteriorate,
at least up to 400 �C. (c) ID -VGS characteristics of the same device after annealing at 300 �C for
30 min, 1 h and 3 h, incrementally. These results reveal that prolonged annealing (>1:5 h), at a �xed
temperature, does not cause any signi�cant change in the contact properties. All measurements were
done in air at room temperature after each annealing cycle.
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di�usion of edge atoms (metal into MoS2 or vice-versa), defect migration and
edge reconstruction. Presently, it is unclear which process dominates in case of
edge contacts and is responsible for the reduction of Rc upon annealing, although
Fig. B.1c points towards a weaker contribution of di�usion, which is a slow, time-
dependent process. Understanding the various mechanisms at play and developing
more e�ective annealing procedures is an interesting subject for future studies.
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Figure B.2 Hysteresis reduction by annealing. ID -VGS transfer characteristics of 1L-MoS2 de-
vices with Ti-Au (10-60 nm) edge contacts, (a) as-fabricated and (b) after annealing in Ar+H2 at
200 �C for 3 h. The as-fabricated devices exhibit a large hysteresis between the forward and reverse
sweeps, which nearly vanishes upon annealing, accompanied by a shift in the threshold voltages
to lower values. The gate voltage sweep directions have been indicated by arrows. Inset: Optical
image of the measured devices. In this sample, the SiO2 thickness was 285 nm and no in-situ Ar+

sputtering was performed (which explains the lower ID compared to Fig. B.1). Scale bar: 4 µm.



64 Additional data

B.2 Pure Au edge contacts

In addition to the devices presented in Ch. 4, we also fabricated edge contacts with
pure Au (i.e. without any Ti adhesion layer). Fig. B.3 shows the optical images
and I-V characteristics of an hBN encapsulated 1L-MoS2 sample with Au edge
contacts on a Si/SiO2 (285 nm) substrate. Although this particular device showed
decent n-type behavior, in general, Au contacts without Ti were highly unreliable
with only one in ten devices conducting properly.
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Figure B.3 Pure Au edge contacts. (a) Optical image of a 1L-MoS2 �ake transferred on hBN.
(b) Finished sample with pure Au (60 nm) edge contacts etched with CHF3 +O2 and annealed in
Ar+H2 at 300 �C for 3 h. The outlined region indicates the hBN encapsulated 1L-MoS2. (c) ID -VDS

characteristics of one of the devices in b at di�erent gate voltages. (d) ID -VGS characteristics of the
same device plotted on linear and log scales indicating an n-type behavior.
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We believe that the cause for this unreliability is that upon annealing at 300 �C,
Au re�ows to minimize its surface area and due to a poor adhesion with hBN, often
recedes away from the hBN sidewalls as evidenced by the SEM images shown in
Fig. B.4. It is plausible that this mechanism could also make Au lose contact with
an MoS2 edge depending on how deep it is buried (see Fig. B.4a). It must also
be mentioned that for these devices, Ar+ sputtering was not performed and metal
deposition was done without any tilt. Both these factors might also contribute to a
poor contact or loss in contact.
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Figure B.4 Poor adhesion between pure Au and hBN. (a) Schematic cross-section highlighting
that gaps can be present at the Au-hBN interface after annealing which could result in a loss of
electrical contact with MoS2. b-d SEM images of selected pure Au electrodes buried in hBN and
annealed at 300 �C. All images show gaps between the Au and hBN sidewalls as depicted in a.
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B.3 Edge contacts without Ar+ sputtering

We also fabricated a control batch of devices without Ar+ sputtering which are
shown in Fig. B.5a. The ID in all these devices was an order of magnitude lower
compared to Fig. 4.3b shown in Ch. 4. Moreover, there was no correlation between
the current and channel length implying that the Rc was quite large and varied
strongly from device to device. This clearly reveals that Ar+ sputtering plays a key
role in realization of good edge contacts.
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Figure B.5 Role of Ar+ sputtering. (a) Optical image of a control sample with Ti-Au edge
contacts fabricated exactly in the same way as the devices in Ch. 4 except that no Ar+ sputtering was
done before metal deposition on this sample. The channel lengths were varying between devices.
(b) ID -VGS characteristics of the devices shown in a. The ID for all devices was low with no clear
dependence on channel length indicating that transport was dominated by a high contact resistance
in this sample. The contacts were etched with CHF3 +O2.
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List of abbreviations

1D One dimensional
1L Monolayer
2D Two dimensional
AFM Atomic force microscope
ARPES Angle-resolved photoemission spectroscopy
CB Conduction band
CMOS Complementary metal oxide semiconductor
CVD Chemical vapor deposition
DFT Density functional theory
DOS Density of states
EBL Electron beam lithography
hBN Hexagonal boron nitride
LED Light emitting diode
MOSFET Metal oxide semiconductor �eld e�ect transistor
NA Numerical aperture
NEGF Non-equilibrium Green’s function
PDMS Poly(dimethyl siloxane)
PL Photoluminescence
PMMA Poly(methyl methacrylate)
RIE Reactive ion etching
SB Schottky barrier
SEM Scanning electron microscope
SS Subthreshold swing
STM Scanning tunneling microscope
TFSI bis(tri�uoromethane) sulfonimide
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TLM Transfer length method
TMDC Transition metal dichalcogenide
ToF-SIMS Time of �ight - secondary ion mass spectroscopy
UV-O3 Ultraviolet ozone
VASP Vienna ab initio simulation package
VB Valence band
vdW van der Waals
XPS X-ray photoelectron spectroscopy






