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"What could we do with layered structures with just the
right layers? What would the properties of materials be if
we could really arrange the atoms the way we want them?
They would be very interesting to investigate theoretically.
I can’t see exactly what would happen, but I can hardly
doubt that when we have some control of the arrangement
of things on a small scale we will get an enormously
greater range of possible properties that substances can

have, and of different things that we can do."

There’s Plenty of Room at the Bottom, 1959
— RICHARD P. FEYNMAN
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Abstract

Two-dimensional (2D) layered transition-metal dichalcogenides, such as MoSs, possess
a unique combination of electronic and mechanical properties making them appeal-
ing materials for atomically-thin transistors and flexible electronics. However, the
implementation of MoS, thin films on industrially relevant large areas faces manifold
manufacturing challenges, heavily relying on the development of scalable, industry-

compatible synthesis and integration processes to reach target applications.

This work investigates metal-organic chemical vapor deposition (MOCVD) as a
promising and technologically relevant method for the large-scale synthesis of MoS,
thin films. MoS, films were grown from molybdenum hexacarbonyl and organosulfide
precursors on commercial, insulating substrates, such as silicon oxide, glass and sapphire.
To gain fundamental understanding of the MOCVD process and to optimize the growth
of high-quality MoS, thin films, a comprehensive growth parameter study coupled
with microscopic and spectroscopic film characterization was conducted. A particular
focus was given to understanding the underlying mechanisms and mitigation of carbon
incorporation that may arise from the use of organic precursor chemistry and that
may affect the morphological and (opto)electronic film properties. Furthermore, the
study explored strategies to minimize grain boundary defects in polycrystalline films by
enhancing grain size and by growing substrate-aligned MoS, films on crystalline sapphire
substrates via van der Waals heteroepitaxy. For the latter, the impact of sapphire
surface preparation and growth conditions on the orientation-selective domain epitaxy
was studied. A framework of microscopic and grazing incidence surface diffraction
techniques was established to assess film quality in terms of epitaxial relationship and

in-plane mosaic spread, working towards the goal of single-crystalline MoS, thin films.

The device integration and fabrication of a MoS, field effect transistor (FET)
technology was developed, including residue-reduced layer transfer, oxide encapsulation
by a seed layer strategy and wafer-level batch process. Along the fabrication flow,

microscopic and spectroscopic film analyses were performed from as-grown to fully



viii

integrated MoS, thin films up to the final electrical characterization of FET devices.
The reduction of interface trap densities was identified as a central challenge for inter-
face engineering. Moreover, MoSs films with different grain sizes obtained during thin
film growth optimization were benchmarked, highlighting the importance of reducing
channel defects for improving the film transport properties. Several generations of FET
devices were fabricated spanning from simple liquid-gate to fully oxide-encapsulated
solid-gate architectures, including the successful translation from rigid silicon wafers
to flexible polyimide substrates. To this end, as the target application, neural inter-
face electrocorticography (ECoG) probes were developed. First prototypes of these
ECoG devices made use of active MoSy FETs serving as monolithically integrated,
serial switches to graphene-based neural sensor pixels in a 1 X 8 matrix arrangement.
The addressing and multiplexing capability of MoS,-FET arrays in ECoG devices
was demonstrated in vitro as a proof-of-concept. This is a significant step towards
the development of a flexible, high-density neural interface technology based on 2D

materials.
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Chapter 1

Introduction & Motivation

1.1 2D materials: A diverse and thriving research
field

Two-dimensional (2D) materials are a class of atomically-thin, sheet-like crystalline
solids with strong in-plane intralayer covalent bonds and weak out-of-plane interlayer
van der Waals (vdW) bonds, also referred to as "van der Waals materials". Owing to
their structure, density function theory calculations have found more than 1000 types
of "easily exfoliable", layered materials from their over 100 000 experimentally known
3D-layered, bulk parents [1]. Among them, almost all conduction types are represented,
including metals, semi-metals, semiconductors, insulators, topological insulators, and

superconductors, forming a broad material family [2], as shown in Fig. 1.1a.

Thanks to their reduced dimensionality and ultra-thin nature with extreme surface-
to-volume ratio, 2D materials exhibit a unique combination of electrical, optical,
chemical, and mechanical properties; for this reason, they have been widely investigated
by both fundamental and application-oriented research communities in recent years.
They do not only provide a platform for basic understanding of condensed matter
and quantum confinement phenomena in the single- and few-layer limit, such as
"exotic" physics in spin- [3], valley- [4], and twistronics [5], but have also shown high
potential for practical applications in multidisciplinary fields like (opto)electronics [6],
photonics [7], catalysis [8], chemical sensing [9], neuromorphic computing [10, 11], and
neuroscience [12, 13].
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Figure 1.1 2D materials family and research interest. (a) Classes of 2D materials by
conduction type with specific material examples. Adapted from Li et al. [2]. © 2017
Author(s). Published by AIP Publishing.(b) Number of publications per year found for
keyword searches on the literature data base Web of Science.

The tremendous surge in interest over the last two decades is illustrated by the
largely increasing number of publications per year shown in Fig. 1.1b, which refers to
a literature search on the data base Web of Science using the exemplary keywords “2D
material(s)”, "graphene' and "MoS,".! While the literature statistics document the
rapid advancements of the topic, the trend also suggests a saturation after year 2020.
This may be interpreted as a sign of the field reaching its research and funding limits
and entering into a new phase of commercialization and implementation. Therein,
more focus is given to realizing practical and profitable applications thriving from the

research rather than continuing to publish academic papers.

1.2 Opportunities and challenges of 2D materials

for next-generation electronics

The unique set of material properties makes 2D materials especially promising for
advanced and versatile electronic applications. As illustrated in Fig. 1.2, this can be
discussed in terms of the "More Moore" and "More than Moore' paradigms [14], which
have served as guiding principles for the continued evolution of the microelectronics

industry and the development of new technologies and devices.

1httpS://WWW.Webofscience.COIn, accessed on 31 january 2023. A search after "topic" was
performed, including titles, abstracts and author keywords.


https://www.webofscience.com

1.2 Opportunities and challenges of 2D materials for next-generation electronics 3

"More Moore" refers to the classical transistor scaling approach in complex in-
tegrated circuits seen over the last decades [14]. According to Moore’s Law, the
number of transistors in microchips doubles approximately every two years. The "More
Moore" strategy focuses on performance improvements and miniaturization based
on increased transistor densities by continued feature size shrinking in traditional
Si-based complementary metal-oxide-semiconductors (CMOS). However, this approach
is reaching ultimate physical limits, where device performance becomes dominated
and deteriorated by so called short-channel effects [15]. These concerns have been
addressed by geometrical design considerations in sub-14 nm technology nodes, such
as non-planar FinFET architectures [16]. However, sub-5nm Si devices suffer serious
mobility degradation through increased scattering events [17]. In this context, replac-
ing bulk Si through alternative, sub-Inm-thin 2D semiconductors provides superior
channel performance in the atomic limit and has been considered a plausible solution
on the beyond-CMOS roadmap [16, 17]. In 2010, Kis and coworkers demonstrated the
first 2D single-layer transistor based on bulk exfoliated MoS, [18], a semiconductor
with a direct bandgap of 1.8eV. For this proof-of-concept device, a field-effect charge
carrier mobility of 217cm?V~!s™! (although the latter value was later downcorrected
to 15cm? V=171 [19]) and remarkable on/off current ratio of > 10® was reported,
demonstrating its suitability for logic circuitry with enhanced electrostatic control and
low power dissipation. In 2016, Eric Pop’s research group demonstrated scaled MoSs
transistors with 10 nm gate length approaching ballistic transport with on-currents
>400 pA pm~! and near-ideal subthreshold slope down to 80 mV dec™" [20]. In 2019,
imec, one of Europe’s leading micro-and nanoelectronics research centers, followed with
30nm gate length MoS, transistors with oxide dielectric thickness scaled down to 4 nm,
showing on/off ratios of > 10%, and subthreshold swing of 90mV dec™'. In 2022, the
world’s largest semiconductor manufacturer TSMC presented the first gate-all-around
MoS, nanosheet transistor with 40nm gate length with high on-current density of
~410 pA pm~!, high on/off ratio > 10® and nearly zero drain-induced barrier lower-
ing [21]. These collective efforts of research and industry give reason to be optimistic

about the potential of 2D semiconductors to keep Moore’s law alive [16].

"More than Moore" seeks to improve device performance beyond the traditional
CMOS scaling and has become an integral part of the International Roadmap for
Devices and Systems (IRDS) [22]. Determined by application-specific requirements,
the goal is to add new functionalities to integrated circuits that complement traditional
Si-based devices by smart systems, new architectures and materials [14, 23]. For the

latter, the 2D materials family offers many opportunities for functional, on-chip diver-
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sification. Their ready "stackability" without lattice matching constraints, compared
to conventional 3D bulk materials, facilitates their heterogeneous integration [24], such
as for logic, high-speed communication [25], sensors, energy harvesting, and flexible,
transparent devices. The (opto)electronic properties, in particular of the semi-metal
graphene, may be exploited for CMOS-compatible, high frequency THz devices [26],
high data transmission photonic waveguides [27], high responsivity photo-detection [28]
and modulation [29]. The various 2D semiconductors offer bandgaps interesting for
applications over a wide optical spectrum [30, 31, 32] and for logic operation [18].

Furthermore, the inherently large surface-to-volume ratio enables high sensitivity for
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Figure 1.2 Opportunities of 2D materials for next-generation electronics in the context of
"More Moore" scaling and "More than Moore" functional diversification. On the one hand, 2D
material provide an alternative beyond bulk Si CMOS to enable continued miniaturization
(feature size shrinking, higher device density), such as by nanosheet transistors. On the
other hand, their heterogeneous integration may provide an "X-factor" for application-specific,
CMOS-complementary hybrid functionalities, data transmission and novel processing capa-
bilities (sensors, photonic circuits, in-memory neuromorphic computing, flexible electronics).
Therefore, 2D materials may improve device performance determined by many combined
factors in the heterogeneous scaling era (power consumption and efficiency, high-speed com-
munication, capability to perform pattern recognition, multi-functional sensors, conformable
devices etc.). Adapted from [14]. © 2022 by the Author(s) under creative commons license.
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chemical sensing of gas- or biomolecules and electrical sensing of charge potentials in
vicinity to 2D surfaces [9, 12], which may be selectively tuned by defect engineering
and functionalization [33]. Moreover, the unique mechanical properties make 2D
materials appealing for micro- and nanoelectromechanical systems [34], where movable,
suspended 2D membranes provide high sensitivity and efficient signal transduction
in oscillators, accelerometers, pressure sensors and gas sensors among others [34].
2D materials have been also considered for brain-inspired neuromorphic computing
approaches going beyond classical von-Neumann integrated circuit architecture [10].
This involves merging the processing and memory units at the hardware level of inte-
grated 2D memristive systems [35], allowing for faster and highly energy-efficient data
processing in the future [36, 11]. Notably, the high tensile strength/strain and their
bendability [37] could make 2D materials excellent candidates for variants of above
mentioned applications in flexible electronic circuitry and wearable applications [38,
39, 40, 41, 42]. For instance, this could enable novel technologies with disruptive
potential in the field of bioelectronics, such as for 2D material based brain-computer
interfaces, where shape conformability with the cerebral tissue is desired [43]. This
has been exploited in graphene-based flexible neural interface arrays for brain activity
mapping [12, 13, 44].

However, there are several challenges that must be overcome to realize the full poten-
tial of 2D materials for their widespread implementation into electronic devices [45, 14,
17]. This implies a transition from "lab to fab"; a major bottleneck for this to happen is
the currently low "manufacturing readiness level" [14] of wafer-scale 2D semiconductor
technologies for front-end (FEOL) and back-end (BEOL) of line integration [46]. A
critical goal is to establish the large-area synthesis of high crystalline quality thin
films by an industry-compatible growth method, ideally, on commercially available
wafer substrates. The growth method must fulfill stringent scalability, reliability and
controllability criteria, for which metal-organic chemical vapor deposition (MOCVD)
has shown to be one of the most promising approaches [47, 48]. However, despite being
an established method for conventional compound semiconductor manufacturing and
recent advances in the wafer-scale growth of pristine, electronic-grade 2D semiconduc-
tors [49], it is still challenging to comply with the strict semiconductor manufacturing
standards. Importantly to say, a fundamental understanding of the complex growth
behaviour and epitaxy of this novel class of vdW materials is still required. Furthermore,
direct growth of high quality films is often constrained by thermal budgets, chemical
process incompatibilities or template choice, which typically makes 2D layer transfer

from the growth substrate to a target wafer necessary; yet, such transfer processes are
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often manually performed in research laboratories [50]. Automatization of more reliable
transfer methods with industry-compatible wafer processing tools are still under devel-
opment [51, 52, 53|, and achieving wrinkle-, damage-, and process residue-free transfer
of atomically-thin sheets is not trivial [54]. Moreover, 2D materials are highly sensitive
to their surroundings owing to their extreme surface-to-volume ratio. While the latter
property may be desirable for sensing applications, it may be detrimental for electronic
device applications, where channel defects, substrate roughness, charged impurities
and dangling bonds may strongly alter electronic transport properties. Therefore,
attention must be given to prevention or removal of fabrication residues [55], design of
innovative fabrication flows [56], the processing conditions [57], material selection [58]
and interface engineering to ensure clean, passivated van der Waals interfaces. In
this context, research into scalable integration of conventional oxide dielectrics [59]
and identifying (better) suited insulators [60, 61, 62] is of upmost importance to
demonstrate hysteresis-free and high-performance devices with low variability [63, 64,
65]. Other challenges include the need for ultra-low resistance ohmic contacts [66, 67,
68, 69], patterning and etching technologies with atomic precision and selectivity [70,

71], and intentional doping for tuned device performance [72, 73, 74].

1.3 Thesis scope & structure

The main objective of this thesis is the development and validation of a scalable 2D
semiconductor thin film technology based on the material MoS,. This includes the study
and optimization of large-area synthesis, in-depth film characterization, device
integration and wafer batch device fabrication towards the prospective application
in flexible transistors for multiplexed neural sensing. This work follows a materials
science and engineering methodology aiming to elucidate synthesis-structure-property-
performance relationships, where material and device characterization play a central
role, as illustrated by the "materials tetrahedron" in Fig. 1.3. This paradigm acts as
the recurring theme throughout this thesis aiming to advance fundamental scientific
understanding and technological engineering aspects in a holistic approach. Therefore,
the work is expected to provide a comprehensive and significant contribution in
multidisciplinary fields from large-scale 2D semiconductor growth, characterization

and integration to flexible electronics and beyond.

The thesis is structured into the following six chapters, to which supporting infor-

mation can be found in separate, dedicated appendices at the end of this manuscript.
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Figure 1.3 Materials science and engineering tetrahedron.

o The first chapter provides a brief introduction into 2D materials, their oppor-
tunities and integration challenges for use in electronic devices. The objective

and structure of this thesis are presented.

o The second chapter contains background knowledge concerning the specific
material properties of MoS, and an overview of available vapor-phase techniques.
Suitable precursors for bottom-up synthesis, with a focus on the MOCVD method
and epitaxy, are introduced. Moreover, this chapter provides the experimental
details regarding the MOCVD reactors and analysis tools used for thin film
synthesis and metrology, as well as methods for microfabrication and electrical

device characterization.

e The third chapter studies the MOCVD of mono-to few layer MoS, thin films
on amorphous silicon dioxide (SiOy/Si) substrates; the work focuses on under-
standing the growth parameter space and finding optimized growth conditions. A
central research aspect is the analysis of carbon impurity incorporation that can
be an undesired side-product owing to the use of low-cost, low-toxicity organosul-
fide precursors. The effects of carbon incorporation on the morphological and
(opto)electronic layer properties are discussed in detail. Moreover, MoS, grain
size enhancement strategies for improved quality of polycrystalline thin films are

introduced.

o The fourth chapter focuses on the large-area MOCVD of epitaxial MoS, thin
films on crystalline sapphire [Al;O3(0001)] wafer substrates. The role of substrate

surface preparation and growth parameters in the van der Waals heteroepitaxy
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is investigated, contributing fundamental understanding towards the goal of
synthesizing high-quality, single-crystalline MoS, thin films. Complementary
microscopic inspection and grazing incidence diffraction techniques are used to
reveal the oriented domain alignment, including angular dispersion, and selectivity

of the film-substrate epitaxial relationships.

The fifth chapter covers device integration aspects (2D layer transfer, interface
cleanliness, oxide encapsulation) using the MOCVD-grown MoS, thin films for
the wafer-scale fabrication of field-effect transistors; this includes translation
from rigid to flexible substrates and benchmarking of the electrical performance
of optimized thin films. A proof-of-concept of a monolithically integrated 2D
MoS, /graphene-based, flexible sensing array technology aiming at brain-computer-

interface applications is demonstrated.

The sixth chapter summarizes the achievements of this work, giving conclusions,
an outlook for 2D electronics and opportunities for alternative and new directions

based on this research.



Chapter 2

Background, Materials & Methods

This chapter provides the necessary background information regarding material prop-
erties, bottom-up fabrication of MoSs thin films by vapor-phase synthesis, including
experimental details about the growth reactors and analysis methods for thin film and

device characterization.
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2.1 MoS; — A prototypical, layered 2D TMD

Layered transition-metal dichalcogenides (TMDs) have become a forefront of 2D mate-
rial research due to their combination of mechanical and (opto)electronic properties [75,
76]. TMDs have the general formula MX,, where M is a transition metal and X a
chalcogen within the periodic table of elements (Fig. 2.1). The most widely studied
compound of the TMD family is the prototypical layered TMD MoS,. This section

will introduce its basic, material properties.

Figure 2.1 Periodic table of elements highlighting transition-metals (M) and chalcogens
(X) that predominantly crystallize in around 40 different, layered MXs compounds. Partial
highlights for group 9-10 metals indicate that only some of the dichalcogenides form layered
structures. Adapted from Chhowalla et al. [77]

2.1.1 Crystal structure

The crystal structure of monolayer 1H-MoS, consists of a hexagonally-packed layer
of Mo atoms sandwiched between two layers of S atoms, as shown in Fig. 2.2a. The
S-Mo-S sandwich structure is linked by polar covalent bonds between the Mo and S
atoms, where the Mo atoms have a trigonal prismatic (Dsj,) coordination by the S
atoms (Fig. 2.2b). The Mo-S distance is 2.35 A and the S-S distance along c-direction is
2.98 A [78]. This monolayer structure forms the 1H phase, which has an in-plane lattice
constant of 3.16 A (Fig. 2.2c) and corresponds to the space group P6m2 (#187) [79]. It
has a 6-fold rotoinversion axis that implies a characteristic 3-fold, in-plane rotational
symmetry, which has consequences for epitaxial thin film growth.
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Figure 2.2 Crystal structure of monolayer 1H-MoSs produced from crystallographic data
published on materialsproject.org [80] and visualized with the open-source software OVITO
v3.6.0 [81]. (a) Perspective view of ball-and-stick model. (b) Polyhedron displaying the
trigonal prismatic coordination (D) of Mo by S atoms. (c¢) Top—, side—, and front view of
the monolayer displaying its hexagonal structure, including coordinate system (red), primitive
unit cell (yellow-highlighted rhombus), in-plane lattice parameter ays,s,, and characteristic
(1100) and (1120) lattice plane distances indicated by dashed lines.

Besides the thermodynamically most stable H-phase there also exists a metastable
T-phase with octahedral (O) coordination depicted in Fig. 2.3, where the upper
and lower tetrahedra are rotated by 180° opposed to the symmetrical arrangement
in the H-phase [82]. If multiple layers are vertically arranged along the c-axis, the
stacking sequence of the individual layers becomes important, defining the so-called
polytype, which determines the crystal symmetry and material properties [79]. Among
all polytpes, the most common is the 2H polytype, which consists of layers with
prismatic coordination and AB stacking; Mo and S atoms are arranged on top of S and
Mo atoms, respectively. The two-layer unit cell 2H polytype has space group P63/mmc
(#194) that adds a screw displacement to the single-layer unit cell 1H polytype while
maintaining the hexagonal crystal system. In the three-layer 3R polytype, with ABC
stacking, the rotation symmetry is reduced from 6-fold to 3-fold, resulting in a trigonal
(rhombohedral) lattice with space group R3m (#160). In structures of multiple layers
and in the bulk, crystallizing in the thermodynamically most stable 2H-phase, the
individual layers are held together by weak van der Waals interlayer bonds and strong

intralayer covalent bonds [83].
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Figure 2.3 Polytypes of MoSy. The conventional unit cells are drawn and the coordination
polyhedra symmetries are highlighted by colored triangles.

2.1.2 Physical and mechanical properties

MoS, is naturally occuring in form of the mineral molybdenite (Fig. 2.4a). Bulk
crystals have a silvery, dark gray physical appearance with a metallic luster, similar
to graphite [84]. Their layered, crystalline structure with weak interplanar bonds
allows to easily delaminate flakes from the basal planes perpendicular to the c-axis
[Fig. 2.4¢(i)]. Therefore, MoS, has been traditionally used in tribological applications
as a dry lubricant. Since the advent of 2D materials research, the ease of delamination
has allowed researchers to explore MoS,’s layer-dependent properties down to the
monolayer limit by bulk exfoliation via the scotch tape method [85], as depicted in
Fig. 2.4b.

Monolayer (1L) MoS, has extraordinary mechanical properties exhibiting high
in-plane stiffness (Young’s modulus ~ 270 GPa) while having a low flexural rigidity
[bending modulus ~ 11.7¢V, see Fig. 2.4c(ii)] [37, 89]. As listed in table 2.1, exfoliated
1L-MoS; has a high fracture strength of up to 30 GPa and fracture strain of up to
11%. These values are about an order of magnitude higher than the ones for steel.
Moreover, the fracture strain is in the range of common polymer substrate materials,
such as polyimide (PI) or polydimethylsiloxane (PDMS), suggesting that 2D MoS, can
be readily integrated with PI or PDMS for use in flexible applications [90]. It must be
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Figure 2.4 MoS, bulk crystal and exfoliation. (a) Natural molybdenite crystal.! © 2020
Harold Moritz. (b) Layer delamination by scotch tape method. Adapted from [86]. © 2019
by the Author(s) under creative commons license. (c¢) High-resolution transmission electron
microscope images of nanomechanical cleavage of MoSs flake during (i) shearing, adapted
from [87]. © 2015 American Chemical Society, and during (ii) bending, adapted from [88].
© 2014 Nature Publishing Group.

remarked though that the mechanical properties of MoSs also depend on its crystalline
quality. Compared to exfoliated MoS, sheets [90], synthetic polycrystalline MoS, films
may exhibit lowered fracture strength and strain due to crack propagation along defects,
such as grain boundaries [91, 90]. However, even non-ideal, defect-rich MoS, films have
shown fracture strains greater than 5% [91, 40] that is superior to brittle materials,
such as silicon. Therefore, the elastic properties make MoS, an interesting candidate
for bendable, stretchable and wearable device applications [92, 93, 94, 37], in particu-

lar for flexible electronics in combination with its unique (opto)electronic properties [38].

Table 2.1 Mechanical properties of several materials, including monolayer (1L) MoSs.

Material Young’s Fracture Fracture  Ref
modulus (GPa) strength (GPa) strain (%)

Stainless steel 205 0.9 0.4 [95]
Polyimide (PI) 2.5 0.23 7-9 [92]
Polydimethyl-Siloxane (PDMS) 0.3-0.9 2.2 9 [96]
Silicon nanomembrane (thickness) 108-160 (50-200nm) 6 ~1-25  [92, 93, 94]
Graphene 1000 130 13 [97]

1L MoS, (exfoliated) 270 16 - 30 6-11 [90]

1L MoS, (synthetic, polycrystalline) n. a. 09-1.0 5 [91, 40]

'Unnamed quarry, White Rock Mining District, Middletown, Middlesex Co., Connecticut, USA.
Source: https://www.mindat.org/photo-298192.html
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2.1.3 Electronic and optical properties

Large part of the interest in 2D TMDs has been due to their electronic and optical
properties. These are rooted in their electronic band structure, which is dominated
by the crystal structure (coordination) and by the electronic configuration of the
transition-metal atoms (to lesser extent by the chalcogen atoms) [98, 82]. In the case
of MoSs, the H-phase has semiconducting and the T-phase has metallic properties.
This work focuses on the thermodynamically most stable, semiconducting H-phase;
this phase exhibits a significant change in its electronic structure due to a layer number
dependent bandgap transition. As the calculated band structure of Fig. 2.5 shows,
MoS; is an indirect semiconductor in its bulk and few layer form with the lowest energy
transition at the I'-point; it gradually shifts towards a direct semiconductor in the
monolayer limit, with the lowest energy transition at the K-point. This evolution with
layer number is due to quantum confinement and the resulting change in hybridization

between p, orbitals in S atoms and d orbitals in Mo atoms [75].
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Figure 2.5 (Opto)electronic properties of MoS;. (a) Calculated band structure of bulk,
quadrilayer (4L), bilayer (2L), and monolayer (1L) MoSs. The black arrows indicate the
lowest energy transitions in the bandgap from the valence band maxima (VB, blue) to the
conduction band minima (CB, red). While bulk and few layer MoSy show an indirect bandgap
with transitions from the I'-point, monolayer MoS, is characterized by a direct bandgap at
the K-point. Adapted from Splendiani et al. [99] © 2010 American Chemical Society. (b)(i)
Photoluminescence (PL) spectra of 1L- and 2L-MoS,. The inset shows the quantum yield as
function of layer number L. (ii) Layer-dependent bandgap energies inferred from the PL peak
position. The dashed line represents the (indirect) energy bandgap of the bulk. Adapted
from Mak et al. [100] © 2010 American Physical Society.
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The indirect-to-direct bandgap transition has strong implications for the electronic
and optical properties of MoSs. In the monolayer limit, MoS, shows intense photolumi-
nescence due to orders of magnitude higher quantum efficiency than for few layer and
bulk material (Fig. 2.5b). Because of this, there exists a huge interest to exploit 1L
MoS, for electronic and optoelectronics device applications [75]. The optical bandgap
is tunable from around 1.9eV (1L) to around 1.3¢eV (bulk) covering a wide bandgap
range (99, 100], as depicted in Fig. 2.5b(ii). Moreover, due to the lack of inversion
symmetry in 1H-MoS, there exist inequivalent spin-polarizable K/K’ valleys, which

has attracted great attention for valleytronics [101, 4].

Due to its semiconducting properties, MoSs is a promising material for electronic
devices, such as field-effect transistors with high on/off current ratios (~ 10®) and
charge carrier mobility > 15cm? V~1s7! [18, 19]. Although in practice the electrical
transport and carrier mobility may be limited by scattering at acoustic and optical
phonons, surface interface phonons, substrate roughness, and charged impurities [75],
researchers have mitigated these effects by interface engineering [102, 103]. With a

1 at room temperature, 1L

theoretically predicted mobility of up to 400cm? V~1s~
MoS; exhibits a higher value than Si for thicknesses below ~ 5nm, giving a perspective
for the use of 2D MoS, as an alternative material beyond conventional CMOS in
ultra-scaled devices [104, 16]. Therefore, MoS, represents the prototype of a new class
of atomically thin semiconductors with an unprecedented performance and unique

combination of properties for next-generation (opto)electronic applications.

2.1.4 Catalytic edge properties

Pristine, dangling-bond free basal planes make MoS, a rather chemically inert material
that is stable in many acidic and weak alkaline aqueous solutions at room tempera-
ture [84]. However, coordinatively unsaturated edge sites of MoS, sheets exhibit a high
reactivity [105] and their catalytic activity has long been exploited as a hydrotreating
catalyst for selective hydrogenation [106] and hydrodesulfurization [107, 108], such as for
refining of crude oils in petroleum industry. Moreover, MoSs has also been investigated
in electrochemical (photo)catalysis [109, 110}, in particular for the hydrogen evolution
reaction (HER) in water splitting [111, 112]. While catalysis applications are not the
objective of this work, the catalytic properties and edge structure of MoS, are also
relevant for the gas-phase synthesis of MoS, thin films. Lauritsen and coworkers have
extensively studied MoS, nanocatalysts [107, 115, 105, 116, 114] prepared on Au(111)

surfaces by atomically-resolving scanning tunneling microscopy and density functional
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theory. They found that the nanocluster shape is determined by the relative stability
of the most stable, low-index (1010) Mo and (1010) S edges, as given by the ratio of
their free energies v, and g, respectively. A hypothetical nanocluster is depicted
in Fig. 2.6a. Under sulfiding conditions (ys/va0 > 2), triangular domains with Mo
edges are the thermodynamically most stable morphology [114]. However, the Mo edge
termination may exhibit varying degrees of S coverage depending on the hydrotreating
conditions (temperature, chemical potentials of S and H) [117, 108], as illustrated by
the ball models and the phase diagram in Fig. 2.6b. This has implications for precursor
feeding and reaction stoichiometry during MoSs synthesis [118, 119], which impact the
domain shape and edge configuration of growing domains. S-rich conditions result in
Mo edges with fully saturated S dimers, whereas S-deficient and H-rich conditions may

lead to edge desulfurization according to the phase diagram in Fig. 2.6b.
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Figure 2.6 MoSs domain shape and edge termination. (a) Wulff construction of a hexagonal,
truncated MoSs domain exposing the (000 1) basal plane with low-index (1010) Mo and
(1010) S edges. The figure illustrates the dependence of the equilibrium domain morphology
on the relative edge free energies (). For y-ratios between 1 and 2 the domain shape results
in a truncated hexagon, whereas values exceeding 2 result in perfect triangles with either
Mo or S edges. Based on [113, 114]. (b) Top: Side view ball models of different MoSy edge
terminations. Bottom: Ab initio thermodynamics phase diagram of the edge termination in
Ho/HsS gas mixtures. Aug and Apg designate the entropic parts of the chemical potentials
of S and H atoms in the gas phase, respectively. These are directly related to the temperature,
the HaS pressure, and the Hy pressure. Adapted from [108]. © 2019 The Author(s).



2.1 MoS; — A prototypical, layered 2D TMD 17

2.1.5 Phase diagram and stability

Figure 2.7a shows the calculated heat of formation of 216 MX, TMD compounds
crystallized in 2H and 1T phases, reported by Rasmussen et al. [120]. The color-coding
(blue: stable, red: unstable) visualizes the stability trends within the matrices. In
general, oxides are most stable, followed by sulfides, selenides, and tellurides. This
means that there exists a tendency for the sulfides, selenides and tellurides to oxidize
in ambient conditions, with sulfides being the most air-stable compounds. Typically,
defect-rich, synthetic TMDs age more quickly than pristine, exfoliated sheets due
to defect-mediated oxidation, which affects their long-term stability [121, 122]; this
has important implications for device processing conditions [57, 123]. For further air
sensitivity and thermal degradation studies the reader is referred to the literature [121,
124, 125]. The 2H Mo- and W- based sulfides belong to the most stable, semiconducting
compounds, explaining their ease of synthesis and popularity for research into their

electronic applications.

Figure 2.7 Phase stability and phase diagram of TMD compounds. (a) Calculated heat
of formation for monolayers of 2H— and 1T—phase MXy compounds (M = transition-metal,
X = chalcogen). Adapted from Rasmussen et al. [120] (b) Binary phase diagram of the
Mo-S system. "L" indicates liquid, "G" indicates gaseous. Adapted from ASM phase diagram
database [126].

TMD synthesis requires knowledge of occuring/coexisting phases during synthesis
depending on the reaction stoichiometry and temperature regime. Figure 2.7b shows

the binary phase diagram of the Mo-S system, which is characterized by the significant
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discrepancy in melting points between elemental Mo and S. According to the phase
diagram, stoichiometric MoS; melts at 1750 °C forming a Mo-rich liquid phase in
equilibrium with gaseous S. Therefore, it is not possible to synthesize MoS, via melt
growth techniques and, instead, vapor phase methods are employed for synthesis of bulk
crystal and thin films in S-rich conditions [82]. For S:Mo ratios 22 and temperatures
between 445 and 1750 °C, MoS, is in equilibrium with S vapor. Above 664 °C, and in
the case of S-deficient conditions (S:Mo<2) a Mo,S3 phase can potentially form and
result in phase impurities. A peculiarity of the Mo-S system is the wide 2H-MoS, phase
region (blue) as function of temperature, which is typical for Mo-based TMDs (MoSa,
MoSes, MoTe,) existing over a broad range of chalcogen concentrations [127]. This is
distinct from W-based TMDs (WSs, WSe,), which exhibit line compounds easier to

obtain in stoichiometrically pure form compared to the Mo chalcogenides [127].

2.2 Vapor-phase synthesis

2.2.1 Overview of synthesis techniques

Figure 2.8 gives an overview of common TMD preparation techniques for a wide
range of MX, compounds [76, 128], including MoSs. Generally, they can be classified
into top-down (e.g. dry mechanical or wet chemical exfoliation [129, 130, 131] from
natural or synthetic bulk crystals) and bottom-up (e.g. synthetic liquid- or vapor-phase
methods) approaches. While top-down exfoliation via scotch tape [132] and visco-elastic
stamping [133] have been widely used in laboratories to isolate and integrate pristine
TMD layers into proof-of-concept devices with high electronic performance [18], this
method is not suitable for commercial batch fabrication, which requires a scalable,
controllable, and reproducible manufacturing process. Spray pyrolysis [134] or solution
processing and printing methods [135, 136] may provide scalable routes, but are not
ideal for producing thin films with controlled layer numbers down to the monolayer
limit for high-performance electronic devices. Therefore, extensive efforts have been
dedicated to develop a variety of bottom-up vapor-phase techniques, discussed in the

following.

Already in the 1970s and 1980s chemical vapor transport (CVT) had been commonly
used to synthesize layered, centimeter-scale TMD crystals; this method is based on the
evaporation of stoichiometric quantities of M and X constituents inside a closed vacuum

tube across a thermal gradient [137, 138, 139], often by using transport agents such as
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Figure 2.8 Overview of TMD synthesis techniques. Adapted from Das et al. [76] © 2015
Annual Reviews, and Briggs et al. [128] © 2019 IOP Publishing Ltd.

Bry and I. Single-crystalline TMDs can be obtained by CV'T upon recrystallization at
the cold end of the vessel; however, this near equilibrium process typically requires
days or weeks to complete and produces bulk crystals that require layer isolation by
aforementioned exfoliation techniques. A simple method able to directly produce 2D
TMDs on wafer-scale down to a few- and single-layers consists in metal transformation
by soft chalcogenization of a nm-thin transition metal film via exposure to a chalcogen
vapor (e.g. sulfurization of a sputtered Mo film by S or HyS) or solid-state reactions
upon annealing a chalcogen on a metal film [140, 141, 142]. Similarly, a pre-deposited
transition-metal oxide layer, such as MoOy or MoOgs, can be transformed in this way [143,
144, 145]. These approaches typically yield polycrystalline films with grain sizes below
or only a few 10nm depending on the annealing temperature; they provide limited
control over the grain growth, although capped epitaxial conversion may result in

enhanced crystallinity [146]. A more sophisticated method known from semiconductor
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manufacturing is molecular beam epitaxy (MBE) [147, 148, 149, 150, 151] providing
better control over film nucleation, growth rate and layer thickness, stoichiometry,
and epitaxial film-substrate orientation by well-dosed, high-purity M/X source supply
in an (ultra) high vacuum chamber. MBE enables pristine van der Waals interfaces
and heterostructures. Furthermore, there are other techniques, such as atomic layer
deposition (ALD) [152, 153, 154, 155], pulsed laser deposition (PLD [156, 157, 158],
or direct liquid injection (DLI) [159] for controllable and scalable film deposition;
however, these methods typically produce films with high nucleation densities and
grain boundary defects. Most research efforts have focused on powder-based chemical
vapor deposition ("powder CVD") [160, 161, 162, 163] using solid-source evaporation
of elemental chalcogen (e.g. S) and transition-metal powders (e.g. MoOj) to form
MX, (e.g. MoS,). Typically, horizontal, multi-zone tube furnaces are used, where the
chalcogen powder is evaporated from a crucible at a low-temperature zone (~ 150
250 °C) upstream the hot zone (~ 600-950 °C), the latter of which carrying a crucible
filled with the metal oxide powder. The substrate is placed downstream of the oxide
powder or face-down on top of the oxide powder crucible. Upon heating, the vapors are
transported by an inert carrier gas (Ar or Ny) and often Hy for reduction to form the
MX, film on the substrate. The widespread use of this method can be explained by the
rather simple setup that can be straightforward implemented at affordable cost in many
research laboratories, while achieving mono- to few layer TMD films with relatively
large grain sizes (up to mm?) over large areas (>cm?) and remarkable electronic
properties [164]. However, this process typically yields non-uniform films highly
dependent on the relative crucible/substrate positions and powder distribution, causing
gradients in coverage, thickness, domain shape and continuity due to uncontrollable
and temporally unstable powder evaporation rates. These difficulties can be overcome
by metal-organic chemical vapor deposition (MOCVD), which provides well-dosed
introduction of independent molecular precursors from external bubblers or gas bottles
into the reactor chamber. Therefore, the controllable and reliable source supply enables
superior control over vapor-phase chemistry and constant growth rates over time
compared to powder CVD [165]. MOCVD is an established manufacturing method
for traditional compound semiconductors [166], and, thus, one of the most promising
candidates to meet industrial criteria for high-throughput [167, 168], homogeneous
deposition of high-quality 2D TMDs with layer-by-layer thickness control [169] on
wafer-scale [47, 48, 170].
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2.2.2 Precursor selection for MoS; synthesis

The previously presented vapor-phase synthesis methods are distinguished by the
utilized sources, whose choice plays a decisive role for the thin film deposition process.
A good understanding of the precursor properties in interplay with the growth conditions
is essential for MOCVD process design. In this section, criteria for precursor selection
will be discussed. The implications of precursor choice made for the MOCVD of MoSy

thin films studied in this thesis will be explained in a broader context.

Selection criteria

In order to find suitable precursors, several criteria regarding optimal precursor selection
should be taken into account [171, 172]. The following list notes some important

precursor characteristics to consider:

« Volatility o Availability
e Thermal stability e Cost
e Purity o Safety

Reaction pathway Sustainability

Generally, an "ideal" precursor should have physico-chemical properties serving
its purpose to optimally deliver the starting substances in the right dose for film
deposition, including 1) adequate volatility to obtain acceptable growth rates at
moderate evaporation temperatures (i.e. typical vapor pressures 0.1 Torr [171]), 2)
good thermal stability upon evaporation, gas-phase transport to the reaction zone and
sufficiently large thermal decomposition and film deposition window (e.g. depending
on the bond dissociation energy), 3) high chemical purity, having compatibility with co-
precursors allowing a reaction pathway for clean decomposition without incorporation
of residual film impurities (e.g. carbon in case of organic precursors), thus, not being
contaminated nor being contaminating. The reaction pathways are also determined
by the precursor oxidation state. Moreover, from practical and economic reasons
the precursor should be 4) readily available in sufficient and consistent quality and
quantities at low cost, 5) have a long a shelf-life for storage with stability under ambient
conditions (i.e. unaffected by air or moisture), and stability in the source container at

a low consumption rate. Finally, from a safety and environmental "green" chemistry
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perspective, the precursor, including its by-products, should be 6) non-hazardous
with regard to health and fire risks (i.e. no/low toxicity and pyrophoricity), where
solids/liquids are generally considered safer to handle than gases, while having a
7) sustainable chemical life cycle from its design over its production and use, until
its ultimate disposal. While aiming at optimal results, considering all these factors
certainly imply compromises and also depend on site-specific circumstances, such as in

academic research or industrial production environments.

Mo and S sources

Representative for the targetted synthesis of MoS, in this work, table 2.2 specifically
lists Mo and S source literature examples, including their chemical formulas, names
and physical properties. Their structural formulas and vapor pressure curves plotted
from Antoine parameters (see also appendix Fig. Al, eq. (A.1)) are given in Fig. 2.9 to
compare their volatility. As pure elements, Mo and S exhibit a significant difference in
vapor pressures, which has implications for precursor delivery, reaction conditions and

surface kinetics during MoS, synthesis.

Table 2.2 Mo and S precursors used for vapor-phase MoSs synthesis. Physical state and
melting/boiling points were extracted from tabulated data [173] if not otherwise stated.

Short name/ Chemical name State Melting/Boiling Employed

formula (25°C) (°C) in [Ref]

Mo Molybdenum(0) solid 2622/4639 (174], [115], [175], [176]

Mo(CO)g Molybdenum(0) hexacarbonyl solid 148/155 decomp. [47], [177], [178], This work

Mo(thd)s Tris(2,2,6,6-tetramethylheptane- solid n.a./150-265 [155]

3,5-dionato) molybdenum(IIT)

MoCls (Mo,Clyp) Molybdenum(V) chloride solid 194/268 (179], [180], [181]

MoFg Molybdenum(VI) fluoride liquid 17.5/34 (182], [183]

MoOs3 Molybdenum(VI) oxide solid 801/1155 [162] [184]

BTBMMo Bis(tert-butylimido)- liquid n.a./~225 [185] [167], [186], [169], [187]
bis(dimethylamido) molybdenum(VI)

S Sulfur solid 115.2/444.6 [162], [184], [175], [176]

H,S Hydrogen sulfide gas -85.5/-59.5 (188], [189], [190], [191]

DMS Dimethyl sulfide liquid -98.24/37.33 [180], [192], [193], This work

DES Diethyl sulfide liquid -103.91/92.1 [47], [190], [194], [195], This work

DMDS Dimethyl disulfide liquid -84.67/109.74 (196], [115]

DEDS Diethyl disulfide liquid -101.5/154 [167], [197]

DTBS Di-tert-butyl sulfide liquid -105.5/171 [177], [198], [199]

Mo is a refractory metal with high bond strengths resulting in high melting/boiling
point; It has extremely low vapor pressure even above 1000 °C, which is at the upper
limit of commonly used MoSs growth temperatures. Therefore, effusion of elemental Mo
sources presents a significant challenge, which can be achieved by electron beam evapo-

ration in high vacuum MBE environments [82, 200] or thermal laser evaporation [201,
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202]. MoOj can be evaporated in powder CVD with appreciable vapor flux at ele-
vated temperatures (2 600 °C). Molecular Mo compounds with significantly increased
volatility are employed for gas-phase delivery from external sources in metal-organic
synthesis processes, such as MOCVD [203] and MOMBE [204, 205]. Hexacarbonyls
have been long studied and used for transition-metal deposition upon decarbonyla-
tion [206, 207, 208, 209] and have become one of the most popular transition-metal
sources for MOCVD of TMDs, such as Mo(CO)g for MoS, synthesis [47, 177, 192, 178].
Mo(CO)g is a solid powder with a moderate vapor pressure above 0.1 Torr at room
temperature [210] and is widely available at low cost. Due to its toxicity it has to be
kept in sealed canisters and precautions need to be taken due to formation of poisonous
CO gas upon decomposition and reaction [211, 82]. As CO is a rather stable gas-phase
by-product there is reduced chance of C incorporation stemming from Mo(CO)g at
elevated temperatures according to theoretical and experimental studies [188]. Further-
more, transition-metal chlorides (e.g. MoCls [179, 180]) and fluorides (e.g. MoFg [182,
183]) exhibit increased volatility for increased growth rates. However, these compounds
are air-sensitive and form HCl and HF, which are corrosive and dangerous by-products
requiring increased safety precautions. Recently, also BTBMMo has been used in a
variety of gas-phase synthesis processes [167, 212, 186, 169, 187], but may introduce
N impurities due to uncomplete decomposition [212]. While development of novel
precursors apart from the aforementioned Mo sources has been rare, Mattinen et
al. [155] synthesized an Mo(thd)s beta-diketonate for a specialized ALD process with
oxidation state Mo™ that is closer to the final Mo'¥ state in MoS, and that may be
benefitial compared to other precursors. As marked in table 2.2 the Mo oxidation
state varies among the precursors, which has implications for reaction mechanisms
and pathways requiring either oxidation or reduction to obtain Mo'). The oxidation
state in molecular precursors and reaction intermediates influence thermodynamics and
reaction kinetics during growth. For instance, higher volatility and diffusivity reaction
intermediates have been widely exploited for catalyzed TMD growth upon addition of
alkali growth promotors [178, 213].

Turning to the sulfur precursors, elemental S provides sufficient vapor pressure
2 150°C, explaining its popular use in powder CVD to create an S-rich growth
environment for efficient sulfurization. However, for gas-phase delivery from external
canisters in MOCVD, precursors with higher volatility are desired. Gaseous hydrides,
such as HsS, have been used as viable sources in TMD synthesis [203, 188, 190, 169],
but impose stringent safety requirements due to their high toxicity compared to their

less harmful organic chalcogen counterparts. Considering S sources, a large variety
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of organosulfide precursors has been employed in TMD synthesis (DMS [180, 192,
115, 193), DMDS [196, 115], DES [47, 190, 194, 195], DEDS [167, 197], DTBS [177,
198, 199]). Regarding their relative volatility, the vapor pressure of organosulfides
decreases along the series DMS > DES > DMDS > DTBS > DEDS (Fig. 2.9b). There

is few literature data available on the relative toxicity profiles of sulfides, for which

Figure 2.9 Vapor pressure P,,, of diverse Mo and S sources. (a) Chemical formulas of
several molecular Mo (turquoise) and S compounds (yellow). (b) Vapor pressure curves based
on Antoine parameters reported for the respective temperature ranges: Mo [214], MoOg [215]
MoCl5 [214], BTBMMo [185], Mo(CO)g [210], MoFg [214], S [214], DEDS [216], DTBS [217],
DMDS [218], DES [215], DMS [219], HaS [215]. Boiling points are indicated by intersection
of the vapor pressure curves with the 760 Torr line (atmospheric pressure). The precursor
volatility requirement for a CVD process typically demands vapor pressures 0.1 Torr [171].
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the reader is referred to studies found for HyS [220, 221, 222], DMS/DMDS [223], and
DES [224]. Nevertheless, the main safety argument for the use of organosulfides is
their comparatively low vapor pressure/liquid state at room temperature, making their
handling safer compared to the gaseous hydride stored and supplied from pressurized
gas bottles. However, the use of less harmful organic chalcogen precursors in TMD
synthesis has raised concerns about C contamination stemming from carbonaceous
radicals during their thermal decomposition [225, 190]. The thermal decomposition
behaviour is crucial for the MOCVD process and is closely related to the bond strength
of the precursor molecules, quantifiable by the bond dissociation energies (BDEs). A
list of BDEs calculated by density funtional theory for a wide range of metal-transition
and chalcogen precursors used in MOCVD of TMDs is given in the appendix (table A1).
The organosulfide compounds differ in their ligand chemistry, affecting the different
BDEs at C-S bonds in monosulfides and C-S/S-S bonds in disulfides. Typical BDEs of
C-S bonds lie in the range of 2.6-3.4eV with a general trend of lowered BDE for larger
(branched) ligand chains around the C-S bond. Disulfides show lower BDEs of around
2.0-2.8 eV at their S-S bonds [153]. These BDEs translate into experimentally observed,
condition- and time-dependent pyrolysis temperature windows of >341-560°C for
DMDS [226, 227], representative for a disulfide, and 2408-709°C for DMS [227, 228],
representative for a monosulfide, which show different radical dissociation mechanisms
and pathways [227, 228, 229, 230]. Therefore, the different BDEs and decomposition
behaviours under liberation of S and C components may affect the sulfurization
potential and carbon incorporation upon choice of different organosulfide sources for
MoS, synthesis [152, 115, 153].

Considering Mo(CO)g as a popular Mo source, its volatilization and thermolytic
properties have been experimentally analyzed by a coupled thermogravimetry-mass
spectroscopy study in argon atmosphere by Fillman et al. [231], as shown in Fig. 2.10a.
Upon heating, noticeable one-step weight loss appears above ~100 °C, indicating the
start of volatilization; rapid weight loss and peaking CO evolution indicate sublimation
with simultaneous decomposition (decarbonylation) above ~150°C. For reference,
W(CO)g (not shown in the graph) has higher thermal stability and sublimes without
decomposition up to a temperature of ~180°C when CO evolution begins [231].
Furthermore, the decomposition behaviour of Mo(CO)g in a dynamic flow reactor
has been analyzed by Usoltsev et al. [232, 233|, as depicted in Fig. 2.10b. They
measured the survival probability of Mo(CO)g as a function of temperature and inert
carrier gas flow rate. Apparently, the survival probability due to decomposition drops

above ~200 °C with steepest slope at ~300 °C for a flow rate of 0.3 Lmin~!, whereas



26 Background, Materials & Methods

Figure 2.10 Volatilization and thermal decomposition of Mo(CO)g. (a) Top: Thermo-
gravimetric analysis in argon atmosphere. Bottom: Mass spectroscopic analysis of thermal
evolution profile of CO. Adapted from Fillman et al. [231] © 1984 Elsevier Science Publishers
B.V. (b) Adapted illustration of transition-metal hexacarbonyl decomposition study in a
hot-wall flow tube reactor according to Usoltsev et al. [232] Experimental and simulated
temperature-dependent survival probability of Mo(CO)g at different flow rates adapted
from [233]. © 2015 Walter de Gruyter Berlin/Boston.

the decomposition profile shifts to higher temperatures for increased flow rates of
1.2Lmin~!. This shows the dynamic nature of the decomposition behaviour in a
flow reactor closer to the real situation of a typical, non-equilibrium CVD process
opposed to the static thermogravimetrical analysis. The decomposition behaviour has
important implications for MOCVD of MoS, thin films from Mo(CO)g, as the effective
Mo concentration (partial pressure) determining the growth rate [47, 234] is highly
dependent on the temperature, flow conditions, reactor geometry and sample position
in the growth reactor [203, 235, 236]. In particular, in the case of a hot-wall reactor,
decomposition gradients along the longitudinal tube axis of flow reactors play a critical
role due to the comparatively low thermal stability of Mo(CO)g [237]. For reference,
the higher thermal stability of W(CO)g (not shown in the graph) is indicated by a
thermal decomposition profile shifted by ~100 °C to higher temperatures compared to
Mo(CO)g [232, 233], related to the respective BDEs of ~1.7 and ~2.1¢V for Mo(CO)g
and W(CO)g [232, 233] (also see appendix, table Al). This relative precursor stability
has implications for the TMD growth processes of Mo- and W-based chalcogenides

from hexacarbonyls.
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For the studied MOCVD processes in this work, the precursors Mo(CO)g and
DES/DMS were selected due to their commercial availability, low cost, comparatively
low toxicity, and succesful utilization in previous MOCVD processes [47, 192]. More-
over, Mo(CO)g has with CO a non-corrosive, although toxic, but very stable gaseous
dissociation product leaving the reaction (BDE 8.3¢V [238]), and is thus expected to
enable low C impurity introduction, while providing sufficient volatility. DMS/DES
were chosen over hydrides due to their appropriate vapor pressures and due to safety
considerations. Therefore, from the choice of this precursor system two major challenges
can be anticipated: 1) Control of Mo(CO)g decomposition, effective Mo flux, and MoSs
nucleation control [47, 237], and 2) organosulfide precursors as potential source of C
incorporation [225, 190, 239].

2.2.3 Epitaxy

Epitaxy is defined as "the process of growing a crystal of a particular orientation on top
of another crystal, where the orientation is determined by the underlying crystal’.? The
term epitaxy is derived from the Greek prefix "epi" meaning "above" or "on" and "taxis'
meaning "arrangement" or "order". The atoms of an epitaxially deposited layer are
guided by the particular registry with the underlying crystal, which enables the growth
of highly crystalline thin films in a layer-by-layer manner. In homoepitazy, from greek
"homo" meaning "same", these films may be made of the same material and structure as
the substrate (e.g. Si on Si); in heteroepitazy, from greek "hetero" meaning "other" or
"different", they may be made of a material different from the substrate (e.g. Ge,Sij_,
on Si, or AlAs on GaAs). In vapor-phase epitaxy the atoms are deposited from a
vapor or molecules decomposed on the hot crystalline substrate surface, so that growth
occurs at the solid-gas interface. This method is commercially used in III-V (and to a
lesser extent II-VI and IV-VI) compound semiconductor manufacturing [240] to deposit
thin films and quantum wells for applications in electronic and optoelectronic devices.
However, the epitaxy concept can be generally applied for other material classes, such

as metals and oxides, and 2D materials [241].

The type of epitaxy can be categorized based on the nature of the interactions at
the interface between the crystalline film and the crystalline substrate, as illustrated
in Fig. 2.11. In conventional epitaxy the interactions consist in a strong coupling

between the conventional 3D crystal epilayer and the 3D bulk substrate by covalent,

Retrieved from https://www.britannica.com/science/epitaxy, 8 january 2023
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ionic or metallic bonds. While in homoepitaxy the epilayer can grow seamlessly with
low defect density due to the same chemical composition and structure, conventional
heteroepitaxy is more challenging due to the structural lattice mismatch of different
materials. This mismatch arises from the difference in lattice parameters and thermal
expansion and leads to the build-up of strain in the epilayer. A coherent strain can be

n,on

accommodated in the pseudomorphic (from greek "pseudo’ meaning "false"; "morph’
meaning "form") growth regime only up to a critical epilayer thickness, at which
strain relaxation occurs, for instance, by chemical intermixing, surface roughening or

formation of misfit dislocations [240].

In van der Waals (vdW) epitaxy the interactions at the interface are formed by weak
vdW forces. This type of epitaxy was discovered by A. Koma and coworkers at the
University of Tokyo in Japan?3, which enables heteroepitaxy of single-crystalline films
and atomically sharp vdW interfaces even for highly lattice-mismatched systems [241].
In their first report dated from 1984, Koma et. al. described vdW heteroepitaxy of 2D
materials on 2D materials, such as strain-free NbSe, on MoS,, where the epilayer can
grow with its bulk lattice parameter despite large mismatch exceeding 10 % [243] and
up to as much as 58 % [244]. Later, they reported vdW heteroepitaxy of 2D materials
on 3D bulk materials [245], for which the preparation of a passivated, dangling-bond
free 3D bulk surface was highlighted to form an ideal vdW interface [246], such as for

Conventional epitaxy Van der Waals epitaxy

C— Q_O_H Q—H 2D malenal{ﬁlg M{_}Sg graphene hBN)
Thin film —» (‘, o (.z © Q ¢ 0 2200 R &
Chemical bonds ~ Q—Q—@ é'rc" é{ é

(covalent, —»
ionic, metallic)

Substrate —»

Figure 2.11 Effect of lattice mismatch in heteroepitaxy. (a) Schematic of a thin film
grown on a lattice-mismatched substrate in conventional heteroepitaxy, where lattice strain
is relaxed by formation of a dislocation (L). (b) Schematic of a 2D material grown on
a lattice-mismatched substrate by quasi van der Waals (vdW) heteroepitaxy. Adapted
from [242] © American Chemical Society.

3http://van-der-waals-epitaxy.info
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MoSe; growth on a S-terminated GaAs(111) [247] and MoS, growth on F-terminated
CaF5(111). Recently, there is experimental evidence for the presence of such passivation
layer in 2D-on-3D heteroepitaxy imaged by high-resolution, cross-sectional transmission
electron microscopy and chemical profiling by electron energy loss spectroscopy [248]
for WSey and MoS, [249, 248] grown on chalcogen-terminated sapphire [AlyO3(0001)].

While lattice mismatch in weakly coupled vdW systems is less relevant than in
conventional heteroepitaxial systems [250], the vdW epitaxy is still governed by the
electrostatic forces and orbital overlap with the underlying substrate [82]. This has
consequences for the long-range, rotationally commensurate registry of 2D layers on
other 2D [251] or passivated 3D bulk substrates [48], where the preferred epitaxial
relationship depends on the film-substrate symmetry and the orientation-dependent
binding energy 'landscape" [163]. Typically, binding energy minima occur along
high symmetry directions [252, 253, 242] of the underlying substrate, determining
the energetically favorable film-substrate configuration in substrate-lattice guided
growth [175]. Other important factors controlling the film orientation, particularly
in 2D-on-3D heteroepitaxy, include substrate properties like surface energy [254]
and surface morphology [82], such as vicinal, stepped miscut surfaces in the case of
edge-guided growth [255, 248, 256]. Growth conditions are also important, such as
temperature to provide energy for epitaxial film alignment [49, 195] and gas-phase

composition affecting the epitaxial relationship [257, 258, 259].

2.3 Experimental details

This section presents the used MOCVD reactor setups and growth processes, used

substrates, and analysis techniques for film and device characterization.

2.3.1 MOCYVD reactors and growth processes
ICN2 reactor

For growth of MoS, thin films on SiO, and soda-lime glass on up to ~ 2 x 2cm? areas
in chapter 3, a home-built reactor located at ICN2 was used, subsequently referred to
as "ICN2 reactor'. Photographs and a scheme of the setup are shown in Fig. 2.12. The
vertical setup with sample position normal to the gas flow direction has advantages over

horizontal flow reactors in terms of gas flow homogeneity and spatial uniformity of the
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Figure 2.12 Home-built MOCVD reactor at ICN2 ("ICN2 reactor"). (a) Photograph with
designated components. (b) Schematic illustration of setup and gas circuit.

film deposition [184]. A special feature of the reactor is the residual gas analyzer (mass
spectrometer) connected downstream the sample position for gas-phase monitoring.
The reactor operates in vapor draw mode, in which the precursors [Mo(CO)g and
DES]| are drawn by a pressure gradient from independent source canisters into the
low-pressure reactor chamber without carrier gas. Typical working pressures used in
this work were between 1 x 1072 and 1 x 10~! Torr and can be controlled by manual
rotary valves and a bypass upstream the pump. Precursor flow was dosed by manual
needle metering valves and estimated based on vapor pressure data (see appendix,
Fig. Al). Precursor flow is started/stopped by manually operated 2-way valves at the
inlet stage. A computer with LABVIEW interface is used to set the growth temperature,
measured at the sample position, and controlled by a feedback-loop temperature
controller. Moreover, Ar inert gas and Hy flow fed by mass flow controllers (MFCs)
can be added to the gas mixture. A typical growth process is illustrated in Fig. 2.13a.
Between runs, the reactor was annealed according to Fig. 2.13b. A more detailed
description of the used precursors and growth procedure can be found in the appendix
(section A.2).
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Figure 2.13 (a) Scheme of a typical growth process following an outgassing step at 100 °C,
temperature ramp to the growth temperature of 700 °C under Ar flow, co-injection of Mo(CO)g,
DES precursors and additional Hs flow upon reaching the growth temperature for a specified
growth time, and cool down under Ar flow. (b) Reactor annealing step performed between
consecutive growth runs at 800 °C with Ar/Hs purge.

Yonsei reactor

For low growth rate MOCVD of MoS, thin films on SiO, substrate (chapter 3, sec-
tion 3.4.2) and epitaxial growth on sapphire (chapter 4), another MOCVD setup was
used; this was located at Yonsei university (Seoul, Rep. of Korea) and will be referred

to as "Yonsei reactor'. Photographs and a scheme of the reactor are shown in Fig. 2.14.
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Figure 2.14 MOCVD reactor setup at Yonsei university ("Yonsei reactor"). (a-c) Pho-
tographs with designated system components. (d) Scheme of setup and gas circuit.
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The customized, commercial setup (SCEN - Scientific Engineering, Rep. of Korea?)
consists of a horizontal, three-zone hot-wall furnace with a 12cm diameter quartz
tube for deposition on wafers of up to 4" diameter. Samples were placed vertically
(perpendicular to the flow directions) at an optimized position within the first reactor
zone, and optionally NaCl was placed upstream at the reactor entrance for alkali-assisted
growth. Control units for setting temperature, pressure, gas flows, and manual switches
of pneumatic valves in the gas circuit are located in the control panel (Fig. 2.14b). The
precursor stage offers three ports to be equipped with sealed glass canisters, from which
only a single slot with the canister containing a liquid solution of Mo(CO)s/DMS was
used in this work. Precursor delivery is provided by bubbling Ar carrier gas through
the solution and is controlled by a MFC downstream the source canister. Precursor
flow estimations for this precursor injection method by a pick-up gas are given in
section A.2. Additionally, Ar and H, are injected controlled by MFCs that enter the
chamber together with the Mo(CO)g/DMS flow pre-mixed at the reactor inlet. Pressure
is controlled by an automatic throttle valve to a typical working pressure of 10 Torr. A
dry pump is used in order to avoid backstreaming of inflicting organic hydrocarbon
contaminants, as it may occur in the case of oil-sealed, rotary pumps [260]. A typical
growth process is illustrated in Fig. 2.15a. Between runs, the reactor was annealed
open to air according to Fig. 2.15b. A more detailed description of the used precursors

and growth procedure can be found in the appendix (section A.2).
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Figure 2.15 (a) Scheme of a typical growth process involves temperature ramp to the growth
temperature of 600°C under Ar/Hy flow, start of growth by injection of Mo(CO)s/DMS
precursor provided from solution in a single canister, and fed by Ar carrier gas. First, domain
nucleation and slow submonolayer film growth is carried out with 1 sccm Ar carrier during
16h, and can be extended to another 6h under higher 1.6 sccm Ar carrier flow to achieve
1-2L MoS,. Ar/Hs flow is kept during the whole growth phase, and is further maintained
during cool down. (b) Reactor annealing step in ambient atmosphere at 900 °C is performed
between consecutive growth runs to clean the quartz tube.

*http://www.scen.kr/
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2.3.2 Substrates

The substrate plays an important role in the growth of MoS, thin films, as illustrated
in Fig. 2.16. Amorphous substrates, such as SiO,, result in the nucleation and growth
of randomly aligned domains, which form polycrystalline thin films with large angle
grain boundaries upon coalescence. Grain boundary defect densities can be reduced by
decreasing the nucleation density and increasing the grain size. In contrast, growth
on crystalline substrates, such as Al,O3(0001), allows vdW heteroepitaxy of aligned
domains with a preferred epitaxial relationship with respect to the underlying substrate,
which can be a route towards single-crystalline films in the ideal case of unidirectionally
merged domains without translational offsets [48, 261]. In this thesis, MoS, thin films

have been grown on the following insulating substrates.

Figure 2.16 Influence of the substrate on MoSy growth. Schematic illustrations of nucleation
and coalescence of MoSsy thin films grown on (a) an amorphous substrate (e.g. SiO2/Si), and
(b) a crystalline substrate (e.g. a-AlyO3) with a vicinal, stepped surface.

Silicon oxide

SiOy/SitT substrates (SIEGERT Wafer GmbH, Germany) with 285nm thick dry
thermal oxide were used. Because of its semiconductor industry relevance, SiO, has
been widely used for TMD synthesis taking advantage of its chemical inertness at high

growth temperatures. SiO, also provides an ideal platform for optical characterization
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by means of Raman and PL spectroscopy [262]. The highly boron-doped Si substrate
(<0.005 2 cm) also offers the possibility to build simple, back-gated field-effect transistor
devices (see appendix, Fig. D13).

Soda-lime glasses

For growth of MoS, thin films in section 3.4.1, three different, commercial soda-lime
silicate glasses were used: 1) SCG 94 (Plan Optik AG, Germany) [263], 2) Marienfeld
Superior (Paul Marienfeld GmbH & Co. KG, Germany) [264], and 3) B270®i (Schott
AG, Germany) [265]. Due to their alkali (Na, K) content these substrates provide
catalytic properties for growth of MoS, thin films with enhanced grain size [266, 267,
268]. More information about the glass composition and material characteristics is

given in the appendix (table A2).

Sapphire

Sapphire is a commercially available, thermally stable and chemically robust substrate
interesting for wafer-scale MoS, epitaxy [48, 255]. Double-side polished 2" c-plane
Al,O3(0001) wafers (99.998 % purity, Kyropolous-grown, SIEGERT Wafer GmbH,
Germany) with nominal miscuts of 0.05° and 0.2° were used. For studying the impact
of miscut direction, single-side polished AloO3(0001) with nominal miscut of 0.240.1°
off the A[1120] and M[1100] directions were used (99.999% purity, Kyropolous-
grown, Cryscore Optoelectronic Ltd, China). For surface preparation, the substrates
were sonicated in acetone/isopropanol for 5min each and placed into covered alumina
crucibles. Then, high-temperature annealing was performed to obtain "epi-ready’,
stepped surfaces with atomically-smooth terraces [269, 270]. Depending on the an-
nealing requirements, substrates were annealed in a muffle furnace or alumina tube
furnace [(JFig. 2.17(a-b)]. Annealing programs with different dwell times (2, 6, 12h),
temperatures (1050 — 1350 °C) and gas atmospheres (Hy, Ar/5 %, Ar, Os) were used
[Fig. 2.17(b-c)]; the different annealing conditions aimed at preparing distinct starting
surfaces (e.g. step morphologies and surface reconstructions) to test their effect on
MoS, epitaxy. More details about the sapphire surface preparation are given in the

appendix (section A.2).
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Figure 2.17 Sapphire substrate annealing. (a)(i) Box furnace for annealing in ambient air
at 1050 °C, (ii) tubular furnace for high-temperature annealing up to 1350 °C in controlled
atmosphere, (iii) alumina crucible for annealing of up to 2" wafers in the box furnace, and
(iv) 10x4 cm? rectangular crucible with maximum size fitting into the tube furnace. (b)
Schematic of the tube furnace operable in oxidative or reductive conditions by flowing O or
5 %Hsy/Ar gas via a mass flow controller (MFC). (c¢) Schematic of annealing process.

2.3.3 Characterization methods

Surface analysis and thin film metrology are an essential part of the methodology of
this thesis. A variety of characterization techniques ranging from microscopy, optical
spectroscopy, and diffraction methods were used to investigate domain morphology
and orientation, layer thickness, chemical compositions, crystalline structure, and
(opto)electronic properties of as-grown, transferred and device-integrated MoS, thin
films. Moreover, mass spectroscopy was employed for in situ gas-phase monitoring
of the MOCVD process. In this section, specific methodologies and experimental

parameters for the used techniques and equipments are described.

Scanning electron microscopy (SEM)

The morphology of MoS, thin films was analyzed by scanning electron microscopy

(SEM) in different phases of the growth, from nucleation, over lateral domain expansion
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until monolayer coalescence and growth of few-layer films. For high-resolution field
emission SEM (FE-SEM) imaging, an FEI Magellan 400L. XHR FE-SEM was used in
immersion mode at low accelerating voltages of 2kV and 0.1 nA beam current at a
working distance of typically 4mm. A sample bias of 4kV was used to compensate
charging effects and a low-voltage, high-contrast detector (vCD) was used for back-
scattered electron (BSE) material contrast imaging. This equipment and parameter
choice allowed high-resolution routine imaging of MoSy domains with sizes from several

tens of nanometers to micrometers even on the insulating growth substrates.

SEM image analysis was performed with the open-source program IMAGEJ 1.53 [271].
Thresholding of the film-substrate contrast was employed for creating binary images,
removing image noise and segmenting stitching grains into separated domains. Starting
from an original SEM image, the automatized algorithm included the following sequence
of IMAGEJ operations: 1) Set scale (from original image), 2) Crop (remove original
image caption), 3) Make binary, 4) Remove outliers, 5) Close, 6) Watershed, 7) Analyze
particles. Figure 2.18 shows an exemplary SEM image after each execution step of the
aforementioned algorithm. It is remarked that this method based on the film-substrate
contrast only works well for non-coalesced films with isolated domains. Some images
with high contrast noise had to be treated manually with added process steps, such as

"Despeckle" or "Fill holes" commands.

Finally, the particle analysis tool was used to extract several film characteristics,
including nucleation density N, film coverage y, and domain size d; of a domain with
index 7. N is defined as the domain count n; per unit area A,,, of an SEM image, see
eq. (2.2). x is defined as the percentage of substrate area covered by the n; domains
with respective domain areas A; per unit area Ay, of an SEM image, see eq. (2.1).
The domain size d; is defined as the side length of an equilateral triangle formed by
the domain area A;, see eq. (2.3), assuming that all domains have equilateral triangle
shape. This might not always be the case, but is reasonable for comparison of equally

extracted domain sizes.

n;A;
X = A -100% (2.1)
N=T1 (2.2)
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Figure 2.18 SEM image analysis algorithm with exemplary sequence of execution steps
applied to a typical SEM image of MoSy domains grown on SiOs substrate.
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distribution and the peak centers from the fitted distribution functions were extracted

as mean grain sizes deqan-

Atomic force microscopy (AFM)

Further morphological analysis of thin films was performed by atomic force microscopy
(AFM), which gives additional information on the layer topography (e.g. thickness
determination at layer step edges, roughness analysis). Moreover, AFM was used for
analysis of substrate morphology of SiO,, soda-lime glasses, sapphire starting surfaces

and, in particular, the step morphology of the annealed sapphire surfaces.

AFM images were acquired with an Oxford Instruments Asylum Research MFP-3D
in tapping mode using BudgetSensor Tap150A1-G tips (5 N m~! spring constant, 150 kHz
resonance frequency), typically at 0.5-0.8 Hz scan rate. IGOR Pro 6.38B01 software
was used for image corrections (flattening, plane-fitting, line artifact correction), and

extraction of root-mean-square (RMS) surface roughness values.

For MoS, thin films grown in the Yonsei reactor (section 3.4.2 and chapter 4) AFM
images were acquired with a Park Systems NX10 in non-contact mode using Olympus
AC160TS tips (26 Nm~! spring constant, 300 kHz resonance frequency) at 0.5 Hz scan
rate. MoS, domain orientation distribution were assessed from binarized images with
the open-source IMAGEJ plugin ORIENTATIONJ v2.0.5 [272].

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was used for high resolution top-view (in-
plane film morphology) and cross-sectional (out-of-plane film morphology) imaging
of MoS, thin films. Furthermore, it was used to analyze crystallinity and domain

orientation within polycrystalline thin films by electron diffraction.

TEM was carried out with a FEI Tecnai G2 F20 S-TWIN operating at 200kV.
For dark-field imaging in scanning TEM mode an off-axis, high-angle annular dark-
field (HAADF) detector was used. For high-resolution TEM mode and selected-area
diffraction a large 730 nm aperture was employed to obtain signal averaged over many
domains. The intensity profiles of diffraction patterns were analyzed with the software
GATAN DIGITALMICROGRAPH V2.30.

For top-view analysis of MoS, thin films along the [0001] axis, samples were
prepared by spin-coating PMMA A4 950K (MicroChem, USA) onto MoS, thin films,
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releasing them from their growth substrate (SiOy or sapphire) in 1mol L™! NaOH
(aq) and suspend them onto a holey carbon grid by a wet fishing transfer. For

analysis of transfer-free sample, MoS, thin films were directly grown onto 18 nm thin
PELCO™ SiO, support membranes (Ted Pella Inc., USA).

For cross-sectional analysis of MoS, /SiO9, AlO,/MoS,/SiOs and MoSs/hBN/Al,O3
interfaces, a metal capping layer was deposited for protection during lamella preparation
by a focused ion beam (FIB) in a Zeiss 1560XB Cross Beam. Then, the interfaces were
imaged in STEM mode and the chemical line profiles across the interface were analyzed
by EDX with a "super ultra-thin window" X-ray detector. For chemical profiling by
electron energy loss spectroscopy (EELS), a Gatan imaging filter Quantum SE 963
fitted was employed to produce energy filtered images.

Raman and photoluminescence (PL) spectroscopy

Raman spectroscopy was used to detect phonon modes in MoSs thin films, which can
give information about crystallinity and layer thickness/number, and allows to detect
incorporated carbon impurities in the films. Moreover, semi-quantitative analysis of
Raman peaks was used for monitoring trends of relative MoSy and C amounts within

the growth parameter space.

The MoS, thin films were characterized under ambient conditions with a confocal
Witec alpha300R A300M+ microscope at 100x magnification using a laser with 488 nm
excitation wavelength and a spot size of around 1pum. If not otherwise highlighted
in this work, a laser power of 0.2 mW was used to minimize laser heating effects, and
to avoid optical doping and multiexciton dynamics in the PL measurements [273].
Integration times of 5s and two accumulations were used. For parameter studies in
chapter 3 for each sample, three spots were measured along the sample diagonal for
averaged data and corresponding standard deviations as statistical errors. E%g and
Ay, Raman modes of MoSs, Si, and carbon D and G bands were measured with a 600
grooves/mm diffraction grating within the same spectral window. For semi-quantitative
Raman integral analysis, MoS, bands were fitted with double Lorentzians, Si bands
with single Lorentzians, and the carbon D and G bands with double-Gaussians after
first-order background subtraction. Within the fitting strategy, boundary conditions
were used to exclude the contribution of a band appearing in the low-frequency shoulder
of the D band and that could not be correlated to the growth conditions. For precise

measurement of the Ej, and Ay, band positions and determination of the frequency



40 Background, Materials & Methods

difference A(Ayy — E3,), which can be used as a measure for layer thickness [274, 169],

a high-resolution 1800 grooves/mm grating was used.

Photoluminescence (PL) spectroscopy was used to analyze the (opto)electronic
properties, charge transfer, and quality of MoS, thin films. For PLL measurements, a
600 grooves/mm grating was used. After background subtraction, Lorentzian peak
fitting was performed with the Witec PROJECT 5.0 software to account for the charged
trion A~, neutral exciton A°, and B exciton contributions. Fitting constraints were
used for the peak positions based on the literature review of Lee et. al. [274] (see
appendix for PL fitting parameters, table B2). The normalized PL intensity is used
as a measure of sample quality, and is defined as the relative (A~ + A°)/B intensity
ratio [275], i.e. as the peak integral ratio of summed A~ and A° contributions with

respect to the B exciton.

X-ray and ultra-violet photoelectron spectroscopy (XPS/UPS)

The chemical composition and stoichiometry of the films was investigated by X-
ray photoelectron spectroscopy (XPS) in ultra-high vacuum (UHV, <1 x 10~ mbar)
with a SPECS PHOIBOS 150 hemispherical analyzer using monochromatic Al Ko
radiation with an energy of 1486.6 eV. To compensate for sample charging, in particular
for non-conducting samples or samples on insulating substrate, spectra have to be
energy-corrected against a reference peak. Often the Cls peak from adventitious
carbon is chosen for practical purposes. However, this is not convenient when C
is the sample material of interest. For analysis of MoSsy thin films, the substrate
peak of the thermally oxidized SiO/Si substrates (Si2p, 103.3¢V [276]) or sapphire
Al O3 (Al2p, 74.4eV [277]) were chosen as reference peak. Peak fitting of the high-
resolution core level spectra was performed with the software CAsSAXPS v2.3.17
employing Gaussian-Lorentzian (GL) line shapes and Shirley backgrounds. Details
about analyzed transitions, peak assignment, fitting parameters and constraints are
given in the appendix (table B1). As indicated, reference samples were used to set
constraints for peak positions, FWHM, and peak shape. A natural MoS, crystal was
measured as a reference for binding energy positions, FWHM and shape of Mo 3d,
S2s and S2p core level peaks of the as-grown films, and was found in accordance to
literature data [278]. For fitting of C 1s peaks, area constraints extracted from an
adventitious carbon reference were utilized, as will be discussed in section 3.2.3. For

fitting of Mo 3d and S2p doublets an area constraint was applied satisfying 3:2 and 2:1
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intensity ratios as per the electron population of d and p orbitals [277]. Equal FWHM

was used for peaks within the same doublet.

Ultra-violet photoelectron spectroscopy (UPS) allows to extract valence band
edge positions, work functions and ionization potentials, which is helpful to analyze
valence band shifts resulting from doping, and to determine band alignment models of
heterostructure interfaces. In this work, the interfaces of MoS,/C in C-contaminated
MoS; thin films and MoS,/AlO, in oxide encapsulated MoS, thin films were studied.
UPS measurements were performed using a He-I lamp (21.2¢eV). For determination of
ionization potentials from the spectral width between the secondary electron cut-off
and the valence band egde, a —10V sample bias was applied to shift the secondary
electron background above the work function of the analyzer, following the procedure
of Diaz et al. [279]. Valence band edges were determined by extrapolation onto the

energy axis.

Mass spectroscopy with residual gas analyzer (RGA)

Mass spectroscopy by a residual gas analyzer (RGA) allows to diagnose the residual
gas composition in vacuum system, such as growth reactors. Furthermore, it can be
used for gas-phase monitoring during MOCVD processes. In this work, it was used to
study temperature-dependent pyrolysis processes of the used organosulfide precursor
DES, which affects the film quality. This provides in situ information complementary

to er situ film analyses.

A Hiden Analytical HPR-30 RGA equipped with a triple filter quadrupole mass
spectrometer was used for vacuum diagnosis and in situ gas-phase monitoring. The
RGA is connected downstream the reaction zone in the ICN2 reactor via a sampling
needle valve (see Fig. 2.12). The pressure inside the RGA was set to 1 x 1076 Torr.
Soft electron ionization at a low electron emission energy of 12eV and 100 pA emission
current was used to minimize electron-ionization-induced fragmentation of the DES
molecular ion and for selective detection of DES pyrolysis products. A secondary
electron multiplier detector was used for high sensitivity detection in the acquisition
range of 1 x 10~ Torr. For the temperature-dependent DES pyrolysis study, the
reactor temperature was ramped at 10°Cmin~! from room temperature to 800°C
while introducing different DES/Mo(CO)g/Hs mixtures and continuously monitoring
the partial pressure of gas-phase constituents; for example, the partial pressure evolution
of unfragmented DES molecular ion (m/z = 90) and main pyrolysis products, such as

ethyl radicals (m/z = 29) and ethylene (m/z = 28) was followed. Selective ionization
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of ethylene is ensured by the low ionization energy, which avoids the formation of
hard-to-distinguish isobaric ions of Ny and CO, requiring higher ionization energies
than used in this experiment. This also means that Hy could not be detected under

these conditions due to its higher ionization energy.

Reflection high-energy electron diffraction (RHEED)

Reflection high-energy electron diffraction (RHEED) was used for analysis of MoS,
thin films grown on sapphire to determine crystallinity and the in-plane epitaxial
relationship of the MoSs/Al;04(0001) heterostructure. Furthermore, it was used to

determine the surface reconstruction of annealed Al,O3 surfaces.

Ez situ RHEED measurements were done within a high vacuum chamber, with
a base pressure of around 1 x 1077 Torr. An RDA-002G electron-gun with remote
control power supply RDA-004P (R-DEC Co. Ltd., Japan) was used, allowing for beam
alignment via an XYZ lens, and setting the acceleration voltage (24kV) and filament
emission current (341A). The sample was mounted face-down onto the specimen
holder that allows manual control over azimuthal rotation. A kSA 400 system (k-Space
Associates, Inc., USA) equipped with a digital camera to record the fluorescence screen
was used to capture the projected RHEED patterns. A related software package
(v4.76) was used for line profile analysis. To convert the reciprocal distances from
pixels measured on the screen to reciprocal space units (A_l), a calibration factor of
6.5%x 1073 A~ /pixel was determined by means of a c-plane sapphire reference sample
with known lattice constant of 4.76 A.

Grazing Incidence X-ray Diffraction (GIXRD)

Grazing incidence X-ray diffraction (GIXRD) was used as another, complementary tool
to determine the in-plane MoSs/Aly04(0001) epitaxial relationship and orientational
domain dispersion (mosaic spread) as figures of merit of epitaxial film quality. It was
also used for fine analysis of sapphire surface reconstruction patterns and reciprocal
space mapping of the MoS,/Al;05(0001) heterostructure.

Laboratory GIXRD was carried out with a PANalytical X’PERT PRO MRD using
a horizontal w-260 goniometer (320 mm radius) in a four-circle geometry under ambient
conditions (see appendix Fig. C23). An X-ray tube with Cu Ko anode (A = 1.540 A) is
used operating at 40 kV accelerating voltage and 45 mA filament current. The generated

X-ray beam is directed onto the sample with a low incidence angle of around 0.3°.
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The sample was placed and adjusted in-plane on a XYZ double-tilt sample stage by
maximizing the sapphire substrate signal. In the primary beam a Ni filter was used to
remove Cu K/ radiation of the X-ray source in order to avoid polychromatic diffraction
peaks, and a polycapillary lense was used for improved sample illumination intensity.
While the use of a soller slit was omitted for improved intensity, a 0.27° parallel plate
collimator was used to reduce divergence of the diffracted beam, which was captured
by a 256x256 array PIXcel X-ray detector. Azimuthal (¢) line scans were performed
over a full 360° wafer rotation around the normal axis [280], where ¢ = 0° is defined
along the (1120) direction corresponding to the normal of the A-plane primary wafer
flat of the c-sapphire wafer. Such measurements required long integration times and

took about 10h due to the low-intensity signal coming from the 2D MoS, thin films.

Synchrotron GIXRD was carried out at beamline BM32 at the European Syn-
chrotron Radiation facility (ESRF), allowing faster data aquisition compared to the
lab experiment due to the use of highly brilliant X-ray radiation. Experiments were
performed in the INS2 setup dedicated to surfaces and interfaces in an UHV system
with a base pressure of 3 x 107 mbar equipped with a z-axis diffractometer (see
photos and schematics in the appendix Fig. C24a). For an enhanced MoS, signal over
background, a beam energy of 11.19keV was chosen and the grazing incidence angle
was set below the critical angle of total external reflection at 0.175°. The diffraction
signal was aquired with a 256 x 1280 pixels MAXIPIX 2D detector (ESRF, France).
Appropriate regions of interest were defined on the detector for signal integration. For
the measurement, the specimen has to be placed in vertical position on the six-motion
goniometer head, for which ~ 0.7x0.7 cm? sized samples were sticked onto the specimen
holders heated on a hotplate by using molten In shots (40338, Alfa Aesar GmbH &
Co KG, Germany). Samples were inserted into the UHV system and outgassed in
a pre-chamber at 200 °C (1h) before transfer into the measurement chamber. Then,
beam and sample alignment procedures (¢,,%,,t,) were performed to set the sample
in the homocenter of the in-plane diffraction configuration (see appendix, Fig. C24c).
For in-plane scans, the w and § motors were moved: radial scans are performed by
rotating around w and in two-fold increments of § (equivalent to the commonly used
definition w-26 in the lab setup), and azimuthal scans were performed by rotation
around w (equivalent to ¢-scans in the lab setup). For consistency, ¢ will be used to

refer to in-plane, azimuthal scans for both laboratory and synchrotron experiments.

For extraction of the angular, in-plane domain dispersion (mosaic spread) from
azimuthal line scans, diffractograms were background-subtracted with a constant
baseline and fitted with Pseudo-Voigt functions using the software ORIGINPRO 2018.
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For quantifying the domain dispersion, FWHM values of the diffraction peaks were

averaged and standard deviations were calculated.

2.3.4 MoS,; FET device fabrication and characterization

In semiconductor and integrated circuit manufacturing, microfabrication techniques
have been established to produce electronic devices on wafer-scale with high throughput
and high yield. Despite being mature technologies for conventional semiconductors,
their use to process 2D materials is relatively recent and still requires adaptation.
The techniques used in this thesis include photolithography, etching, metallization,
and oxide integration, which will be briefly described in the appendix (section A.3).
Microfabrication and wafer processing was carried out at the ICN2 Nanofabrication
facility and CNM-IMB (CSIC) cleanroom. Detailed protocols, process parameters and

used equipment and chemicals are given in the appendix (section D.4).

Electrical characterization of FETSs

FETs are three-terminal devices and the classical building blocks of electronics, as
schematically illustrated in Fig. 2.19a. A FET allows modulation of a current Ipg
flowing through a semiconducting channel between two contacts called "drain" and
"'source" by applying an electric field in form of a gate voltage Vi;. The gate bias
generates an electric field across a dielectric layer (often an oxide, such as Al,Oj),
which is separating the gate electrode from the channel. This concept is the foundation
of logic circuitry, where control of Vi allows to switch between a charge-carrier-depleted,
low conductivity state (off-state) and an enhanced charge carrier concentration, high
conductivity state (on-state). The correlation between Ipg and Vi is represented in the
characteristic transfer curve. The Ipg is further controlled by the source-drain voltage
Vps represented in the output curve (Fig. 2.19b). In the following, FET characteristics

and key figures of merit are defined and formulas for their extraction are introduced.



2.3 Experimental details 45

Figure 2.19 MoS; field-effect transistor (FET) device structure and electrical characteristics.
(a) Sketch of the three-terminal device consisting of the semiconducting channel, source (S)
and drain (D) metal contacts, gate (G) metal electrode and dielectric, typically an oxide
insulator or ionic liquid/gel in case of electric double layer (EDL) gated devices. Potentials
applied to the terminals are defined as the drain-source voltage Vpg and gate-source voltage
V. Important geometrical dimensions are the width W, length L, and dielectric thickness
tg. (b) Schematic representation of an idealized Ipg-V transfer curve both in logarithmic
(left axis) and linear scale (right axis) and Ipg-Vpgs output curve for different gate voltages,
where key device characteristics and working regimes are highlighted.

On/off-current ratio

The on/off-current ratio Ipy/Iorr is the ratio between the drain-source currents in
the "on" state and the "off" state. In this work, Ion/Iorr is extracted as the ratio of
maximum and minimum currents within the V-switching window. In certain cases
full accumulation (depletion) regimes for on (off) states might not be reached within
the used switching window (typically 9 V); however, higher bias values were avoided
anticipating that the maximum 9V switching window was limited by the electronics

used in the test station for characterization of flexible neuroprosthetic devices.

Field-effect mobility

The field-effect mobility prg is an important characteristic determined by the 2D
channel material quality and its environment. It can be extracted from the transfer
curve by eq. (2.4) [281]:
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Here, ¢,, = (225) is the transconductance, W and L are the width and length
Vg

of the channel, respectively, Cg is the capacitance of the gate dielectric, and Vpg is
the applied voltage between drain and source. While intrinsic mobility is a material
property, the field-effect mobility can be dominated by extrinsic effects, such as device
structure/geometry and in particular the contact resistance R [282, 283], and may also
depend on the method used to calculate the mobility. In this work, pupgp is extracted

at the peak transconductance.

Threshold voltage Vt

The threshold voltage Vr is the minimum Vi at which a significant current starts
to flow between the source and drain terminals. V7 is an important scaling factor
to control power efficiency and a stable Vi is important for device reliability. Many
different methods have been proposed for Vp-extraction [284, 283]. In this work, the
popular linear extrapolation method is chosen. It consists in finding the interception
point of the linear extrapolation of the Ipg-Vi; curve at its maximum slope (i.e. peak
transconductance g,,), as illustrated in the transfer curve plotted for the linear scale
in Fig. 2.19b. Although, the maximum slope point might be uncertain in some cases
and the extrapolated V; can be influenced by parasitic series resistances, mobility
degradation and may be impacted by hysteresis threshold voltage shifts AVr [63, 61];
however, this method has the advantage of simplicity and practicality compared to

other methods, often yielding very similar results [284].

Subthreshold slope

The subthreshold slope SS' is the gate voltage required to increase the drain current
by a factor of 10, which characterizes the switching speed of the FET. It is typically

extracted from the transfer curve plotted in log;o scale [285] according to eq. (2.5):
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The ideal SS limit is 60 mV dec™" at room temperature [282]. In this work, SS is
extracted from the maximum slope of the transfer curve in logarithmic scale (yielding
the lowest SS value, as the SS may be variable with Vi) [282]. The switching behaviour
and SS are highly dependent on channel defects and the interface trap density Dyr
that can be obtained from eq. (2.6) [282]:
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Here, g is the elementary charge., Cj.5, is the quantum capacitance of MoSy
(which will be assumed as Cy,g, = 0 for fully depleted FETs [282]), and C;r is the
interface trap capacitance. It is noted that for 2D semiconductor devices it is difficult

to differentiate the channel and interface defects contributing to Dr [61].

Gate capacitance and dielectric constant

The gate dielectric can be understood from the model of a parallel plate capacitor with
plates of area Ag and capacitance Cg. Its value can be measured by capacitance-voltage
measurements of metal-insulator-metal (MIM) test structures, such as in the case of
solid(oxide)-gated devices [286], or by cyclic voltammetry in case of liquid(EDL)-gated
devices [136]. Here, C¢ = Cox was only determined for MIM test structures. Literature
values were considered for Cq = Cgpr, of EDL-gated devices. CV-measurements of
MIM test structures were performed with a potentiostat at room temperature at
100 kHz for voltages between —9 and 9V, to determine the dielectric constant x of
ALD-deposited AlO, gate dielectric and its stability in the common gate bias working
range of flexible, monolithically integrated FET devices studied in chapter 5. For a
ring capacitor geometry with area Ag = Apx the unit area capacitance Cpx of the
gate oxide is described by eq. (2.7):
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Here, € is the vacuum permittivity and ¢, is the relative permittivity, often referred
to as the dielectric constant k in case of oxide dielectrics, and tg (= tox) is the
thickness of the dielectric (oxide). Formula eq. (2.7) can also be applied to ionic
gel/liquid-gated FETs [287]. Under gate bias, mobile ions in solution form an electric
double layer (EDL) at the channel-electrolyte interface, which can be regarded as an
ultra-thin capacitor with thickness tg = tgpr of around 1nm. This results in very
high Cgpy, values of typically on the order of 1 to 4 uF cm™2 [287]. Here, a value of
Crpr, = 2pF ecm~2 was chosen for calculation of field-effect mobilities of EDL-gated
FET devices. For more precise determination of mobility values of EDL-gated FET

devices, Cgpr, should be determined experimentally [136].
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Additionally, multi-frequency CV-measurements were performed on metal-insulator-
semiconductor-metal (MISM) test structures for voltages between —9V and 9V to
analyze traps at the MoSy/AlO, interface via the conductance method [288, 289,
286]. For this purpose, the parallel conductance G, as function of the frequency f
(angular frequency w = 27 f) was extracted from the measured capacitance C,, and

the measured conductance G, by eq. (2.8):

B WG, C3
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The relation between G,/w and the interface trap density D;r is given by eq. (2.9):

G,  qDrr

2
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The interface trap density D7 and the respective time constant 7,7 can be deduced

from the following relations eq. (2.10) andeq. (2.11):

25 /G
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= 2.11
=5 (2.11)

Here, (G,/w)pear is the maximum G,/w value and f; is the frequency at this

maximum value.



Chapter 3

MOCVD of MoS5 thin films grown

from organosulfide precursors

For the technological adoption of semiconducting 2D TMDs and their prospective
commercial use in (opto)electronic applications, it is essential to develop large-scale
and reliable methods for the synthesis of homogeneous, electronic-grade and low-defect
density thin films. MOCVD is established in conventional compound semiconductor
manufacturing and has emerged as a promising synthesis method for 2D TMDs.
However, unintentional carbon incorporation has ever since been a concern in MOCVD
and more recently in the field of 2D TMD growth — in particular due to the widespread
use of organic chalcogen precursors as less harmful alternatives to toxic chalcogen
hydrides. Therefore, it is necessary to elucidate the underlying mechanisms of carbon
incorporation, and mitigate its undesired impact on 2D TMD growth and film properties.
This requires a fundamental understanding of the influence of key growth parameters
and process engineering to tailor thin films with well-controlled impurities and large

grain size for high-performance electronic device applications.

This chapter provides a brief review on the MOCVD of TMDs, particularly fo-
cussing on carbon incorporation, which is a central research topic of this thesis. MoS,,
as a prototypical TMD example, is synthesized from Mo(CO)g and organosulfides
(DES, DMS) on amorphous SiOs substrate as model systems to investigate key growth
parameters, highlighting the crucial role of C-containing side-products arising from
organosulfide pyrolysis. For this purpose, in situ gas-phase monitoring (mass spec-
troscopy) and a wide range of ex situ microscopy (SEM, AFM, TEM) and spectroscopy
(Raman, PL, EDX, XPS/UPS) film analysis techniques are used to systematically
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study the effect of growth time, temperature and precursor/gas mixture ratios on film
morphology, composition, stoichiometry and (opto)electronic properties. It is found
that high chalcogen-to-metal ratios and elevated temperatures above organosulfide
pyrolysis onset (2 600 °C) are aggravating the formation of nanographitic carbon that
competes with and disrupts lateral 2D MoSsy growth. Furthermore, photoluminescence
and photoelectron emission studies suggest that the process-induced C impurities result
in doping of MoSs at the MoSy/C heterointerface and produce trap states in the MoS,
midgap. Adding optimized flows of Hy gas to the growth process allows to control
and reduce C impurities, enabling the growth of continuous mono- to few layer thin
films. Alkali-assisted and low-growth-rate approaches are further discussed aiming at
polycrystalline MoS, films with enlarged grain sizes for reduced grain boundary defects

and improved electrical transport properties.

The main content of this chapter has been published in [234]:

Schaefer, C. M.; Caicedo Roque, J. M.; Sauthier, G.; Bousquet, J.; Hébert,
C.; Sperling, J. R.; Pérez-Tomas, A.; Santiso, J.; del Corro, E.; Garrido, J.
A., Carbon Incorporation in MOCVD of MoS2 Thin Films Grown from an
Organosulfide Precursor. Chem. Mat. 2021, 33 (12), 4474-4487.

3.1 Review and roadmap of MOCVD-grown TMDs

Before entering into the experimental part of this chapter, the following section will
summarize the promise and recent advances of MOCVD of 2D TMD semiconductors
while discussing open challenges. Among many of them C incorporation and grain size

enhancement are pointed out as the relevant research topics for this thesis.

Promise and state-of-the-art

Over the past decade, the pressing demand for mass production of 2D TMDs has
attracted great interest in large-scale, bottom-up vapor-phase synthesis methods.
MOCVD is a promising technique because it fulfills important industrial criteria, such
as controllability, reliability, scalability, and versatility. This is thanks to the MOCVD
working principle, which relies on precisely dosing and spatially even gas supply from
external precursor sources into a heated reaction zone for uniform film growth across

large substrate areas. The strict control over vapor-phase chemistry allows homogeneous
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and fine-tuned film composition, and the steady delivery over extended times guarantees
stable and reproducible conditions. Precursor selection enables the growth of a variety
of materials; moreover, independently selectable precursor sources may be used for
in-process composition control, doping and heterostructure growth. The exploitation of
these benefitial aspects and successful adoption of MOCVD for layered TMD synthesis
is well documented by recent literature examples. In 2015, the work of Kang et al.
published in Nature marked an important milestone by demonstrating the controllable
deposition of homogeneous, atomically-thin MoSy and WS, films on 4" wafers [47]; this
was soon followed by reports on the reliable and precise monolayer [290] and layer-by-
layer thickness control [291, 169]. The scalable, wafer-compatible synthesis process was
further advanced by the use of industry-standard reactor technology, such as showerhead-
type injectors [197, 170], and rapid growth for high-throughput manufacturing [167].
More recent studies have shown the versatile engineering opportunities of versatile source
supply for tunable TMD composition in WSy, Seq 1) alloys [292], in situ substitutional
doping of MoS, via Nb [72], or WSe, via Re [293] atoms, as well as different combinations
of lateral, in-plane (Mo,W)(S/Se)s heterostructures [294, 295] and vertically stacked
heteroepitaxial MoS, /WSy vdW superlattices [195]. Besides the quickly rising number
of MOCVD-related publications documenting the growing academic interest, also an
increasing industry interest can be observed. An indicator for the latter trend is the
market entry of semiconductor deposition equipment manufacturers, such as AIXTRON,
CVD EQUIPMENT CORPORATION / FIRSTNANO or OXFORD INSTRUMENTS, which
have targeted the field of 2D materials by adding adapted research and small scale
production systems to their product portfolio [296]. This highlights the fast-paced
adoption of MOCVD for 2D thin film manufacturing.

Despite the recent advances and maturation of MOCVD for large-scale fabrication
of TMD semiconductors, there are still many challenges to be overcome, as summarized
in the roadmap shown in Fig. 3.1. Namely, precursor selection, epitaxy, optimization
of growth conditions and growth modes, improvement of crystalline film qualities and
transport properties, as well as gaining full control over doping and defect engineering,
can be mentioned. For more detailed explanations on the specific topics, the interested
reader is referred to the comprehensive review by Lee et al. [203] It should be commented
that the current status in solving these issues might not always move along a linear
path, as suggested by the illustration. Instead, the research advances on parallel fronts
while facing the multiple challenges related to the multi-factor nature of the MOCVD
process, involving complex surface and gas-phase processes with often interrelated

dependencies that complicate technology progression.
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MOCVD FOR 2D TMD SYNTHESIS CURRENT STATUS AND CHALLENGES
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Figure 3.1 Roadmap for MOCVD of TMDs. Recent advances, current status, and open
challenges. Adapted from [203]. © 2020 American Chemical Society.

Carbon incorporation as prime challenge

Among the numerous challenges, in particular, the choice of precursors is fundamental
to every MOCVD process. It is obvious that the starting material and purity of the
used source compounds determine the elements entering the reaction environment for
deposition of the final thin films, including the possibility of unintentional impurity
incorporation if undesired species do not leave the reaction as gaseous side-products.
For example, and as MOCVD employs by definition carbon-containing (metal)-organic
precursor, carbon impurities are a common concern. Such impurity incorporation may
affect various other synthesis aspects marked on the roadmap (Fig. 3.1), such as the
optimal growth conditions, resulting growth modes, grain sizes and (opto)electronic
film properties. Therefore, MOCVD process engineering is generally dependent on the
selected precursor chemistry [172], and the same holds for 2D TMD synthesis.

Theoretical phase diagram modelling has predicted the broadly used transition-metal
hexacarbonyl precursors [Mo(CO)g, W(CO)g] to be a potential source of C impurities
for temperatures <575°C [188, 297, 298]. Furthermore, the selected chalcogen source
has shown to play a crucial role in the realization of electronic-grade TMDs, for
which typically elevated temperatures 2800 °C are desired to achieve high crystalline
quality thin films [239, 190]. While carbon-free chalcogen hydrides (HsS, HoSe) are
viable precursors according to thermodynamic predictions [188, 297, 298], and may
be preferable from a film purity perspective according to experimental studies [239,

190], their high toxicity[220] raise cost and safety concerns, thus motivating further
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research into "hydride-free" processes [198] using the less hazardous organic chalcogen
counterparts. Focussing on organosulfides for the case of MoSy/WSs synthesis, a
variety of precursors have been employed (DMS [180, 192, 115, 193], DMDS [196,
115], DES [47, 190, 194, 195], DEDS [167, 197], DTBS [177, 198, 199]), as listed and
compared in the introduction section 2.2.2 in view of their physicochemical properties .
Among the many options, following the pioneering work of Kang et al. [47], and due to
low-cost and easy availability, DES has become a popular choice, and as such, was also

used in this work alongside DMS as representative, organic chalcogen precursors.

As mentioned, this selection implies the challenge of C incorporation, and therefore,
remains to be a highly relevant topic that raises a series of research questions about

the potentially introduced C impurities:

« What are the underlying reaction mechanisms for their formation?

o What is the their chemical form?

o Are they incorporated into the film or at the interface?

o How is the TMD film growth mode impacted?

o How does the C content depend on the growth parameters?

« How are film morphology, composition, and (opto)electronic properties impacted?

e How can undesired C impurities be mitigated?

The formation of highly reactive C radicals [299] during organosulfide pyrolysis is
expected to be a main mechanism behind C impurity formation in TMD films [225,
190], which is supported by various thermal decomposition studies for DMS [228,
227, 229], DES [300], DMDS [226, 227, 230], and DTBS [301, 302]. The type of
carbon introduction into TMD thin films is controversially discussed, which might be
related to the particular TMD, individual process conditions and/or the capability of
material characterization in each specific case. Some researchers observed codeposited
“amorphous carbon” [180] or “defective graphene [225] to form simultaneously with the
TMD layer at the substrate/TMD interface; others discuss carbon inclusion into TMD
crystals through substitutional doping of the TMD basal-planes, such as C atoms at
chalcogen sites in MoS, [303], CH functionalization in WSy /WSe, [73, 304], or carbide
transformation of the TMD edge [305]. Edge carbidization of MoS,; nano-catalysts is

well-known in the field of refining and hydrodesulfurization of organic fuels [306], referred
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to as "coking/deactivation' [307, 308]. From atomistic hydrodesulfurization studies
it is also known that Hy/HsS hydrotreating conditions sensitively affect termination
and edge sulfidation degree of MoSs nano clusters [105, 108], from which important
mechanistic insights can be deduced for the role of sulfiding agents during domain edge
expansion and shape evolution in MoSs synthesis. While the use of HyS with its high
sulfiding potential can yield the thermodynamically favored triangular MoS; domain
shape, the use of organosulfides like DMS or DES may result in disturbed crystallinity
and more roundish domain shape [115, 190]. Despite this disturbance Tuxen et
al. did not find any sign of C inclusion at the edges or inside the MoS, sheet after
sulfidation [115] raising the question about the exact role of carbonaceous species in
the atomistic processes during MoS, edge reactions and reconfiguration. Nevertheless,
it has been commonly observed in MOCVD studies that the lateral 2D TMD growth
is impeded by C impurities, resulting in disrupted film morphologies and limited grain
sizes [177, 225, 190]. Furthermore, C impurities alter the (opto)electronic properties of
TMD films. Recent reports have suggested intentional C incorporation for p-doping
and tailoring electronic TMD devices [225, 190]; unintentional C incorporation, on the
other hand, may have unfavorable effects, such as quenched photoluminescence [190,
303] and/or a shift from semiconducting to conducting film properties, thus resulting
in poor on/off transistor performance [180, 58]. Consequently, it is crucial to monitor

and be in control of the C impurity level in TMD films.

Several mitigation strategies have been used to reduce C incorporation, such
as alkali-assisted growth [180], water-assisted growth [309, 199, 170], low-pressure
conditions [177], high-temperature substrate pre-treatment in Ho-atmosphere [177],
and most commonly by working under reductive Hy conditions while avoiding the
thermodynamically unfavorable use of inert carrier gases [188, 310, 225, 190]. However,
systematic studies especially dedicated to C incorporation are sparse and common
practice in most studies relies solely on post-growth film characterization by qualitative
Raman spectroscopy as the single method of carbon analysis. At present, little effort has
been devoted to in situ gas-phase monitoring and a more quantitative and systematic
approach is desired to correlate the C content with different growth parameters, such as
temperature and gas-phase composition, by multiple, independent analysis techniques.
In this regard, also hot- and cold-wall reactor designs and their impact on C formation
rates are subject of ongoing research [190]. Therefore, the role of organosulfide precursor
pyrolysis in TMD growth depending on the reaction conditions is not fully explored.
Better understanding the origin, effect and mitigation of C incorporation is essential in

the search of optimal growth conditions to produce thin films with desirable properties.
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3.2 MoS; growth parameter study

The MOCVD synthesis of mono- to few layer MoS, thin films was chosen as a model
system for TMD growth from organic chalcogen precursors. Thin films were grown from
the gas-source precursors Mo(CO)g and DES in a home-built, vertical, hot-wall reactor
described in section 2.3.1. To address the previously formulated research questions
on C incorporation in section 3.1, a systematic study was performed for single- and
multisource DES, Mo(CO)g, DES/Mo(CO)g, and DES/Mo(CO)s/Hy gas mixtures
and varied growth times and temperatures. Extensive ex situ film characterization,
such as by SEM, TEM, AFM, semi-quantitative Raman, PL spectrocopy and XPS are
correlated with in situ gas-phase monitoring to elucidate the role of DES pyrolysis in
C incorporation and impact on thin film morphology, composition, stoichiometry and

(opto)electronic properties.

A schematic of the MOCVD reactor and growth process is shown in Fig. 3.2.
Low-pressure conditions (1072 to 10! Torr) during the growth phase were chosen for
vapor draw of the Mo and S precursors into the vacuum reaction chamber without any
inert carrier gas, which was motivated by the previously reported benefits for (carbon)
contamination-free growth windows [311, 177, 188, 297, 298]. SiO,/Si was chosen as
substrate due to its technological relevance in semiconductor industry and because of
its chemical inertness at high growth temperatures, while offering an excellent platform
for optical characterization by Raman and PL spectroscopy [262]. The choice of 285 nm
oxide thickness allows enhanced optical MoS, visibility [312] and signal intensity due

to optical interference [313].

The illustration contains a simplified model of the MOCVD process, including (1)
the delivery of vaporized Mo(CO)g and DES precursors from the external bubblers into
the reaction chamber that is precisely dosed by needle metering valves, (2) gas-phase
pyrolysis of Mo(CO)g and DES at high temperature, (3) adsorption and diffusion of
Mo and S species on the SiO, substrate, (4) partial S desorption, and (5) nucleation
and lateral growth of MoS, domains, while simultaneous deposition of graphitic C(sp?)
impurities may occur, and (6) release of gaseous byproducts, such as carbon monoxide
CO, ethylene CoHy, hydrogen H,, and hydrogen sulfide HsS. It has to be mentioned
that the real growth process may be far more complex than this simplified model, with

numerous surface and gas-phase processes involved [314].

Surface processes include physisorption and chemisorption [315], and substrate-

mediated precursor decomposition, such as the decarbonylation of Mo(CO)g on
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Figure 3.2 MOCVD setup and simplified growth model. Left: Schematic of the vertical,
hot-wall MOCVD reactor. Molybdenum hexacarbonyl Mo(CO)g and diethyl sulfide [DES;
((CH3CHz)29)] are injected from external canisters together with Ha into the reaction chamber
at growth temperatures from 500 to 800°C and at a working pressure of ca. 1072 to 10~}
Torr. Right: Different MOCVD gas-phase and surface processes marked and annotated in
the legend. In situ gas-phase monitoring of the reaction and pyrolysis products is enabled by
a residual gas analyzer (mass spectrometer) attached downstream the reaction zone.

SiOs [316, 317]. The sulfidation of Mo adatoms results in the nucleation of MoS, grains,
which can grow laterally through edge-attachment of additional Mo and S species [168,
47]. During sulfidation, a sufficiently high chalcogen-to-metal ratio is crucial to prevent
Mo accumulation and metal-rich cluster formation [310]. The DES/Mo(CO)g precursor
ratio requires tuning by independent source control to achieve the desired, effective
chalcogen-to-metal ratios on the surface. Typically, high chalcogen-to-metal ratio are
necessary to obtain stoichiometric TMD films, because the large discrepancy in vapor
pressures, sticking coefficients, and diffusion kinetics of the metal and chalcogen species

must be compensated [82].
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Gas-phase reactions include the thermal decomposition of Mo(CO)g [232, 233] and
DES [300]; moreover, premature reactions between pyrolized gas-phase species may
occur before precursors reach the substrate surface [318, 319]. Such reactions and
involved vapor-phase constituents can be monitored in this setup with a residual gas
analyzer (mass spectrometer) connected at the reactor exhaust. In this study, this

capability is used to investigate the role of DES pyrolysis during MoS, synthesis.

3.2.1 Assessment of MoS; monolayer and C incorporation

In a first experiment, it was aimed at synthesizing a MoS, thin film to demonstrate the
ability of monolayer growth control and providing an exemplary sample for initial thin
film assessment. The MoS, film was grown by co-injection of approximately 0.02 sccm
Mo(CO)g and 0.3 sccm DES at 700 °C without added Hy gas, and the growth time was
set at 60 min, which yielded a virtually coalesced, nominally monolayer film. After SEM
check of the as-grown sample on SiO, [Fig. 3.3a(i)], the film was succesfully transferred
film’s morphology. STEM in Fig. 3.3b shows the continuous nature of the monolayer
film (1L, grey contrast), while revealing the presence of some non-coalesced (0L, black
holes) and bilayer regions (2L, white contrast) corresponding to the hardly identifiable
white dots previously seen in the lower resolution SEM images. Fully coalesced layers
without holes and few layer thin films can be easily achieved by further increasing
the growth time (section 3.2.2). However, strictly self-limited, layer-by-layer growth
behaviour can be difficult to achieve by a continuous MOCVD process. This might be
solved by low growth rate process controlled by decreased Mo flux [47], Mo flux ramp
down with increasing monolayer domain coverage [320], and sequential dosing giving
time for metal adatom diffusion [321, 322] and vertical Ostwald ripening [197] during
interrupted precursor pulses. Another possibility is a thermally and Hy/Cly-controlled
bilayer back-etching approach [291, 323] to remove superficial islands and to obtain a
monolayer with more uniform properties. Further magnification in Fig. 3.3¢(i) shows
slight contrast variations with a whitish haze in the continuous 1L areas, which suggests
the presence of another species. This might be attributed to organic residues from the
PMMA-based layer transfer [324], and/or growth-induced carbon contamination that
will be discussed in the subsequent paragraph. Qualitative EDX analysis confirms the
expected Mo and S elemental composition, whereas the Cu signal can be assigned to
the Cu-support grid, C signal to the holey carbon, and/or growth/transfer induced C

residues, while no other elements could be found within the detection limit of EDX.
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The plateau-like HAADF line profile intensity scan gives further evidence of the white
contrast regions being bilayers [Fig. 3.3¢c(iii)]. HRTEM imaging displays the nanocrys-
talline nature in Fig. 3.3d and the inset shows an atomically-resolved 1L region of the
hexagonal 1H-MoS, crystal structure with characteristic {1010} and {1120} lattice
plane distances of 0.27nm and 0.16 nm, respectively, as introduced in Fig. 2.2. The
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Figure 3.3 Transmission electron spectroscopy (TEM) of a MOCVD-grown, nominal 1L-
MoSs thin film. (a) Schematic illustrations and SEM images of (i) as-grown MoSs film, and
(ii) transferred MoSs film suspended over a (iii) Cu-supported, holey carbon TEM grid. (b)
STEM of the continuous monolayer thin film, with non-coalesced (black holes), monolayer
(1L, grey), and bilayer regions (2L, white). (c) (i) Magnified STEM image of 2L regions,
over which (ii) elemental energy-dispersive X-ray spectroscopy (EDX, red box), and (iii) a
high-angle annular dark-field (HAADF, yellow line) intensity profile scan were performed. (d)
High-resolution (HR)TEM image of atomic MoSs structure, revealing the hexagonal lattice
and characteristic lattice plane distances in the magnified inset. (e)(i) Selected-area electron
diffraction (SAED) ring pattern seen along the out-of-plane [001] zone axis, (ii) extracted
intensity line profile with (iii) table of corresponding diffraction ring radii and determined
interplanar distances dpg; of indexed (hkl) lattice planes.
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ring-like selected-area electron diffraction pattern recorded with a 730 nm wide aperture
and averaged signal from many domains highlights the polycrystalline nature of the
MoS;, film [Fig. 3.3e(i)] with random, in-plane grain orientations, as it can be expected
displays the intensity line profile through the indexed ring pattern for extraction of
reciprocal distances and allowing the calculation of corresponding interplanar lattice
distances dyy;, which are in agreement with simulated values for the MoS, crystal
structure in the CARINE CRYSTALLOGRAPHY V3.1 software database [325].

Figure 3.4 Semi-quantitative Raman analysis of 1L-MoSs grown at 700 °C by co-injection
of 0.3 sccm DES and 0.02 sccm Mo(CO)g precursor flow without reductive Ho gas flow. (a)
Overview Raman spectrum, and three regions of interest for peak area analysis: (b) MoSs-
related modes fitted with a double-Lorentzian, (c¢) Si mode fitted with a single-Lorentzian,
and (d) C-related D and G bands fitted with a double-Gaussian and magnified by a factor of
80. The peak integrals for the Raman modes associated to MoSs, Si, and C are defined as
Ingos, (red), Is; (green), and I (blue), respectively.

Figure 3.4a displays an exemplary Raman overview spectrum of the coalesced
1L-MoS; thin film and three highlighted regions. The first region in Fig. 3.4b belongs
to the characteristic MoS, in-plane (Ez,) and out-of-plane (Aiy) phonon modes at
382.6 and 402.4cm™!, respectively. The full width at half-maximum (FWHM) values

L respectively. The frequency difference

of E%g and A, peaks are 5.7 and 5.0cm™
A=A, E%g, which is commonly used as a layer thickness indicator, is A = 19.8 cm ™!

and confirms the monolayer thickness of the film [274, 169]. Figure 3.4c shows the Si
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substrate band at 521 cm™!. The third region in Fig. 3.4d depicts broad carbon D and
G modes at around 1360 and 1590 cm™!, revealing the presence of incorporated C in
the film, as previously observed in TMD growth from organic chalcogen precursors [190,
225]. The observed D and G band positions and the I/l intensity ratio of around 1.7
has strong characteristic of sp?-bonded carbon (later also corroborated by XPS), such
as in pyrolytic graphite [326]. According to the formula of Cancado et al. [327], the
crystallite size L, = 560/ E} (Ip/Ig)~" for the used laser energy of E; = 2.54¢V can be
estimated to be < 10nm for this carbon. Therefore, it will be subsequently termed as
"graphitic carbon' C(sp?), in agreement to previously described nano-grained, defective
graphene incorporation during TMD synthesis [225]. Possibly, this C incorporation
may also contain sp®-bonded carbon, typical for "amorphous carbon", according to the

amorphization trajectory of disordered carbons proposed by Ferrari and Robertson [328].

Raman spectroscopy has been used in this work as a rapid, semi-quantitative
analysis tool. For this purpose, the MoS,, Si, and C Raman bands are fitted and the
respective peak integrals are defined as I/,5, = [Eég +1a,,, Isi, and Ic = Ip+ Ig. The
normalized Raman integral ratios Iy,s,/Isi and I¢/Igi, relying on the Si substrate
reference peak, are used as indicators for monitoring the contents of MoS, and C(sp?),
respectively. This allows to follow their evolution and relative composition and to
deduce trends within the growth parameter space. In the following, this method will be
used as a tool to systematically investigate the influence of growth time, DES/Mo(CO)g

ratio, temperature, and Hy gas flow on MoS,; growth and C incorporation.

3.2.2 Time — Nucleation, coalescence, and thickness control

The first parameter of interest is growth time, a basic control knob for layer coverage
and thickness during MOCVD. MoS, films were synthesized by co-injection of 0.02 sccm
Mo(CO)g and 0.3 scem DES without added Hy at 700 °C, while varying growth time.
Analysis of the morphology, composition, and (opto)electronic properties is shown in
Fig. 3.5 by SEM, Raman and PL spectroscopy. The summarized trends and evolution

of film properties are extracted from each method in panel Fig. 3.5d.

The SEM images in Fig. 3.5a for films grown between 15 min to 240 min at 700 °C
display the characteristic nucleation, lateral domain expansion, monolayer coalescence
and multilayer formation, as illustrated by the schematics on top. The analysis of
sub-monolayer films allows the assessment of domain density N and evolution of the

surface coverage x of monolayer domains (gray) on the SiO, substrate (black) based on
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Figure 3.5 Growth time study. Mono— to few layer MoS, thin films grown at 700 °C from
0.02 sccm Mo(CO)g and 0.3 sccm DES flow for growth times varying between 15 and 240 min.
[a(i—v)] Schematic illustrations of layer morphology and SEM images. (b) Raman spectra
normalized to the Si peak (521 cm™!, not shown), displaying MoSs, and C regions. The
intensities for carbon-related D and G bands are magnified. (c) PL spectra. (d) Summary
of thin film characteristics as a function of growth time extracted from (i) SEM (coverage
X, and domain density N), (ii) Raman spectroscopy [Ias0s,/Isi and I¢/Ig; integral ratios,
and A(A1, — E3g) frequency difference], and (iii) PL spectroscopy [(A° + A7)/B and A~ /A®
exciton intensity ratios.]
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the film-substrate contrast [Fig. 3.5d(i)], as per the image analysis algorithm described
in section 2.3.3. It can be clearly observed again that bilayer nucleation (white contrast
spots, cf. TEM analysis in section 3.2.1) already starts prior monolayer coalescence
(60 min), as previously discussed [197, 329, 320]. The nucleation density of the first
layer is on the order of ~ 10? pm~2, which has been consistently observed throughout
this work for alkali-free growth in this reactor, and largely unaffected by the growth
parameters (see appendix Fig. B4). This produces a nanocrystalline MoS,; monolayer
with small grain sizes on the order of 20 to 30 nm (more detailed grain size statistics
are shown in Fig. B25). This high nucleation density can be explained by high Mo-
flux-controlled growth rates [197, 47, 329], high Mo gas-phase supersaturation at low
working pressure [188, 310], low diffusivity of Mo adatoms [320] and their anchoring
at surface groups of the SiO, surface [330]. As larger grain sizes (2 pm-scale) are
typically desired for high-performance (opto)electronic devices and require suppression
of nucleation events [180, 178], this issue will be later addressed by alkali-assisted and

low-growth rate approaches in section 3.4.

While contrast-based SEM analysis is well-suited for determination of sub-monolayer
coverage, its use for layer thickness determination is not sufficiently reliable. For the
latter purpose, the frequency difference A of the E219 and A;, MoSs-modes is a useful
thickness indicator (Fig. 3.5b). In Fig. 3.5d(ii) A-values below ~20cm™! correspond
to 1L films up to 60 min; then, A widens with increased layer number due to softening
(red-shift) of in-plane Ej, modes and stiffening (blue-shift) of out-of-plane A;, modes,
in agreement with literature [274, 169]. Gray lines for 1L, 2L, and 3L are added to
Fig. 3.5d(ii) according to AFM-calibrated thickness-data for MOCVD-grown MoS, from
Shinde et al. [169] The full data set of Ej, and Ay positions is shown in the appendix
Fig. B5. Interestingly, below 30 min an anomalous tail above A-values above 20 cm is
observed. XPS analysis of these samples (not shown in the figure) found that the nano-
scale MoSs domains (<15nm) in the early nucleation phase exhibit a high MoO3:MoS,
content. This might be related to post-growth oxidation of ambient-exposed domain
edges [331], resulting in oxidized domains with high perimeter-to-volume ratio, and
thus, an elevated MoO3:MoS; composition. Such edge-oxidation might constrain the
MoS,-phonon modes and impact A-values, as seen for the short growth times. The
monotonically increasing Ip.s,/Is; and Io/Ig; signals in Fig. 3.5d(ii) indicate the

increasing amount of deposited MoS,, while C is incorporated simultaneously.

The PL evolution during layer growth is also followed. The PL signal consists of
several exciton peak contributions, as will be later discussed. PL intensity measured

by the normalized (A + A~)/B exciton ratio [275] first increases with sub-monolayer
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coverage Y, reaching a maximum at full monolayer coverage around 60 min before
declining again due to the layer-dependent direct-to-indirect bandgap transition of
few layer MoS, thin films [99] [332]. The PL peak position may be affected by the
decreasing bandgap with increasing layer number [99], see section 3.3.2. Furthermore,
the A~ /A%ratio increases for increased layer number and C incorporation, which will be
discussed in a more detailed PL study in section 3.3.2.1. Therefore, PL measurements
can be used as another layer-thickness indicator for MOCVD of TMDs [169].

In summary, the steady precursor supply in MOCVD allows time-controlled growth
of mono- to few layer MoS, thin films with determined coverage and thicknesses. This
capability will be exploited to obtain 2-3L films for transistor application in chapter 5,
which are expected to have improved transport properties compared to 1L films [291,
248, 333]. The subsequent studies will primarily focus on surface coverages x between

0 to 100 % for further study of film growth and the role of C incorporation.

3.2.3 S:Mo ratio — Film composition and stoichiometry

The chalcogen-to-metal ratio is a key parameter during MOCVD of TMDs and
chalcogen-rich conditions are commonly highlighted as preferred for stoichiometric,
lateral 2D growth [310, 82]. Here, the effect of DES:Mo(CO) ratio was investigated
for MoS, films grown at 700°C for 60 min and 0.02sccm Mo(CO)g flow, and with
DES flow varying between 0.3 and 13.2scecm, corresponding to DES:Mo(CO)g ratios
of ~15 to ~660. The SEM images in Fig. 3.6a and their analysis in Fig. 3.6d show
that starting from a coalesced monolayer, increasing DES flow results in a significant
coverage decrease with a constant, high nucleation density N of ~ 103pm™2. Further-
more, MoS, domains change towards more irregular and fractal shapes with increasing
DES flow. This morphological evolution is also evident in the Raman spectra in
Fig. 3.6b; the decreasing E%g and A;; MoS;-mode intensity suggest a reduced amount
of MoS,, which is accompanied by rising D- and G-band intensities. Accordingly,
the semi-quantitative analysis exhibits decreasing Iys.s,/Is; and increasing Injos0/Is;
values (Fig. 3.6d[ii]). These trends suggest that C incorporation introduced at elevated
DES flow competes with and hinders the lateral MoS,; growth. Similar observations of
interrupted TMD morphology in presence of carbon have been reported for MOCVD
of WS, [190] and WSe, [225] synthesized from organic chalcogen precursors. Moreover,
the MoS, layer thickness indicator A increases despite the decreasing MoS, surface
coverage and strongly suggests the tendency to form vertically, layer-stacked MoS,

islands instead of laterally expanded 1L domains. This growth mode transition will
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be further corroborated by topographical AFM and cross-sectional TEM analysis in
Fig. 3.17. The PL spectra in Fig. 3.6¢ show quenched intensity [(A° + A~)/B] and
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Figure 3.6 DES/Mo(CO)g precursor ratio study. MoSy thin films grown at 700 °C (60 min)
from 0.02 sccm Mo(CO)g and DES flow varying between 0.3 to 13.2sccm. [a(i—v)] Schematic
illustrations of layer morphology and SEM images for indicated DES flows. (b) Raman
spectra normalized to the Si peak (521 cm™!, not shown). The carbon-related D and G bands
are magnified by a factor of 8.3. (c) PL spectra. (d) Summary of film characteristics as
a function of the DES flow, extracted from (i) SEM (coverage x, and domain density N),
(ii) Raman spectroscopy [Inros,/Isi and I¢/Is; integral ratios, and A(A;, — EJg) frequency
difference], and (iii) PL spectroscopy [(A° + A~)/B and A~ /A exciton intensity ratios].
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peak shift due to modulation of the trion-to-exciton ratio (A~/A°) as a consequence
of decreased layer coverage and C incorporation at elevated DES flow. This will be

explained more precisely in section 3.3.2.1.

The morphological evolution during DES flow increase could indicate that agglomer-
ates of an amorphous MoS, phase are formed in place of crystalline 2D MoS,; domains.
However, amorphous phases, such as MoS3 are known to be thermally unstable and
to crystallize into the 2H-MoS, phase above 400 °C [334, 335], which is much lower
than the growth temperature of 700°C. Indeed, no obvious signs of MoSs-related
phases [112] were found in the XPS analysis, as discussed in the following. Figure 3.7
displays the fitted XPS spectra of thin films grown on SiO, for DES flows from 0.3 to
13.2scem, after energy correction to the Si'V substrate reference peak at 103.3 eV [276]
(see appendix for table of fitting parameters, table B1). The high-resolution Mo 3d
core-level spectra in Fig. 3.7b show three different Mo oxidation states, each fitted by a
doublet peak. First, the most prominent doublet (blue) is attributed to the Mo'" oxi-
dation state and corresponds to stoichiometric MoS,, with the Mo 3 ds/, and Mo 3ds,
spin-orbit components positioned at 229.3 4+ 0.1eV and 232.5 £ 0.1 eV, respectively, in
agreement with literature values for MOCVD-grown MoS, [167]. Second, the higher
binding energy doublet (red) observed at 232.54+0.2¢eV and 235.6 £ 0.2V is attributed
to the Mo"! oxidation state ascribed to MoOs. A fraction of MoOs has been generally
detected in as-grown samples, which may be explained by post-growth oxidation of the
defective, sulfur-deficient film upon air exposure [336, 190, 156], and is commonly found
in aged, natural MoS, crystals [121]. Despite being grown under vacuum conditions,
low water background levels in the reaction chamber monitored with the residual gas
analyzer (see appendix, Fig. B7) might also explain a partial oxidation already during
MoS, synthesis or reactor cool-down [337]. Third, the doublet (light green) observed
at lower binding energies within slight shifts at 229.0 £0.2eV and 232.2 + 0.2€V, is
assigned to a Mo'™ oxidation state related to a defective, sub-stoichiometric MoS,_,
phase, for which the doublet position depends on the MoS,_, stoichiometry [338].
The presence of this sub-stoichiometric phase can be accounted to S vacancies due to
incomplete sulfidation, a frequent observation in CVD-grown MoSs [339]. The S:Mo
stoichiometry of this S-deficient phase fraction lies approximately between 1.6 and 1.9
according to the Mo 3ds/, peak positions [338]. For better visualizing the evolution of
sub-stoichiometric MoS,_, phase fraction as a function of DES flow, the corresponding
Mo 3d peak areas normalized to the stoichiometric MoS, phase (Mo'¥ 3d area)
are plotted in Fig. 3.9a. With increasing DES flow, a vanishing MoS,_, phase can

be observed, corresponding with a phase fraction reduction from 0.17 to 0.07, as
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shown in Fig. 3.9d. This trend clearly indicates that a higher DES flow (i.e., higher
sulfidation potential) can result in MoS, films closer to the ideal stoichiometry relation.
Despite the advantage for stoichiometric growth, a high DES flow leads to increased
incorporation of C impurities and hampered lateral MoS, growth, as shown in the
previous SEM and Raman analysis. This conclusion is further supported by the XPS in
Fig. 3.7 showing overall increased C 1s peak areas together with concurrently decreased
Mo 3 d peak areas for raised DES flow.

The following discussion of the C1ls peaks aims at better understanding the
chemical nature of the incorporated carbon. Such analysis is challenging because
ambient-exposed samples typically build up an adventitious hydrocarbon layer with
carbon components in different oxidation states [340]. XPS control experiments were
performed on in situ-annealed samples for hydrocarbon desorption (Fig. 3.8) [315] and
a reference-sample-based peak fitting model was developed to differentiate between
adventitious, post-growth C contribution from ambient exposure and the growth-
related C contribution from the MOCVD process. As shown in Fig. 3.8a, a bare
SiO, substrate after air-exposure served as reference for the commonly observed,
physisorbed C components (light gray peak areas) ascribed to aliphatic C-C/C-H
species at 284.7+ 0.2 eV, and oxidized C-O-C and O-C=0 species upshifted by +1.7eV
and +4.3 eV, respectively (also see appendix, table B1). The individual peak area
fractions of C-O-C and O-C=O0 species compared to aliphatic C-C/C-H reflecting
the composition of adventitious carbons were found to be 0.1 and 0.17, respectively.
Assuming these fractions of the aliphatic C-C/C-H peak as a standard, they were set as
an area constraint for fitting the adventitious carbon components in MoSs samples (see
appendix, table B1). The total fraction R of these oxidized carbonaceous species was
found in the common range of 0.1 < R = 0.1+ 0.17 = 0.27 < 0.3 [340]. It is remarked
that this composition can depend on ambient factors like humidity or the storage time;
however, to guarantee comparability, samples were processed and handled similarly.
The adventitious carbon layer could be desorbed at 500°C, as apparent from the
vanishing peak components after in situ annealing and consistent with literature [315].
Then, MoS, samples grown with low 0.3sccm and high 13.2sccm DES flow were
measured before and after annealing [Fig. 3.8(b-c)]. While the adventitious overlayer
was removed, a thermally stable carbon component persisted the annealing step. This
allowed identification of the growth-induced C incorporation as graphitic C(sp?) (dark
gray areas) with its asymmetric peak found at 284.2 + 0.2eV. Figure 3.9 shows the
evolution of the graphitic C(sp?) peak for MoS, thin films grown with DES flows from

0.3 to 13.2sccm, exhibiting an almost 20-fold increase in the fraction of codeposited
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C(sp?) when normalized to the MoSy-related Mo 3 ds /2 peak; this is characteristic of
heavily contaminated films. When further studying the chemical nature of C impurities,
no evidence was found in XPS spectra for the formation of possible C-Mo bondings,

which should have otherwise been apparent in the C 1s region at low binding energies
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Figure 3.7 XPS analysis showing the effect of DES:Mo(CO)g precursor ratio on chemical
composition of MoSs thin films grown on SiOg at 700 °C (60 min) from 0.02 sccm Mo(CO)g
and varying DES flow, as indicated by the scale on the right; The following core level regions
are shown: a(i—v) C 1s, b(i—v) Mo 3d / S 2s, c¢(i—v) S 2p, and d(i—v) Si 2p, where black
lines in (i-v) correspond to the measured spectra for DES flow between 0.3 sccm and 13.2 scem;
colored areas under singlet/doublets represent fits assigned to the same chemical species and
pink lines show the synthetic fitting envelopes of summed peaks. All spectra are calibrated
to the SiOs substrate peak at 103.3eV and are plotted with the same intensity scale. Insets
in (b—c)(v) show the respective S 2s and S 2p peaks of the C,S, organosulfur compound
emerging at increased DES flows.
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Figure 3.8 XPS in situ annealing experiment for differentiation of adventitious and growth-
induced carbon components in the C 1s core level spectra (DES flow series). (a) SiOs reference
substrate prior to deposition; and MoSs grown on SiOs at 700 °C (60 min) by co-injection
of 0.02sccm Mo(CO)g and (a) 0.3sccm DES and (c¢) 13.2sccm DES. The samples were
analyzed (i) before and (ii) after annealing at 500°C (~1min) inside the XPS chamber.
Measured data is shown as black lines. The synthetic fitting envelopes of summed peaks
are shown in pink. Fitting components assigned to adventitious carbon species (C-C/C-H,
C-0O-C, O-C=0) are colored with light gray peak areas and graphitic carbon (C-sp?) with
dark gray peak areas. All spectra are plotted with the same intensity scale. Insets show
schematic illustrations of the SiO9 surface before/after thermal desorption of adventitious
carbon and grown thin films composed of MoSy and graphitic C(sp?).

at around 282.8¢V [305]. Therefore, within the detection limit of the XPS study,
it is believed that the incorporated C impurities for the used growth conditions are
mainly composed of graphitic C(sp?) patches codeposited alongside the MoS, layer
rather than incorporated into the MoS, crystal [341]. This excludes the formation of
Mo, C carbide [193, 305] and CH functional groups at chalcogen sites, as previously
reported for synthetic TMDs [304]. The latter is in good agreement with the theoretical
prediction that substitution of S with C atoms at the MoS, edge is thermodynamically

unfavorable [115] and is further supported by the experimental observation that carbide
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conversion of MoS, does not occur below 800 °C [305]. It is remarked that different
transition-metal elements used for TMD synthesis, most commonly Mo and W, vary
in their susceptibility to form bonds with carbon[342], which explains the ongoing

controversy on the type of C incorporation.

Figure 3.9 XPS analysis showing the evolution of film components as function of DES
flow. (a) Sub-stoichiometric MoSy_, phase (b) graphitic C-sp? phase, and (c) organosulfur
compound C,S,; Spectra are shown after Shirley background subtraction and normalization
to the MoSs-related Mo'Y 3d5 /2 peak and after consideration of RSF factors. (d) Summary
panel showing the phase fractions of sub-stoichiometric MoSy_,, C-sp?, and C,Sy relative to
MoS;.(e) Schematic illustration of MoSs thin film grown with low DES flow, containing S
vacancies / sub-stoichiometric MoSy_, phase, and grown with high DES flow with reduced S
vacancies, but codeposited C-sp? and C,Sy impurities.
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Regarding the XPS analysis of sulfur core levels (Fig. 3.7c), the characteristic
MoS, fingerprints attributed to the S™ oxidation state are observed according to
literature data [167]: an S2s singlet peak at 226.5 + 0.1eV (Fig. 3.7b), and a S2p
doublet with S2p;/, and S2p3/, spin-orbit components at 162.1 & 0.1eV and 163.3 +
0.1eV, respectively, as marked by the yellow peak areas in Fig. 3.9c. Another S2p
doublet (yellow-green) emerges at higher binding energies for DES flows above 3.9 scem,
positioned at 163.6+0.2eV and 164.8£0.2¢V. A magnified inset is shown in Fig. 3.7¢(v)
for the 13.2sccm DES flow. A similar S2p doublet was previously observed in WS,
growth using DES and was attributed to either MoS, 0O, oxysulfide or C,S, organosulfur
compounds [190]. Here, the presence of an intermediate MoS,0, oxysulfide phase is
discarded, as the S2p spectra do not show evidence of the distinct sulfur oxidation
state characteristic for MoS, 0O, [343]. Instead, the additional doublet is assigned to
a C,S, organosulfur compound arising for excessive DES flow [Fig. 3.9(c-d)]. Such
organosulfur compounds have been previously reported at binding energies of 163.7 &
0.3eV [344] for sulfurized carbon black, activated carbon, charcoal and in S-doped
graphene [345]. Therefore, such additional C,S, compounds may also form part of the

complex carbonaceous impurity components incorporated into the film.

In summary, two significant conclusions can be drawn from the analyses of the
effect of DES:Mo(CO)g ratio, which are highlighted by the trends in Fig. 3.9d and
illustrated in the schematic in Fig. 3.9e. On the one hand, high DES flow is beneficial
for a S-rich reaction environment and helps reducing S vacancies and the fraction of the
sub-stoichiometric MoS,_, phase. On the other hand, excessive DES results in a C-rich
environment that can cause codeposition of graphitic C(sp?) and C,S, organosulfur
compounds competing with MoSs. Therefore, the use of an organic chalcogen precursor
can impose limitations on the maximal appropriate chalcogen-to-metal ratios due to

the trade-off between film stoichiometry and purity.

3.2.4 Temperature — DES pyrolysis causing C incorporation

The reported temperature range for MOCVD of TMDs spans widely between around
400 to 1000 °C, for which the upper end is typically desired for improved crystalline
TMD quality [346]. Thermal energy is an important factor in MOCVD to activate the
thermal decomposition of precursors providing the source elements for the reaction
and thin film formation. It was found that MoS,; could be synthesized in the here
used hot-wall reactor using Mo(CO)g and DES within a temperature window from
roughly 550 to 750 °C according to a detailed XPS study (see appendix, Fig. B6), with
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some uncertainty due to the large 100 °C temperature steps used in the study. Lower
temperatures were not sufficient to initiate thermal DES dissociation for the sulfidation
reaction and yielded MoOj3_,/MoOj thin films upon air exposure. Within the growth
window and with rising temperature, a decreasing MoS, phase fraction was observed
accompanied by an increased fraction of C(sp?), up to about 850 °C at which only trace
amounts of Mo? metal in absence of MoS, and C(sp?) could be observed. The latter
result might be caused by early decomposition and full depletion of the DES source

upstream the sample position along the hot-wall tube due to long residence times.

To clarify the origin and main mechanism behind C incorporation within the
identified growth window, first, single precursor source experiments were conducted,
in which SiO,/Si substrates were exposed to either 0.02sccm Mo(CO)g or 13.2 scem
DES, for 60 min at 700°C (Fig. 3.10). The only Mo(CO)g-exposed samples exhibit
Mo-cluster formation, as visible in SEM (Fig. 3.10a). Interestingly, the extracted
nucleation density of around N ~ 552 & 92 um~2 is around two to four times below
typical MoS, nucleation densities (see appendix, Fig. B4), suggesting that simultaneous
injection of S increases the nucleation density; this may be explained by the diffusion-
controlled ripening behaviour depending on the chalcogen-to-metal ratio [321, 322,
197]. Importantly, Raman spectra for only Mo(CO)g-exposed in Fig. 3.10b are free
of carbon-related D and G bands. In contrast, DES-exposed samples, for which C
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Figure 3.10 Single precursor source and precursor co-injection experiment. (a) Schematic
illustrations and SEM images of (i) Mo(CO)g, and (ii) DES single-source exposure, and (iii)
co-injection experiments. (b) Raman spectra normalized to the Si peak at 521 cm™!.
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deposition is not visible from SEM images, exhibit intense D and G Raman signatures
(I¢/Ig; = 2.1) stemming from C incorporation. The lack of C deposition in the case of
only Mo(CO)g exposure at 700 °C is reasonable because the decomposition product
CO, which might be a potential carbon-source, is a rather inert and thermally stable
gas-phase compound [300]. Thus, it is not expected to participate in side reactions
resulting in C incorporation at the tested growth conditions [188, 177]. Therefore,
DES is identified as the source of C incorporation, which is consistent with previous
reports of TMD growth processes using organic chalcogen precursors [193, 177, 225].
Another important observation is that co-injection of Mo(CO)g together with DES
results in slightly higher C levels compared to single-source DES exposure, which
suggests catalytic gas-phase and/or surface reactions in presence of gaseous Mo(CO)g

and/or catalytically active MoSs domains on the surface.

After these preliminary experiments, the role of DES as a source of C incorporation
was studied more precisely by Raman spectroscopy, investigating only DES-exposed
SiO, substrates at growth temperatures from 550 to 800 °C. As shown in Fig. 3.11a,
increasing temperature produces increasing carbon-related D and G bands. In previous
studies, it has been assumed that such C incorporation is caused by organic chalcogen
pyrolysis by-products [190, 225]; here, this phenomenon is explicitly assessed by gas-
phase monitoring within the MOCVD reactor. For this purpose, the mass spectrometer
was used to detect relative partial pressure changes of DES fragmentation products.
Indeed, when comparing fragmentation patterns of DES (at constant DES flow), a
lowered partial pressure of the single-charged DES molecular ion at mass-to-charge
ratio m/z = 90 is detected at 700 °C compared to room temperature (Fig. 3.11b). Also,
especially the partial pressure increase at m/z = 29 and m/z = 28 can be pointed out
at the elevated temperature, which is a clear indication of the dissociation of the DES
parent molecule into these fragments. This unimolecular dissociation mechanism is
highlighted in Fig. 3.11c as an important pathway during the complex reactions of
DES pyrolysis [300]. The dissociation is initiated at the C-S bond and produces ethyl
radicals (m/z = 29), which further decompose into the more thermally stable ethylene
(m/z = 28) after H abstraction [299].
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Figure 3.11 Growth temperature study correlating ex situ Raman analysis of C incorporation
with in situ gas-phase monitoring of DES pyrolysis. (a) Raman spectra for single-source
exposure of SiOg substrates to 13.2sccm DES (60 min), without Ho injection, at temperatures
from 550 to 800 °C. (b) Mass spectra recorded for a DES flow of 13.2 sccm recorded at room
temperature (black) and 700°C (red). (c) Reaction pathways of DES pyrolysis adapted
from [300]. Numbers in front of chemical species indicate molecular masses. H atoms are
omitted in large fragments. Dotted lines mark radical attack reactions. The asterisks (*)
mark radical species. The reaction pathway of relevance for this study, involving unimolecular
dissociation of DES under production of ethyl radicals and ethylene, is highlighted in red. (d)
Temperature dependence of partial pressure ratio of ethyl radicals (m/z = 29) and ethylene
(m/z = 28) to unfragmented DES (m/z = 90) monitored by in situ mass spectrometry
(left axis), and I¢/Ig; Raman integral ratio as an indicator of deposited C (right axis), as
extracted from spectra in (a). (e) Temperature dependent partial pressure ratio of ethylene
to unfragmented DES for typical reaction conditions of 0.02sccm Mo(CO)g, 1.2sccm DES,
and varying Hsy flow of 0 (black), 1.5 (blue), 5.5 (red), and 10sccm (green).
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The partial pressure ratios of these main fragments relative to the unfragmented DES
molecular ion are displayed in Fig. 3.11d (left axis) and can be used for continu-
ous DES pyrolysis monitoring as a function of temperature (for detailed analysis of
other gas-phase constituents the reader is referred to the appendix, Fig. B8). The
ethyl radical/DES and ethylene/DES ratios start to exponentially increase at around
600 °C, marking the onset of DES pyrolysis that is initiated by H effusion around this
temperature [347].

Importantly, the pyrolysis onset coincides with increased C deposition above this
point, as extracted from ez situ Raman analysis of the I /Ig; integral ratio in Fig. B8d
(right axis). This correlation gives strong support to the hypothesis that C-containing
products, resulting from the thermally activated pyrolysis of DES along the hot-wall
reactor tube result in C formation with a temperature-dependent rate. In contrast, for
WS, growth from DES in a cold-wall reactor, a rather constant C formation rate was
found over a wide range of temperatures [190], which is likely due to limited, premature
DES pyrolysis upstream the sample along the water-cooled tube [190]. Moreover,
Choudhury et al. [190] speculated that the reason of C-reduced MoS, growth from
DES using a hot-wall reactor in the pioneering work of Kang et al. [47] was a result of
early depletion of C radicals and C deposition on upstream tube walls. However, our
investigation suggests that Kang et al. may have avoided C incorporation by choice
of a comparatively low growth temperature of 550 °C and additional use of reductive
H,, which is helpful in reducing carbon, as discussed later. This highlights the crucial
importance of growth temperature in combination with reactor design for organic

chalcogen precursor based TMD growth.

After the DES single-source experiment, the temperature-dependent DES pyrolysis
degree was monitored under MoS, reaction conditions for a gas mixture of 0.02 sccm
scem Mo(CO)g 1.2scem DES (Fig. 3.11e, black line). It was observed that the DES
pyrolysis onset shifted to lower temperatures of around 500°C. This suggests the
Mo(CO)g-catalyzed DES pyrolysis, as shown in Fig. 3.10 and previously reported [225].
This finding is corroborated by the systematically increasing C content for co-exposure
with both DES and Mo(CO)g when compared to single-source DES exposure (Fig. B10).

3.2.5 H, flow — Carbon reduction and MoS; etching

While reduced growth temperatures are a viable option to mitigate C incorporation, a

high growth temperature is preferred for the deposition of TMDs with high crystalline
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quality [239, 310, 178]. Therefore, Hy gas has been used to limit C incorporation in
TMDs grown from organic chalcogen precursors in high temperature regimes [47, 188,
190, 310]. To investigate its role, Hy was added to Mo(CO)s/DES gas mixtures during
temperature-dependent DES pyrolysis monitoring. By using ethylene as the main
indicator, it can be observed in Fig. 3.11e that Hs introduction significantly lowers the
partial pressure ratio of ethylene by over an order of magnitude upon Hy increase to
10scem (the evolution of other pyrolysis fragments is reported in Fig. B9), indicating
a reduced DES pyrolysis degree even above 700 °C. This result suggests that a Hy-rich
gas phase effectively suppresses DES dissociation, possibly by counterbalancing the

common H-abstraction mechanisms that are involved to initiate DES pyrolysis [300].

Next, a series of MoS, thin films were grown at 700 °C for 60 min by varying Hy
flows from 0 to 30sccm, while keeping DES flow at 1.2sccm and Mo(CO)g flow at
0.02sccm. SEM, Raman, and PL analyses are presented in Fig. 3.12. The SEM images
(Fig. 3.12a) and their analysis [Fig. 3.12d(i)], it is revealed that the MoS, surface
coverage x increases initially from 46 % (0scem Hsy) to a maximum coverage of 77 %
(5.5sccm), coinciding with highest PL intensity [Fig. 3.12c and d(iii)]; subsequently,
x declines monotonically for Hy flows greater than 5.5sccm; the nucleation density
remains roughly constant regardless of the Hy flow (Fig. B4c). This suggests that it is
possible to achieve a Ho-induced growth rate modulation with an optimized Hy flow

for time-efficient layer coalescence.

The Inros,/1si Raman integral ratio [Fig. 3.12d(ii)], extracted from the correspond-
ing Raman spectra (Fig. 3.12b), follows the same Hy-dependence than the surface
coverage X, in agreement with the SEM analysis. Notably, the initial increase in
MoS, film coverage correlates with a steeply dropping I /Is; signal, which suggests an
enhanced lateral growth of MoSy domains in absence of growth-hindering C contamina-
tion. This promoted 2D growth mode is also supported by the Raman frequency shift
A, indicating a decrease in MoS, layer thicknesses (bilayer fraction) with increasing Ho;
A decreases from about 20.1 to around 19.6 cm™!, as lateral MoS, domain expansion
becomes thermodynamically favored over vertical (00 0 1)layer-stacked nucleation on
the low-carbon, high-energy SiOq surface [329]. Indeed, MoS, thin films grown on a
carbon (graphene) reference surface showed an increased tendency for vertical growth
by second layer nucleation (see appendix, Fig. B16). In the SEM images for growth
on SiOy (Fig. 3.12a) the reduced bilayer nucleation can be noticed by the vanishing
white-contrast spots on top of the monolayer MoSs; domains upon Hy addition and

carbon removal (see appendix for full set of SEM images, Fig. B3).
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Furthermore, the MoS, domain shape gradually converts from irregular/roundish

to triangular shape upon increasing Hy and lowered carbon amount. Above 10 sccm
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Figure 3.12 Hj flow study, showing effect of Hy on MoS, thin films grown at 700 °C (60 min)
from 0.02 sccm Mo(CO)g, 1.2 sccm DES flow, and Hy flow varying between 0 to 30 scem. [a(i-
v)] Schematic illustrations of layer morphology and SEM images for indicated Hy flows. (b)
Raman spectra normalized to the Si peak (521 cm ™!, not shown). C-related D and G bands
are magnified by a factor of 8.3. (c) PL spectra (d) Summary of thin film characteristics
as a function of the Hy flow, extracted from (i) SEM (coverage x, and domain density N),
(ii) Raman spectroscopy [Inros,/Isi and I¢/Is; integral ratios, and A(Ay, — Edg) frequency
difference], and (iii) PL spectroscopy ((A° + A~)/B and A~ /A exciton intensity ratios].
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Hs, ensuring negligible, growth-induced C incorporation, dominantly triangular shaped
domains can be observed on SiO,, while for growth on a graphene reference surface
under the same conditions rounded/hexagonal-shaped domains are observed (see
appendix, Fig. B15). This hints at substrate-dependent grain shape influenced by
the thermodynamics [329] and kinetics (adatom diffusivities, sticking coefficients,
effective S:Mo ratio) [148, 348] on the two distinct growth surfaces. As another
hypothesis, the irregular grain shape on SiOs in the absence of Hy could also imply
disturbed crystallization due to the use of an organic sulfiding agent and low sulfidation
potential [115, 116]. Although post-growth XPS analysis (Fig. 3.13) does not show signs
of C-Mo bondings within the detection limit (i.e. by substitutional C doping of the
MoS; crystal lattice), it is speculated that intermediate MoS,C, edge compounds [116,
305, 306] might play a role during attachment of S species at the catalytically active
edge sites of laterally expanding MoS, crystals. This might impede the ideal S dimer
saturation of the Mo-terminated edge that is preferred in triangular MoS, crystals,
as reported in atomic-resolution tunneling microscopy studies [108]. As known from
hydrodesulfurization catalysts, such “deactivation” of edge sites through carbonaceous
species can be recovered in Hy ambient [349, 114] and could explain the shape evolution
towards triangular domains when Hj is added. On the other hand, it can be clearly
observed that excessive Hy flow above 5.5sccm results in descending grain coverage
at rather constant nucleation density (Fig. B4c). This demonstrates a reduced lateral
MoS, growth rate, which may be attributed to Ho-induced domain etching [47, 291,
194]. Indeed, Raman analysis of the Iy,s,/Is; ratio for growth time studies with and
without Hy confirm lowered growth rates in the presence of Hs, as will be summarized
in Fig. 3.15. This means that with elevated Hy flow, longer growth times are required
to achieve similar coverages, which was further deduced from growth parameter studies
for two sets of Hy flows (growth times) of 5.5sccm (60 min growth) and 12.5sccm

(180 min), as summarized in the appendix (Fig. B4d).

Figure 3.13 shows XPS analysis of the air-exposed films grown without (0) and
with Hy (1.5, 10sccm). The expected Mo'¥ 3d doublets (blue) and S™2p doublets
(vellow) ascribed to MoS, are observed, as well as Mo"' 3 d doublets (red) assigned to
MoO3. The lowest fraction of sub-stoichiometric MoS,_, phase (MOIV*y 3d doublet,
green) of ~ 5% is observed for the 10sccm Hy sample (Fig. 3.13b) and could be
explained by an Ha-activated edge sulfidation mechanism [108]. Moreover, compared
to Ho-free growth, the 10scem Hy sample exhibits a reduced fraction of C(sp?), which
is further confirmed by an XPS study using the formerly established in situ annealing

approach for removal of physisorbed adventitious carbons (Fig. 3.14). Interestingly,
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Figure 3.13 XPS analysis showing the effect of Hy on the chemical composition of MoSs
thin films grown on SiO2 at 700 °C (60 min) from 0.02sccm Mo(CO)g and 1.2 sccm DES
flow with varying Hy flow of 0, 1.5, and 10sccm, as indicated by the scale on the right. The
following core level regions are shown: (a) Cls, (b) Mo3d/S2s, (c) S2p, and (d) Si2p,
where black lines in (i-v) show the spectra for Hy flow between 0sccm and 10 scem; colored
areas under singlet/doublets represent fits assigned to the same chemical species and pink
lines show the fitting envelopes of summed peaks. All spectra are calibrated to the SiOq
substrate peak at 103.3eV and are plotted with the same intensity scale.

and in contrast to what might have been expected from the fully diminished Raman
D and G bands in Fig. 3.13b above 5.5 sccm, a persisting C 1s fraction is still present
even for the 10sccm Hy condition after annealing (Fig. 3.14d(ii)). This observation
suggests that despite the significant reduction of graphitic C(sp?) in Hy-ambient, a
non-negligible C impurity content still remains in the film. More detailed analysis
of the C1s peak suggests that the composition of this residual carbon shifts from
graphitic C(sp?) to another form of C(sp?) with increasing H, flow, as summarized
and illustrated in Fig. 3.14(e-f).

As a final remark, it is noted that the thermal annealing step, apart from adventitious
carbon removal, might have led to modifications of the C chemistry and influenced the
interpretation. Therefore, further studies are required to fully understand the type and
full mitigation of C impurities during MOCVD of TMDs, which recent studies have
often covered only by Raman analysis; as shown above, Raman analysis does not seem

to be sufficient for a comprehensive characterization of C impurities in TMD films.
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Figure 3.14 XPS in situ annealing experiment for differentiation of adventitious and growth-
induced carbon components in the C 1s core level spectra (Hg flow series). Films were grown
on SiO2 at 700°C (60 min) from 0.02sccm Mo(CO)g and 0.2 sccm DES flow for varying Ha
flows of 0, 1.5, and 10sccm. (a-d) C 1s core level spectra of SiOy substrate reference and
MoSs thin films grown with indicated Hs flows (i) before and (ii) after in situ annealing. (e)
Summarizing panel of phase fractions C(sp?) and C(sp?) normalized to the total amount of
carbon Cyo; = C(sp?) + C(sp3). (f) Schematic illustration of the effect of Hy on composition
of disordered carbon in the MoSy thin film.
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3.2.6 Overview of growth studies and reaction balance

To summarize the interplay of investigated growth parameters, such as growth time,
DES flow, temperature, and Hy flow, and to conclude the link between DES pyrolysis
and competing MoS,; and C deposition, an overview of the trends seen by the semi-
quantitative Raman analysis using Is,s,/Is; and I /Ig; indicators, is given in Fig. 3.15.
The following, simplified reaction scheme can be postulated:

(CHg CHQ)QS g ~600°C

(g) <= HaS (g) + 2 CH2=CH; (g) (
Mo(CO)g (g) + 2 HaS (g) «— MoSs(s) + 6 CO (g) + 2 Hz (g) (

2CHy=CH; (g) «—2C (s) + 2Hy (g) (

Mo(CO)s (g) + 2 (CH3— CHQ)Q (g) «— MoSa(s) +6CO (g) +8C (s) + 10Ha2 (g) (

For simplicity, full conversion of DES to HyS and ethylene is assumed in eq. (3.1),
which were main constituents detected by mass spectroscopy. It is remarked that
other intermediate compounds and radicals (e.g. ethyl radicals) are involved in the
actual, more complex gas-phase reactions. While HyS is consumed in the sulfidation
reaction in eq. (3.2) for MoS, synthesis, ethylene decomposition in eq. (3.3) acts as
a source of C deposition [350]. If Hy is added to the gas phase, the thermodynamic
equilibrium in eq. (3.4) shifts to the left side, therefore, resulting in reduced C deposition
[Fig. 3.15d(ii)]. However, excessive Hy concentration in reaction eq. (3.2) can also imply
reduced MoS, growth, as seen after the Ij/,s,/Is; culmination point in Fig. 3.15d(i) and
differing slopes in comparative growth time studies with and without the use of Hy in
Fig. 3.15a(i). The reaction pathway eq. (3.1) through DES pyrolysis, with thermal onset
around 600 °C can also occur at even lower temperatures in the presence of Mo(CO)g
(Fig. 3.11e), which then leads to increased C formation through eq. (3.3) [Fig. 3.15¢(ii)];
this may possibly be due to gas-phase reactions [318], surface-templated reactions on
the SiOy substrate [351] and/or hydrodesulfurization of DES at the catalytically active
edge sites of growing MoS, domains [105]. The reaction eq. (3.4) corresponds to the
sum of eq. (3.1), eq. (3.2), and eq. (3.3).

While this study focuses on MoS, growth, the results are found consistent with
MOCVD of other TMDs grown from organic chalcogen precursors, such as WSy [190]
and WSey [310, 225]. These studies have highlighted the importance of high chalcogen-
to-metal ratios for optimized sulfidation [190, 310], which was confirmed by the XPS
stoichiometry study in Fig. 3.14d. Nevertheless, if organic chalcogen precursors are
used, excessive chalcogen-to-metal ratios cause detrimental codeposition of C(sp?)

hindering the lateral 2D TMD growth. Up to now, in-depth root-cause studies on
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the mechanisms of C incorporation have been rare. Previous works speculated on the
role of organic chalcogen pyrolysis for C incorporation without providing experimental
evidence. This work confirms this hypothesis by combining in situ gas-phase monitoring
with post-growth ex situ analysis, such as semi-quantitative Raman analysis. In this
way, the thermally activated chalcogen precursor pyrolysis could be correlated with the
C impurities in the as-grown films. If Hs is used to mitigate C incorporation, careful
tuning of Hy flow is required to limit Hy-induced etching [291] and to control MoSs
growth rate and film continuity.

Figure 3.15 Overview of semi-quantitative Raman spectroscopy analysis of growth parameter
study: (a) Growth time, (b) DES flow, (c) Growth temperature, and (d) Ha flow, where the
Raman band integral ratios (i) Iasos,/Is; and (ii) I¢/Ig; serve as indicators for the deposited
MoSs and carbon amount in the films, respectively. Open symbols correspond to series for
single-source DES exposure, half-filled symbols to Mo(CO)g co-injection without Hy, and
filled symbols co-injection together with Hy. Raw data of Raman spectra can be found in the
appendix (Fig. B10).

3.3 Impact of C incorporation on film properties

So far, the variation of the growth parameters has allowed precise control over MoS,
layer growth and C incorporation. The next sections will further clarify the impact

of C incorporation on thin film morphology and (opto)electronic properties by using
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additional AFM, cross-sectional TEM, PL, and XPS/UPS analysis. This analysis will

point out relevant thin film characteristics for the intended transistor application.

3.3.1 Layer morphology and 2D-to-3D growth mode transition

Previous SEM and Raman studies based on image contrast and A-value analysis have
suggested the growth of vertically, few-layer-stacked MoS,; domains in presence of C
impurities. To confirm this hypothesis, additional topographical AFM imaging was
performed on MoS,; samples grown with increasing C content, controlled by increasing
DES flows between 0.3 sccm and 13.2 scem, as shown in Fig. 3.16(b-f).

For this purpose, images were first processed by masking MoS,-covered regions
on the SiOy substrate and define the averaged height of the SiO, substrate plane
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Figure 3.16 2D-to-3D growth mode transition studied by plane-fitted AFM topographic
images of (a) a SiO9 substrate reference, and (b—f) MoS; films grown at 700 °C (60 min)
by co-injection of 0.02 sccm Mo(CO)g and DES flow varying between 0.3 and 13.2sccm, as
indicated. (g) Root-mean-square (RMS) roughness as a function of DES flow, as extracted
from the AFM images. (h) Schematic illustration of growth model for MoSy thin films
synthesized with increasing DES flow that results in increased C incorporation and transition
from laterally-expanded to vertically-stacked MoSs domains.
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as zero of the topographic scale. It has to be noted that the SiOy substrate, as
shown in Fig. 3.16a, has a RMS roughness of around 0.27nm. Due to the higher
incorporation of C impurities with increasing DES flow the MoSs monolayer coverage
(red in the height scale considering a monolayer step height of ~ 0.7 nm) decreases; at
the same time an increased tendency of second and few-layer MoSy growth is observed,
according to the red-to-grey/white transition in Fig. 3.16. In the case of very high
DES flows (8.2sccm and 13.2 scem) formation of particle-like islands with heights up
to ~4nm can be observed. This transition from a lateral 2D to a vertical, layer-stacked
3D growth mode is also indicated by the increasing root-mean-square (RMS) film
roughness as function of DES flow (Fig. 3.16g), and demonstrates the pronounced
impact of C incorporation on film morphology. It is speculated that the high-energy
SiO, surface preferred for lateral MoSy growth becomes increasingly covered by low-
surface-energy graphitic C(sp?) patches, hindering the 2D lateral growth of MoS,
domains according to thermodynamic [329] and kinetic [348] arguments. Thus, the

presence of carbon impurities disturbs film coalescence and can result in interrupted
TMD film morphologies [190, 225].

Furthermore, thin layers aiming at continuous, few-layer films for transistor chan-
nels, were synthesized at 700 °C using longer growth times (180min), 1.2sccm DES
flow, without and with 10scecm Hy flow to compare carbon-contaminated and low-
carbon conditions, respectively. First, AFM scans were performed over intentionally
introduced step edges, in which the carbon-contaminated film show the expected
roughened, particle-like morphology Fig. 3.17a), whereas the use of Hy results in a
more homogeneous and smooth 2-3L film morphology, according to the height profiles
(Fig. 3.17b). Cross-sectional TEM imaging in Fig. 3.17(c-d) has been used to gain
further insight into the thin film interfaces for the two growth conditions [Fig. 3.17(c-d);
for a comparison at a shorter growth time of 60 min see also appendix, Fig. B12].
The C-contaminated film grown without Hy unequivocally identifies the interrupted
film morphology exhibiting layer-stacked MoS, islands due to 2D-to-3D growth mode
transition. However, due to limited atomic resolution and contrast the location of
carbon in the film can only be vaguely discerned. The rather enlarged interplanar
spacing between some of the stacked MoS, layers in the inset in Fig. 3.17c might
be due to interface contamination, but could have also been caused by the sample
preparation. The changing contrast next to the multi-layer stacked domains could
also speak for carbon patches between the laterally interrupted islands. Unfortunately,
chemical EDX line profile analysis (not shown here) was not able to give more precise

answers on the C location due to limited spatial resolution. Moreover, an overlaid C
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Figure 3.17 Layer continuity study, showing the morphology of MoS, films grown at 700 °C
(180 min) from 0.02 sccm Mo(CO)g and 1.2 sccm DES flow. AFM step-edge topography images
of (a) film grown without Hs, and (b) a film grown with 10sccm Hs. Representative AFM
line profiles along the step edges are drawn in red. Insets illustrate the hypothesized growth
models. (c—d) Cross-sectional TEM images with magnified insets show the C-contaminated,
interrupted film of multi-layer stacked islands, and low-carbon, continuous 2-3L. MoSy thin
films, respectively. MoSs films were protected by a Pt capping layer for FIB preparation of
the TEM lamella.

signal coming from the Pt-capping layer that also contains C-contamination from the
deposition process with organic precursors (see also Fig. 5.23) complicates the analysis.
On the other hand, the growth conditions with added Hy (10sccm demonstrate the
growth of more homogeneous and, importantly, continuous MoS, thin films with better
suitability for transistor application. Nevertheless, it is remarked that the 2-3L MoS,
film shows small grain size of only a few tens of nanometers with overlapping grain

regions and corrugations due to substrate roughness.

3.3.2 (Opto)electronic properties

Carbon impurities in MoS, thin films are expected to alter the (opto)electronic film
properties and, thus, performance of transistor [180] and photodetector [352] devices.
This can be related to doping, and/or creation of defects and trap states at the MoS,
interface, which was studied by PL, and XPS/UPS film analyses.
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3.3.2.1 PL study and charge transfer doping

Fine-tuning of growth parameters has shown precise control over film morphology and
coverage, as well as C incorporation. Although the modulation of the PL signal has
already been discussed, here, a more detailed analysis of the PL spectra is used for
better understanding the impact of surface coverage (x) and C incorporation (I¢/Ig;)
on the (opto)electronic properties. Laser excitation (488 nm, 2.54 eV) above the optical
bandgap of monolayer MoSs induces two pronounced PL absorption features associated
to neutral A° and B excitons at around 1.98 and 2.04 eV, respectively, as illustrated in
Fig. 3.18a. These excitons originate from optical transitions from the highest spin-split
valence bands due to spin-orbit coupling (SOC) within the direct electronic bandgap £,
at the K point of the Brillouin zone [332]. In the quasi-particle model, they can also be
thought of as bound electron-hole pairs with exciton binding energy EE. Furthermore,
there exist negatively charged trions A~, which are three-body quasi-particles formed by
a hole and two electrons with trion binding energy Ej. Trions are typically observed as
a consequence of increased electron density in MoS, [332, 353]. Figure 3.18b displays the
PL spectra of MoS, films grown with different Hy flows (films discussed in section 3.2.5,
fitted by the respective A%, B, and A~ components (see appendix for the used fitting
parameters, table B2). Figure 3.18c shows that the PL intensity normalized to the B
exciton intensity, considering the (A~ + AY)/B integral ratio as a quality factor [275],
follows the Hy-controlled film coverage dependence, according to the overlaid SEM
image insets; The PL intensity maximum corresponds to the highest film coverage at
5.5scem Hy flow. This PL intensity modulation is determined by the surface coverage
and grain size and was similarly observed for the series of films grown with different
DES flows (Fig. B13); larger monolayer coverages (larger grain sizes) generally result in
stronger A exciton peak intensity due to enhanced A exciton recombination lifetimes
and reduced non-radiative recombination channels [354]. Importantly, however, the
(A~ + A%)/B intensity ratio as a function of coverage x (Fig. 3.18¢c) does not show a

merely monotonic dependence.
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Figure 3.18 Photoluminescence study and charge-transfer doping model. (a) Schematic
representation of the electronic band structure of MoS; at the K point with bandgap E,
between the conduction band (CB) and valence band (VB). The VB is spin-split due to spin-
orbit coupling (SOC). Laser irradiation excites neutral A? and B excitons with binding energy
Ef and negative trions with binding energy Eg In the hypothesized model trion formation
is induced by negative charge transfer from graphitic C(sp?) in contact with MoSs. [b(i—v)]
PL spectra of MoSs thin films grown at 700°C (60 min) from 0.02 sccm Mo(CO)g, 1.2 sccm
DES flow, and different Hs flows varying between 0 and 30sccm, including corresponding
SEM images in background. Lorentzian peak deconvolution marks contributions of trions A~
(blue), neutral excitons A° (green), and B excitons (purple). The fitting envelopes are shown
by the pink lines. Spectra are normalized to the B exciton intensity. (c) PL integral ratio
(A= + AY%) /B as a function of coverage x for MoSy films grown with different Hy flows, as
indicated next to each measurement point. (d) Trion-to-exciton ratio A~ /A as a function
of graphitic C(sp?) content, represented by the I-/Is; Raman integral ratio, for MoSy films
grown with different Hy flows, as indicated.
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Instead, two branches can be distinguished for films grown with Hy flows below and
above 5.5 sccm, which belongs to the growth condition yielding maximum coverage
and separating films with high from films with low C impurity content, as previously
discussed in section 3.2.5. As an example films grown with 0 and 10sccm Hy show
comparable coverage but differ in (A~ + A%)/B intensity ratio by almost an order of
magnitude, suggesting that the reduced PL intensity in the sample grown without
H, results from its high C(sp®) content. Therefore, it may be concluded that the
presence of C(sp?) results in strong PL quenching, which has also been observed for
a MoS,/graphene heterostructures (see appendix, Fig. B15), and might be a sign of
electronic doping of MoS, via charge transfer, consistent with previous reports [355,
356]. Nevertheless, it must be remarked that both n-type [355, 279] and p-type [356]
doping of MoS, interfaced with C(sp?) have been discussed controversially in the
literature. To confirm the hypothesis of charge transfer doping, the A exciton peak was
analyzed in more detail. By the Lorentzian peak deconvolution the neutral A° exciton
and charged A~ trion contributions are revealed, which are separated by the trion
binding energy E} of around 20 to 30 meV in agreement with previous reports [273,
332]. As the trion is induced by an increased negative charge density within the MoS,
sheet, a prominent A~ signal and increased A~/A° ratio are indicators for electron
doping [357, 355, 332, 353]. As shown in Fig. 3.18d, all the analyzed samples show
trion contributions with A~/A° ratios >0.5, which can be attributed to doping effects,
such as S vacancies, strain, and/or charged impurities at the MoS,/SiO, interface [353].
It is notable though that the increasing A~/A° ratio correlates with rising I¢/Is;,
controlled by the Hy flow. In other words, for higher C content the emerging trion
peak dominates the PL spectra, suggesting an increased n-type tendency of MoS,.
This trend was also observed for films grown with increased DES flow and C content
(see appendix, Fig. B13). Moreover, a Stokes red-shift of PL emission peaks in the
range of 10 to 30meV was found within the various, conducted growth parameter
series (Fig. B14), which may further support the hypothesis of the n-type doping of
MoS, depending on the C impurity content [332]. Interface dipoles [279] and bandgap
renormalization effects [358, 359] might also play a role to explain this phenomenon.
From an electrostatic point of view, the n-type doping of MoSs could be tentatively
explained by a negative charge transfer from donor states of nanographitic C(sp?)
located within the bandgap of MoS,, as proposed in the band diagram model in
Fig. 3.18a [58, 355]. This band line-up will be analyzed more closely in the following

section.
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3.3.2.2 XPS/UPS study and band diagram model

To support the findings of previous PL studies, including the proposed charge transfer
doping of MoS, by C(sp?), further photoemission studies by XPS/UPS were carried out.
Such measurements allow to construct a band structure model that gives insight into the
band alignment and potential impact of C impurities on the (opto)electronic MoS, film
properties. For example, in case of doping, shifts in the MoS, valence band edge position
with respect to the Fermi level are expected in XPS/UPS measurements. As the valence
band spectrum of MoS,/C(sp?) grown on SiO, can be assumed as a superposition of
several contributions from SiOy, C(sp?) and MoS; valences in first approximation, a
series of (reference) samples were prepared and analyzed to disentangle the individual
valence contributions and differentiate between possible doped/undoped MoS, state.
The different samples are illustrated in the upper legend of Fig. 3.19: 1) SiO,, 2)
pyrolytic C(sp?)/SiOy; grown at 700 °C from single-source DES exposure, 3) graphene-
C(sp?)/Si0Oy; CVD-graphene grown on Cu foil and transferred to SiOs, 4) MoS,/SiOs;
grown at 700°C from DES+Mo(CO)g with 10sccm Hy flow, 5) MoS,/C(sp?)/SiOs;
grown at 700 °C from DES+Mo(CO)s without Hy, and 6) MoS, /graphene-C(sp?)/SiOs;
grown from DES+Mo(CO)g with 10sccm Hy (see appendix, Fig. B15, Fig. B16).
Samples were in situ annealed at 500 °C (1 min) for adventitious carbon and adsorbate

removal prior measurement [315].

High resolution XPS scans (Al K«, 1486.6 €V) of the valence band region are shown
in Fig. 3.19a. Spectra were energy corrected with respect to the Si2p substrate peak
and normalized to the spectral intensity at 10.2eV, at which the spectra of all samples
are mainly dominated by the SiOs-related valence contributions. First, for determining
the energy difference E¥ 5 of the valence band maximum FEy g with regard to the Fermi
level Er, the valence band edges were extrapolated onto the baseline of the energy
axis. The valence band edge of the SiOs substrate (dark blue) can be extracted as
Bl =5.0eV. The SiOy/C(sp?) reference sample grown from pyrolyzed DES (dark
green) shows a similar valence band spectrum due to the SiOy substrate contribution,
but an additional C(sp?)-related tail of 7-states is clearly discernible for energies
beyond the valence band maximum of the underlying SiO,. The extrapolation line of
the m-states from the pyrolytic C(sp?) intersects at ~0 eV, resembling the semi-metal
graphene [360]. Indeed, the m valence states of the pyrolytic C(sp?) show similar shape
compared to a C(sp?) reference of the CVD-graphene reference (light green). Therefore,
in a simplified approximation, a Dirac-cone was chosen in the band structure model to
represent the pyrolytic C(sp?) in the MOCVD-grown films (Fig. 3.19d).
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Figure 3.19 XPS/UPS valence band analysis and band diagram model of the
SiO2/C(sp?)/MoSz heterostructure interface, as derived from the samples illustrated on
the top: SiOs, pyrolyzed-C(sp?)/SiOz, graphene-C(sp?)/SiOz, MoS,/SiO2, MoSs /pyrolyzed-
C(sp?)/SiOg, and MoSy/graphene-C(sp?)/SiOs. (a) XPS (Al Ka, 1486.6 eV) valence band
spectra for extraction of the energy difference E{; p between Fermi level £ and valence band
maximum Ey g of SiOs, C(sp?) and MoSs. (b) UPS spectra (He-I, 21.2¢eV) showing the
(i) secondary electron edge and (ii) valence band edge extraction to determine the spectral
width (Eeyt—off — E{; 5)- The UPS spectra were corrected with respect to the valence band
edges obtained in the XPS valence band analysis in (a). (c) XPS Cls core-level spectra
show downward shifts of 0.1-0.2 eV of the Fermi levels Er below the Dirac point, suggesting
p-type doping of pyrolyzed- and graphene-C(sp?) in contact with MoS,. (d) Proposed band
diagram model of SiO3/C(sp?)/MoS; interface derived from photoemission studies. Energy
levels are designated as the vacuum level Ey,., the conduction band minimum E¢p, and the
valence band maximum Eyp. Ef/p were extracted from the XPS valence band in (a) and
work functions ¢ were obtained from the UPS measurement in (b-c). The bandgap of SiO2
was extracted from literature [361], and the optical bandgap of MoSs from the PL study.
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Therefore, in a simplified approximation, a Dirac-cone was chosen in the band
structure model as representation for the pyrolytic C(sp?) incorporated in the MOCVD-
grown films (Fig. 3.19d). However, it should be noted that the real band structure
is likely to deviate from the ideal Dirac-cone shape; for instance, bandgap open-
ing might arise due to the nano-crystalline nature [362] and the likely presence of
C(sp®)/hydrogenated carbon fraction [363] in the amorphous carbon incorporation,
which have been detected in the previous Raman and XPS study. Further analyzing
the XPS valence band spectra, the valence band edge of the "carbon-free" SiOy/MoSs
reference sample (red line) is determined at 1.0eV in good agreement with litera-
ture [279]. The valence spectrum of the mixed SiOy/C(sp*)/MoS, sample (black)
shows lowered MoS, intensity as expected from the lowered MoS, coverage due to
C-hindered MoS, growth, and a slightly shifted MoSy valence edge of around +0.1¢€V,
which is in the limit of XPS resolution though. The SiO,/graphene/MoSs sample (light
blue) shows a more clearly observable shift of around +0.2eV. These upshifts may
indicate an n-doping effect for MoS, in contact with C(sp?) carbon, and are comparable
to the 0.3 eV shift reported for the MoS, /graphene heterostructure reported by Diaz et
al. [279] As another literature reference, KPFM measurements found surface potential
(Fermi level) differences between 0.22 [257] and 0.28 V [364] for the MoS,/graphene

heterointerface.

To further test the hypothesis of n-doping MoS, by C(sp?), a simultaneous p-doping
of C(sp?) is expected due to the negative charge transfer from C(sp?) to MoS,. Indeed,
when comparing C 1s core level spectra of the SiO,/C(sp?) reference sample with the
MoS,/C(sp?)/SiOy sample, a ~0.13-0.16 eV downshift for C(sp?) in contact with MoS,
is observed (Fig. 3.19¢). This can be interpreted as a rigid band shift consistent with
p-doping of C(sp?) and gives further evidence to the interface charge transfer from
C(sp?) donor states to MoS, [279].

For building the band diagram model, it is necessary to focus on the SiOs,
C(sp?)/SiOy and MoS,/SiO, samples to extract the ionization potentials and work
functions. For this purpose, UPS (He-I, 21.2eV) measurements were performed under
application of —10V sample bias to shift the secondary electron background above the
work function of the analyzer. The ionization potential [P was determined from the
spectral width between the secondary electron cut-off E.,;_,ss and the valence band

edge Ef'p according to eq. (3.5), following the procedure of Diaz et al. [279]

IP=21.2¢V — Eew—opr — BV (3.5)
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Although charging effects due to the insulating SiOs substrate were affecting the
absolute position of the secondary electron cut-off and valence band edge positions,
extraction of the relative spectral width (Eeu—off — E{; p) delivers meaningful results for
the I P. Figure 3.19b shows the (i) extraction of the secondary cut-off and (ii)valence
band maxima from the UPS spectra. For plotting the UPS spectra, the valence band
edges E¥ 5 were aligned to the charge corrected XPS data. The work function ® was
determined by eq. (3.6) from the UPS-derived I P and the XPS-derived Ef 5.

d=1P—-FEly (3.6)

Table 3.1 Band structure extraction from XPS/UPS. Energy difference EgB between
Fermi level and valence band maximum FEy g, secondary electron cut-off E.,;—, s, ionization
potential [P and work function @, as extracted from XPS/UPS photoemission spectra of the
SiO2, C(sp?) and MoSs reference samples.

Sample El;(eV) E.uopf — EL (eV) IP(eV) P(eV)

SiO, 5.0 12.6 8.6 3.6
C(sp?)/SiOq 0 16.6 4.6 4.6
MoS,/SiO, 1.0 15.3 5.9 4.9

Table 3.1 summarizes the extracted Ef g, (Few—orr — E¥ ), IP and @ values from
the UPS/XPS analysis. /P and ® values are in good agreement with literature values
for MoSy on SiOy [365, 361] and MoS,/graphene heterostructures [360, 279, 352].
Therefore, the analogy between C-contaminated MoSs thin films with MoS,/graphene
heterostructures can be drawn. Figure 3.19d shows the band alignment diagram of the
MoS,/C(sp?)/SiOs heterostructure, using the work functions and valence band edge
positions derived from the photoemission studies. As a general remark, it has to be
noted that work function/ionization potential measurements are very sensitive to the
sample surface condition (charging effects, presence of defects, adsorbates, dipoles at
interfaces), which may have influenced the measurement of the effective work functions
and band positions. This is in particular the case for the here analyzed 2D materials
interfaces [365, 366, 367]. Nevertheless, the approximate band alignment of carbon
states located within the MoS, bandgap may explain charge transfer doping at the
MoS,/C(sp?) interface, as it has been previously reported for oxide encapsulation with
C-contaminated ALD layers [58]. Moreover, the midgap carbon states can be expected

to act as interface traps for non-radiative recombination of excitons, and therefore
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explain the observed PL quenching in the C-contaminated MoS, thin films. Furthermore,
these trap states in proximity to MoSy may detrimentally deteriorate charge transport
properties, highlighting the importance of an optimized, low-carbon synthesis process

for lowered interface defect densities and improved electronic performance.

3.4 Grain size enhancement

The grain size determines the density of grain boundaries in a coalesced, polycrystalline
thin film and is generally used as a figure of merit to describe the electronic performance
of thin film transistors. This is because grain boundaries act as 2D line defect scattering
centers and can deteriorate the electron transport properties. Therefore, it is desired
to suppress nucleation and reduce grain boundary defect densities during synthesis
of thin films. In this section, two approaches were employed to obtain MoSy thin
films with enhanced grain sizes: First, alkali-assisted growth by the use of catalytically
active NaCl salt, and various alkali-containing soda-lime glasses growth substrates
are investigated. Second, MOCVD at highly decreased Mo flow and growth rates (~1
day/monolayer) is performed under 2D growth mode equilibrium conditions. The
different growth outcomes are compared by their statistical grain sizes distributions

and evaluated regarding their suitability and prospect for transistor devices.

3.4.1 Alkali-assisted growth

In the literature exists a myriad of reports documenting the grain size enhancing effect
for TMD growth in the presence of alkali elements with demonstration of domain sizes
reaching up to several tens of pm in MOCVD [213], and up to mm in powder CVD
processes [368]. Common approaches include, placing/evaporation of alkali-halide salts,
such as NaCl, in the reactor upstream the sample [47, 180, 178, 369], spin-coating
of aqueous alkali-containing precursors, such as NagMoQy, onto the substrate prior
growth [196, 194, 170], using alkali-containing substrates, such as soda-lime glass [266,
267, 268|, and more recently, adopting gas-phase MOCVD alkali-precursors, such
as Na-propionate (CH)3(CH);CO3Na [213]. In the pioneering work from Kang et
al. [47] the grain size enhancing effect of alkali halide salts was attributed to their
role as desiccants. However, subsequent explanation models proposed that alkali
salts suppressed nucleation density [178], and theoretical simulations highlighted the

catalyzed TMD domain expansion by lowering edge adsorption energy barriers for
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increased growth rates [268, 370, 371]. However, there is still a controversial discussion
about the role of alkali-halides, for which the catalyzing effect has been been attributed
both to the alkali and/or the halogen species. The growth promoting role of alkali
ions was explained by a vapor-liquid-solid mechanism [372]: the formation of low-
melting point, intermediate alkali metal oxides facilitate adatom mobilities and overall
reaction rates for lateral domain growth [373, 374]. On the other hand, the role of
halogens was emphasized for low-energy-barrier bond substitution reactions at domain
edges and formation of volatile oxy-halides for accelerated growth dynamics [370,
368, 315, 375]. Moreover, and with particular relevance for organic chalcogen based
MOCVD processes the use of alkali halide salts has shown to promote TMD growth
by thermal decomposition of the sulfur source and formation of intermediate NaS,
compounds, while also enhancing film purity by reduced C incorporation from the
organic precursor [180]. In the following section, alkali-assisted routes are investigated
for better understanding the underlying mechanisms during the MOCVD process,

compared and evaluated for the scaled growth of large grain size MoS, thin films.

3.4.1.1 NaCl co-evaporation

In a first approach, the co-evaporation of NaCl from a crucible upstream the substrate
position was explored for growth conditions at 700 °C. The SEM images in Fig. 3.20a
and the corresponding grain size histograms in Fig. 3.20b show the enhancement from
an average grain size d,eqn of 32 to 84 nm when comparing NaCl-free and NaCl-assisted
processes, respectively. Occasionally, grain sizes reaching >200 nm could be observed
with NaCl. However, it was quickly noticed that the use of solid NaCl catalyst inside
the reactor tube is difficult to control for reproducible growth outcomes, as documented
by the SEM images of samples A and B of subsequent runs with otherwise same growth
parameters. While sample A shows a rather clean surface with white nucleation spots in
the center of triangular domains, sample B exhibits heterogeneous domain growth and
particle-like residues. By analyzing the overview XPS spectra of the as-grown samples
in Fig. 3.20c, these particles were likely Na-rich residues capturing the uncompleted

reaction due the uncontrolled concentration by solid source evaporation.

A closer look at Mo 3d core level spectra gives further insight into the chemical
composition of the different samples. As expected, all samples exhibit the Mo! oxida-
tion state (blue doublet) corresponding to MoS, [167] with Mo 3 ds/o- and Mo 3 d3),-
components positioned at 229.3 + 0.1eV and 232.5 + 0.1 eV, respectively. As observed

in previous XPS results, the Na-free sample additionally contains MoOj3 according to
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the Mo"" oxidation state (red doublet) with peaks positioned at 232.6 4+ 0.1V and
235.8 0.1V, respectively. Interestingly, correlated with increasing number of white
particles (SEM, Fig. 3.20a), MoS, grain size (histograms, Fig. 3.20b)) and Na concen-
tration (XPS, Fig. 3.20c), the phase fraction of the MoVY1? oxide phase normalized
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Figure 3.20 NaCl—a551sted MoSs growth on SiOs. (a) SEM i images for MoS; grown (i) Wlthout
1dent1cal growth parameters, but different growth outcome. (b) Histograms of grain size
distribution (side length of assumed equilateral triangle). Data fitted with Gaussians and the
mean grain sizes deqn Were extracted as depicted. (c) XPS overview spectra with designated
peaks, and (d) Mo 3d core level region with assigned MoSs-related Mo!"" doublet (blue) and
S~ singlet (yellow), and MoOjs-related MoY! doublet (red). Peak intensities are normalized
to the Mo' 3d5 /2 peak. MoO3:MoSs area ratios of their respective Mo'V 3d; /2 components
are given. (e) Simplified model of the alkali-assisted growth mechanism illustrating a low-
melting point Na,Mo, O, compound that transforms into monolayer MoS, upon sulfurization.
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to the Mo' (MoS,) increases concurrently, while a simultaneous downshift by 0.6 eV
towards lower binding energies can be observed towards sample B. This suggests the
presence of another Mo oxide phase, indicated by the red-to-pink color gradient for the
MoVI? doublet, in case of the alkali-assisted samples, in which the Mo oxidation state
is slightly reduced compared to the MoOj state. This can be explained by the presence
of an Na,;Mo,O, compound consistent with the Na 1s signal [376]. Such low melting
point Na-Mo-O intermediate compounds forming molten nucleation clusters have been
reported to mediate MoSy growth through a vapor-liquid-solid mechanism [372, 377,
374, 378], as illustrated in Fig. 3.20e.

To further test the hypothesis of Na-Mo-O-rich nucleation centers, a locally resolved
analysis of the clusters was conducted by direct growth of MoS; onto a 18 nm-thin
SiOy membrane TEM grid (Fig. 3.21a). In this way, while not changing the growth
substrate material, a water-based transfer onto a standard TEM grid and the risk
of washing away water-soluble intermediate compounds of interest could be avoided,
allowing for high-resolution imaging and further chemical analysis of the sample in its
as-grown state. The STEM image in Fig. 3.21b shows triangular MoSs domains on
the size of ~100nm together with nucleation and residual particles consistent with

previous SEM images.

EDX analysis was performed to analyze the elemental composition in various spots
(EDX regions A, B, C in Fig. 3.21b). Si and O substrate signals and C attributed
to adventitious carbons and/or growth-induced carbon incorporation are detected in
all EDX spectra. Spectrum B was recorded on a MoS; domain containing a centered
nucleation cluster, and exhibits the expected, overlapping Mo and S spectral regions, as
previously assigned in Fig. 3.3. Importantly, Na is detected in the absence of Cl within
the detection limit, suggesting the role of a Na-enriched nuclei, possibly a Na,Mo, O,
compound in agreement with previous XPS analysis. The absence of Cl can be explained
by the evaporation of highly volatile MoO,Cl, oxysulfide reaction side-products [372,
374]. The particle in spectrum B contains Mn and Ca impurities, which can be assigned
to corrosion products from the metallic sample holder [Fig. 3.21a(iii)], which was
only used for this particular experiment due to the challenge of sample mounting in
the vertical reactor design (otherwise an inert, quartz-made sample holder was used).
EDX C located on the white particle between MoS,; domains showing both increased
Na and CI signals can be attributed to a condensated NaCl particle and highlights
the uncontrolled, oversaturated NaCl concentration in the growth environment. A
magnified image of a typical MoSy domain with a, centered nucleation particle is shown
in Fig. 3.21d. In addition to the Na-rich concentration shown in Fig. 3.21c(i), the
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EDX line scan (Fig. 3.21) qualitatively identifies the particle further to be Mo-rich,
although no increased O signal attributable to the expected Na,Mo,O, compound
is apparent. It is possible that the strong overlaying O signal contribution from the
18 nm-thick SiO5 substrate and the limited spatial resolution do not allow to detect

the comparatively low intensity O-contribution from the likely present Na,Mo,O,
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Figure 3.21 NaCl-assisted growth TEM study. (a) (i) Schematic illustration of the direct
MOCVD growth of MoS, from Mo(CO)g and DES at 700 °C onto a SiO2 membrane supported
by a SigNys TEM grid. An SEM image of the TEM grid is shown in (ii), which is mounted
face-down above the NaCl evaporation crucible in the growth setup. (b) STEM image with
designated areas for (c) EDX analysis in the zones (i) A, (ii) B, and (iii) C. (d) STEM image
of a MoSs domain with center particle, over which a line scan was performed with respective
(e) (i) HAADF intensity and (ii) EDX spectra profiles.
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compound. Nevertheless, based on the XPS results, it is reasonable to conclude that
intermediate Na,Mo,O, compounds play a dominant role in the here observed alkali-
catalyzed reaction mechanism. This also raises the question about the source of O in
the reaction environment, which could include Mo(CO)g, the SiO5 substrate, and more

likely HyO found in the vacuum background by the residual gas analyzer Fig. B7.

As a final note, it is remarked that even with extended growth time it was difficult
to achieve coalesced thin films with the alkali-salt route, which may be related to the
uncontrolled, excessive NaCl amounts inducing a surface poisoning effect and limiting
nucleation and coverage, as previously reported [178]. Moreover, during the course of
NaCl-evaporation experiments a whitish condensate from NaCl (confirmed by a powder
XRD sample) and related reaction products was accumulated on the reactor walls,
resulting in a memory effect and increased grain sizes in consecutive runs even when
no additional NaCl was employed. Eventually, this required cleaning/replacement of
the quartz tube for resetting to initial NaCl-free conditions. As observed for powder
CVD approaches, adopting solid source approaches for scaled, and reproducible TMD
growth is highly difficult.

3.4.1.2 Soda-lime glass substrate

Aiming at a more controlled introduction of alkali-elements, MoS, growth was performed
on different, commercial alkali-containing soda-lime silicate glasses. This approach
provides a promising route towards large-area, grain size enhanced MoS, synthesis with
improved scalability potential and availability of low-cost wafers up to 6". The goal of
the study was to get further insights into the alkali-catalyzed growth behaviour and to

identify substrates yielding coalesced MoS, films with largest possible grain size.

The used substrates included a float-glass (Marienfeld Superior), and two types of
crown-glasses (SCG 94 and B270i) with material properties and composition listed in
the appendix (table A2). AFM images of the as-received glass surfaces are appended
in Fig. B17, which show higher RMS roughnesses (2 0.8 nm) compared to the previ-
ously used thermally oxidized SiOq/Si wafers (~ 0.2nm) due to polishing grooves. As
illustrated in Fig. 3.22, the soda-lime silicate glasses mainly composed of SiO, "silica’,
NayO "soda" (with additions of KO in modified crown-glasses), and CaO "lime", are
suitable to catalyze the 2D lateral MoS, grain growth from Mo and S precursors on
the surface due to substrate-controlled alkali (Na, K) supply from the bulk [268]. An
essential factor for the growth-promoting effect is the surface concentration cggqy; of

alkali catalyst species. In a simple model, ¢, xq; depends on the initial concentration
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co depending on glass composition and may change in time during synthesis due to
migration processes from the bulk to the surface along z-direction, due to local accu-
mulation along (z,y)-directions underneath or between growing MoSs domains [369],
and depletion from the surface through evaporation of volatilized species [372, 213].
The growth temperature T" plays an important role in the formation of intermediate
compounds and as activation energy for diffusion processes close to the softening point

in "molten" glass [268]. In addition, precursor trapping in the bulk can occur [266].

A comparative growth parameter study was carried out on the different soda-lime

glasses at the previously optimized conditions for growth on SiO5 at 700 °C, 0.02 sccm
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Figure 3.22 MoS; growth on different soda-lime glasses from 0.02 sccm Mo(CO)g, 1.2 sccm
DES flow, and 12.5sccm Hs at 700 °C. a Schematic illustration showing MoSs domain growth
on alkali(Na,K)-containing soda-lime silicate (SiO2) glass, the grain size depends on the
alkali concentration cgjpq; diffusing from the bulk to the surface, which is a function of time
t, position (z,y) and, growth temperature 7. (b) SEM images of sub-monolayer (60 min)
and coalesced (120 min) MoSs thin films grown on different soda-lime silicate glasses: (i)
Plan Optik SCG 94 crown-glass (ii) Marienfeld Superior float-glass, and (iii) Schott B270®i
crown-glass. (c) Histograms of particle size distribution extracted from SEM images and
designated fits, respectively, where the mean grain sizes deqn are depicted.
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Mo(CO)g, and 1.2sccm DES flow, and 12.5sccm Hy. Growth times of 60 min were
used for sub-monolayer films to evaluate the grain size distribution, and longer growth
times (120 min) were used to demonstrate the growth of coalesced thin films. While
the grain size enhancing effect of soda-lime glasses is clearly apparent from the 60 min
samples on all the three tested surfaces (Fig. 3.22b) when comparing to alkali-free
growth on SiOs, the corresponding histograms in Fig. 3.22¢ reveal differences in grain
sizes distributions depending on the glass composition. The achievable grain sizes
increase along the order SCG 94, Superior, and B270i. For the latter, grain sizes
approaching pm-scale could be obtained accounting for the majority of covered surface
area. Additionally, some domains of several pm in size were evidenced with nucleation
cluster still present or evaporated from the domain centers (see appendix, Fig. B21).
Interestingly, bimodal grain size distributions of the 1L film are apparent from the
histograms. Further growth time studies of sub-monolayer coverage films confirmed
the dynamic evolution of two families of "large" (I-MoS3) and "small" (s-MoSs) grain
size distributions emerging from the early nucleation phase, as shown in Fig. 3.23. The
typical film morphology evolution towards the coalesced film is therefore determined by
[-MoS, regions between which s-MoS, grains fill the gaps (also see appendix, Fig. B20).
A similar, heterogeneous growth behaviour has been previously reported for NaCl-
assisted MOCVD of MoS, thin films and has been explained by spatially varying alkali
accumulation at the MoS, /substrate interface evidenced by TOF-SIMS mapping [369].
Similar chemical analysis could help to further understand the role of temporally and

locally changing c,xe;; on the here used soda-lime glass surfaces.

The 120 min samples in Fig. 3.22b demonstrate growth of coalesced films (grey
contrast) with onsetting bilayer nucleation (light grey/white contrast spots) prefer-
entially occurring at grain boundaries of the underlying first layer, as illustrated in
the schematic in Fig. 3.24a. Therefore, highest second layer nucleation densities can
be observed on SCG 94 that exhibited the smallest 1L grain sizes [Fig. 3.22b(i)], and
lowest second layer nucleation densities can be observed on B270i with largest 1L grain
sizes [Fig. 3.22b(iii)], which suggests an increasingly self-limited growth behaviour
in function of the 1L grain boundary density. The second- and multi-layer grain
boundary nucleation behaviour was captured in more detail by magnified SEM (see
appendix, Fig. B22), and topographic/phase AFM imaging in Fig. 3.24(b-c). The
topographic images reveal heterogeneous particle formation, nucleated bilayers and
few-layer pyramidal stacks on the coalesced primary layer. The phase images reveal
intra-grain defect lines and grain boundaries of the primary layer and defect-induced

bi- and few-layer domain nucleation on the primary layer. As a remark, as-grown,
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coalesced microcrystalline MoS, films on soda-lime glass typically exhibited about
an order of magnitude stronger PL signals than their nano-crystalline counterparts
on SiO,. However, dynamic PL intensity variation under laser irradiation combined
with a SEM and XPS study hinted at residual, metastable and photo-catalytically

transformed surface species, which is not discussed in further detail.

To further understand the time-dependent, nucleation-promoting effect due to
varying Cagari, MoSs thin films were grown for 15min with (1h) and without pre-
annealing of soda-lime glass at 700 °C prior growth start (see appendix, Fig. B23).
While the sample without pre-anneal shows the previously described bimodal nucleation

behaviour (s-MoSy: ~26nm, [-MoSs: ~90nm), the annealed sample shows a more
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Figure 3.23 Time-dependent MoSy grain size evolution on soda-lime glass (Marienfeld
Superior). MoS;y thin films were grown at 700°C. SEM images with corresponding binary
images analyzed by ImageJ, and (b) respective grain size distribution are shown for growth
times of (i) 5min, (ii) 15 min, and (iii) 60 min. Histograms were fitted by double Gaussians

for extraction of mean grain sizes dmeqn-
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pronounced difference in the bimodal grain size distribution with largely enhanced
[-MoS; domains (s-MoSy: ~29nm, [-MoSy: ~850nm), suggesting an initially boosted
growth rate of the [-MoS, family with an even more pronounced effect in case of
substrate pre-annealing. Further growth tests with even shorter growth times of only
5min revealed that the primary [-MoS,; domains already had been formed within a few
minutes at this very early growth stage, possibly promoted by an alkali-enriched c,ixqi
at growth start. After this initial grain size boosting effect, growth of I-MoS, slows
down indicating that cur.; depletes over time, as it has been observed for repeated

growth on soda-lime glasses, where the grain size decreased in subsequent growth runs

100nm

Figure 3.24 AFM of a 11.-MoSy thin film grown on soda-lime glass (SCG 94) at 700 °C
(180 min). (a) Illustration of coalesced MoS; layer with grain boundaries acting as nucleation
points for second layer and multi-layer stacks. (b) Topographic images and (c) phase
images for scan sizes (i) 1x1pm?, giving an overview of grain structure with boundaries
between stitched 1L grains, intra-grain defect lines, and 2L nucleation centers located at grain
boundaries, (ii) 0.4x0.41m?, showing a multi-layer stack, and (iii) 0.2x0.21m?, 2L-domain
nucleated on 1L grain boundary at high magnification.
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on the same substrate [268]. XPS analyses of the Na 1s peak of as-received soda-lime
glass substrates (see appendix, Fig. B18) and as-grown films (see appendix, Fig. B19)

confirm a decrease in Na-surface concentration post-growth.

To test the temperature dependence of alkali-assisted grain size enhancement,
growth temperature series for MoSs thin films grown at 550, 600, 650 and 700 °C were
carried out both on soda-lime glass and on SiO, with NaCl-evaporation. In both cases,
enlarged grain sizes were observed only for the 700 °C conditions (Fig. 3.25), indicating
a temperature threshold to activate the catalytic effect. This is in agreement with a
previous report [369, 379] and may be related with the melting point of intermediate
alkali metal oxides Na,Mo,O., such as NayMoyO7 (605 °C) or NasMoO, (687 °C) that
mediate the vapor-liquid-solid (VLS) and vapor-solid (VS) mechanisms [370, 372]. The
exact composition of intermediates within the ternary Na-Mo-O phase diagram was not
determined here, but could be subject for detailed analysis in further X-ray diffraction
studies [376, 213].

Figure 3.25 Growth temperature study of alkali-assisted growth in ICN2 reactor. SEM
images of MoSs thin films grown from Mo(CO)g and DES on (a) SiO2/Si using NaCl
evaporated from a crucible upstream the substrate, and on (b) soda-lime float-glass "Superior”
for growth temperatures of (i) 550 °C, (ii) 600 °C, (iii) 650 °C, and (iv) 700°C. Scale bars are
200nm and 100 nm for insets. The SEM images show that the grain-size-enhancing effect of
alkali species is only achieved for temperatures of 700 °C.

Moreover, the carbon-reducing alkali effect [180] previously reported for organosul-
fide based MOCVD of MoS, thin films was examined. For this purpose, Raman analysis
of a Hy series carried out at 700 °C with 0, 5.5 and 12.5sccm Hy flows showed that

the alkali-assisted growth in absence of Hy does not avoid C formation (see appendix,
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Fig. B24). This is probably because the presence of alkali species on the substrate
surface have limited impact on the gas-phase pyrolysis reactions that were mainly found
responsible for C incorporation in previous sections. Addition of H, is still required
for the growth of low-carbon films with vanished carbon D and G Raman bands (see
appendix, Fig. B24b). Importantly, enlarged grain growth was strongly hindered
without Hy in C-contaminated films (30 — 70 nm) compared to low-carbon films (several
100nm) grown with 5.5 and 12.5scem Hy, which indicates that the combined Hs- and

alkali-assisted process is key to C mitigation and grain size enhancement.

In summary, this study shows that alkali-assisted TMD synthesis is promising for
the growth of films with enlarged grain sizes under the here optimized conditions at
700 °C. The substrate-controlled alkali supply by (Na,K)-containing soda-lime glass
offers a more reproducible route compared to solid-source NaCl evaporation and yielded
coalesced, cm-scale films with up to pm-sized domains. Both alkali approaches were
observed to follow similar reaction mechanisms, involving low melting point, molten
Na;Mo, O, seeding clusters and lowered energy barriers promoting the growth dynamics
and lowering nucleation densities above a certain temperature threshold. However,
despite the undisputable benefit for grain size enhancement and grain boundary defect
reduction, also a critical evaluation must be undertaken when considering the use of
alkali-assisted approaches. First, heterogeneous film morphologies were commonly
observed, including particle formation due to intermediate reaction products, spatial
grain size variations, and occasional multi-layer-stack formation, which may result in
non-uniform mechanical and (opto)electronic film properties. Secondly, residual alkali
impurities raise concerns because alkali migration is well-known in the semiconductor
industry to cause reliability and oxide leakage issues [380, 381], that is why the use of
alkali elements is not tolerated in CMOS-compatible fabrication processes. Even if wet
transfer from the growth substrate might help to wash out alkali impurities [178], the
electrical performance of transistors might be degraded [369]. Finally, a closing remark
concerns the practical applicability and use of soda-lime glass substrates at increased
growth temperatures (i.e. 700°C) required to activate the catalyzed growth. At these
temperatures close to the glass softening point, the mechanical properties of glass turn
highly viscous, which may lead to substrate deformation. In particular, in the vertical
ICN2 reactor setup with down-facing, "hanging" substrate, bowing due to creep under
gravitational force was observed at prolonged growth times. Although such bowing
might be avoided in a "sitting" substrate configuration, it must be taken into account
that any non-planar surfaces may complicate subsequent layer transfer steps required

for MoS, device integration.
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3.4.2 Low Mo flow growth rate controlled MOCVD

The following growth study was carried out in the horizontal, hot-wall Yonsei reactor,
described in section 2.3.1. Aiming at enlarged MoS; domains and following the approach
of Kang et al. [47], thin films were grown on SiO,/Si with long growth times using
ultra-low, growth-rate-controlling Mo(CO)g flows (~8.3 x 107° sccm) in excess of DMS
(~0.6sccm), allowing a Mo-diffusion-limited regime under highly S-rich conditions
(S:Mo ~ 4560), which is favorable for the 2D domain growth mode. Optionally, NaCl
was placed at the low-temperature furnace entrance upstream the substrate for alkali-
assisted growth, avoiding NaCl evaporation in the higher temperature zone, while still

showing a grain size enhancing effect [47].

Figure 3.26 displays an optimization study, in which growth temperatures of 600 °C,
650 °C, and 700 °C were investigated. From the AFM images (Fig. 3.26a) it is apparent
that the optimal growth regime for 2D domain growth can be found at 600 °C with
average domain sizes around 158/280 nm (without NaCl) and 363/842 nm (with NaCl),
as shown by the histograms in Fig. 3.26b. The bimodal grain size distribution typically
observed for alkali-assisted growth in case of the NaCl-free process in Fig. 3.26b(i)
is surprising, but might be explained by a memory effect of the reactor from prior
NaCl-assisted growth runs. Growth temperatures above 600 °C resulted in decreased
domain sizes and a more particulate-like 3D growth mode shown in the magnified AFM
insets in Fig. 3.26a(iii) and (vi). A probable explanation for this behaviour can be the
higher Mo partial pressure due to increased thermal Mo(CO)g decomposition along
the hot-wall tube, resulting in reduced S:Mo ratios and Mo clustering [310] at elevated
temperatures [47, 310], and /or increased C incorporation evidenced by the increased D
and G bands seen in the corresponding Raman spectra (Fig. 3.26¢). The PL spectra
are shown in Fig. 3.26d). Variations in intensity and peak positions can be explained
by differences in grain size, film coverage, carbon-induced quenching, and crystalline
MoS, quality. The latter C incorporation likely correlates with DMS-pyrolysis-induced
C contamination, which can be expected to onset above around 600 °C similar to the
case of DES as per their almost identical, bond dissociation energies found in DFT-
simulations (see appendix table Al), and consistent with explanations in section 3.2.4.

! with increasing temperature and C

Moreover, the A-widening above values of 20 cm™
incorporation suggests few-layer-stacked MoS; and hints at the previously observed,
carbon-induced 2D-to-3D growth mode transition in agreement with studies carried
out in the ICN2 reactor. A final important result is that NaCl helps lowering C

incorporation, as seen in comparison of the Raman spectra of the 700 °C samples, and
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in agreement with literature [180]. Further studies are required to understand this

C-reducing effect in detail.
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Figure 3.26 Low growth rate MOCVD. (a) AFM images for MoSy thin films grown on
SiOy/Si for 16 h from 8.3 x 1075 sccm Mo(CO)g and 0.4 sccm DMS, 5scem Ha, 100 scem Ar
at varied growth temperatures of 600, 650, and 700 °C (i-iii) without, and (iv-vi) with NaCl
placed at the furnace entrance upstream the substrate. Scale bars are 1 pm and 200 nm for
magnified insets. (b) Histograms of grain size distribution for growth at 600°C (i) without
and (ii) with NaCl. The mean grain sizes dpeqn are depicted. (c) Raman spectra were
normalized to the Si peak (521 cm™'). The frequency difference A between A;, and Eglg
MoSs-modes is given for the different growth temperatures. (d) PL spectra.
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In conclusion, the low growth rate approach was found compatible with the alkali-
assisted approach and largest 2D domain sizes could be obtained in the low-carbon
600 °C regime. Importantly, growth results were found consistent with previous stud-
ies in the ICN2 reactor, pointing at the universality of conclusions made for the
organosulfide-based TMD synthesis. Although the Mo-flow-limited route was suitable
for enhancing grain sizes, which will be helpful for benchmarking grain-size dependent
transistor properties, the extended growth times are not attractive for high-throughput

manufacturing from an industrial perspective.

3.5 Summary

In this chapter, large-area MOCVD of layer-thickness and grain size-controlled, poly-
crystalline MoS, thin films from organosulfur precursors was demonstrated on cm?2-scale,
amorphous substrates (i.e. SiOy/Si and soda-lime silicate glass wafers). A systematic
study was presented involving key growth parameters (growth time, temperature,
Mo:S ratio, Hy flow) and their effect on layer morphology, chemical composition, and
(opto)electronic properties was clarified by using a large variety of film characterization
methods (SEM, AFM, TEM, Raman, PL, EDX, XPS/UPS). In particular, the origin,
effect and mitigation of C incorporation, including in situ gas-phase monitoring of the
growth process, revealed the crucial role of organosulfide pyrolysis during MOCVD,
resulting in undesired graphitic C(sp?) impurities at elevated organosulfide concentra-
tion and growth temperatures. The carbon formation competes with MoS, growth,
leads to a 2D-to-3D growth mode transition and interrupted film morphologies, and
may introduce unintentional doping and interface trap states. By adding optimized
flows of Hy to the growth process the C contamination may be reduced significantly,
which is expected to be favorable for the preparation of low-impurity, continuous films

that are suitable for transistor application.

Furthermore, alkali-assisted growth approaches by the use of NaCl and (Na,K)-
containing soda-lime glass substrates were explored to reduce nucleation densities
by more than two orders of magnitude with enhanced MoS, grain sizes up to ~pm,
involving a mechanism of intermediate, low melting point alkali metal oxide compounds.
Growth modes, introduced film heterogeneities and alkali impurities through such route
were critically discussed. Finally, grain size enhancement was explored on various SiOo-
composed substrates comparing growth at optimized conditions in the two different

hot-wall reactors, with alkali-assisted and low growth rate equilibrium approaches,
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Table 3.2 Overview of MoSy grain size enhancement studies. Thin films were grown in the
ICN2 and Yonsei reactors at high and low growth rates on different substrates with/without
alkali-assisted approaches. Nucleation densities N and average grain sizes d,eqn are extracted
from previously shown SEM images (for bimodal grain size distributions the given values
correspond to the two distribution peaks).

Reactor Growth time (h) Substrate NaCl N (um?) d,eqn (nm)
ICN2 1 SiOq no 929 30
ICN2 1 SiOq yes 35 84
ICN2 1 Soda-lime SCG 94 no 121 52, 178
ICN2 1 Soda-lime Marienfeld Superior ~ no 75 76, 267
ICN2 1 Soda-lime B270™;j no 2 488
Yonsei 16 SiO, no 16 258, 288
Yonsei 16 Si0q yes 3 363, 842

summarized in table 3.2 (the complete set of histograms is shown in the appendix
Fig. B25). MoSs domain size control opens opportunities for applications from catalysis
to electronics [382]. A proof-of concept of the hydrogen evolution reaction catalyzed
by nanocrystalline MoS, thin films is shown in the appendix in Fig. B26, development
of a MoS, transistor technology as the main objective of this thesis will be discussed
in chapter 5.

In conclusion, this chapter presents important insights into gas-phase chemistry
and growth parameter control in the scalable MOCVD of 2D semiconductors. The
highly relevant issues of controlling impurity levels and reduced grain boundary defect
densities have been addressed. The findings underline the challenges of high-quality
2D TMD growth from low-cost, low-toxicity organic chalcogen precursors and highlight
opportunities to engineer film properties by a fine-tuned growth process, which has

wider implications for the development of high-performance (opto)electronic devices.

As an outlook, and in face of C incorporation still being a major hurdle for MOCVD
of 2D TMD grown from organosulfides, the use of chalcogen hydrides may be a viable
solution. However, the use of these highly toxic precursors might not be an option
under certain circumstances due to safety concerns. Future efforts could be directed
to adding trace amounts of oxidizers to the growth process, such as HoO [199, 170]
or Oy [213, 383], for improved carbon and defect elimination and using growth-etch
cycles [199]. While still relying on external, volatile precursors and the advantages of
controlled MOCVD gas supply, the introduction of an oxidative environment also opens
a reaction path towards enlarged grain sizes: this is due to the volatile, intermediate

MoV! oxide adatom species with higher surface diffusivities compared to elemental Mo®
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from Mo(CO)g decomposition when working in a reductive Hy atmosphere. Further
advances of controlled alkali-assisted growth via MOCVD-compatible, gaseous alkali
precursors [213] might be promising, although concerns about alkali contamination
must be considered [369]. Alternatively, (oxy)halide-based growth promotors [368, 375]
and vapor-pressure-controllable, inorganic molecular halide-based metal precursors
may provide another promising route [315, 384]. It is clear though that developing
and identifying optimal precursors will be of upmost importance in the scalable, fast

growth rate synthesis of high-quality TMD thin films in the future.



Chapter 4

MOCYVD of epitaxial MoSs thin
films

Combining the scaling benefits of MOCVD with the concept of van der Waals (vdW)
heteroepitaxy on crystalline wafer templates provides a promising route for synthesis
of pristine 2D TMD thin films over large areas. In this context, single-crystal sapphire
is a widely used substrate owing to its commercial availability at relatively low cost
and its industrial relevance. It is particularly attractive for TMD epitaxy thanks to its
crystallographic compatibility and stability in harsh growth conditions. Recent studies
have highlighted surface step topography to be key for controlling edge-guided nucleation
of unidirectionally aligned domains as a route towards single-crystalline TMDs by
using sapphire wafers with customized miscuts [176] and by an optimized MOCVD
process [48]. Furthermore, sapphire surface chemistry [259, 257, 384] and surface crystal
structure, such as (1 x 1) and (v/31 x v/31)4+R9°) reconstructions [385], have a great
influence on TMD crystallinity, namely the in-plane heteroepitaxial relationship and
domain orientation. However, the control and impact of sapphire surface preparation
on the epitaxial relation and orientation dispersion has not been studied in a systematic
fashion so far. Moreover, TMD epitaxy using organic chalcogen precursor chemistry [310,
190] has been challenging due to C incorporation and the complex interplay of surface
and reaction conditions [386]. Therefore, better understanding of the popular TMD-
sapphire heteroepitaxy is desired, including optimized sapphire surface preparation
and MOCVD conditions for orientation-selective, domain growth with low in-plane

mosaic spread.
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4.1 Review of TMD epitaxy on sapphire

TMD growth on amorphous substrates, such as SiO,, leads to randomly oriented
domains; they form grain boundaries upon thin film coalescence, which alter the
electrical film properties [387, 388] due to the misorientation-angle-dependent electrical
transport [389]. In contrast, epitaxial growth on single-crystalline substrates may yield
aligned domains that merge seamlessly, thus, avoiding high-angle grain boundary defects.
In particular, when coupled with MOCVD — in this context often referred to as "metal-
organic vapor phase epitaxy' (MOVPE) [177, 83] — this strategy has great potential
to enable wafer-scale, electronic-grade, single-crystal 2D TMD thin films [82, 239, 48|.
For lattice-guided TMD epitaxy a suitable crystalline template with crystallographic
compatibility is required; several 2D and 3D substrates with hexagonal symmetry have
been considered. While 2D material vdW substrates, including graphene [310, 192,
390, 391}, hBN [251, 392], and combinations of various TMDs (MoSs, WS,, MoSes,
WSey) [254, 195] have been employed, single-crystalline 2D substrates typically cannot
be easily obtained over large areas; thus, "quasi' vdW epitaxy of TMDs on commercially
available 3D bulk substrates has become a preferred approach. Conventional 3D bulk
substrates include mica [151, 393, 244], Au(111) [193, 255, 394], GaN(0001) [395], and
a-Al,O3(0001) [163, 258, 239, 48]. From the latter, insulating Al,O3(0001) wafers are
the most common choice because of their (1) commercial, large-diameter availability at
relatively low cost and their wide application in practical (opto)electronic applications,
(2) thermal and chemical stability at high temperatures required for high-quality TMD
growth [396, 48], (3) atomically flat surface that may be custom-manufactured by
wafer cutting and thermal annealing [176, 191], (4) prospective compatibility with
industry-scale integration processes [191, 53, 46, and importantly (5) hexagonal lattice

favoring c-axis oriented vdW epitaxy of three-fold symmetry TMDs [82, 253].

The interplay of substrate and film symmetry plays a critical role for the rotationally
commensurate vdW heteroepitaxy. As a general rule, the high symmetry in-plane
directions of the 2D film tends to align with the high symmetry direction(s) of the
substrate surface [253], which are the {1120} and {1010} directions in case of
Al,03(0001). As illustrated in Fig. 4.1, this results in the R0® and R30° heteroepitaxial
relationships with each two anti-parallel 0°/60° and —30°/30° energetically stable
MoS, domain configurations [252, 176, 253] forming (3 x 3)-on-(2 x 2) and (5 x 5)-on-
(3 x 3) unit cell coincidence lattices [175], respectively. In symmetry terms, the two
anti-parallel domain alignment directions arise from the non-centrosymmetric MoS,

lattice and Cg, symmetry of the c-sapphire surface [397, 253, 242, 314]. Merging of
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Figure 4.1 MoSs/a—Al;03(0001) heteroepitaxy model. Top- and side-view of rotationally
aligned MoS2(0001) on AlyO3(0001). The mismatch of ~34 % between the in-plane lattice
parameters ansos, and a4;,0, is effectively reduced either by 0°/60° oriented domains forming
a 3-on-2 superstructures (R0° configuration, ~0.4 % mismatch), or by —30°/30° oriented
domains forming a 5-on-3 superstructure (R30° configuration, ~4 % mismatch)), as highlighted
by the yellow unit cells.

60°-rotated and 30°-rotated domains has been observed experimentally for MoSy grown
on sapphire [163, 252, 322]. Stitched anti-parallel domains lead to the formation of grain

non:

boundary defects [82] that are referred to as "anti-phase', "inversion" or "mirror twin'
grain boundaries in the literature [398, 388, 399]. These grain boundaries show metallic
character and form conducting 1D nanowire channels within the semiconducting 2D
TMD layer, which affect the electrical and optical film properties [400, 401, 402,
403, 398]. Therefore, it is desired to obtain orientation-selective TMD epitaxy with
— in the ideal case — unidirectionally aligned domains that smoothly stitch together
without forming any domain boundaries (translational grain boundaries not discussed
here [261]). To achieve this goal orientation-controlled growth must ensure (1) selection
of domains with a preferred R0%-only or R30°-only epitaxial relationship, (2) selection
of domains with a single preferred direction within the R0° (either 0° or 60°) or R30°
system (—30° or 30°), and (3) ideally zero azimuthal mosaic spread. Recent strategies
to address these challenges of domain orientation control have focused on sapphire

surface engineering and growth condition optimization.
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Sapphire surface engineering — such as by thermal annealing, reconstruction, passiva-
tion, and wafer manufacturing — has a fundamental impact on long-range, commensurate
vdW epitaxy and is key on the roadmap to electronic grade, synthetic 2D semicon-
ductors [128, 203, 314]. Several reports have pointed out that annealing sapphire at
temperatures = 975 °C and obtaining stepped surfaces with atomically-flat terraces
is required for uniform, epitaxial domain registry [163, 239, 385, 258, 397]. Sapphire
pre-baking at 1050 °C in Hy-rich atmosphere has been reported to decrease nucleation
density and C incorporation in organosulfide based MOCVD [177]. Furthermore,
sapphire annealing at even higher temperatures 2 1150 °C reconstructs the sapphire
surface into an Al-rich (/31 x v/31)4R9° surface providing a means to select the R30°
relationship for epitaxial MoSsy [385, 150] and WS, films [404]; however, the evolution
of sapphire surface termination under MOCVD reaction conditions has still not been
fully understood [405]. Terrace-selective nucleation due to non-homogeneous sapphire
surface termination has been reported [191, 406]; chalcogen surface passivation [239,
249, 248] may favor the R30° over the R0° configuration according to theoretical
simulations [407, 259], while other calculations predict the R0° to be more stable [252].
Recently, also an important role of the OH-groups terminating the sapphire surface
was found with regard to domain selectivity and dispersion. OH-terminated sapphire
shows R0° and R30° and large mosaic spread due to orientation-independent MoSs
adsorption energies; in contrast, half-Al-terminated surfaces after =500 °C annealing
and OH-removal showed preferential selectivity of the energetically favorable R0° epi-
taxial relationship with a low mosaicity [384]. Furthermore, the step morphology of
the sapphire surface allows growth control by edge-guided nucleation due to strong
interaction of the triangle domain and step edges [239, 397], which may impart a pre-
ferred domain orientation [408, 48, 176, 256]. In this context, appropriate sapphire step
height in relation to TMD layer thickness seems to be an important criterium to enable
and control mono- to few-layer TMD nucleation [407, 248]. Moreover, engineering
the step direction by custom-manufactured miscuts off the A[1120]-axis [176, 248]
and M[1010]-axis [48, 259] has enabled unidirectional domain growth by breaking the
degeneracy of anti-parallel domain nucleation energies within the R30° and R0° systems,
respectively. However, recent reports have been ambiguous; while using sapphire with
a defined miscut direction did not necessarily yield unidirectional growth [404], another
work has reported unidirectional growth independent of miscut direction [397]. It has
also been of controversial debate if step shape, i.e. curved steps opposed to parallel
steps, affects domain orientation and their angular dispersion. While sapphire step
meandering with activated kinetics during MOCVD at high temperatures (1000 °C) has
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been reported to induce mosaic spread [48, 409], inclined step directions off the high-
symmetry sapphire directions did not disturb the preferred domain orientation [259].
Atomistic modelling supported the latter observation by the argument that steps
appearing curved at the macro-scale actually consist of discrete kinks to which nuclei
can still dock in an aligned fashion while maintaining their epitaxial relationship to the
substrate lattice [410]. Besides the step morphology also the role of step chemistry has
been recently discussed with respect to domain nucleation and orientation selection,
which is strongly linked to the growth conditions [411, 259, 412].

The growth conditions — such as precursor chemistry, gas-phase composition, use
of alkali-catalyst, pressure, and temperature — have a major impact on the in-plane
domain orientation. A chalcogen-rich growth environment was found to be a critical
factor not only to enable aligned domain growth [258, 176], but also to switch from
a R0O° to R30° configuration upon increasing the chalcogen supply [257]. There are
three hypotheses to explain this phenomenon. First, chalcogen-rich conditions might
lead to chemical reduction of the sapphire surface by oxygen removal and formation of
an Al-rich termination, favoring the R30° configuration [257]. Second, chalcogen-rich
conditions may result in chalcogen surface passivation that stabilizes the enhanced film-
substrate coupling of the R30° configuration [407, 259]. Third, the chalcogen chemical
potential determines the TMD domain edge termination and its coupling with sapphire
step edges; for instance, in MoS, synthesis, S-rich conditions energetically favor fully S-
dimer-saturated Mo edges coupling with [1010]AlyOz-edges [176]. The availability and
controllability of chalcogen concentration might also explain the preferential epitaxial
relationships observed in different vapor phase growth techniques. While in CVD using
solid precursors [176, 248] the R30° epitaxial relationship has been commonly observed,
in MOCVD [48, 259] and MBE [413, 149] the R0° relationship has been predominantly
observed. This may be related to the facilitated chalcogen supply by elemental powder
evaporation in CVD opposed to precursor-decomposition-limited chalcogen supply in
MOCVD and high chalcogen desorption rates in high vacuum conditions in MBE.
The use of alkali-catalysts has been reported to result in a loss of epitaxial registry
due to ion intercalation [369]. Moreover, carefully added O, to the gas-phase for
growth-etch balance has allowed control over R0° and R30° selection [175, 176] and
Hs-addition has played an important role in the activation of oriented and step-edge
guided nucleation [411, 177, 199, 412, 414]. Zhu et al. have recently shown that the
increased hydrogen chemical potential at increased reactor pressure modifies sapphire
step chemistry by removing O-remnants, which allows pressure-controlled switching

between top and bottom step nucleation with opposed 0°/60° domain orientations [259].
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Furthermore, it was found that increased growth temperatures improves selectivity

towards unidirectional domain alignment and low mosaic spread [259, 384].

These recent advances of improved domain orientation control encourage further
research into the underlying mechanisms of TMD epitaxy on sapphire and the complex
interplay between substrate and growth conditions [386]. For example, MOCVD from
organic chalcogen precursor has shown particularly challenging compared to hydride

based processes [190, 49]. A series of questions arises:

o How do wafer miscut manufacturing and thermal annealing affect TMD epitaxy?

o Can engineered sapphire surface reconstructions be used to control the epitaxial

relationship?

o Does the sapphire surface termination/reconstruction get modified under growth

conditions?
o Does the step morphology (height, shape, density) affect the domain orientation?

e Does the sapphire surface preparation have an impact on C incorporation in
organosulfide based MOCVD?

« Is the epitaxial film registry preserved in alkali-assisted growth?
o Can the S:Mo ratio be used for selecting the epitaxial relationship?
e Does high growth temperature improve epitaxial quality?

e How does the in-plane domain dispersion evolve with growth time and during

monolayer coalescence and layer-by-layer nucleation?

To be able to answer these questions, it demands to establish accurate control over
sapphire starting surfaces, as well as growth conditions that allow systematic study
of their impact on TMD epitaxy. TMD epitaxy is dominated by the two R0°/R30°
epitaxial relationships and typically shows mosaic spread of oriented domains due to
the relatively weak out-of-plane vdW film-substrate interaction [385, 149, 83, 249];
thus, precise determination of the domain orientation by suitable characterization
methods is essential to assess epitaxial quality, which makes the use of diffraction and
microscopy techniques indispensable. TEM is a powerful tool combining selected-area
diffraction with atomic-resolution imaging [261]; yet, it only provides local, nanoscopic

information, with the addded drawback of potentially losing the link to the growth
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substrate during typical sample preparation by layer transfer. In contrast, grazing
incidence surface diffraction methods based on electrons (RHEED) [249, 409, 149,
176] or X-rays (GIXRD) [415, 48, 176, 248] are able to detect long-range order with
statistical information from macroscopic, as-grown samples over wafer-scale areas.
RHEED is a highly surface sensitive method that can provide real-time diffraction
pattern feedback due to the strong electron-matter interaction. Although X-ray-matter
interaction is relatively lower, GIXRD using high-brilliance synchrotron radiation
compensates for fast data aquisition and a full picture of surface reconstructions [416,
417] and film-substrate registry by reciprocal space mapping [418, 391]. Common X-ray
tubes in lab instruments provide orders of magnitude lower intensities, but fortunately,
TMD’s heavy element constituents exhibit a high electron density and X-ray scattering
cross-section making 2D TMD diffractometry feasible [415]. Therefore, laboratory
GIXRD allows routine analysis of epitaxial relationships and in-plane, azimuthal
domain distributions. It is emphasized that surface diffraction analyses should be
complemented by microscopic imaging (AFM/SEM) and domain orientation statistics
because diffraction experiments cannot distinguish between symmetry-equivalent, anti-
parallel domains [415, 322].

In this work, MOCVD of epitaxial MoS, thin films grown from Mo(CO)g and
dimethyl sulfide (CH3)2S on surface-engineered Al,O3(0001) is investigated, consisting
of two main parts: First, distinct Al,O3 surfaces (reconstruction, step morphology)
are prepared by miscut and thermal annealing treatments to subsequently study their
impact on MoS, epitaxy; Second, the influence of growth parameters (with/without
NaCl, S:Mo ratio, temperature, time) is explored. Vicinal AlyO3 surfaces, domain
morphology and orientation of rotationally commensurate MoS, films are characterized
by microscopic analysis (AFM, SEM), and by electron (RHEED), laboratory and
synchrotron X-ray (GIXRD) surface diffraction techniques. Furthermore, Raman and
photoelectron spectroscopies are applied. Al,O3 substrates with £0.2° and +0.05°
miscut angles are compared after thermal annealing at 1050-1350 °C, resulting in
atomically-smooth, stepped surfaces with defined step shapes, heights and terrace
widths. Moreover, the surface termination is controlled in O,- and Hs-annealing
atmosphere to obtain (1 x 1) and Al-rich (v/31 x v/31)£R9° surface reconstructions,

respectively.
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4.2 Sapphire surface preparation

Accurate control over the sapphire surface topography, reconstruction and chemistry is
an essential prerequisite to investigate the potential impact of distinct surface conditions
on TMD epitaxy. Surface engineering can be realized by 1) customized wafer cutting
from the sapphire ingot at defined miscut angles towards specific crystalline planes
(e.g. ¢, a-, m-, r-planes) [269, 419] and towards specific crystalline directions (e. g. A-,
or M-axes) [176], and by 2) thermal annealing treatments at defined temperature and
in controlled atmospheres [270]. Among the stable surface orientations, the c-plane
sapphire, or simply "c-sapphire" Al;O3(0001), is chosen for this study. Figure 4.2
displays c-sapphire surfaces as-received and after a typical annealing treatment. While
the as-received surface exhibits a relatively rough, groovy surface from wafer cutting
and polishing processes, the conditioned "epi-ready" surface after thermal annealing
shows the characteristic, stepped morphology with atomically-smooth terraces desired
for TMD epitaxy [163, 239, 385].

a As-received b Annealed

00 00 Rl Height (R 00 00

Figure 4.2 Surface morphology of c-sapphire measured by AFM. (a) As-received (b)
Thermally annealed in Og-rich atmosphere at 1200°C (2h).

In this section, sapphire wafers with defined 0.2° and 0.05° miscut angles off the
C(0001)-plane are treated under variation of annealing parameters to investigate the
evolution and preparation of distinct surface morphologies and reconstructions. The
studied parameters include annealing time, temperature and gas environment under

Os-rich or Hs-rich atmosphere.
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4.2.1 Miscut

The characteristic step morphology of annealed c-sapphire is a consequence of its
crystal structure [420]. In its thermodynamically most stable form sapphire crystallizes
in the so-called corundum structure, belonging to the space group R3c (#167) [270,
269]. Figure 4.3a shows a perspective view of the hexagonal crystal, in which the
conventional unit cell with lattice constants a = 4.76 A and ¢ = 12.99 A is highlighted
in yellow. The atomic arrangement along the C[00 0 1]-direction consists of periodic
stacking of ---Al-03—Al-Al-03—-Al-Al-0O3—Al--- atomic layer units with an O—-0O
interlayer distance of ¢/6 = 2.16 A [270]. Figure 4.3b shows a schematic side view of
the crystal, whose vicinal surface is inclined to the low index (000 1)-plane at an angle
« introduced by the manufactured miscut. This miscut angle o defines the terrace
width w for a given step height h, where h is typically a multiple of ¢/6 that depends

on the annealing conditions [420, 269, 421]. The relation between «a, h, and w follows
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Figure 4.3 Sapphire crystal structure, vicinal surface and miscut angle. (a) a-AlsO3 corun-
dum crystal structure with highlighted, conventional unit cell (yellow) and crystallographic
axes (red). (b) Side-view showing the stepped surface where the step height h is typically a
multiple of the Al-O-Al distance ¢/6. The terraces width w depends on the manufactured
miscut angle a (bottom). (c¢) Flattened AFM images for nominal miscuts of (i) «=0.2° and
(ii) @=0.05° annealed at 1200°C (2h). Corresponding (d) plane-fitted AFM images with
overlayed line profiles and indicated step heights.
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eq. (4.1):

tan(a) = Z (4.1)

Figure 4.3c shows flattened AFM images of annealed sapphire surfaces (1200 °C, 2h)
for wafers with nominal miscuts of 0.2° and 0.05°. The step undulations depend
on the annealing conditions, as discussed below, and from anisotropy caused by the
non-specified miscut orientation [422, 423, 424] of the wafers (wafers with specified
miscut orientation along the A- or M-axes show parallel steps, see appendix Fig. C1).
The AFM images in Fig. 4.3d show a zoomed-in view of the periodic terrace-step
morphology. After plane-fitting on the terraces line profiles (overlaid, white lines)
perpendicular to the steps can be extracted. For the here used annealing conditions
of 1200°C, predominantly bisteps with h = 2¢/6 ~ 4.3 A can be observed, consistent
with literature [422, 421]. The terrace widths are of the order of w = 60425 nm and
w = 230+£23 nm, from which the miscut angles can be calculated to be o = 0.21 4+0.05°
and 0.05 4 0.005°, respectively, in good agreement with the nominal values. Custom-
defined miscut angles can therefore be used to produce templates with controlled
densities of surface steps that have been reported to play an important role for edge-
guided TMD nucleation [408, 176, 48, 412]. On the one hand, reducing the step density
and increasing the terrace size may reduce dispersion from domains nucleating at
meandering steps [409]; on the other hand, nucleation at parallel steps along A[1120]
and M[1100] can break the degeneracy of anti-parallel TMD domains [48, 176].

4.2.2 Annealing time

As the surface rearrangement is a diffusion-controlled process, time is an important
factor for the evolution of the step morphology towards the equilibrium state. The
time scale for reaching this state is typical of the order of several hours. Figure 4.4a
shows flattened AFM images for annealing at 1050 °C and annealing times of 2h,
6h, and 12h. Straightening of the step morphology with increasing time can be
observed due to the advancing surface rearrangement. Furthermore, as visible from
the magnified, plane-fitted images (Fig. 4.4b), step bunching phenomena can merge
multiple ¢/6-monosteps to form increased step height junction points with enlarged
facets [425, 269, 426]. The sample annealed for an extended time of 12h suggests that
the thermal energy at the 1050 °C condition is not sufficient to coalesce monosteps at
full length. To avoid these multiple step points that might act as randomly dispersed

nucleation points for TMD growth, the annealing temperature was further increased.
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Figure 4.4 Sapphire annealing time. (a) Flattened AFM images of AloO3(0001) surfaces after
annealing in Og-rich atmosphere at 1050 °C for (i) 2h, (ii) 6h, and (iii) 12h. Corresponding
(b) plane-fitted images.

4.2.3 Annealing temperature

Increasing the annealing temperature accelerates surface kinetics during sapphire
annealing, and, therefore, equilibrium step morphology is obtained at a faster rate.
While at the 1050 °C condition after 2 h the sapphire steps still shows many undulations
with predominantly monosteps, the 1200 °C annealed sample exhibits straightened,
more parallel step morphology (Fig. 4.5a). Furthermore, as can be seen in Fig. 4.5b,
the additionally provided thermal energy enables step pairing of closely approaching
monosteps [270, 422] and higher tendency to overcome the energy barriers for bistep
formation (Fig. 4.5b), consistent with literature [425, 422]. If temperature is further
elevated to 1350 °C, step bunching and formation of steps with multiple ¢/6 height and
enlarged terraces can be observed. However, for this specific sample particle formation
of non-identified origin was observed, which has also been occasionally observed in other
reports [425, 427]. They may be caused by redeposition and compound formation of
common impurities (Na, Ca, Si) stemming from the furnace environment or the alumina
annealing crucibles (see XPS analysis in appendix, Fig. C8), or may be explained by
segregation effects from sapphire bulk impurities [425, 428]. Substrates that showed

such particle contamination were discarded for subsequent TMD growth.
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Figure 4.5 Sapphire annealing temperature.(a) Flattened AFM images of AloO3(0001)
surfaces after Og-annealing for 2h at (i) 1050 °C, (i) 1200 °C, and (iii) 1350 °C. Corresponding
(b) plane-fitted images with selected line profiles.

Nevertheless, these results show that increased annealing temperatures enable step
height engineering, which may have important implications for edge-guided nucleation
of TMD thin films with controlled layer number. Previously it has been shown that
1200 °C-annealed sapphire with 2¢/6 bisteps yielded MoSs monolayer nucleation [176],
1350 °C-annealed sapphire with substantially higher 6¢/6 steps yielded bilayer MoS,
nucleation [248]. Other works reported monolayer nucleation of WSey at ¢/6 steps [408]
and MoS, at 2¢/6 — 4¢/6 steps [191], the latter of which are below the critical height of
2 6¢/6 predicted for bi- and few layer nucleation according to theoretical studies [407].

4.2.4 Annealing atmosphere

In a next step, the influence of the annealing atmosphere was investigated. Figure 4.6(a-
b) shows a series of sapphire surfaces annealed at 1050 °C (2h) in pure Hy, 5% Hy/Ar,
inert Ar, in air (~21% Oy/Ny), and pure Oy flow. While the surfaces annealed in
Hs-rich atmosphere show almost no modification and still exhibit polishing damage
from the as-received state, gradual change from reductive over inert to oxidative
conditions promote the gradual evolution towards step-terrace morphology. This

is due to faster oxygen ion diffusion kinetics in Os-rich than in Hy-rich conditions,
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facilitating surface reorganization to reach the equilibrium stepped surface state [270].
Annealing in air or pure Oy are similarly suitable to obtain atomically smooth, stepped
surfaces. Furthermore, corresponding water contact angle measurements (Figure 4.6¢)
show wetting behaviour for the reorganized surfaces, while a contact angle of 36°
was measured for the purely Hp-annealed sample. This is related with the surface
morphology and differences in surface chemistry with more hydrophobic tendency for
the Ho-annealed sample. Previous reports found Al-rich surface composition [270, 385]
in Ho-annealed sapphire that may explain hydrophobic nature compared to O-rich,
hydrophilic sapphire surfaces.

Reducing Oxidative

+*

o 5x5 ym? 1]

1x1 pm?

ol - . e 2eon

— (iii)

C |(iii)

Figure 4.6 Sapphire annealing atmosphere. (a) Flattened AFM images of Al,O3(0001)
surfaces annealed at 1050°C and 2h for varying annealing atmosphere from reducing to
oxidative: (i) 50 sccm Hy at 10 mbar, and annealing at atmospheric pressure in (ii) 50 sccm
5% Ha/Ar (iii) inert Ar, (iv) air ~21 % O2/Na, (v) and 50 sccm Os. Corresponding (b) plane-
fitted AFM images, and (c) static water contact angle measurements.

4.2.5 Surface reconstruction

The template properties of c-sapphire for heteroepitaxy are not only depending on
the surface morphology, but also strongly determined by the crystal structure of the

outermost surface atoms — the so-called surface reconstruction. Various reconstructions
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of c-sapphire surface have been reported in the literature following a sequence of
thermally induced transformations, starting from the simple (1 x 1) surface [429] to the
intermediate reconstructions (v/3 x v/3)R30° at >1100°C [429], (2v/3 x 2v/3)+R30°
at >1100°C and (3v/3 x 3v/3)£R30° at >1150°C [417], and finally (v/31 x v/31)£R9°
above around 1200-1250°C [429, 416, 430, 431, 432]. These transformations are
triggered by a change of surface composition in form of oxygen loss and therefore imply
transformation towards a more Al-rich surface, which is facilitated by annealing in
vacuum conditions or reducing Hy atmosphere [429, 385, 433]. Aiming to produce the
highly stable (v/31 x v/31)£R9° reconstruction [416], sapphire samples were first Os-
annealed at 1200 °C to obtain regularly straight stepped morphology (Fig. 4.7a), which
is difficult to obtain by direct annealing in Hy-atmosphere even at increased temperature
(see Fig. 4.6 and appendix Fig. C3). In a second step, the step-conditioned surface
undergoes another 1200 °C annealing in 5% /H,, in the following just referred to as
"Hy-annealed", and produces a ragged step morphology consistent with literature [385].
While AFM phase images show a rather homogeneous phase contrast for the Os-

annealed surface, the patchy phase contrast on the Hs-annealed sample suggests

1200°C, 2h, O, 1200°C, 2h, O,
+1200°C, 2h, H,/Ar

Z00nm

Figure 4.7 Topography and composition of reconstructed sapphire surface. (a) Plane-fitted,
AFM images of AlpO3(0001) surfaces annealed at 1200°C (2h) in (i) Og for "O-rich" (1 x 1)
reconstruction, and subsequently in (ii) Hy for Al-rich (v/31 x v/31)+R9° reconstruction.
Corresponding (b) flattened AFM phase images.
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local variations in chemical composition on the surface (Fig. 4.7b), as will be further
discussed below. This was confirmed on both 0.05° and 0.2° miscut surfaces (see
appendix, Fig. C6).

For surface crystallographic analysis both the Os- and Hy-annealed samples were
measured by RHEED (Fig. 4.8a). Based on reference literature data [434] the character-

istic diffraction patterns recorded along the [1100] zone axes were identified, revealing

Surface reconstruction
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Figure 4.8 Sapphire surface reconstruction. (a) RHEED patterns seen along [1100] zone
axis (ZA) of Alp03(0001) surfaces annealed at 1200°C (2h) in (i) Oz for "O-rich" (1 x 1)
reconstruction, and subsequently (ii) in Hy for Al-rich (/31 x v/31)+R9° reconstruction.
(b) Surface models illustrate the two reconstructions in top and side views.
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the dominant (1 x 1) and (v/31 x v/31)£R9° reconstructions for O,- and Hy-annealed
samples, respectively. Moreover, typical Kikuchi lines due to inelastic scattering events
are observed [435]. As illustrated by the top and side views of the crystal models in
Fig. 4.8b, the (1 x 1) surface can be visualized by slicing a corundum bulk crystal
between the Al—-Al layers in the (000 1)-plane forming an Al-terminated surface. For
simplicity, and despite the actual Al-termination, this surfaces will be referred to as
"O-rich" surface in the following. On the other hand, the Al-rich (v/31 x v/31)+R9°
surface has been described as an Al lattice (dark blue-colored atoms) stacked on top
of bulk AlyO03(0001) (apur = 4.78 A, yellow unit cell), from which the two outermost
oxygen layers have been desorbed during high temperature annealing [416, 430]. The
remaining Al atoms arrange into a hexagonal structural resembling a closely-packed
Al(111) lattice with constant ~3.01 A that is rotated by 32° with respect to the
underlying Al,O3 bulk [431]. This configuration creates a rhombic superstructure
(blue supercell, asype, = Apuk V31 = 26.5 A) that is rotated by 9° with respect to the
bulk and producing the characteristic RHEED pattern marked by the blue arrows in
Fig. 4.8a(ii). Although, the (/31 x 4/31)4+R9° reconstruction is unequivocally present
on the sapphire surface, at this point it is not clear though to which extent the surface
has transformed from the (1 x 1) starting surface and if other, low-intensity intermedi-
ate reconstructions are present. The here used annealing time and temperature may
not have fully transformed the whole surface towards the (\/3_1 X \/ﬁ)j:RQ" surface
during the treatment. Similar doubts were also expressed in another report using
an annealing temperature of 1175°C [405]. Nevertheless, even after four months of
storage in ambient conditions the reconstructed surface still showed the characteristic
(v/31 x v/31)£R9° RHEED pattern (see appendix, Fig. C7), proving the high stability
of this reconstruction in agreement with literature [416]. Therefore, ex situ Hy-annealed

sapphire surfaces are preserved until subsequent use for epitaxial MoS, growth.

4.3 MoS; epitaxy on sapphire

In this section MOCVD of epitaxial MoS, thin films grown on the annealed c-sapphire
surfaces is investigated. The study consists of two main parts: First, it is aimed at
studying the impact of distinct sapphire surface conditions prepared in the previous
section, including surface reconstructions and step morphology shaped by the wafer
miscut and annealing treatment. Regarding the influence of surface morphology, it

is reasonable to assume that the ez situ annealed starting surfaces maintain their
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as-prepared step topography during MOCVD, as the here used growth temperatures
of ~600-700°C are far below temperatures at which the kinetics of sapphire surface
rearrangement are active [48, 269]. However, it is one aim of this study to investigate
if surface reconstructions are stable or modified under MOCVD reaction conditions
and how they impact the domain orientation. The second part of the study is focused
on the influence of certain growth parameters on the heteroepitaxy, including the use
of an NaCl-assisted process, the S:Mo ratio, growth temperature, and extended growth

times for monolayer coalescence and second layer nucleation.

MoS; thin films were grown in the horizontal, hot-wall "Yonsei reactor" (see sec-
tion 2.3.1) during a limited five weeks research stay time frame using sapphire substrates
that had been previously prepared at ICN2. A simplified illustration of the MOCVD

Throttle
valve

d Hot-wall reactor

MFCs \

AN

a-Al,0,(0001)

®Aa OH @c O~ @o

Figure 4.9 MOCVD reactor and epitaxial growth model. (a) Schematic illustration of
the horizontal, hot-wall reactor for wafer-scale MoSy growth. Mass flow controllers (MFCs)
regulate the precursor flow coming from a single, external canister filled with a solution
of molybdenum hexacarbonyl [Mo(CO)g] dissolved in dimethyl sulfide [DMS; ((CHs)2S)];
precursors are injected into the reaction chamber by Ar carrier gas together with Hy at a
standard growth temperature of 600 °C and a pressure of 10 Torr, controlled by an automatic
throttle valve upstream the vacuum pump. (b) Simplified MOCVD model of epitaxially
oriented MoSs domains grown from Mo(CO)g and DMS on the vicinal surface of stepped,
c-plane sapphire [a-Al;O3(0001)].
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reactor and growth process is shown in Fig. 4.9. Briefly, precursors are vaporized from
a Mo(CO)g/DMS solution of defined concentration setting the S:Mo ratio; they are
transported by Ar carrier gas into the reactor chamber, which is kept at a standard
pressure of 10 Torr and growth temperature of 600 °C, if not otherwise indicated. A
2" c-sapphire wafer or quarter-cut pieces (together with SiOy reference chips) are
placed on a vertical quartz holder at an optimized distance from the furnace entrance.
Optionally, NaCl is put at the furnace entrance for study of salt-assisted growth. Ar/Hy
is injected for reductive atmosphere and minimizing C incorporation stemming from
the organosulfide precursor. For post-growth film characterization microscopy (AFM,
SEM) is used to detect domain shape and orientation. Upon return to ICN2, the
MoS; thin films were analyzed over cm-scale by grazing incidence electron and X-ray
surface diffraction, including ez situ RHEED, laboratory and synchrotron GIXRD.
Main metrics for the assessment of registry and epitaxial quality are the in-plane
epitaxial relationship (R0°/R30°) and the azimuthal domain dispersion (mosaic spread)
determined by the FWHM of ¢-scans.

4.3.1 Heteroepitaxial relationship

This section will explain how to determine the heteroepitaxial film-substrate registry.
Figure 4.10a shows an exemplary AFM image of MoS, thin film grown on 1200 °C,
Oq-annealed, 0.05°-miscut Al,O3. The growth time (14h) was chosen to produce a
sub-monolayer coverage film consisting of isolated, easily distinguishable domains, as
visible in the magnified inset. In this case of triangular-shaped domains, the epitaxial
orientation of the film with respect to the Al,O3 substrate can be deduced by microscopic
inspection. In this procedure, the orientation of the Al;O3 substrate must be known
(e.g. from the wafer flat) to assume to which crystalline direction the MoS, triangle
edges are parallel. Here, the AFM image is oriented according to the photographed
wafer. The histogram in Fig. 4.10a shows the percentage distribution of domain
orientations relative to the A[1120]-axis of Al,O3 (see also appendix, Fig. C12c). For
this sample a preferential R0O° epitaxial relation can be observed with predominantly
0°-oriented domains (~63.8 % of triangles pointing upwards) and 60°-oriented domains
(~16 % of triangles pointing downwards). The remaining domains consist of a minor
R30° fraction of —30°/30°-oriented domains (4.3 % and 5.2 % triangles pointing left and
right, respectively) and randomly aligned domains not following any high symmetry
direction of sapphire (10.7%). An additional way of visualizing the directionality of

aligned domains on the crystalline Al;O3 substrate is to apply fast Fourier-transform
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on the binarized AFM image, which reveals a six-fold symmetry pattern as opposed
to the round blur for the case of randomly aligned domains grown on an amorphous
Si0, reference substrate [436] (see appendix, Fig. C11). The microscopic inspection
is benefitial to distinguish between the different domain orientations, including the
anti-parallel domains with the same epitaxial relationship caused by the three-fold
symmetry of MoS,. However, the image analysis is a local and indirect method that
requires an assumption for the substrate orientation and that is highly dependent on
image quality for precise edge detection. Moreover, it relies on the assumption that
the outer domain shape (" 2D crystal tracht") reflects the lattice orientation of a given
domain and alignment with the underlying substrate. This might not always be true
for slanted or irregular domain edge shapes and may result in misinterpretation; for
instance in cases where an inclined domain edge seemingly points at misalignment,
the actual domain lattice orientation may be in perfect registry with the substrate,
and in cases where the edge is seemingly aligned the actual domain lattice may be
incommensurate. Moreover, this method only works for thin films with uncomplete
layer coverage with well-differentiable domains. Therefore, additional characterization

by diffraction experiments is desired for the verification of domain orientation.

RHEED allows to detect long-range crystalline order and surface symmetry in
monolayers over large-areas (~ cm?) and is well-suited for ez situ analysis of MOCVD-
grown MoS, thin films [437, 409]. By measurement of reciprocal distances in the
RHEED patterns, the interplanar lattice distances of MoS; and sapphire can be
determined and the heteroepitaxial orientation of the MoS, crystal on the underlying
sapphire substrate can be deduced. Figure 4.10b shows RHEED patterns along the
M[1100] and A[1120] zone axes of the Al,O3 crystal. Intense diffraction spots from
the (1 x 1)-reconstructed Al,O3 surface are obtained and indexed by the red labels
[also see Fig. 4.8a(i) for bare Al;O3]. Additionally, the superposed streaks indexed
in turquoise from the MoSs domains can be simultaneously detected on the RHEED
screen thanks to the controlled sub-monolayer coverage (mono- to few layer coverage
would obscure the sapphire pattern and not allow to determine the TMD /sapphire
epitaxial relationship [413, 149, 291]). Their rather low intensity and broadened, blurry
signal may be explained by the sub-monolayer coverage, finite-size, crystalline quality,
and in-plane, mosaic spread [291], which will be further discussed throughout this
chapter. The streaky patterns imply a smooth surface and it is noted that the streaks
appear rotation-dependent with maximum intensity along the high-symmetry axes of
the sapphire crystal when turning the sample around its azimuth, which means that the

domains have a preferred, epitaxial in-plane orientation. The scale bars on the bottom-



128 MOCVD of epitaxial MoS, thin films

right corners in Fig. 4.10b had been previously calibrated with the well-known lattice
constant of the bare Al,O3 reference. The reciprocal space coordinate axes are denoted
on the bottom-left corners of each RHEED pattern, where kj and &, are the momentum
transfers parallel and perpendicular to the surface, respectively. Here it is focused on the
parallel, in-plane component, for which the respective line profiles of dominant Al,O3

(red) and MoSs (turqoise) peak intensities have been extracted and are shown below the
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Figure 4.10 MoSy/Al,03 in-plane heteroepitaxial relationship. (a) AFM analyis of MoSs
domains grown at 600 °C on O-rich AloOgs surface, showing the AFM micrograph with a
magnified inset (top) and statistical analysis of domain orientation relative to A[1 12 0]-axis
of Al,O3 (bottom). The inset shows as-grown MoSs on a 2" sapphire wafer with the flat
indicating the A-plane. (b) RHEED patterns seen along the zone axes (ZA) (i) ZA=[1100],
and (ii) ZA=[1120]. Diffraction patterns from the AlyO3 substrate (red) and MoS; film
(turquoise) are indexed. Integrated line profiles for momentum transfer k) are given below with
averaged peak-to-peak reciprocal lattice distances. (c) Ilustration of the R0° heteroepitaxy
model. From left to right: Perspective view, and side views seen along M-axis and A-axis of
Al O3, respectively, with slight out-of-plane tilt along viewing direction for better visualization
of atomic columns. Real space interplanar lattice distances are obtained from the reciprocal
space distances of the RHEED patterns.
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RHEED patterns. Nevertheless, some intensity contributions related to Kikuchi lines
crossing the MoS, line profile (%) and MoS, streaks crossing the Al,Oj line profile (x)
can be noted. The reciprocal distances Ak) between intensity peaks over the arching
background (dotted line) have been extracted and the average peak-to-peak distances
are indicated next to the line profiles. The reciprocal distances have been converted into
the inversely proportional real space interplanar distances dp, which are depicted in the
heterostructure models in Fig. 4.10c. For diffraction patterns seen along the [1100] zone
axis, the perpendicular interplanar distances along A[1120] direction for Al,O3 and
MoS; are determined to be d(;5,(Aly03) = 2.3840.02 A and d(; 5, (MoSy) = 1.5840.02 A,
respectively. For diffraction patterns seen along the [112 0] zone axis, the perpendicular
interplanar distances along M[1100] direction for Al,O3 and MoS, are determined to
be d(1)(Al,O3) = 4.12 + 0.07 A and dio1)(MoSy) = 2.75 £ 0.07 A, respectively. From
the Al;Os-related interplanar distances the Al,O3 lattice constant can be calculated
to be a0, = 2-2.38A =2//3-4.12A = 4.76 A, as expected from the calibration
with a bare sapphire reference sample. From the MoS,-related interplanar distances
the MoS, lattice constant can be calculated to be a5, = 2 - 1.58A =3.17+0.1A
and 2/v/3-2.75A = 3.17+ 0.1 A. This is in good agreement with the bulk value for
MoS, within the experimental uncertainty (a0, = 3.16 A [80], see also section 2.1.1).
The obtained interplanar distances match the 3-on-2 superstructure along the A-
(3-1.58 A ~ 2-2.38A) and M-axes (3-2.75A ~ 2-4.12 A), as highlighted by the yellow
unit cells in Fig. 4.10c. This unequivocally reveals the preferential R0° heteroepitaxial
relationship with [1120]MoS, || [1120]Al,03, consistent with AFM analysis. R30°
domains seen in AFM could not be detected due to their low domain fraction and
low intensity on the RHEED screen, which is a limitation of the used setup and

manipulation.

Further out-of-plane (k) analysis would allow determination of vertical interlayer
distances in the MoSs/Al,O3 model, such as determination of the vdW gap between
film and substrate. Unfortunately, the signal-to-noise ratio was not sufficiently high to
extract useful information from the obtained data. However, in a previous work Xiang
et al. were able to determine the vdW gap of 3.02 A from highly-resolved RHEED
patterns [437]. Their interface model further included an interfacial buffer layer in
form of a sulfur-passivated sapphire surface. Further evidence for such chalcogen
termination at the TMD /sapphire interface has been provided by cross-sectional TEM
analyses of solid powder evaporation CVD- and MOCVD-grown MoS, [249, 248] and
MOCVD-grown WSe, [239, 259]. Nevertheless, the refined interface chemistry has
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not been included in the here shown, simplified representation in Fig. 4.10c mainly

focusing on the aspect of epitaxial registry.

4.3.2 Impact of sapphire surface condition

In this section the effect of distinct sapphire surfaces on MoS, domain epitaxy is
studied. To investigate the role of Al,O3 reconstruction on the in-plane film-substrate
registry GIXRD mapping data was obtained during a synchrotron experiment at the
beamline BM32 dedicated to surfaces and interfaces at the ESRF (Grenoble).!

4.3.2.1 Surface reconstruction

The effect of sapphire reconstruction on MoS, epitaxy was studied using low 0.05°
miscut wafers exhibiting wide terraces and reduced step density intending to induce

pronounced surface- over potential step edge nucleation effects. Figure 4.11 shows
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Figure 4.11 Impact of sapphire surface reconstruction on MoSs epitaxy. (a) AFM images
of MoSs grown on 1200 °C-annealed, 0.05° miscut sapphire with (i) O-rich (1 x 1), and (ii)
Al-rich (v/31 x v/31)£R9° surfaces. (b) RHEED patterns seen along [1100] zone axis (ZA).
(c) GIXRD in-plane, azimuthal ¢-scans of the MoS2(1120) and AloO3(1120) reflections.

Proposal HC-4981; Schaefer et al. (2025), In-plane and out-of-plane structural analysis of
epitaxial 2D MoS, thin films MOCVD-grown on distinct Al;O3(0001) surfaces [Data set]. European
Synchrotron Radiation Facility [438].
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comparative AFM, RHEED and GIXRD analyses for MoSs thin films deposited in
the same growth run on 1200 °C-annealed Al,O3 with O-rich (1 x 1) and Al-rich
(v/31 x +/31)£R9° surfaces, respectively. The O-rich sapphire reveals the growth of
triangular, epitaxially aligned domains with hundreds of nanometers in size — in contrast
to the growth on the Al-rich surface. Although there exist hundreds of nanometer
sized domains on the Al-rich surface, the domains have irregular, fractal edge shape
and the space between the large domains is filled by finely dispersed, smaller domains
down to few tens of nanometers in size. The disrupted and non-uniform growth
behaviour on Al-rich sapphire was confirmed in three additional growth runs in which
sapphire substrates with the two different surface reconstructions were placed, followed
by post-growth, microscopic shape analysis (see appendix Fig. C14). The distinct
growth behaviour was observed regardless of miscut angles (0.2° or 0.05°) and miscut
directions (off-angle towards M or A-axes), including sapphire wafers from different
manufacturers, strongly suggesting that the perturbed domain epitaxy is a consequence
of the Ho-annealed, Al-rich surface. To characterize the structural film quality and
examine the reason for the distinct growth behaviours, further diffraction studies were
carried out. RHEED analysis for MoS,; on the O-rich surface shows the previously
discussed diffraction pattern with preferential RO° epitaxial relationship (section 4.3.1),
while the pattern of MoSs on the Al-rich surface is highly blurred, indicating a more
disordered film (Fig. 4.11)b(ii). Due to the fuzzy pattern it is difficult to clearly
evaluate the presence and evolution of the Al-rich surface reconstruction after MoSs

growth.

Laboratory GIXRD setup confirms the preferential RO° domain alignment on the
O-rich surface. This is evidenced by the in-plane MoS, diffraction signal for 360°
azimuthal sample rotation around the surface normal showing periodical 60°-separated
MoS,(1120) film peaks aligned with the Al,O3(1120) substrate reference peaks.
Pseudo-Voigt peak fitting reveals the low mosaic spread of 0/60°-oriented domains
with an average FWHM of 1.840.3°. The intensity variations of the R0° peaks can be
attributed to the sample geometry with direction-dependent probe volume contributing
to the diffracted intensities. Intensity contributions appearing between the R0° peaks
point at a secondary R30° domain fraction shifted by 30° with respect to (1120)Al,04
peaks and signal contribution of minor fraction of randomly misoriented domains;
however, their low intensity and signal-to-noise-ratio did not allow reliable fitting. On
the other hand, the MoS, film grown on Al-rich sapphire exhibits a diffuse diffraction
signal from which R0°- and R30°-related peaks and higher disorder can be suspected,

but the low signal intensity complicates proper fitting and interpretation of the data.
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Further characterization was carried out by synchrotron GIXRD (at this point
samples stored in a vacuum desiccator were ~ 10 months old). The use of high intensity
synchrotron radiation is a powerful tool for rapid and high-resolution reciprocal space
mapping of the film-substrate lattice registry and surface reconstruction, which is
not possible to achieve within a reasonable amount of time with a laboratory setup.
Figure 4.12a and Fig. 4.13a show the in-plane (h ki 0) reciprocal space maps of MoS,
thin films grown on (1 x 1) and (v/31 x 4/31)4+R9° reconstructed c-sapphire. Azimuthal
sectors of 80° capture the six-fold, in-plane surface symmetry of MoS, and Al,O3
diffraction patterns and reveal up to third order Bragg reflections indexed by underlined
and non-underlined labels in the graphs. The [1120] and [1010] crystallographic
directions of the Al,O3 crystal substrate surface serve as the reference coordinate system.
For the (1 x 1) sample the reflections from the MoS,(1120) planes are dominant along
the [1120], whereas those from the MoSy(1010) planes are dominant along the
[1010] direction, corroborating the preferential RO° epitaxial relationship found in the
RHEED and GIXRD analysis discussed before. For MoSy on (v/31 x v/31)£R9°-Al,05
RO°-related intensities are less intense and intensities of [1120]MoS,||[1010]Al,O3
reflections marking R30° relationship are relatively enlarged, which will be discussed
in more detail below. Characteristic for the R0° MoSs /sapphire heteroepitaxy are the
nearly coinciding MoS(2240) and Al,03(3060) reflections along the [1120] direction
and MoS,(2020) and Al,O3(3030) reflections along [1010] direction highlighted by
the yellow-dotted circles, marking the nearly lattice-matched 3-on-2 superstructure
coincidence of MoS;/Al,O3 unit cells. Some streaky, bent features appear in both
maps, which were found to be constant within a ¢ — w plot (see appendix, Fig. C16).
These might be related with artifact reflections coming from the Be window used in
this experiment. Moreover, some spurious signals between the first order MoS, and
Al;O3 reflections were detected in both samples, which will require further analysis for

identification.

Next, detailed analysis of features related to the sapphire surface reconstruction
is discussed for which the synchrotron GIXRD signal allows more precision than the
previous RHEED analysis. The regions marked in Fig. 4.13a by the green and orange
boxes close to the Al,O3(1120) and (3030) were rescanned and magnified by higher
resolution maps on the right of Fig. 4.13a. Reflections of +9° rotated rhombic patterns
are observed and calculation of lattice constants (see appendix Fig. C15) clearly reveals
the presence of the (v/31 x v/31)£R9° reconstruction. Therefore, it is demonstrated
that the Al,O3 surface reconstruction is preserved during MoS, growth at 600 °C,

corroborating previous findings on the stability of the reconstruction under S-rich
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MOCVD conditions below a certain temperature threshold [405]. This high stability
and chemical inertness of the (v/31 x v/31)£R9° reconstruction may prevent evolution
towards a desirable S-passivated surface at the TMD /sapphire heterointerface [49, 249,
248], similar as it has been observed to prevent surface passivation by nitridation [439,
432]. In contrast, the (1 x 1)-surface allows S-passivation [49, 249, 248] and N-
passivation [439, 432]. Previous reports [405, 417] raised doubts about composition
uniformity and completeness of the surface reconstruction after annealing, i.e. other
reconstructions than the (v/31 x v/31)£R9° may possibly be present. Indeed, a careful
look at the small map around the Al,O3(1120) peak (orange framed high-resolution
map in Fig. 4.13a) suggests a shallow detail marked with the white arrow close to the
MoS,(1120) diffraction ring. If this feature was related to a Al,O3 reconstruction, it
would be part of a pattern going beyond the measured regions of the higher resolution
map, which unfortunately cannot be distinguished in the large, lower resolution map.
Nevertheless, the feature’s position matches the (3v/3 x 31/3)430° reconstruction [417]
given its distance from the Al,O3(1120) spot in the reciprocal space within 1% error
[see appendix for detailed analysis, Fig. C15a; distance dgr = 0.19nm™! ~ 1/(3v/3)].
Its intensity is weaker than that of the (v/31 x v/31)%R9°related spots; this suggests
that a residual, low fraction of the (3v/3 x 3v/3)£R30° reconstruction may coexists
for the used annealing procedure, which is consistent with the reported series of
intermediate reconstructions in the temperature range of 1100 — 1250 °C [417, 416].
For confirmation, the synchrotron experiment could be repeated within a larger high-
resolution window that may reveal the whole (3v/3 x 31/3)£R30° pattern.

The radial line profiles along the [1120] and [1010] are shown in Fig. 4.12b and
Fig. 4.13b for the MoS, films grown on (1 x 1)- and (v/31 x v/31)%R9°reconstructed
Al Og, respectively. MoSy-related (underlined labels) and Al;Os-related (non-underline
labels) peaks appear at similar positions for both samples, while differences in the
intensity ratios of MoS, peaks along the [1120] and [1010] are apparent due to
different RO° and R30° domain fractions between both surfaces (a quantitative analysis
will be given for the azimuthal (1120)MoS, peak scan below). The radial scans
allow precise determination of peak positions, from which the lattice constants can be
extracted. Figure 4.13d shows the MoS, lattice constant a,;.g0 extracted from the first
to third order reflections over the reciprocal, in-plane wave vector gj. As any source of
systematic error in the position of the reflections is larger at lower angles and reduces
with ¢ and the detector angle (here 20), extraction of the lattice constant from higher
order reflections at larger angles minimizes the error. Consequently, the (3030) peaks

should deliver the best value.



134 MOCVD of epitaxial MoS, thin films

Figure 4.12 In-plane, synchrotron GIXRD of MoS2(0001)/(1 x 1)AlaO3(0001) heteroepitaxy.
MoS; thin films were grown at 600 °C on 1200 °C-Oz-annealed O-rich, 1 x 1 AlyO3. (a) Re-
ciprocal space map. (b) Radial scans along [1120] and [1010] directions. (c) Azimuthal
scan around (1120) MoSs peak. The inset shows a heterostructure model with R0°-oriented
MoSs, on the O-rich AlyOg3 surface.

However, as a collection of peaks is available extrapolating the linear trendline

to ¢! = 0 may give a more reliable result for the experimentally non-accessible
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Figure 4.13 In-plane, synchrotron GIXRD of M0S2(0001)/(v/31 x v/31)+R9°Al203(0001)
heteroepitaxy. MoSs thin films were grown at 600 °C on 1200 °C-Hs-annealed Al-rich AlyOs.
(a) Reciprocal space map. Insets show diffraction patterns of the V31 x v/31R9° surface
reconstruction around Al,O3 peaks according to the color-coded frames. (b) Radial scans
along [1120] and [1010] directions. (c) Azimuthal scan around (1120) MoSy peak. The
inset shows a heterostructure model with R30°%-oriented MoSs on the Al-rich Al,O3 surface.
(d) Extraction of lattice constant aysog, for MoSs grown on O-rich and Al-rich sapphire.
(e) Integrated intensity fractions of R0°/R30° domains.
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q — oo limit. Using this method, aas.s, can be extracted as 3.1556+0.0001 A and
3.15840.001 A for MoS, thin films grown on the (1 x 1)- and (/31 x v/31)+R9°-
reconstructed surfaces, respectively, which is in agreement with reported bulk values in
the range of 3.15-3.16 A [80, 391]. This indicates negligible strain in the MoS, film in
heterostructures on both (1 x 1) and (v/31 x v/31) surfaces, which has previously been
observed for epitaxial MoS, films on c-sapphire [437] and graphene [391], and which is
typical for weakly coupled vdW heterostructures [83]. Another interesting feature to
analyze is the MoS, peak shape, and in particular, the peak broadening, which can
depend on instrumental factors, film-related microstrain and crystal domain size [280].
The instrument-related broadening is negligible here, as indicated by the narrow
FWHM of substrate-related Al,O3 peaks (note the logarithmic scale in Fig. 4.12b
and Fig. 4.13b). A way to differentiate between strain and domain size broadening is
possible by the Williamson-Hall plot (see appendix Fig. C17). In the case of strain
a slope should be visible when fitting the peak collection; however, no such trend is
apparent. Therefore, it can be concluded that no significant microstrain is present
in the MoS, films and that the broadening can be attributed to the crystallite size
L,. L, can be determined from the Williamson-Hall plot intercept and the Scherrer
equation (see appendix Fig. C17) to be 23.44+2.5nm and 25.2+3.5nm for MoS, grown
on (1 x 1)- and (v/31 x v/31)£R9°%surfaces, respectively. This is smaller than the
domain sizes detected by AFM (several tens to hundreds of nm) and could point at
sub-domains and/or intragrain defects being present, as suggested in previous reports
on MBE-grown MoS, [418] and MOCVD-grown WS, [406].

The ring-like patterns seen in the reciprocal space maps in azimuthal directions
around MoS, related peaks point at the in-plane, angular dispersion of MoSy domains
across the sapphire surfaces. Exemplary azimuthal scan profiles around (1120) MoS,
peaks in Fig. 4.12c and Fig. 4.13c show the signal distribution over background
(gray), for which the latter has been extracted from the "blue background' in the
reciprocal space map along azimuthal direction at a radial increment close to the
(1120) MoS, rings. MoS; domains grown on the O-rich (1 x 1) surface show overall
lower, mosaic spread with the lowest FWHM being ~2.5° for the preferred R0° domain
fraction, in good agreement with the measurements of the laboratory GIXRD setup.
A dominant intensity contribution of domains with R0 epitaxial relationship (0/60°-
oriented domains) compared to R30° (—30/30°%oriented domains) can be observed
on both surfaces. However, it is evident that the fraction of R30° compared to R0°
domains is relatively higher on the (v/31 x /31)£R9° surface. This is represented

in Fig. 4.13e by the relative fractions of integrated peak intensities compared to the
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total intensities, following the analysis procedure of Liu et al. [391]. Therefore, this
result suggests that the (v/31 x v/31)£R9° surface induces a preferential R30° epitaxial
relationship, consistent with previous reports [385, 405, 150]. This can be explained by
MoS, domains epitaxially following the symmetry of the Al(111) termination plane
that is rotated approximately by 30° with respect to the underlying Al,O3 bulk in
the stacked (v/31 x v/31)£R9° surface model (Fig. 4.8b). However, the R30° fraction
does not become the dominant one, which is likely related to the only partial surface
reconstruction during 1200 °C-Hs-annealing, as previously discussed. It is expected that
sapphire annealing at higher temperatures results in a more complete (\/3_1 X \/3_1):|:R9°

reconstruction across the surface and, thus, higher controllable R30° fraction [385].

The detailed GIXRD analysis allows a first hypothesis for explaining the non-
uniform, morphologically disturbed MoS, growth on the Hy-annealed, Al-rich surface.
From a crystallographic point of view the non-uniform Al,O3 surface crystal struc-
ture with various coexisting reconstructions creates competition between dominant
R0°/R30° film-substrate registries, which induces spatially non-uniform commensu-
rability. Evidence of the patchy AFM phase contrast of the as-annealed, starting
surface may indirectly support this hypothesis (Fig. 4.7b, Fig. C6). Recently, such
non-homogeneous, terrace-selective TMD growth behaviour and layer properties have
been characterized by correlated conductive AFM and time-of-flight secondary ion
mass spectroscopy in other works [191, 406].Moreover, out-of-plane data obtained by
X-ray reflectivity during this synchrotron experiment [438] could give further insights of
the MoS, /sapphire heterostructure interface on the distinct surfaces. This will require

further analysis and building an electron density model [418, 440].

Secondly, comparative Raman analysis of MoS, thin films grown on the O-rich
and Al-rich surfaces offers more insights to explain the disturbed growth behaviour
(Fig. 4.14), as discussed in the following. Total average spectra and Raman map-
ping from a 5 x 5 pm surface area reveal the presence of increased C incorporation
homogeneously distributed over the Al-rich surface, as evidenced by characteristic
D and G bands; in contrast, Raman mapping of the O-rich surface does not show
pronounced C incorporation. Additionally, XPS analysis was performed, suggesting
incorporation of graphitic C(sp?) with higher C content on the Al-rich than the O-rich
surfaces (see appendix, Fig. C9); however, the result is not as clear as the Raman
analysis and no in situ annealing for adventitious carbon removal was performed, as
described in section 3.2.3. It can be speculated that the surface chemistry of the
(v/31 x v/31)4R9° reconstruction renders the Al-rich surface active towards graphitic

C formation. This may be due to the metallic character [430] and surface-catalytic
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Lewis acid behaviour of the (/31 x v/31)+R9° surface that has enabled direct graphene
growth from methane [441, 433], and might catalyze in a similar way C contamination

stemming from the Dimethyl sulfide source.
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Figure 4.14 Raman spectroscopy of MoSs thin films grown at 600 °C on O-rich (1 x 1) and
Al-rich (v/31 x v/31)4£R9° surfaces. (a) Total average Raman spectra extracted from 225
points of a 5 X 5 pm map, showing the characteristic in- and out-of-plane Ezlg and A, MoSs
modes and carbon-related D and G bands. The substrate-related sapphire peak is marked by
the asterisk (*). Insets show hypothesized heterostructure models. 5 x 5 pm mappings of the
(b) Inos2 = EQIQ + Ay, peaks integral, and (c) Ic = Ip + I for both surfaces.

Consequently, the O-rich (1 x 1)Al,O3 surface is a favorable choice for the here used
conditions and precursor chemistry, which highlights the implications of engineering the
substrate surface termination for the MOCVD process. Further Raman analysis of the
MoSy-related Ej, and Ay, modes in Fig. 4.14a with A = 18.3cm™" and A = 18.7cm ™"
for films grown on O-rich and Al-rich sapphire, respectively, confirm the presence of
monolayer MoS,. While the mapping of integrated MoS, intensity may not resolve
the isolated ~200 nm-sized domains of the O-rich sample due to the larger laser spot
size of ~ 1pm, the more finely dispersed domain growth on the Al-rich sample is
reflected in an apparently more uniform intensity distribution (Fig. 4.14b). Differences
in position and FWHM of the A;; mode averaged from the 225 measurement points
can be observed between the two samples, i.e. redshift and broadening suggesting
relative n-doping of MoS, on O-rich sapphire. This may be related to differences in
the heterostructures [442] and substrate-induced doping effects [443, 444, 128], and/or
structural film quality [445, 248]. Due to possible doping effects, structural quality and
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low coverage of the films a low-intensity PL response was observed for both samples
(Fig. C18), similar to a previous report of MOCVD MoS, films grown on sapphire at
relatively low temperature of 700 °C [405].

4.3.2.2 Step morphology

The impact of sapphire surface steps (e.g. height, density, shape) and their role in edge-
guided TMD nucleation imparting a preferred domain orientation is currently an actively
debated topic. Here, growth on sapphire wafers with 0.2° and 0.05° miscut angle Oq-
annealed at 1050 °C (2h) with distinct step morphologies were compared (see appendix
Fig. C4 and Fig. C5). The 1050 °C-annealed surfaces exhibit predominantly ¢/6
monosteps (h ~0.2nm) and a more wavy step shape compared to the previous 1200 °C-
annealed substrates with higher portion of 2¢/6 bisteps (h ~0.4nm, see section 4.2.3,
Fig. 4.5). Examining the AFM images of as-grown MoS, thin films in Fig. 4.15a,
despite the higher step density (smaller terrace size) the nucleation density of MoS,y
domains on the 0.2° miscut sample (~5.91um~?) is even slightly lower than on the 0.05°
miscut sample (~5.0 pm~2), suggesting that there is no significant impact of the step
edges on the nucleation density. Although the step structure is only vaguely discernible
below the MoS, domains due to image quality [Fig. 4.15a(ii) for better visibility], it
can be assumed that the MoS, domain edges are neither nucleated at the step edges

nor strictly following edge alignment along them.

The triangular domains lie across the steps while their orientation is dictated
by the sapphire surface’s crystallographic orientation and not by the inclined steps.
Therefore, domain orientation is surface lattice-guided rather than step-guided, similar
to a previous reports [175, 404]. The statistical orientation analysis from microscopic
inspection in Fig. 4.15 (see also appendix, Fig. C12) evidences a primary R0° epitaxial
relationship (0/60°-oriented domains) and secondary R30° domain fraction with similar
distributions for both surfaces, with lower tendency towards unidirectional domain
selection compared to the previously discussed 1200 °C-annealed sample (Fig. 4.10).
However, orientational classification is complicated due to irregular triangle shapes and
AFM allows only local domain inspection. Therefore, further GIXRD was carried out
for reliable, large-area quantification of the epitaxial relationship and in-plane angular
dispersion (Fig. 4.15¢). The preferential R0O° relationship is revealed and the mosaic
spread of 5.240.3° and 4.9+0.7° is similar for 0.05° and 0.2° miscut wafers, respectively.
The same trend was also confirmed for these miscuts in the case of NaCl-assisted

growth (see appendix, Fig. C19), which will be further discussed in the next section.
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The apparent lack of edge-imparted, orientational nucleation control of the here used
1050 °C-annealed Al,O3 surfaces could be discussed as follows. A first aspect might
be the role of step height in reducing the free energy and increasing the probability
for step edge nucleation events. A "proper" step height in relation to TMD layer
thickness has been pointed out by theoretical [407] and experimental [248] studies.
Possibly, monosteps are not high enough to efficiently induce edge nucleation, although
under certain conditions TMD nucleation at monosteps has been observed [408]. A
second criterium might involve the step direction for minimizing the free energy of
edge nucleation in interplay with domain edge termination (zigzag or armchair) [176,
407, 386], which might not be fulfilled due to the unspecified miscut and step direction
of the here used wafers and growth conditions affecting the domain edges. A third
aspect might be appropriate growth conditions to activate edge nucleation, such as by
an optimized Hy partial pressure [411, 259], and, as speculated, by a minimum growth
temperature threshold [404]. To address the first two aspects, 1200 °C-Og-annealed,
straight-stepped surfaces with defined wafer miscuts along A- and M-directions were
compared (Fig. C1). While a stripe-like domain growth behaviour along the parallel
step edges could be observed (Fig. C20), the MoS, thin films exhibited relatively high

mosaic spreads beyond ~13.9°. More research into the nucleation criteria is required
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Figure 4.15 Impact of sapphire miscut angle on MoSs epitaxy. (a) AFM images of
MoSy grown on 1050 °C-annealed sapphire with miscut angle (i) 0.05°, and (ii) 0.2°, and
corresponding (b) statistical domain orientation analysis. (c¢) GIXRD in-plane, azimuthal
¢-scans around the MoS2{1120} reflections.
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towards unidirectional domain growth, which may be achieved by a combination of
morphological step engineering (height, shape and direction) [248, 407], chemical
activation and adapted growth conditions [411, 259, 412, 404].

4.3.3 Impact of growth conditions

In this section the effect of various growth parameters on MoS, epitaxy will be explored,
including the use of NaCl to test alkali-assisted epitaxy, variation of growth temperature,

S:Mo ratio, and prolonged growth times for layer coalescence and layer nucleation.

4.3.3.1 NaCl — Grain size enhanced epitaxy

In the ideal case of unidirectionally aligned, seamlessly merging domains the domain size
would not matter for single-crystal coalescence — translational grain boundaries taken
aside [261]. However, in real case scenarios of non-perfect epitaxial registry, in-plane
mosaic spread may result in low-angle grain boundaries. Therefore, increasing the grain
size is still an important factor to reduce the grain boundary defect density [446]. This
raises the question if grain-size enhancing methods, such as alkali-assisted growth, are
compatible with TMD epitaxy. Previous reports have suggested that alkali ion interca-
lation results in film/substrate decoupling [418] and that the epitaxial TMD /sapphire
registry is lost during NaCl-assisted growth [369].

To investigate the possibilities of alkali-assisted growth, MoS; thin films were
deposited in comparative growth runs with and without NaCl on annealed sapphire
and SiO, reference substrates. The grain size enhancing effect of NaCl could be
observed on both substrates (for an overview see appendix, Fig. C13). MoS, thin films
grown on 1050 °C-annealed, 0.05° miscut sapphire are compared in Fig. 4.16. While
the AFM images clearly demonstrate the increase in domain size with the use of NaCl,
the apparent domain shape and indirect optical inspection may leave doubts about
the epitaxial alignment. However, GIXRD analysis clearly reveals a preferential R0O°
epitaxial relationship and decreased mosaic spread from 5.2+0.3° to 4.24+0.5° when
NaCl is employed. This demonstrates the possibility of grain-size enhanced, alkali-
assisted epitaxy, for certain alkali concentrations and film coverages. This was further
confirmed on sapphire substrates with different miscuts (see appendix, Fig. C19). The
result also emphasizes the benefit of diffraction as a direct technique to confirm epitaxy

of seemingly non-aligned domains upon optical inspection of their outer shape.
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Figure 4.16 NaCl effect on MoSs epitaxy.(a) AFM images of MoSy grown on 1050 °C-
annealed, 0.05° miscut sapphire (i) without NaCl, and (ii) with NaCl. (b) GIXRD in-plane,
azimuthal ¢-scans around the MoS2{1120} reflections.

4.3.3.2 S:Mo ratio — R0°/R30° switching

Chalcogen-rich growth conditions are widely reported to be a prerequisite for TMD
epitaxy [258, 176, 82| and may further enable control over domain orientation [257, 258].
To this end, the Mo(CO)g/DMS concentration of the single-bubbler precursor solution
was varied. Lowering the concentration of dissolved Mo(CO)g effectively decreases the
Mo supply and consequently the Mo-controlled growth rate [196], which results in the
decreased domain coverage seen in the AFM images in Fig. 4.17a. At the same time,
the reduced Mo supply effectively increases the S:Mo ratio, which induces a change of
preferred domain orientation and epitaxial relationship from R0° to R30°. The here
used S:Mo ratio produces a transition regime with both domain families being present,
which is also reflected by the 30° periodically shifted diffraction signals appearing in
the GIXRD measurement (Fig. 4.17b). Notably, the mosaic spread of the R0° fraction
is significantly narrowed from 4.240.5° to 0.64+0.3° in the S-rich condition, while the
newly formed R30° fraction exhibits an increased mosaic spread of 8.5+2.3°. Therefore,
the S potential not only affects the R0°/R30° epitaxial relationship, but also the mosaic
spread of these domain families. This may be related with the modified sapphire surface
chemistry [248, 407, 259] and/or modified MoS, edge termination in interaction with
surface steps [176]. The AFM data further suggests two sequential nucleation phases.
This is highlighted by the inset in Fig. 4.17a(ii) showing supposedly R0°-oriented
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Figure 4.17 S:Mo ratio effect on MoSs epitaxy. (a) AFM images MoSs thin films grown at
600 °C (with NaCl) on 1050 °C-annealed, 0.05° miscut sapphire for Mo(CO)g:DMS concen-
trations of (i) 65 mg/12mL, and (ii) 30 mg/12mL. Insets for magnified views. (b) GIXRD
in-plane, azimuthal ¢-scans around the MoS2{1120} reflections. (c) Illustration of coales-
cence between 0° and 30° rotated domains. Adapted with permission from Ji et al. [252]
© 2015 American Chemical Society.

nucleation cores transitioning into the R30°-oriented peripheral domain parts. The
results indicate that the S:Mo ratio allows control over R0°/R30° domain selection;
however, these conditions result in the presence of both domain families (0°/60° and
—30°/30°), which are prone to domain boundary formation not only by anti-parallel
domains within a family but also between the families in form of 30°-angled boundaries
(Fig. 4.17c) [163, 252]. This can alter the electronic film properties. Therefore, growth
conditions need tuning towards selection of a single domain family to exclude 30°-angled
boundaries. Further studies are required to exploit the S:Mo ratio to select domain
orientation and narrow mosaic domain spread. Independent S and Mo sources could

allow enhanced control over precursor supply and gas-phase composition.

4.3.3.3 Growth temperature — Reduction of mosaic spread

Growth temperature is a determining factor in promoting the epitaxial alignment of
TMD epilayers and improving their crystalline film quality by defect reduction [49,
82, 447|. Here, a temperature study by stepwise increase from 600 °C, to 650 °C, and
700°C is presented in Fig. 4.18.
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As shown in the AFM images, clearly discernible, triangular domains could only
be observed at the 600 °C condition, while elevated temperatures lead to disrupted
film morphology, including smaller domain size and particle formation. The particle
formation can be explained by a 2D-to-3D growth mode transition (see also section 3.3.1)
induced by increased C incorporation stemming from the onsetting DMS pyrolysis (see
also section 3.2.4section 3.4.2), or could be related to metal-rich clusters due to increased
Mo(CO)g decomposition and S surface desorption at elevated temperatures [310, 148].
The observation of truncated domains upon temperature increase deposited on SiO,
reference substrates in the same growth runs (see section 3.4.2 and appendix, Fig. C21)
hints at a modified domain edge termination caused by the S:Mo gas-phase and locally
effective surface concentration ratio, such as due to increased chalcogen desorption at
elevated temperatures [322, 119] (see also section 2.1.4). Notably, the temperature

increase alters domain morphology more sensitively on sapphire than on SiO, substrates.
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Figure 4.18 Growth temperature effect on MoSy epitaxy. (a) AFM images of MoSy grown
on 1050 °C-annealed, 0.05° miscut sapphire for growth temperatures of (i) 600 °C, (ii) 650 °C,

and (iii) 700 °C. Insets for magnified views. (b) GIXRD in-plane, azimuthal ¢-scans around
the MoS2{1 120} reflections.
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More detailed TEM and XPS analysis could give further insights. In the GIXRD
measurements a trend of decreasing mosaic spread for the R0° domain fraction can be
observed pointing at improved epitaxial alignment (Fig. 4.18b), which is consistent
with previous works reporting significant improvements in TMD crystalline quality by
elevating temperature in the range from 600 to 900 °C [49, 195, 259, 384]. Interestingly,
at 700°C a dominant R30° domain fraction appears. This may be a consequence of
the aforementioned, temperature-induced changes in the effective S:Mo ratio affecting
epitaxial R0°/R30° selection (see previous section 4.3.3.2); however, further growth

studies are required to understand this observation.

By using the in-plane, angular domain dispersion as a metric for epitaxial film
quality, the synthesized films can be benchmarked to literature values, as shown in
Fig. 4.19. For a fair comparison, all data points correspond to TMD thin films (MoSa,
WSe,) heteroepitaxially grown by MOCVD on c-sapphire, and characterized by surface
diffraction techniques (either GIXRD or RHEED) for large-area, statistically reliable
data. In fact, only few published work meeting these criteria is currently available for
comparison despite the popularity of the TMD /sapphire system. The reference sources

include data from the 2D crystal consortium at Pennsylvania State University (USA),

Figure 4.19 Quality benchmark of wafer-scale MOCVD TMD epitaxy on sapphire. In-plane,
mosaic spread of MoSs, WSs and WSesy thin films as a function of growth temperature
obtained for different precursor chemistries. The domain dispersion has been characterized
by large-area surface diffraction methods in various literature reports: Mo et al. [405], Xiang
et al. [249], Zhang et al. [369], Tang et al. [404], Zhu et al. [259], Chubarov et al. [48].
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imec (Belgium), and Aixtron (Germany). The benchmark suggests a general trend
of lower, in-plane domain dispersion (i.e. improved epilayer alignment) for increasing
growth temperatures, although outliers exist for non-optimized conditions at 1000 °C.
The current state-of-the-art for TMD epitaxy on sapphire in terms of mosaic spread is
defined by the work of Chubarov et al. with the lowest reported value of 0.09° [48] for
MOCVD WSe;, thin films grown at 1000 °C. Another notable recent result, although
achieved by the solid evaporation CVD method (not listed in Fig. 4.19), was obtained
by Liu et al. [448] for bilayer MoS, thin films grown at 1050-1080 °C, with a mosaic
spread of 0.2640.17°2. As a reference to these values, mosaic spreads of < 0.1° are
typical for conventional ITI-V semiconductor heteroepitaxy [280, 449]. The precursor
chemistry plays an important factor in the achievable film quality plays: organic
chalcogen precursor chemistry complicates the epitaxy at high temperatures compared
to carbon-free hydrides due to the challenges of C incorporation [190, 310, 404] (see
chapter 3). Furthermore, results may also be impacted by different growth [48, 259,
404] and sapphire surface conditions [191, 384, 406] and the nature of TMD constituents
(Mo, W, S, Se etc.) exhibiting different surface kinetics [320], reaction chemistries, and

phase diagrams (see also section 2.1.5).

4.3.3.4 Time — 1L coalescence and 2L nucleation

The previous sections have focused on sub-monolayer coverage thin films to facilitate
the optical inspection of isolated, epitaxial MoS,; domains. For transistor applications,
the growth of a coalesced, mono- to few layer thin films is desired [248]. Therefore,
the growth time was extended to study the structural properties of the coalesced
film. Furthermore, understanding nucleation and epitaxy on subsequently stacked
layers is of interest, where the layer-by-layer growth implies an essential change from
heteroepitaxy on sapphire to homoepitaxy on MoSs [254, 195]. Figure 4.20 shows
AFM and GIXRD data for MoS, thin films for growth times of 16 h and 164+-6h. The
first layer exhibits preferential R0° epitaxial relationship with both 0°/60°-oriented
domains being present with a mosaic spread of 5.24+0.3°. This inherently results
in defect formation upon coalescence of the primary layer by twin grain boundaries
between the anti-parallel domains, and twist grain boundaries between inclined domains
with dispersed orientations around the high-symmetry directions (mistwist angle ¢,

Fig. 4.20d). For the extended growth time, second layer nucleation of small-grained

2The mosaic spread was determined from the FWHM of fitted GIXRD source data [248] of Fig.4
provided online by Nature (2022)
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Figure 4.20 Growth time effect on MoSs epitaxy — coalescence and 2L nucleation. (a) AFM
images of MoSs grown on 1050 °C-annealed, 0.05° miscut sapphire for growth times of (i) 16 h,
and (ii) 1646 h. Insets for magnification. (b) GIXRD in-plane, azimuthal ¢-scans around
the MoS2{1120} reflections. (c) TEM diffraction pattern seen along C[000 1] zone axis. (d)
Top: Schematic of 1L-MoSs with sub-monolayer coverage. Bottom: 1-2L.-MoSs film, where
defect-driven 2L domains nucleate at grain boundaries of anti-parallel/twisted 1L domains.
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domains is observed to preferentially occur on the primary layer grain boundaries,
consistent with the work of Jin et al. [195]. The mosaic spread of the R0° domain
family seen by GIXRD broadens to 9.34+0.6° and a second minor R30° contribution
with similar angular spread becomes apparent, indicating higher in-plane disorder
with increasing growth time, layer coalescence and defect-mediated epilayer nucleation.
The homoepitaxy is prone to nucleation of anti-parallel domains, stacking faults and
reduction in domain size due to increased density of the defect-mediated nucleation [446,
195] (see another clear example of grain boundary nucleation in appendix Fig. 3.24).
Top-view TEM imaging in Fig. 4.20c after transfer of the 1-2L film onto a TEM grid
shows irregular 2L, domains deviating from triangular shape (grey) on top of the 1L
(black). Electron diffraction along the [000 1] zone axis reveals the patterns of the
(1010) and (1120) MoS, lattice planes with six-fold symmetry and ring-like structure
confirming the in-plane rotational disorder. The intensity distribution (FWHM) around
high-symmetry directions, with mosaic spread of around ~10°, is consistent with the
GIXRD result.

The result confirms the challenge of defect-free and layer-controlled TMD epitaxy.

Monolayer heteroepitaxy on sapphire requires further research into tuned growth and
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substrate conditions towards the unidirectional growth and single-crystal coalescence.
Entering into bi- and few layer homoepitaxy creates more complexity, as mirror
symmetry and stacking fault issues pile up with imperfections translating from the
primary into added epilayers, in particular for time-controlled growth in a layer-by-layer
fashion. Promising strategies for layer thickness controlled TMD synthesis could involve
time- and flux-controlled ripening [197, 320] or temperature-controlled, hydrogen- or
chlorine-based etching approaches [450, 291, 323| to remove superficial bilayer islands.
Alternatively, edge-guided nucleation may control few layer growth by step height
engineered sapphire surfaces [248, 407].

4.3.4 Wafer-scale epitaxy of coalesced MoS;, thin film

To demonstrate the wafer-scale synthesis of coalesced MoSs thin films, growth was
carried out at 600 °C for 164+6h on a 1050 °C, Os-annnealed, 0.05°, uniformly stepped
2" sapphire wafer, as shown in Fig. 4.21. Optical inspection of the wafer after growth
shows yellow coloration over the 2" wafer area, although a slight color gradient with
increasing intensity from bottom to top is apparent (from position "3" to "1" in
Fig. 4.21). Uniformity was checked in the marked wafer positions by AFM and
Raman/PL spectroscopies. AFM images show a fine-grained structure due to the
high-density, defect-mediated second layer nucleation (section 4.3.3.4); in position
'3" the apparently lowest second layer nucleation is visible, where grain boundary
contours of the primary layer are better discernible, consistent with the deposition
gradient. Notably, particle formation can be observed, resulting in increased RMS
roughnesses around 0.7nm. These particles of currently undetermined composition
may be attributed to an aging effect, potentially caused by air exposure, evidenced by
the AFM measurement taken a few days after the growth. The particle formation was
also observed for sub-monolayer coverage thin films that were measured five days after
growth (Fig. C22). In comparison, the particles had not been present immediately
after growth (e.g. Fig. 4.11a). Although these samples had been vacuum-packaged
or stored in a vacuum desiccator most of the time, they had been air-exposed after
reactor take-out and during AFM measurement. The signal intensity of PL. and Raman
spectra are typically used as a measure for the spatial uniformity of TMD thin films
over wafer areas [47, 176, 170]. The intensity variations seen in PL and Raman spectra
[Fig. 4.21(b-c)| are consistent with the optically visible deposition gradient; the Raman
frequency difference around A = 21 ¢cm™! proves the 1-2L nature of the film [169].
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Figure 4.21 Wafer-scale MoSy epitaxy on sapphire. 1-2L MoSs thin film grown at 600 °C
for 16+6h on 0.05° miscut, 1050 °C-ambient-annealed 2" sapphire. (a) Photograph of wafer
after growth and AFM images recorded in the corresponding marked wafer positions. (b)
PL spectra corresponding to the different locations shown in (a), and corresponding (c)
Raman spectra of MoSs-related E%g and A1, modes with depicted frequency differences
A=Ay — Es,.

The observed deposition gradients are not surprising. They may arise from in-
homogeneities in gas flow dynamics, depletion and buoyancy effects due to thermal
convection, which are common challenges in horizontal reactor designs [451, 452, 235]
— and sometimes accounted for by using tilted substrate holders [169]. However, it
is emphasized that TMD growth using metal hexacarbonyls in a hot-wall reactor is
prone to strong thermal decomposition gradients along the tube axis (see section 2.2.2,

Fig. 2.10), making the vertical wafer positioning perpendicular to the flow direction
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a preferred choice in case of stationary wafer placement. Substantial improvements
in film uniformity can be obtained by the introduction of rotatable substrate hold-
ers/susceptors, such as by gas foil rotation [48, 236], helping to average out deposition
gradients, which is standard in modern, industrial-scale MOCVD reactors [453]. Fur-
thermore, vertical reactor designs with showerhead-type injectors may result in a more
uniform gas injection [197, 170, 454] and cold-wall systems with actively-cooled shower
head technologies should be considered. Therefore, improving reactor design is key
to enabling industry-scale, homogeneous MOCVD of 2D TMDs in the future. From
this perspective, predictive, computational modelling of reaction dynamics will be a
relevant toolkit to guide this development [452, 235, 236, 318|.

4.4 Summary

In this chapter, the rotationally commensurate vdW epitaxy of large-area 2D MoS, thin
films by MOCVD has been demonstrated on industrially relevant c-sapphire wafers.
The work has been focused on the preparation of distinct sapphire surfaces engineered
by wafer manufacturing and thermal annealing, and the study of growth parameters
to broadly explore their impact on the orientation-selective 2D-on-3D MoS, /sapphire
heteroepitaxy. A summary of all this work is provided by Fig. 4.22. For this purpose, a
framework of combined diffractometry and microscopy methods has been established to
analyze sapphire surface morphology and reconstruction, and to assess as-grown films
by their in-plane epitaxial relationship and mosaic spread. While synchrotron GIXRD
allowed comprehensive reciprocal space mapping, laboratory GIXRD and RHEED
enabled routine analysis of epitaxial film quality. This was complemented by microscopic
inspection by AFM/SEM to obtain a complete picture of film morphology and texture
because diffraction techniques alone are not able to differentiate between symmetry-
equivalent, anti-parallel domain orientations. The latter pose an inherent challenge
upon layer coalescence due to the formation of twin grain boundary defects. It was
found that the sapphire surface reconstruction plays an important role in the orientation-
selective MoSs domain growth and the reaction product-selective MoS, film purity. For
instance, the O-rich (1 x 1) surface led to triangular domain growth with preferential R0°
epitaxial relationship, while the Al-rich (v/31 x v/31)£R9° surface showed the tendency
to induce the R30° epitaxial relationship and increased C contamination, resulting
in disperse domain epitaxy. Complementary synchrotron GIXRD and AFM studies

suggest that the uniformity of sapphire surface reconstruction and passivation may
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be important requirements for large-area, uniform heteroepitaxial commensurability;
GIXRD suggested various sapphire surface reconstructions present on Hs-annealed,
Al-rich surfaces and AFM images showed a patchy phase contrast that may be related
with the spatial uniformity and selectivity of the R0°/R30° heteroepitaxy. Furthermore,
the surface step morphology (step density, shape, height, direction) controllable by
miscut and thermal annealing influences the preferential domain alignment (observed
up to an extent of ~64 % of 0°-oriented domains) under certain conditions; yet, a strong
tendency of anti-parallel domain alignment along the high-symmetry Al,O3 surface
directions, rather than step-guided unidirectional nucleation, has been observed. The
MoS; thin films have been benchmarked to literature data by comparing the routinely
measured mosaic spread as a figure of merit. Best results of domain epitaxy have
been obtained on 1200 °C, Os-annealed, straight stepped (1 x 1) surfaces at growth
temperatures of 600 °C, exhibiting R0O° preferential relationship and mosaic domain
spread below 2°. Increased growth temperatures and S:Mo ratios allow switching the
R0°/R30° epitaxial relationships and further reduction of mosaic spread, although

at the cost of adverse effects, such as the higher C incorporation stemming from

Figure 4.22 Overview of structural analysis of epitaxial MoSy thin films by GIXRD. In-
plane angular dispersion (mosaic spread) of R0° and R30° domains due to the impact of the
(a) sapphire substrate, and (b) growth parameters.
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the organosulfide precursor chemistry. In contrast to a previous report [369], the
use of NaCl did not inhibit epitaxial registry while enhancing domain size. For
further comparison of this work with literature, the interested reader is referred to the
appendix (table C1). As an outlook, statistical validation of results is necessary and
further research into unidirectional, low-mosaicity TMD films needs to be pursued.
Breaking the symmetry of anti-parallel domains by sapphire edge-guided nucleation
remains a promising strategy, although engineered step morphology and chemistry
in interplay with the growth conditions (temperature, pressure, S:Mo:Hs gas-phase
composition) require optimization. From a crystallographic perspective, low-symmetry
substrate surfaces [253, 242], such as two-fold A-plane sapphire [419, 455, 456] may
provide another promising route to reduce domain boundaries, lowering the number of

energetically degenerate domain configurations.

In conclusion, by laying out the opportunities and limitations of orientation-selective
domain epitaxy via optimized substrate engineering and growth conditions, this work
has provided essential understanding towards the wafer-scale synthesis of single-crystal
2D semiconductors from low cost, low toxicity organic precursors on commercial
substrates. This is of paramount importance for large-area device integration and

high-performance electronic applications.



Chapter 5

MoS» integration and transistor

technology for flexible electronics

Field-effect transistors are arguably the most important element of logic circuits
and form the backbone of modern electronics today. Novel materials, such as 2D
semiconductors, offer opportunities complementing conventional Si technology or
even replacing elements beyond CMOS in ultra-scaled "more Moore" devices and
implementing "more than Moore" functionalities for further diversification in future,
hybrid electronics [14]. A strong advantage of 2D semiconductors relies on their
combination of excellent mechanical and electronic properties that enables to build
flexible electronic circuitry [38, 42] that can not be realized with classical, rigid materials.
This opens prospects for bendable, stretchable and wearable devices for multifunctional
sensors, bioelectronics and medical applications, such as implantable neuroprostheses

that require adaptability to soft tissues.

To realize the full potential of 2D semiconductors for flexible electronics, integration
challenges must be overcome, such as the large-area synthesis of low-defect, crystalline
transistor channel material addressed in previous chapters, optimized device manu-
facturing processes and interface engineering. This requires accompanying metrology,
electrical device testing and thin film quality benchmarking. The refinement of fabrica-
tion protocols must include great attention to interface quality by clean and residue-free
2D processing, reduction of impurity and trap densities because 2D materials are highly
sensitive to heterogeneities and perturbations in their surrounding environment, which

can alter device functionality.
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In this chapter, the technological processes for implementing large-area, cm?-scale
MOCVD-grown MoS, thin films into transistors are developed and monitored along the
process chain by morphologic, spectroscopic, and electrical analyses. This includes the
development of a suitable 2D layer transfer method, focusing on residue-free removal
of polymer support layers to preserve clean MoS, interfaces. It also involves AlO,
oxide dielectric integration and passivation through a seeded ALD-encapsulation route
aiming at enhanced MoS, channel properties. Standard clean room processes are
used to fabricate liquid and solid-gated MoS,-FETs for benchmark studies of different
MOCVD-grown MoS, thin films. Finally, the solid-gate MoS,-FET technology is
translated from rigid to flexible substrates and prototypes of flexible, 2D material-
based neuroprosthetic devices are realized to demonstrate the proof-of-concept of

MoS,-FETs on-site multiplexing of graphene neural sensor arrays.

5.1 MoS, transfer

Fabrication of 2D FETs requires a step, in which the 2D semiconductor is implemented
into the device. In principle, there are at least two ways to achieve this, either by
direct growth onto the device or by growth on an external template followed by layer
transfer onto the device. As the direct growth process typically involves temperature-
activated reactions, it must comply with the inherent thermal stability limits of the
underlying device structures at BEOL-compatible temperatures. Although there have
been numerous efforts in the low-temperature TMD growth by MOCVD around 450
— 475°C [457, 458] for rigid devices and even down to 250 °C at polymer-compatible
temperatures for flexible devices [459, 237], the thermal budget, process compatibility
and achievable film quality remain a major hurdle for direct growth approaches.
Moreover, ongoing advances in the direction of single-crystal van der Waals epitaxy
for high quality films rely on elevated process temperatures and growth substrates
that are not compatible with direct synthesis on arbitrary substrates, in particular not
the here targeted polymer substrates for flexible integration. For the latter reasons, a
large-area transfer from the growth substrate to the target device preserving 2D layer

properties is desired.
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5.1.1 Transfer method assessment

To identify a suitable transfer process, reported methods were compared, practically
assessed and adapted to the here developed MoS, technology. As reviewed by Watson
et al. [460], different 2D layer transfer methods can be found in literature, generally
categorized into wet and dry transfer methods. Wet techniques may involve chemical
etchants, such as NaOH or KOH, to facilitate intercalation and layer delamination from
the growth substrate, and liquid media, in many cases water [461, 462, 169], from which
the floating layer can be scooped in the main transfer step. Dry techniques avoid any
liquid contact and may involve visco-elastic stamps, such as PDMS [133, 463], metallic
spalling layers [464, 465], hot-pressing wafer bonding-debonding approaches [51], or
lamination by thermal release tapes (TRT) [466, 197, 467, 291]. The latter TRTs are
based on the principle of adhesive layer pick-up and thermally controlled detachment
after transfer. In practice, many transfer methods combine wet and dry strategies. For
instance, liquids may be used in an intercalation step, while the transfer onto the target
substrate is a dry step. In both wet and dry techniques, often sacrificial support layers
are used to preserve the mechanical integrity of the transferred film, which are dissolved
after transfer. For this, spin-coatable polymers, such as poly(methyl methacrylate)
(PMMA) are frequently chosen due to their favorable mechanical properties and tight
adhesive contact [460]. In the following, wet fishing and a semi-dry TRT transfer

procedures are described (for more details see appendix, section D.1).

The wet transfer process is illustrated in Fig. 5.1. First, a sacrificial PMMA polymer
support layer is spin coated onto the MoSy sample and hard-baked. Then, a blade is
used to scratch away PMMA /MoS, around the edges of the substrate to make the
MoS, /substrate interface accessible for liquid intercalation. The edge of the sample
is dipped into NaOH(aq) and moved in and out to detach the PMMA /MoS, stack
from the substrate. From experience, initiating the detachment by only dipping into
H,0O [462] typically does not work or only at unefficiently slow rate. Once a broad
detachment front has been created, the process can be continued in a water bath where
further water intercalation by capillary force aids the complete sheet detachment until
the PMMA /MoS, stack floats freely on the water surface. Next, the PMMA /MoS,
sheet is transferred into two subsequent water baths to wash off NaOH residues.
The PMMA /MoS, sheet is fished onto an arbitrary target substrate and put onto
a hotplate to dry, dewrinkle and promote adhesion of the transferred film. Finally,
the PMMA /MoS, /target substrate is immersed into a suitable solvent (e.g. acetone,
Remover PG) for dissolution of the PMMA support layer.
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Figure 5.1 Wet fishing transfer procedure. (a) As-grown MoSs thin film (b) PMMA spin-
coating and scratching of PMMA /MoS; at the sample edges. (c) Initiation of PMMA /MoS,
delamination by edge dipping into NaOH(aq) bath. (d) Release and floating of PMMA /MoS2
in HyO bath. (e) Fishing of PMMA /MoS; onto target substrate. (f) PMMA dissolution.

The semi-dry thermal release tape (TRT) transfer process is schematically illustrated
in Fig. 5.2. Further information and photos of each step can be found in the appendix
(Fig. D2). Similarly to the wet transfer, a sacrificial PMMA layer is spin coated onto
the MoSs sample and hard-baked. Then, a blade is used to scratch away PMMA /MoS,
around the border edges of the substrate to later facilitate water intercalation for MoS,
detachment. Next, a TRT is placed onto the PMMA /MoS, and gently applied by a
roller to push out potentially trapped air bubbles. A water droplet is placed on top
and covered with an overlapping polydimethlysiloxane sheet (PDMS) that spreads out
the droplet and acts as a compliant layer in the next step. The stack is placed into a
pressing dye to apply uniaxial pressure and squeeze the water sideways to the edges
of the layer stack, where it intercalates at the MoSs/substrate interface by capillary
force [461]. The layer stack is unmounted from the dye, the PDMS is removed, and
the TRT/PMMA /MoS, stack is slowly detached from the growth substrate. The
TRT/PMMA /MoS, is gently transferred onto the target substrate, making this step
essentially a dry process. Then, the sample is placed onto a hotplate and ramped to
155°C to enhance MoSy/target substrate adhesion. The TRT is peeled off from the
PMMA /MoS,/target substrate when the TRT loses its adhesion strength at around
155°C [291]. Finally, the protective PMMA layer is dissolved in a suitable solvent (e.g.

acetone, Remover PG, see section 5.1.2).
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Figure 5.2 TRT transfer procedure. (a) As-grown MoS; thin film (b) PMMA spin-coating
and scratching of PMMA /MoSs at the sample edges. (¢) Application of TRT. (d) Adding
of water droplet and PDMS. (e) Pressing of layer stack, spreading of droplet and water
intercalation at MoSa/substrate interface. (f) Dismounting. (g) Removal of PDMS and
TRT/PMMA /MoS; stack. (h) Transfer of TRT/PMMA /MoS; stack onto target substrate.
(i) TRT release on hotplate at 155°C. (j) PMMA dissolution.

The microscopy images in Fig. 5.3 show the MoS, transfer to SiO, substrates, com-
paring the wet fishing and TRT method. Based on practical experience from repeated
transfers and literature research, the advantages and challenges of each method are
listed in table 5.1 by considering three main aspects: applicability, scalability and
preservation of sheet integrity. In terms of applicability both methods are suited for
MoS, transfer from the typical oxide growth substrates (SiO,, glass, sapphire) used
in this work, exploiting layer detachment by water intercalation at the hydropho-
bic/hydrophilic MoS, /substrate interface. The flatness of the substrate is critical for
the TRT method; For glass substrates that had deformed during high temperature
MoS, growth, it was observed that the relatively rigid TRT may not conformally adhere
during layer pick-up, which may cause untransferred regions and lowered yield. On
the other hand, the TRT method is advantageous for precise target placement, which
makes the TRT transfer step more controllable than scooping. The target substrates
can be SiOy or AlO, /PI relevant for this work, but in principle both methods can be
applied to arbitrary substrates [461, 466] and layer-by-layer assembly [468, 467].
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a Wet fishing transfer b TRT transfer

Figure 5.3 Centimeter-scale MoS, transfer. Microscope images of MoSy thin films after
transfer onto a SiOg chip via (a) wet fishing, and (b) TRT method.

The microscopy images in Fig. 5.3 demonstrate that at least ~ 1.5 x 1.5 cm? sheets
can be succesfully transferred, which fulfills the minimum area requirements for devices
fabricated in this work, and with the potential to be further extended up to 4" wafer-
scale areas [169, 197]. Although both methods allow large-area transfer, the TRT
method is expected to have higher scalability and automatization potential by use
of semiconductor fabrication compatible pressing and bonding-debonding tools [52,
53, 51]. Regarding the preservation of layer integrity, process-specific challenges were
identified. The wet transfer is typically prone to sheet defects caused by wrinkles
and bubbles (see appendix Fig. D1) difficult to avoid by manual handling. Moreover,
the use of harsh etching chemicals may result in chemical modifications, residues and
domain boundary etching [460, 259]. The latter can be avoided by the (semi)dry
TRT method; however, mechanical instabilities and tensile strain pose a challenge for
damage-free TRT transfer [54]. This was addressed here by process optimization, such
as the here used uniaxial pressing step to prevent shear forces. Moreover, it is crucial to
avoid particles at the PMMA /MoS, and TRT/PMMA interfaces to guarantee seamless
layer lamination because particle inclusions cause stress concentration and non-adhered
TRT zones (see appendix, Fig. D3)). Therefore, the process was moved to a cleanroom
environment to minimize particle load, which may be further improved by stacking in
a controlled atmosphere [52] or vacuum [467] for improved interface control. Lastly,
due to the use of sacrificial polymer support layers, minimization of polymer residues

is essential to preserve layer properties, which will be addressed in the next section.
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Table 5.1 Qualitative comparison of transfer methods.

Criterium Wet fishing transfer (Semi-)dry TRT transfer
Applicability + Any water-compatible target substrate — Flatness pick-up and target substrate critical
+ Layer-by-layer (hetero)assembly [468] + Layer-by-layer (hetero) assembly [467]
— Fishing complicates precise placement + Deterministic placement onto target
Scalability/ + cm-scale to wafer-scale [468, 169, 52| + cm-scale to wafer-scale [197]
reproducibility — Variations due to manual scooping + Automatable roll-to-roll/plate processes [54, 469]
— More difficult to automatize + Manual handling avoidable by wafer (de)bonding
approaches and existing fab-compatible tools [466, 197, 51, 53, 52|
Structural/ — Crumpling, wrinkles, bubbles are common  — Tensile stresses/sheet cracking [54]
chemical — Voids in zones of non-adhered TRT
integrity — Potential support layer residues — Potential support layer/adhesive residues
— Typically harsh etchants required + Etchant-free, water-assisted or fully dry process [197]

— Interface adsorbants, ion/etchant impurities + Clean interfaces by controlled atmosphere [52]/vacuum [467]

In conclusion, transfer via wet fishing and semi-dry TRT transfer have been explored,
making both methods viable candidates for centimeter-area, research-scale transfer.
Nevertheless, the TRT-based method was selected to be further pursued for the
fabrication of FET devices because it is believed to be the prospectively more promising
approach in terms of transfer precision, reliability and scalability potential [52]. As an
outlook, development of automatized transfer processes compatible with high-volume
manufacturing apparatus typically used in semiconductor fabrication processes are
expected to guide future efforts for large-scale 2D integration. Recently, promising
examples include wafer bonding [51, 52| and laser-debonding techniques [16, 53, 46]

were established at 300 mm wafer level.

5.1.2 Residue-free removal of polymer support layer

Polymer residues stemming from device fabrication, such as transfer using sacrifical
support layers [55, 470] or lithography using photoresists [341, 471], are well-known to
degrade the electrical performance of MoSo-FETSs. These residues result in unintentional
doping and reduced charge carrier mobility of the MoS, channel [341] and increased
contact resistance at source and drain [472, 473]. Therefore, efficient, large-area and
damage-free residue removal during fabrication is required to ensure clean interfaces for
devices with high yield, high uniformity and high performance [55]. While enhanced
electrical performance could be proven by mechanical, tip-based cleaning approaches,
these procedures are not practical for wafer batch processing. For the latter purpose, Oo-
plasma [474, 472] and UVO treatments [475, 473] may provide efficient, scalable cleaning
options, but bear the risk of damaging the TMD sheet through chemical modification
by oxidation [476]. Furthermore, residue removal by annealing treatments in various

atmospheres (vacuum, Ns , Hy) has been employed [477, 478], but thermal budgets
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must be considered to preserve stability of the device and the performance of metal
contact interfaces [479, 480]. Wet cleaning techniques are widely used in semiconductor
industry providing controllable protocols for specific removal of surface contaminants
and residues by tailored chemistry, a concept which requires more attention in 2D
material processing. For example, for 2D material transfer, PMMA is usually employed
because of its common availability in research laboratories, although several studies
have pointed at the issue of excessive PMMA residues remaining on the 2D surface
after acetone removal and even after additional thermal annealing steps [478, 481,
55, 470]. Therefore, to minimize polymer residues investigation of alternative, better

suitable polymer-solvent pairs are desired for efficient surface cleaning [470].

In this study, various polymers and solvents are assessed to identify promising
options for residue-free MoS, transfer. The assessment is based on AFM analysis
of transferred MoS, layer step edges and surface roughness analysis. Poly(methyl
methacrylate) (PMMA A4 950K, MicroChem, USA) and methyl methacrylate [MMA
(8.5) MAA EL6 copolymer, MicroChem, USA] are tested, which are widely used as
sacrificial transfer support layers, protective masks, and photoresists [482]. PMMA and
MMA were applied onto 2L MOCVD MoS,/SiO5 by spin-coating at controlled rotation
speed (3000 and 1300 rpm) to obtain films with comparable thickness (~ 220 nm),
followed by hard-baking (180°C, 30s). Then, the removal of polymers is examined
by using acetone (extra pure, Fisher), Remover PG (Kayaku Advanced Materials,
Japan), and TechniStrip NI555 (MicroChemicals GmbH, Germany) for dissolution
at 50°C (1h), followed by IPA rinse to remove resist-contaminated solvent and to
avoid striation. Acetone serves as a standard reference in this study due to its
common use, although it is expected not to be an optimal stripper. This is due to the
aforementioned, limited residue removal capabilities and its physicochemical properties,
such as high vapor pressure and risk of use at high solvent temperatures. Remover
PG is a powerful, stripper based on N-methyl-2-pyrrolidone (NMP) [483] for universal
removal of a wide range of polymers and photoresists. Its low vapor pressure allows
heating up to 80 °C to efficiently dissolve cross-linked photoresists and has previously
been used for wet cleaning during MoS,-FET fabrication [55]. Since NMP has been
classified as a toxic chemical, alternatives should also be considered [484]. TechniStrip
NI555 (MicroChemicals GmbH, Germany) is an acidic-based, non-alkaline stripper
for fast and complete dissolution of cross-linked resist films avoiding insoluble resist
debris deposition, and was chosen for its relatively low toxicity (NMP-, TMAH-, and
hydroxylamine-free composition [485]). Furthermore, vacuum annealing treatment

(~1x 1078 mbar, 350 °C, 1h) was tested for additional, post-dissolution residue removal.
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In a first experiment illustrated in Fig. 5.4a, 2. MoSs thin films were transferred
by the PMMA-assisted TRT method (section 5.1) from the SiO,/Si growth substrate
to another SiO4/Si substrate, PMMA was dissolved by either acetone or Remover PG,
and samples were subsequently thermally annealed in vacuum. The comparison of
AFM scans performed over the step edges of the transferred bilayer sheets [Fig. 5.4(a-
b)] reveals excessive organic residues for the acetone cleaning procedure. Although
the residues can be further removed by the annealing step, an excess of remaining
residues is evidenced in the topographical AFM image taken in the same sample
location. In contrast, a relatively smooth and clean MoS, (and SiOs) surface is already
obtained after the solvent cleaning step with Remover PG. Thanks to this, only a
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Figure 5.4 MoS; transfer PMMA residue characterized by step-edge analysis. (a) Schematic
illustration of the experimental sequence of 2L.-MoSs transferred onto a SiO2 substrate,
removal of the PMMA support layer in organic solvent, and subsequent thermal annealing in
high vacuum. AFM scans over the step edge are used to detect PMMA residues. (b-c) AFM
images around the step edge of the transferred MoSs sheet (i) after dissolving PMMA with
either acetone or Remover PG, and (ii) after subsequent 350 °C vacuum annealing. AFM
images were plane-fitted by setting the averaged SiOgy substrate level as zero plane. (d)
Height profiles extracted from the red lines marked in (b-c).
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slight further reduction of surface residues (disappearing white particles) is observed
in the topographical image after the annealing step. The superior PMMA-dissolution
capability of Remover PG compared to acetone and the thermal annealing effect is
further visualized by the corresponding line profiles across the 2. MoS, step (~ 1.4nm
bilayer height), confirming PMMA /Remover PG as the more suitable polymer-solvent

pair of the two investigated here.

To further extend the polymer-solvent pair study, additional experiments were
carried out by simply coating and removing polymers onto MoS;/SiOs films while
omitting the actual transfer step; the surface roughness was determined from 1 x 1 pum?
AFM scans to quantify the residue amount (Fig. 5.5a). Figure 5.5b shows the AFM
images with references for SiOy and as-grown MoS,/SiOs for different combinations
of MMA- and PMMA-coated surfaces after solvent cleaning with acetone, Remover
PG or NI555, and subsequent vacuum annealing. As a general trend, the MMA films
show higher density of residue particles and surface roughness compared to the PMMA
film. Furthermore, for the series of NI555, acetone, and Remover PG, the density and
size of remaining residue particles decreases monotonically after the dissolution step.
These trends are quantitatively shown in the RMS roughness plot as function of the
process step (Fig. 5.5). The graph displays a systematic reduction of RMS roughness
from the dissolving to the annealing step, except for the case of PMMA /Remover
PG, which exhibits a virtually unchanged roughness of around ~0.36 nm due to the
efficient dissolution step, only slightly above the measured reference value of as-grown
MoS,. The RMS roughness level of as-grown MoS, is not fully recovered; however,
from topographical roughness data alone, and considering typically achievable AFM
height resolution in the range of 0.05 — 0.1 nm [486, 487, it is difficult to judge about
the complete residue removal after Remover PG dissolution and annealing. Further
surface metrology may involve chemical and spatial analysis of possibly remaining
residues, such as by XPS [478] and secondary ion mass spectroscopy [488]. Also Raman
and PL spectroscopy may indirectly probe changes in residue-induced doping. Overall,
PMMA /Remover PG results in the lowest RMS values and can be identified as the
most promising of all tested polymer-solvent pairs. Three additional MoS, samples
were independently coated and cleaned, and RMS values were extracted and averaged
from three randomly chosen regions of the 1 x 1 cm?-sized samples after each process
step (Fig. 5.5d; respective AFM images not displayed). The previously shown trends
are confirmed, which attests repeatability and homogeneity of the PMMA /Remover
PG cleaning protocol.
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In summary, by comparing various polymer-solvents pairs, PMMA /Remover PG

was identified as the most promising combination for MoSs transfer with minimized
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Figure 5.5 Polymer-solvent pair residue study. (a) Schematic illustration of the experimental
sequence of measuring the AFM surface roughness of the as-grown MoSs starting surface,
after polymer-coating and -dissolving (without layer transfer), and after vacuum annealing.
(b) AFM images of SiO2 and 2L MoS, reference surfaces and after polymer-dissolving and
vacuum annealing for different polymer-solvent pairs. RMS roughness values are given in the
center of each image. (c) Evolution of surface roughness for the different sample conditions
extracted from the AFM images in (b). (d) Evolution and reproducibility of the MoSs
surface roughness of the as-grown reference surface, after polymer-dissolving, and annealing
for the PMMA-PG polymer-solvent pair measured on three independent samples. Each RMS
data point was averaged from three 1 x 1pm? AFM images from randomly measured spots
on 1 x 1cm?-sized samples. Standard deviations are given as error bars.



164 MoS, integration and transistor technology for flexible electronics

organic residues based on morphological AFM analyses, highlighting the importance
of surface metrology for monitoring and optimizing interface cleanliness. The results
have shown that wet chemical cleaning by tailored selection of the solvent system
allows a simple yet effective way to reduce residues during semiconductor-compatible
device fabrication. Furthermore, it could be shown that thermal annealing may be
helpful for further residue removal after solvent cleaning. In this context, it is remarked
that appropriate cleaning methods are of general importance not only for the transfer
step, but should be optimized in other fabrication steps directly involving the MoS,
interfaces, such as surface preparation prior transfer and contact photolithography on
top of MoS,. So far, the direct impact of the optimized polymer-solvent system on
electrical FET device performance remains to be demonstrated; however, literature
studies suggest that improvements in FET mobility by a factor of two to three can be
expected by optimized PMMA-removal compared to a standard acetone protocol [55].
As a final remark, it is mentioned that Remover PG as a NMP-based solvent is classified
as toxic and teratogenic, and its handling requires appropriate safety precautions and
disposal measures [489]. Safer solvent substitutes with similar stripping performance as
NMP, such as dimethyl sulfoxide (DMSO), may be considered for future studies [484].

5.2 Dielectric integration and encapsulation

Dielectric integration and passivation are essential to transistor technology. While the
gate dielectric is an integral building block of transistors, the passivation ensures her-
metic encapsulation from the ambient and reliable device functionality. This is essential
due to the high sensitivity of 2D transistor channels to adsorbates and environmental
impurities [490, 491, 63]. Frequently, high-x oxides (e.g. Al;O3, HfO5) are chosen for
the dielectric due to their high capacitance for efficient, low-voltage switching, their
low gate leakage and because of the availability of established fabrication processes for
wafer-scale, conformal dielectric integration, such as atomic layer deposition (ALD).
Optimized AlO, ALD integration has enabled MoS,-FETs with hysteresis-improved
switching behaviour [63, 58, 492], reduced interface traps and steep subthreshold
slopes [493]. Furthermore, the performance of MoSs channels can be enhanced by the
AlO, n-doping [493] and screening effect [494] due to the high dielectric mismatch
of MoS, with the oxide environment, which can effectively dampen Coulomb scat-
tering of charged impurities at the interface. This allowed the scaled integration of
AlO,-sandwiched MOCVD-MoS,-FETs with mobilities of ~ 17 cm? V=1 s7! [41].
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However, ALD oxide encapsulation of 2D materials is challenging due to the
fact that the inert, dangling-bond-free 2D basal planes do not provide the necessary
nucleation sites for conformal ALD [495, 496], and may result in pin-hole formation
and unreliable oxide quality. It has been tried to circumvent this issue by modifying
the ALD process towards shorter inert gas purges deviating from ideal ALD behaviour,
aiming at physisorbed precursor surface species as nucleation sites for subsequent ALD
cycles. However, such process adaptation results in H and C impurities and higher oxide
leakage [496]. Furthermore, MoS, surface pre-treatment by ultra-violet ozone (UVO)
prior to ALD [497, 498], utilization of ozone instead of HyO as oxidant precursor [499],
or plasma-enhanced ALD using low-energy Os-remote plasma [500] have provided
routes for improved nucleation and sub-10 nm, pinhole-free encapsulation; yet, these
strategies require careful optimization because of concerns of damaging the TMD sheet
through oxidation [476]. Seeding approaches using a buffer layer prior ALD have
also been pursued, such as non-covalent organic seed molecules [501], SiOy [502] or
AlO, [503, 493] seed layers. The latter AlO, seed layer can be deposited by e-beam
evaporation of a nm-thin Al layer that immediately oxidizes upon air exposure to
form sub-stoichiometric AlO, [493], which is expected not to react with or damage the
underlying MoS, layer [480]. This integration procedure has led to stable n-doping
and excellent FET transfer characteristics [493]. Nevertheless, such a buffer layer adds
complexity to the dielectric stack and bears the risk of introducing trap states at the
newly formed interfaces, which can result in poor on/off-current ratios and subthreshold
swings [493]. Therefore, good understanding of the impact of AlO, capping on the
(opto)electronic properties of the MoS, film is required. The following section will
describe the technological implementation of the seeded AlO, encapsulation route
monitored by morphological (AFM, TEM) and spectroscopic analyses (Raman, PL,

XPS and valence band analysis).

5.2.1 AlO4 oxide encapsulation

This section will describe the realization of thickness-controlled AlO, seed layer deposi-
tion, followed by smooth ALD encapsulation of MoSs thin films, including morphological
characterization by AFM and cross-sectional TEM. To provide a simple testing plat-
form, the AlO, capping is carried out on as-grown MOCVD MoS, films on SiOs/Si
chips to avoid complex device structures; this strategy allows detailed Raman, PL and

XPS spectroscopic analyses of the AlO,/MoSs interface.
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Figure 5.6 Direct ALD of AlO, on polycrystalline MoSs. [(a)(i-vi)] SEM images for 25, 50,
100, 200, 350, and 500 ALD cycles. The regions of light contrast are AlO,, whereas the dark
regions are uncovered MoSs (pinholes in the AlO, film). (b) Schematic illustration of ALD
process on polycrystalline MoSs starting surface on which AlOy nano-pillars nucleate at the
MoSs grain boundaries, and laterally grow over MoSy until formation of a thin film. Due to
this anisotropic overgrowth the AlO, layer is expected to be inhomogeneous and prone to
pinholes.

5.2.1.1 Direct ALD onto polycrystalline MoS, film

Serving as reference and to highlight the challenge of ALD encapsulation of 2D
materials, AlO, layers were grown directly by a standard TMA /H,O ALD process
onto polycrystalline MOCVD MoS, thin films with grain size ~ 30nm. Figure 5.6a
displays a sequence of SEM images, following increasing ALD cycle numbers, showing
the evolution of deposited AlO, (light gray contrast) on the MoS, film (black contrast).
The images suggest that the AlO, nucleation is inhibited on the inert MoS, basal
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planes and occurs predominantly at the MoS, grain boundary defects by decorating and
visualizing the grain structure of the underlying MoS, film. With increasing ALD cycle
number, these AlO, seeds form a network of 3D-nucleated, elongated pillars along the
grain boundaries, consistent with literature [369]. Eventually, the lateral overgrowth
forms a coalesced oxide layer, as illustrated in the model in Fig. 5.6b. However, after
extended cycles, at a growth-per-cycle of ~1.3A /cycle averaged from profilometry
thickness measurements, of 350 (~43nm) and 500 (~70nm) cycles, the oxide layer still
shows signs of uncovered MoS, areas based on SEM inspection. For the case of larger
grain size MoS, thin films, therefore, reduced AlO, grain boundary nucleation density,
an even higher minimal oxide thickness can be expected for complete overgrowth.
Therefore, this non-conformal nucleation behaviour renders direct ALD unsuitable for

pinhole-free oxide films of typical gate dielectric thicknesses <50 nm.

5.2.1.2 Seed layer approach

As direct ALD of AlO, on MoS, does not yield satisfying results, a seed layer strategy
was adopted prior ALD, as shown in Fig. 5.7a. The seeding consisted in physical
vapor deposition (PVD) of three subsequent 1 nm Al layers by e-beam evaporation
at deposition rates of 0.2 to 0.3 As™! in high vacuum at <5 x 10~7 Torr, monitored
by a quartz crystal balance. Between subsequent seeding steps, the Al layers are
left in ambient air for ~1h to oxidize [504, 493, 505]. Although previous reports
have shown that 1nm may be sufficient for uniform seeding prior ALD in planar
device structures [503, 493, 506], in a conservative approach and anticipating the
fabrication of more complex devices (section 5.4), deposition of three 1 nm layers with
120° wafer rotation between consecutive steps was chosen. This accounts for potential
non-planarities or shadowing effects, such as in interdigitated contact regions, that
might arise due to the directional nature of the PVD process. Besides, the stepwise
deposition allows to study the evolution of (opto)electronic MoS, properties as function

of oxide layer thickness.
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Figure 5.7 MoSs encapsulation by AlO, seed layer and ALD. (a) Schematic illustration
of exposed MoSs starting surface, AlO, seed layer deposition of 3 x 1nm Al by e-beam
evaporation and subsequent self-oxidation in ambient atmosphere, and ALD encapsulation.
[(b)(i-v)] AFM images of the surfaces after each step, and (c) corresponding RMS roughness
after each deposition step.

Topographical AFM analysis after each seed layer step and final ALD of 50 nm
AlO, shows the conformal and smooth oxide encapsulation [Fig. 5.7b], where the RMS
roughness < 0.5 nm remains only marginally above the MoS, reference value (Fig. 5.7¢).
To verify seed layer thickness control, AFM scans were performed over the step edge
of AlO, /2L MoS, layer stacks after nominally 1, 2, and 3nm AlO, deposition and
self-oxidation, as shown in Fig. 5.8[a-c(i)]. From the corresponding line profile scans in
Fig. 5.8[a-c(ii)], and assuming a MoS, bilayer thickness of 1.4 nm, subsequent deposition
of ~0.90 + 1.15 4+ 1.15nm result in a total overlayer thickness of ~ 3.2nm. The 7%
deviation from the target value can be explained by thickness variations due to the step
edge creation, the manual shutter operation during PVD, and layer thickness changes
upon oxidation. Cross-sectional TEM analysis of the nominal 3nm AlO, seed layer
in Fig. 5.8e shows an averaged thickness of 2.4 + 0.3 extracted from 20 measurement
points, which is lower than the thickness value extracted by AFM. The deviation can

be explained by the FIB sample preparation and/or spatial thickness variations over
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the different samples. It is remarkable, however, that the metal evaporation/oxidation
route yields such smooth, conformal capping layer because previous work discussed
non-continuous island formation for deposition of thin metal layers on the MoS,(0001)
surface [507]. The EDX line profile scan confirms the expected elemental composition of
the layer stack (Fig. 5.8e), including Si from SiOs substrate, Mo from MoS,, and Al from

a b .

€n

3 nm Al
200 nm
MoSz ) & —

___Sisio,

y 200 nm
SiSI0;

200 nm
L]

MoS

2

Si/SiO,

Height (nm)

00 02 04 06 08 00 02 04 06 0.8 00 02 04 06 08
Distance (um) Distance (um) Distance (um)

i

=&
=
[

Al Ko
Mo Lo

—
(#1]
I

Position (nm)

Si Ka

[ ]
o

0 50 100 150
Intensity (counts)

Figure 5.8 AlO, seed layer thickness analysis. (a-c) (i) AFM images of three subsequently de-
posited 1 nm seed layers grown onto MoS2/SiO2. An intentional scratch was made to measure
the layer thickness over the step-edge, and (ii) corresponding height profiles are marked in the
AFM images in (a-c). Schematic illustrations show the AlO,(green)/MoSa(red)/SiO2(blue)
stacks for different AlO, thicknesses. (d) False-colored, cross-sectional TEM image of a
nominal 3x 1 nm AlO, seed layer on the 2L, MoS, thin film. A Pt capping layer was deposited
for FIB lamella preparation. (d) EDX line profile scan confirming the chemical composition
across the Pt/AlO, /MoS,/SiOs interface.
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AlO,. The Pt capping layer used for sample preparation contains C-contamination due
to the deposition from metal-organic precursors, but the limited spatial resolution and
low signal-to-noise ratio do not allow reliable determination of potential C contamination
from the MOCVD MoS; film at the AlO,/MoS, interface. The morphological analysis
demonstrates the successful implementation of a thickness-controlled AlO, seeding

process for subsequent, conformal ALD encapsulation.

5.2.2 Spectroscopic analysis of AlOy-encapsulated MoS,

The statement "the interface is the device'[508] is especially true for 2D semiconductor
devices; thus, interface quality and interactions of the 2D channel region with the
surrounding dielectric are crucial to determine FET device performance. For example,
the AlO, encapsulation of MoSy can result in at least two distinct charge transfer
mechanisms depending on both the energetic position and spatial position of defects and
fixed charges at or near the AlO,/MoS, interface [493]: First, trapping of charges can
occur due to "interface traps" at the interface, or due to "border traps" near the interface
within ~3nm proximity [509, 510, 286] via tunneling [511]. Both these interface
and border trap states are energetically situated within the MoS; bandgap and can
eventually lower transistor performance (e.g. by altering mobility prg and subthreshold
swing SS). Second, modulation doping by electron (hole) transfer from donor (acceptor)
states not overlapping with the MoS, bandgap can induce n-type (p-type) charge carriers
from above (below) the conduction (valence) band. Theoretical and experimental
studies have shown that MoSy encapsulation with O-deficient, substoichiometric oxide
induces modulation-like n-doping of MoS, through donor states from fixed charges in
the oxide [512]. Ideally, such modulation doping may exploit the electrostatic dipole
formation for threshold voltage tuning [513] while not degrading pupgr and SS, and
allowing stable and improved device performance, if at the same time detrimental
interface trapping can be avoided [493, 66]. Therefore, understanding of possible

trapping and doping effects at and near the oxide/2D channel interface is important.

For this purpose electrical and/or spectroscopic characterization can be performed.
I — V transfer curves of the final transistor devices can provide key figures of merit
(Ion/Iorr, tre, SS, Vr, Drr) linked to interface defects; however, their discrimination,
e.g. between interface and border traps is more difficult [63, 61], and can be more
efficiently evaluated by C' — V' characteristics of capacitors [514, 471, 515]. This
electrical characterization, though, requires manufacturing device structures. On the

other hand, analysis by spectroscopic methods, such as Raman, PL and XPS, allow for
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quick and non-destructive interface monitoring of as-grown layer stacks without the
effort of complete device integration. Raman spectroscopy can detect doping through
electron-phonon interaction affecting peak positions and widths [516, 512, 517]; PL
spectroscopy can detect interface traps by intensity quench through non-radiative
recombination [516, 517] and doping by modulation of the trion-to-exciton ratio [357,
355, 353]. XPS allows to study doping and band alignment by valence band shifts
relative to the Fermi level [518]. In the following, these spectroscopic techniques are
used to investigate oxide thickness dependent trapping and doping [504] at and near
the AlO,/MoS, interface during the seed layer capping steps. The findings will support

the later discussion of AlO,-integrated MoS, transistor device performance.

Figure 5.9a(i) shows the in-plane (Ej,) and out-of-plane A;; MoS; Raman modes
of as-grown MoS, and after deposition of 1, 2, and 3nm AlQO,, as illustrated by the
schematics. Peak positions and width (FWHM) were extracted as function of AlO,
thickness [Fig. 5.9b(ii)]. With increasing thickness a slight, gradual blueshift (stiffening)
of the Aj;-mode and separation from the rather unaltered Egg—mode position can be
observed, and both Raman modes show an overall FWHM increase. Before evaluating
this result, it has to be mentioned that modulation of the Raman-active MoSs modes
might be influenced by various factors, such as strain, defects, doping, and dielectric
screening [519, 520, 480]. Due to possibly superimposed and /or compensating effects one
must be cautious with interpretation of the origin of oxide capping induced changes [521].
Although it was commonly claimed from indirect measurements that encapsulation
may induce strain on the underlying MoS, layer [521, 516, 500], Schauble et al.
excluded the strain argument by direct MoS, lattice constant GIXRD measurements
after e-beam deposition (and oxidation) of several metal thin films onto MoS, [480].
Therefore, modulation of the Raman-active MoSs modes is more likely related with
doping and/or screening effects. In case of n-doping, and as consequence of electron-
phonon interactions, the doping-sensitive A;,-mode has been predicted to redshift and
broaden [443] due to phonon mode softening or the vibrational Stark effect [521, 522],
whereas the E%g—position remains largely unaffected. Considering that a A;,-redshift
correlates with increased electron density of ~ 4.540.5 x 102 cm™2 electrons per cm ™!
peak shift [443], n-doping of MoSs upon AlO,-encapsulation has been reported to
result in A;,-shifts (electron density increase) of —1.4cm™" (6.3 x 10" cm™2) [493] and
—1.9cm™! (8.55 x 10" cm~2) [512]. Furthermore, asymmetric Fano line shape of the

E%g—mode has been reported to indicate n-doping [480, 493].
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Figure 5.9 Raman and PL study of AlO,-encapsulated MoSs. (a)(i) Experimental Raman
spectra (black lines) of MoSs-related in-plane (E%g) and out-of-plane (A1) modes fitted by
double-Lorentzians (pink lines) for as-grown MoSs and after seed layer capping with 1, 2,
3nm AlO,, as illustrated by the schematics; (ii) Analysis of absolute Raman peak position
shift A,,s and FWHM of Ezlg and Aj, modes. (b) Experimental PL spectra (black lines)
fitted by Gaussians (pink lines) and deconvoluted into trion A~ (blue), neutral exciton A°
(green), and B exciton (purple) contributions. Spectra are normalized to the B exciton
intensity; (ii) Analysis of PL integral ratio (A~ + A°)/B and trion-to-exciton ratio A~ /A°.
Both Raman and PL data show total average spectra extracted from 30 x 30 pm? maps from
225 measurement points. Error bars are standard deviations. Connection lines are drawn to
guide the eye.
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Here, while the rather unaffected Eég—position, and the increasing FWHM and asym-
metric peak shape of the A;,-mode do suggest n-doping with increasing AlO, thickness,
in contrast, the A;,-position remains relatively unaltered yet slighty blueshifting up to
0.7cm™t (3.2 x 10" em ™2 electron density decrease) for the 3 nm sample. Although un-
altered MoS; Raman positions after oxide encapsulation have been reported, n-doping
by a negative threshold voltage shift in FET transfer curves could be observed in these
works [506, 516], which highlights the ambiguity of Raman analysis. The results can be
explained by an increased interlayer distance and weakened MoSs-AlO, coupling. This
may be caused by a high density of interfacial impurities, adsorbates and dangling
bonds [516, 506], and a more pronounced charge screening effect due to the AlO,
high-+ dielectric environment [523]. The latter results in splitting of A;, and E%g
modes by opposite blue- and redshifts, as it is evidenced in Fig. 5.9b(ii). Nonetheless,
deriving screening or doping effects from Raman spectra alone remains elusive and

requires further evidence from complementary experiments.

The PL analysis in Fig. 5.9b(i) shows the corresponding spectra composed of
negative trions A~, neutral excitons A°, and B excitons. The as-grown, uncapped
MoS, shows an intense PL signal of (A~ + A°)/B ~ 18 and a typical trion contribution
of A=/A% ~ 0.3 because of doping from charged impurities of the SiO, substrate [353].
Since the bottom MoS,/SiO5 interface is not expected to change upon AlO, seed layer
capping, any alteration of the PL signal can be ascribed to the top-encapsulation effect.
After adding the first AlO, layer a clear PL quench with a six-fold intensity drop
to a level of (A~ + A%)/B < 3 is evident, which stays rather constant upon adding
consecutive AlO, layers. This indicates that trap states have formed at the AlO,/MoS,
interface acting as non-radiative recombination centers during laser illumination [517,
516, 493]. While the intensity drop is abruptly dropping only upon first interface
formation, a monotonic increase of the A~ /A? with increasing AlO, thickness can be
observed. The A~/A° ratio, an indicator of electron charge density, suggests gradually
increasing n-doping, possibly through the increased number of border traps and fixed
charges added near the AlO,/MoS, interface with consecutive seed layer steps. The
mechanism behind this n-doping has been previously explained by hole trapping by
using photoconductivity measurements [517], electrostatic doping by fixed, positive
oxide charges [524, 516], and/or modulation-like doping of MoSs by negative charge
transfer from donor states inside the bandgap of O-deficient AlO, [512]. Therefore,
the PL results with AlO, overlayers suggest that both interface trapping and doping

effects are present.
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Figure 5.10 XPS study of AlO, -encapsulated MoS,. The following core level spectra are
shown: a O 1s, b Mo 3d / S 2s, ¢ S 2p, d Si 2p, and e Al 2p. The schematics on the right
illustrate the analyzed samples: (i) SiO2/Si substrate reference, (ii) MoSy/SiOy as-grown,
after seed layer deposition of (iii) 1 nm AlOg, (iv) 2nm AlO,, (v) 3nm AlO,, and after final
(vi) 50nm AlO, encapsulation. Black lines correspond to the measured spectra, colored areas
under singlet/doublets represent fits assigned to the same chemical species, as exemplarily
designated in each graph (a-e), and pink lines show the synthetic fitting envelopes of summed
peaks. Spectra are calibrated to the SiOs substrate peak at Si 2p 103.3eV [276], except
sample (vi) where the thick AlO, layer does not allow to transmit substrate signal and is
referenced to Al 2p 74.6eV found in the seed layer samples. For comparison spectra are
plotted with the same intensity scale for each respective core level graph (a-e).

Figure 5.10 presents XPS core level spectra of as-grown MoS, thin films, after
each AlO, seeding step and after the final ALD encapsulation; the corresponding
survey spectra can be found in the appendix (Fig. D6). For extraction of useful depth
information, the XPS sampling depth is determined by the inelastic mean free path
Arvrp of photoelectrons that escape from a given material [525]. Considering Al,O3
and the used Ko X-ray energy of 1486.6 eV, a mean free path of A;ypp &~ 3nm [526]
and a resulting sampling depth of around 3A;yrp =~ 9nm can be estimated. As
illustrated by the schematics in Fig. 5.10, it was therefore possible to obtain depth signal
from "buried" components of the AlO,/MoS,/SiO, stacks. These show increasingly
attenuated intensities of MoSy- and SiOs-related peaks for increasing AlO, seed layer
thickness, but importantly, energy calibration could be performed on the common

Si2p substrate reference peak at 103.3eV (except for the 50 nm-encapsulated sample



5.2 Dielectric integration and encapsulation 175

for which only the ALD oxide top surface could be probed and which was referenced at
the Al2p position of seed layer samples at 74.6 eV [527, 277]). The MoS, film shows
the assigned color-coded Mo3d/S2s and S2p core level features already described in
previous XPS analysis (see section 3.2.3). Chemical analysis of the seed layer shows
no signs of a peak corresponding to the metallic Al”2p oxidation state that would
appear at 2.7¢V [527] below the observed peak of the A" 2p oxidation state, although
sub-stoichiometric AlO, cannot be excluded. Stoichiometry quantification of samples
with different AlO, thicknesses from RSF-corrected, relative peak intensity ratios
(O M1s):(A1"™2p) yielded ~ 1.5+ 0.1 (1nm), ~ 1.5+ 0.1 (2nm), ~ 1.4 £ 0.1 (3nm),
and ~ 1.4+ 0.1 (3450 nm), respectively, suggesting that substoichiometric A1O, might
be present within experimental error; however, assuming a 5 %-error best case scenario
for a routine XPS measurement, the accurate determination of oxide stoichiometry is
difficult without RSF derivation through calibrated standards [528] (the same holds
for the often claimed absolute TMD stoichiometries from XPS analysis [381]).

The most remarkable feature of the set of spectra is a 0.3 eV shift of MoS,-related
Mo3d and S2sandS2p core levels after AlO, encapsulation. A shift in XPS may
correspond to a chemical shift, suggesting a change in the bonding environment and
chemical composition, or may indicate a rigid band shift, suggesting movement of the
Fermi level relative to the valence band and core levels. A closer look clarifies that
the difference in shifts between Mo3d and S2p doublets is essentially zero within
experimental error, meaning that both doublets shift collectively, while neither in the
Al2p, Mo3d nor S2p spectra any new doublets arise that could account for chemical
modifications, such as MoS, desulfurization or formation of an AlS phase. Therefore,
chemical shifts and reaction of Al with S from MoS,; upon seeding can be excluded,
coinciding with the intact MoS, sheet seen in cross-sectional TEM and in agreement
with previous reports [480, 500]. In view of the negative Gibbs free energy of the
exergonic, spontaneous reaction of MoS, with Al [529, 507], the observed inertness may
be surprising, but agrees well with previous reports that have explained this finding by
kinetic limitations and the layered MoS, structure [480, 529, 507]. Therefore, the Al
seeding does not seem to physically react with or damage MoS,, and, consequently,
the 0.3 eV shift can be interpreted as a Fermi level upshift away from the valence band
upon AlO, capping. This might be related with charge transfer doping, or Fermi level
pinning at AlO,-related midgap defects states [512], which will be further discussed by

valence band analysis and a band diagram model.
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Figure 5.11 Valence band study and interface model of AlO,-encapsulated MoSy/SiOs.
Schematics on top serve as legend: SiOy/Si substrate reference (blue), MoS3/SiO2 as-grown
(red), after seed layer deposition of 1nm AlO,, 2nm AlO,, 3nm AlO,, and after final
50nm AlO, ALD-encapsulation (various green tones). (a) Overview valence band spectra.
(b) Zoom of MoS; valence band edge region. (c) Band model of the AlO,/MoSs/SiOq
interface, including vacuum levels F,., conduction band minima F¢pg, valence band maxima
FEyp, and Fermi level Er. Bands were constructed from work functions ®, valence band edge
energies E{; p, the MoSs optical bandgap E,y: extracted by PL/XPS/UPS data in this and
previous section 3.3.2.2, and literature values were used for the AlO, work function [530],
and SiOg [361] and AlO, [58] bandgaps, including prominent in-gap defect bands (blurred
donor and acceptor regions) of SiOy [61] and AlO, [531]. Electron (-) transfer from donor
states of O-vacancies defects [531, 512] is proposed to explain n-type modulation doping and
Fermi-level upshift. Additionally, interface trap and border trap states energetically located
within the MoSs bandgap and physically located at and near the AlO,/MoSs interface result
in charge trapping, such as by hole (+) capture in acceptor states [517].
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The valence band regions of the different samples were analyzed by XPS, including
a Si0, substrate reference, as illustrated in Fig. 5.11. Overview spectra display the
(superimposed) valence band structures of SiOy, MoS,, and AlO,, whose spectral
hybridization features have been described elsewhere [532, 518, 533, 518, 534, 535].
The energies of valence band maxima FE{; with regard to the Fermi level are extracted
at the intersection points of the valence edge tangents with the baseline. The valence
band maxima of SiO, (4.8£0.1eV) [365, 361] and the amorphous AlO, ALD layer
(3.6£0.1eV) [534, 536] are in agreement with literature values. Figure 5.11b shows
a magnified view of the MoS, valence edge region. While the increasing thickness of
the AlO, overlayer attenuates the MoSs-related valence features, the ~0.3 eV upshift
of the 1, 2, and 3nm AlO,-capped MoS, (1.240.1eV) with regard to the uncapped
MoS, (0.9+0.1eV) is evident. Interestingly, all AlO,-capped films show the same
upshift regardless of oxide thickness, consistent with the previously described XPS
core level shifts ( Fig. 5.10); no gradual thickness-dependent effect can be observed,
as it was the case for the trion-to-exciton ratio in previous PL studies (Fig. 5.9b).
Although there may be an overlaid charge transfer doping effect, this suggests the
Fermi-level position to be pinned at midgap interface traps after A10, capping. The
ALD-encapsulated 3 + 50 nm AlO, sample shows an extension of states beyond the
valence band edge up to the Fermi level, which must be associated to AlO,-related
features because of the fully attenuated MoS, signal at this oxide thickness. According
to previous reports, and analyzed by extensive X-ray photoemission and absorption,
electron energy loss spectroscopy, and electrical C'V-measurements, these defect states
typical for ALD layers can be attributed to charged oxygen-vacancies [535, 531] and
intrinsic localized excitonic, polaronic, and charge transfer band states [534] reaching
into the AlO, bandgap above the valence band maximum FEy . Such states are also
expected below the conduction band minimum E¢p, but they cannot be accessed here
by XPS). Similar defect states might be present for the AlO, seed layers affecting the
AlO, /MoS; interface, but the overlapped MoS, states and low signal intensity do not

allow more refined analysis of the valence band data of Fig. 5.11.

A schematic band diagram is drawn in Fig. 5.11c¢ summarizing the findings of
the PL/XPS analysis and previous XPS/UPS data from section 3.3.2.2, and adding
bandgaps and oxide defect levels from literature. Bands are drawn before vacuum level
alignment and band bending due to the possibility of Fermi level pinning and possible
dipole heterostructure effects beyond the Anderson rule [537]. The SiO, band is added
for completeness, contributing to substrate doping effects through oxide defect bands

and charged impurities [353]; however, the straddling gap MoS,/AlO,, heterostructure
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band alignment (type I) is the main focus of this analysis. As qualitatively discussed
and supported by spectroscopic analysis (Raman, PL, XPS), the AlO,/MoS, interface
is affected by traps physically located at the interface (adsorbates, AlO, termination,
dangling bonds) and border traps near the interface within the AlO, capping layer
(fixed charges, O-vacancies). The gradual trion-to-exciton PL ratio increase with oxide
thickness suggested that oxide donor states by electron transfer from O-vacancies
energetically located above the MoS,; conduction band and oxide may contribute to
modulation-like n-doping [58, 512, 531]. However, the relatively unaltered Raman A ,-
mode shifting behaviour suggested that interface traps and adsorbates might dominate
the current interface characteristics. This is also suggested by the strong PL quenching
via non-radiative transitions and oxide-thickness independent, constant valence band
shift pointing at Fermi level pinning at traps of the defective AlO,/MoS, interface.
These interface traps energetically located within the MoSs midgap [517] are likely to
degrade MoS, transistor channel performance. Further quantification by determining
the interface trap density D;r will be achieved by electrical characterization of field-
effect transistors in the following section. While oxide donor states by electron transfer
from O-vacancies energetically located above the MoS,; conduction band and oxide
may contribute to modulation-like n-doping [58, 512, 531], as suggested by the gradual
trion-to-exciton PL ratio increase with oxide thickness, interface traps and adsorbates
might dominate the current interface characteristics, as suggested by the relatively
unaltered Raman A;,-mode shifting behaviour, strong PL quenching via non-radiative
transitions and oxide-thickness independent, constant valence band shift pointing at

Fermi level pinning at traps and defects at the AlO, /MoS, interface.

In summary, working hypotheses for the involved doping and trapping mechanisms
of the A10, /MoS, heterointerface model were established by employing non-destructive
spectroscopic analysis accompanying the development of an oxide seeding and ALD-
route for MoSs channel encapsulation. This allowed monitoring interface quality and
the impact of oxide encapsulation on the (opto)electronic MoS, properties, suggesting
that the current technology is dominated by high trap densities in the MoS, channel and
at the AlO, dielectric interface. More in-depth X-ray photoemission/absorption [534],
internal electron photoemission [58|, photo de-population [531] specific trap spectro-
scopies [538], and deep level transient spectroscopy [539] could help to further clarify
defect types, their exact energetic location within the insulator bandgap and their role
in charge transfer with the MoS, channel. Prospectively, aiming to mitigate ambient
exposure effects and adsorbate inclusion, and reducing interface trap densities to enable

the full potential of previously reported AlO, n-doping of MoSs [493], it is proposed to
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investigate thermal annealing before [540] and after seeding and ALD encapsulation
steps [493, 534] monitored by spectroscopic studies. Furthermore, the insertion of
dangling-bond free interlayers, such as hBN [516], before AlO, capping may reduce
interface trap states by improved 2D-2D van der Waals channel interfaces. Further
improvement in interface quality is essential for the development of high-performance

2D semiconductor devices.

5.3 MoS; transistor technology

Building on the previously developed transfer and encapsulation processes, this section
gives an overview of device fabrication and MoSs technology of several generations
of FET-architectures, starting from simple-to-build, liquid-gated devices over more
complex, encapsulated AlO,-solid-back-gated devices on rigid substrates, and towards
the final goal of monolithically integrated MoS,-FETSs on flexible polyimide substrates
for multiplexed neuroprosthetic applications. This includes benchmarking the impact
of different MoS, thin film channel materials linked to MOCVD optimization studies
presented in chapter 3 (reduction of C incorporation, grain size enhancement), evaluated
by key figures of merit (Ion/Iorr, pire, SS, Vr, Dir) obtained from electrical device

characterization.

5.3.1 EDL-gated MoS; FETs

As a first generation of FET devices, ionic liquid/gel-gated MoSy FETs were fabricated.
While this device architecture may eventually provide a route towards low-cost, inkjet-
printed electronic devices [136] and a versatile platform to study novel properties and
functionalities of 2D materials [287], the main motivation is to achieve rapid and facile
electrical FET testing thanks to minimized device fabrication efforts. Further, this
fabrication strategy allows exploiting the excellent gating properties of electric double
layers (EDL), which enables to study the performance limits of different 2D channel

materials.

Figure 5.12 shows the schematic device structure of a liquid-gated FET in which the
(top-)gate dielectric is formed by an ionic liquid (or gel) instead of a conventional, solid
metal oxide. The ionic liquid/gel is electrically insulating, but ionically conductive,
and mobile ions can undergo drift diffusion in response to an electric field caused

by the gate voltage Vi, which can be applied inside the liquid by a simple wire
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Figure 5.12 Schematic of EDL-gated MoSy FET device architecture in side-gate configuration.
The MoSy channel is contacted by source (S) and drain (D) electrodes through which the S-D
voltage Vpg applies the S-D current Ipg that can be modulated and switched by the gate (G)
bias Vi by electrostatic doping via an electric double layer (EDL) at the ionic liquid/MoS,
interface.

electrode or a lithographically defined side gate. Under bias conditions, an EDL
forms at the 2D channel interface and the electrostatic field-effect doping induces
high charge carrier densities (~ 1 x 10'® — 1 x 10" cm™2) [287, 541]. As the EDL
thickness is only ~1nm, large gate capacitances on the order of 1 to 4F cm™2 can
be achieved by commonly used ionic liquids, such as DEME:TFSI [541, 542], or gels,
such as PEO:BMIM [543], exceeding conventional high-x oxide dielectrics by more
than an order of magnitude [239, 287, 544]. Therefore, gating of the 2D channel is
extremely effective and allows low switching voltages. Moreover, in contrast to oxide
dielectrics typically deposited by ALD, ionic liquids/gels, can be easily applied by
simple spin-coating or drop-casting while creating dangling bond-free interfaces. This
route enables transistor characteristics with subthreshold slopes close to the ideal value
of 60mV dec™" [545] and mainly limited by the channel quality and impurities [369,

239], contacts [541, 542] and substrate effects [544, 239].

As shown in Fig. 5.13, the fabrication of interdigitated EDL-gated FETs is relatively
simple and was utilized to benchmark two sets of MoSs films grown in previous MOCVD

optimization studies; in particular, it was compared:

¢ C-contaminated versus C-reduced MoS; films with nm-grain size as-grown
on Si0y at 700 °C without and with 10scecm Hy (see also section 3.3.1)

« nm-grain size versus ym-grain-size MoS, films grown at optimized 700 °C/H,

conditions on SiOy and B270i soda-lime glass (see also section 3.4)
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Figure 5.13 Liquid-gate MoSs-FET fabrication and study overview. Schematic illustration
of process sequence, following (a) selection of MoSy samples with small domain size (30 nm
grown on SiO9 and large domain size (up to pm) grown on soda-lime glass, (b) transfer
of small and large domain films onto SiOy chip for comparison, (d) MoSy patterning by
photolithography and RIE. (e) Metallization with Ti/Au deposition for source (S), drain
(D), and gate (G) contacts, and (f) drop-casting of ionic gel/liquid.

The MoS, films were used as-grown on SiO, or films were transferred to SiO, via
the TRT-method (section 5.1). The device fabrication, performed on 2 x 2cm? SiO,/Si
chips, consisted in the following steps: First, the MoS; channels were patterned by
photolithography and RIE etching (Fig. 5.13d); subsequently, Ti/Au source (S), drain
(D) and gate (G) were metallized by e-beam evaporation using a photoresist mask
(Fig. 5.13e). It is noted that the photolithography developing step of interdigitated S-D
contacts, due to the use of water- and TMAH-based developers (Tetramethylammonium
hydroxide), required strict process optimization (developing time, careful water rinse)
because of the risk of layer delamination due to etching and intercalation at the
MoS,/SiO; interface. After metallization, metal lift-off in acetone and vacuum annealing
of contacts at 250 °C were performed. Finally, ionic liquid/gel (either DEME-TFSI
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or PEO:BMIM:TFSI, as will be indicated) was drop-casted (Fig. 5.13f). A protocol

including more detailed processing parameters is given in the appendix (section D.4).

The FET design uses highly interdigitated S-D contacts with a W/L ratio of
17000 for increased output current, channel length of 3nm and co-planar side-gate
configuration, as shown in the microscopy images in Fig. 5.14a. An exemplary device
measured in the tip station under ambient conditions is shown in Fig. 5.14b. The
side-gate-to-channel area ratio is 14 ensuring sufficient charge accumulation for EDL

formation in the channel area during gate biasing [545, 546].
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Figure 5.14 EDL-gated MoSy; FET device design and electrical measurement setup. (a)
Microscopy images showing a chip containing eight FET devices with highly interdigitated
source-drain structure with contact width of 600 pm and 3 pm channel length (W/L=17000)
in side-gate configuration. (b) Photograph of a device during electrical testing under ambient
conditions in the probe station. PDMS is used to create a pool for the ionic liquid and to
keep the contact pads dry.

During transfer curve measurements, bias voltages must stay within a certain
electrochemical window to avoid electrochemical reactions, such as of the ionic liquid.
DEME-TFSI was chosen for its stability and large potential window of 3V at room
temperature [547]. However, as ionic liquids are well-known to be hygroscopic, during
the measurements under ambient conditions certain exposure to ambient humidity
cannot be avoided and water electrolysis might compromise FET stability and per-
formance [545]. Therefore, maximum sweep gate voltages were typically kept below
+1-1.5V) and measurement times were minimized to avoid chemical reactions. More-
over, to avoid water uptake ionic liquid was stored in a vacuum desiccator and small

volumes for experimental use were extracted in an inert gas filled glovebox.
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Impact of C incorporation on MoS,-FET performance

The previous chapter chapter 3 discussed in detail the importance of MOCVD growth
parameter optimization to control C impurity level and film morphology and to obtain
coalesced, mono- to few layer MoS, thin films suitable for transistor channel application.
It has been shown that the C incorporation could be avoided by addition of hydrogen to
the growth process, yielding virtually carbon-free films. Here, the C-contaminated MoSs
film with disrupted channel [Fig. 5.15a(i)] and C-reduced MoS; films with continuous
channel [Fig. 5.15b(i)] their Ipg — Vi transfer and Ips — Vpg output characteristics

The C-contaminated MoS,-FET shows ambipolar switching behaviour under gate
bias Vg characteristic of low-quality, solution-gated graphene [12] with a low on/off-
current ratio of Ion/lorr ~ 3 [Fig. 5.15a(ii)]. The charge neutrality point (CNP, see
inset) is located at positive bias voltages, which may be due to p-doping from charge
transfer at the MoS,/C(sp?)/SiO; interface (section 3.3.2) and processing residue [12,
548]. Also, it shows dynamic drift upon sweeping between around 0.35V and 65V,
which may be caused by dynamic ion intercalation and doping effects at the layered
interface [548]. The rather linear Ipg — Vpg output characteristic in Fig. 5.15a(iii)
shows a highly resistive film; considering Vo = 0, Ipg ~ 15 pA at Vpg = 0.5V and sheet
resistance of Rgy ~ 33k, further using the formula ops = 1/(Rsy - tcn) [286], and
assuming a graphene channel thickness of oy = 0.4nm, a corresponding conductivity

on the order of ¢ ~ 8 x 10*Sm™!

can be extracted. This conductivity agrees well
with reported values for sub-10 nm grain size graphene [362] and is also consistent with
the sub-10nm grain size L, estimated from the Raman Ip/Ig-ratio (see section 3.2.1).
Therefore, it is speculated that the electrical behaviour of the C-contaminated device is
dominated by the resistive, nano-crystalline graphitic C(sp?) layer; the interrupted, non-
percolated MoS, film cannot provide semiconducting switching operation. In contrast,
the C-reduced FET with continuous 2-3L channel MoS, exhibits the desired on/off
switching behaviour with Ipx/Iorr > 1x 10* [Fig. 5.15b(ii)]. The estimated field-effect
mobility from the maximum slope of this device is ~ 0.29 cm? V=1 s7!, assuming an
EDL-capacitance of 2 pF cm~2. The subthreshold slope is SS = 112mV dec™* and
the device shows a positive threshold voltage of Vi ~0.8 V with an uncertainty of
AVr ~ 0.08V due to the hysteresis observed in forward and backward gate voltage
sweeps. The hysteresis can be attributed to bias instabilities [511] from defects and
traps induced at the MoS,/SiOy bottom-interface. Hole (electron) trapping is thus

suggested to be responsible for the negative (positive) shift of the transfer curve in
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the forward (backward) sweep; the time constant for charge trapping/detrapping
is comparable to the used sweep times of 1min (0.05Vs™! sweep rate). Also, the

measurement under ambient conditions may explain the hysteresis observation [549];

Figure 5.15 Impact of C incorporation on few-layer EDL-gated MoS,-FETs. (a) C-
contaminated MoSs-FET and (b) C-reduced MoSe-FET; with (i) schematic illustrations of
both devices and exemplary cross-sectional TEM images. (ii) Ips — Vo transfer curves in
logarithmic scale (left axis) and linear scale (right axis) measured at Vpg = 0.5V. Extracted
FET characteristics (subthreshold swing S5, threshold voltage Vi, and mobility prg) are
indicated. (iii) Ips — Vpg current output measured for several gate biases V. DEME:TFSI
ionic liquid was used as dielectric. Channel width was W = 51000 pm and length L = 3 pm.
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it can also be affected by water uptake of the ionic liquid [545]. Nonetheless, as an
important intermediate conclusion, the drastically different electrical behaviour of the
two compared films highlights the importance of optimized growth parameters for
MoS; films with reduced C incorporation and continuous channel properties to obtain

functional, switchable FET devices with high on/off-current ratio.

Impact of grain size on MoS,-FET performance

As a grain boundary-rich MoS, channel is likely limiting transistor performance, such
as the field-effect mobility puprp, a comparison between MoS, channels with "small"
(~30nm) versus "large" (up to ~um) grain sizes was conducted, taking advantage of
alkali-assisted, growth on soda-lime glass (Fig. 5.16). As growth on soda-lime glass
showed tendency of self-limiting growth behaviour, ~1L MoS, films were used for this

study and both films were transferred to SiO; to ensure comparability.

From the comparison of transfer curves in Fig. 5.16b both devices yield desired
on/off switching behaviour with a high on/off-ratio Ion/Iorr > 10° for the large grain
device. Subthreshold slopes of both devices were very similar (115 and 110 mV dec)
suggesting that both devices have a comparable interface defect densities; it also
indicates that the transfer process does not degrade performance compared to the
as-grown devices (Fig. 5.15). The gate sweeping at different Vg demonstrates device
operation with tunable output current level [Fig. 5.16(a-b)(iii)], revealing a pronounced
hysteresis for the large-grain, alkali-assisted MoS, film. Notably, the large-grain device
yields about a factor of ~ 8 higher output current; this can be explained by fewer grain
boundary defects and higher channel conductivity, which is also reflected in a higher
mobility of ~ 0.23 cm? V! s™! for the large grain device compared to ~ 0.04 cm? V—1s™!
for the small grain device. However, despite the mobility improvement, the transistor
performance still lies about an order of magnitude below previously reported prg
values (1 to 10cm? V=1 s71) of MOCVD-grown MoS, in EDL-gated devices [369, 239].
It is remarked that the film quality is not only determined by grain size/boundaries,
but also other line and point defects. Indeed, when analyzing MoS, thin films grown
on soda-lime glass by AFM phase images, intragrain defects and pyramidal multilayer
defects are apparent (see also Fig. 3.24. Furthermore, film heterogeneities (clusters
formation, grain size variations, residual alkali- or intermediate catalyst impurities)
were observed in alkali-assisted growth (section 3.4.1), which is very likely degrading
transistor performance [369]. Moreover, Ti/Au contacts are not optimal due to possible
reactions and Schottky barriers with MoS, [480, 550, 479], which may be improved by
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Ni, Pd or pure Au [239] (although pure Au contacts may not be practical due to poor
adhesion). Despite these limitations, enhanced on-current and mobility performance
could be shown by increasing MoSs grain size controlled by the optimized MOCVD

process.

Figure 5.16 Impact of grain size on 1L MoS,-FETs. (a) Small grain size MoSo-FETSs
and (b) Large grain size MoSe-FETs with (i) schematic illustrations of the devices and
top-view SEM images. (ii) Ips — Vi transfer curves in logarithmic scale (left axis) and
linear scale (right axis) for different drain-source biases Vpg, as indicated. Extracted FET
characteristics (subthreshold swing S'S, threshold voltage Vi, and mobility pupg) are indicated.
(iii) Ips — Vpgs current output measured for several gate biases Viz. PEO:BMIM:TFSI ionic
gel was used as dielectric. Channel width was W = 51000 pm and length L = 3 pm.



5.3 MoS; transistor technology 187

5.3.2 Solid-gated MoS,; FETs

While EDL-gated FETs provide a convenient testing platform, a more advanced
technology towards the goal of developing flexible electronics is desired, in particular
for MoSe-multiplexed neuroprosthetic devices. As a first building block, solid-gated
MoS,-FETs are developed that can later serve as integrated switching elements for
multiplexing purposes. A back-gated FET device structure is shown in Fig. 5.17 with
the MoS, channel sandwiched between 50 nm AlO, oxide layers and top-contacted by
Ti/Au source (S) and drain (D) contacts, as shown in Fig. 5.17a. This architecture
allows switching by the gate (G) electrode and bottom AlO, dielectric, while the top
AlO, encapsulation protects the sensitive MoS, channel from the environment. For
step-by-step technology validation, the transistor devices were first fabricated on rigid
substrates (SiO3) and then adapted to a flexible design by simply adding a polymer
layer (e.g. polyimide) between the SiOy carrier substrate and the bottom-gate structure.
In this way, the polymer serves as the new, flexible substrate that can be easily peeled
off the rigid carrier wafer. Details on the fabrication protocol are given in the appendix
(section D.4).

The electrical characterization of AlO -encapsulated MoS,-FETs, including trans-
lation from rigid to flexible substrates is shown in Fig. 5.17(b-c), which compares
the transfer and output characteristics of devices fabricated on SiOs and polyimide
substrates. The devices perform almost identically, proving that implementing the
polyimide substrate does not alter the performance of the AlO, /MoS,/AlO,, stack. The
transfer curves show on/off-current ratios > 103, relatively low hysteresis (AVy ~ 0.4 V)
and positive threshold voltages. This is benefitial for enhancement mode operation,
which satisfies basic multiplexing requirements; however, the required £8 V-switching
window between on- and off-state is wide due to the shallow subthreshold slopes of
SS 2 3500mV dec; this SS points to low channel and interface quality of the current
technology limited by interface traps [61], consistent with previous spectroscopic studies
(section 5.2.2). The interface trap densities extracted from the transfer curves are on
the order of D;p ~ 6 x 103 eV~ cm?, comparable to results obtained from frequency-
dependent capacitance measurements of metal-insulator-semiconductor-metal capacitor
test structures (Fig. D7) fabricated in the same run. This high interface defect density
is responsible for charge scattering and limited transport properties [288] resulting

in a comparatively low field-effect mobility of prp ~ 0.04cm?V~=ts™1. Therefore,
further technology improvements are demanded, including optimization of the oxide

encapsulation protocol for reduced charge trapping. Moreover, there is potential for
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enhanced MoS, channel quality, which can be addressed by further growth optimiza-
tion, as highlighted by the study summarized in Fig. 5.18. The SEM images show

sub-monolayer covered MoS, films with increasing grain sizes of ~ 30 nm (ICN2 reactor,

Figure 5.17 Solid-gated MoSs-FETs and technology translation from rigid to flexible
substrates. (a) Rigid AlO,/MoS2/AlO,-FET and (b) Flexible AlO,/MoSy/AlO,-FET with
(i) schematic illustrations of both devices. (ii) Ips — Vi transfer curves in logarithmic scale
(left axis) and linear scale (right axis) for different drain-source voltages Vpg. Extracted
FET characteristics (subthreshold swing SS, threshold voltage Vi, and mobility upg) are
indicated. (iii) Ipgs — Vpg output curves measured in linear regime before pinch-off for several
gate biases V5. Channel width was W = 6000 pm and length L = 2 pm. Transfer curves were
measured at Vpg = 0.5V.
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Mo(CO)e+DES, without NaCl) and ~ 850 nm (Yonsei reactor, Mo(CO)g+DMS, with
NaCl). Despite the enhanced on-current and mobility improvement for devices with
large grain sizes, specific drawbacks depending on the growth process can be noted. The
film grown by alkali-assisted MOCVD shows an increased hysteresis (AVy ~ 2.4V),
which might be explained by the film heterogeneities seen in the SEM images, such as

impurity particles and intermediate reaction products related to the use of NaCl.

Figure 5.18 Impact of MoSs grain size in AlO,-encapsulated MoSs-FET devices on flexible
polyimide substrates. (a) Exemplary SEM images of MoSy thin films (i) grown in ICN2
reactor on SiOg (without NaCl), and (ii) grown in Yonsei reactor on SiOg (with NaCl).
For the micrographs the growth was intentionally stopped at sub-monolayer coverage to
reveal the grain size, but was extended to ~1-2L coverage for device fabrication. Insets show
the magnified grain structure. (b) Ips — Vi characteristics of devices fabricated with the
corresponding MoSs films. Transfer curves are shown in logarithmic scale (left axis) and
linear scale (right) for different drain-source voltages Vps. Extracted FET characteristics
(subthreshold swing SS, threshold voltage Vp, and mobility upg) are indicated. Channel
width was W = 6000 pm and length L = 2pm.

5.3.3 Evaluation of MoS,-FET results

The fabrication and characterization of MoSs-FETs with different architectures and
benchmarking of different MoS, films allows a summary and assessment of the current
status of the MoSy FET technology. Table 5.2 shows an overview of the presented
architectures, integration schemes and their figures of merit from electrical analysis.
Conclusions developed in this work about performance limitations are drawn and

mitigation strategies are proposed for technology maturation.
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Compared to the solid-gated FETs using comparatively thick 50nm AlO, [and
285 nm back-gated SiO, dielectrics as an additional reference, Fig. D13], the nm-thin
EDL-gated FETs allowed to obtain orders of magnitude greater gate capacitances Cg,
and thereby superior gating control over the channel. Therefore, increased Ioy/Iorr >
10° within reduced £1V switching windows could be obtained. Furthermore, the EDL
architecture allows to obtain FET devices, for which performance is limited by intrinsic
channel properties instead beeing limited by the oxide interface trap contributions
characteristic of the AlO,-encapsulated devices. In the case of the EDL-gated devices,
this is reflected in the significantly lowered SS ~ 110 mV dec obtained from eq. (2.6)
(section 2.3.4) due to the increased Cg and reduced Djr, contributing to lower body
factors of m ~ 4 closer to the ideal value of m =1 (SS ~ 60mV dec) as compared
to the solid-gated devices. The value of SS ~ 110mV dec lies in the typical range
for MOCVD-grown MoS, [61, 282]; to obtain near-ideal SS would therefore require
to further reduce channel defects [539] to approaching a near-ideal S\S that has been
demonstrated in devices using exfoliated MoS, [61]. Interestingly, there is no significant
difference between the D;p of 30 nm and 488 nm MoS, grain size films; this suggests
that MoS,/SiO, interface defects dominate over grain boundary defects; alternatively, it
could be that any additionally introduced defects (impurities, particle formation) by the
alkali-assisted approach compensate the reduction of defect density resulting from the
grain size enhancement. On the other hand, the enlarged grain sizes clearly showed a
trend towards higher mobilities and on-currents for both EDL- and AlO,-gated devices.
Importantly, device performance seems not to be affected by the transfer process that is
required for the solid-back-gated devices, which is reflected in the almost identical S.S
and D values for as-grown and transferred EDL-devices. Moreover, all devices with
the here used MOCVD-grown MoS, films show a positive V-, which is benefitial for
enhancement mode devices and multiplexing, although the control of Vi position has
not been intentionally tailored here. The V7 positions may be fixed by interfacial traps
and channel defects, such as S vacancies [551, 552, 553, 250]. The main limitations of the
current AlO,-gated FET technology are manifested by the high D > 6x 10" ¢V ™! cm?
and correlated SS > 3500 mV dec™ !, revealing large improvement potentials towards
the ideal value of ~60mV dec. The Dy is contributed by MoS,; channel defects and
interface defects resulting in charge trapping and deteriorated transport properties [61,
539]. Therefore, based on these presented data, the alleviation of these two defect
contributions by appropriate mitigation measures should be prioritized in further efforts

of technology improvement, as proposed in the following.
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First, MoSy channel defects (impurities, grain boundaries, point defects) must
be addressed by further growth optimization or post-growth treatments. Impurity
reduction, such as mitigating C incorporation through MOCVD-optimization has
turned out to be essential to guarantee channel functionality and high on/off switching
capabilities, and could be progressed by advanced precursor selection and purity
towards electronic-grade 2D films [190, 239]. The use of alkali-assisted processes must
be carefully reconsidered due to impurities and particles from reaction intermediates
that may result in heterogeneous film properties and switching instabilities [369],
as evidenced by the pronounced hysteresis behaviour for the alkali-assisted MoSs
films. The impact of grain boundary defects has been investigated and the general
trends seen for both EDL- and solid-gated FET devices demonstrated mobility (up
to 0.9cm? V-!s71) and on-current (up to 0.6 mA pm~') improvements that encourage
further efforts in grain size enhancement and 2D defect reduction. As a next step,
integration of epitaxial, single-crystal MoS, films grown on sapphire is recommended
that may enable further FET performance gains with mobilities >30cm? V=157 [48
282, 248] and on-currents approaching or even exceeding [493, 248] IRDS 2028 targets’
for optimized device integration. Foundations of domain-aligned, large-area MOCVD
synthesis towards single-crystalline films were laid in previous chapter 4, but these
films have not been integarted into devices yet. Lastly, tailoring point defects [555,
250, 539] like S vacancies may provide enhanced mobilities and threshold voltage
tuning via post-growth surface engineering by vacancy creation and/or passivation,
such as thermal annealing and post-sulfurization [552, 250], and chemical treatments
using super-acids [556, 557, 558] or thiol chemistries [559, 560, 561]. Further studies
on channel defects may be supported by advanced atomistic defect monitoring and
quantification, such as by conductive AFM [159, 562], non-contact CO-tip AFM and
scanning tunneling microscopy/specroscopy [563, 564, 555, 565, 566, 567].

Second, MoS,/AlO, interface defects (processing residues, adsorbates, dangling
bonds) must be alleviated by adapting the oxide integration and device manufacturing
process. Fabrication steps directly involving the MoS, interfaces, such as transfer
using sacrifical (polymer) support layers or photolithography using photoresists, ideally,
should all guarantee residue-free processing. The concept of tailored polymer/solvent
pairs for wet cleaning demonstrated in section 5.1.2 should be further extended to the
optimization of photoresist removal in the MoS, photolithography steps for the S-D
contact step. Additionally, carefully optimized, soft UVO- [497, 498, 476] or low-energy

nternational Roadmap for Devices and Systems (IRDS™), high-performance (HP) drive current:
Ion = (924pApm~1) [22]



5.3 MoS; transistor technology 193

plasma-treatments [568, 569] may support improved interface cleanliness prior AlO,-
encapsulation. Although the AlO, seeding and ALD route has succesfully enabled
conformal encapsulation of MoSs, especially the top AlO,/MoS, interface capping is
critical [516], and prone to adsorbate trapping (H,O, adventitious carbons) in the current
process due to multiple seeding and ambient exposure steps [493]. While a high-level
solution to this issue may consist in carrying out the complete encapsulation process in
the controlled vacuum environment of a multi-chamber PVD/(PE)ALD cluster coating
tool, this may not be accessible in an academic research facility. Pragmatically, the
number of seeding steps and serial interfaces prone to adsorbate trapping could be
reduced (under verification of preserved conformal coating) and the oxidation step
could be performed in a more controlled environment, such as a UVO cleaner, while
reducing ambient exposure time and providing a clean interface by an immediately
followed ALD capping step. Moreover, adapting the ALD process by tuning of
H,0 exposure cycles [570] and lowered growth temperatures of 150 °C [41, 493] have
shown promising results in other works. The currently used ALD temperature of
200 °C may result in uncontrollable thermal diffusion into the defective MoS, films at
elevated temperatures [571]. Optionally, dedicated thermal (vacuum) annealing steps
implemented right before [540] or after [570] oxide encapsulation for removal of interface
adsorbates and traps could be implemented. Inert or forming gas post-encapsulation
annealing may tune oxide defects to unleash intended modulation n-doping by the high-
k dielectric sandwiching [493, 41, 572] that has been so far interfered by detrimental
trapping mechanisms. By adding an optimized annealing step reduction of interface
traps by AD;r =5 x 10" ecm™2 eV has been reported [493]. Alternatively, to overcome
the well-known dangling bond issue from conventional 3D amorphous oxide at the 2D
material interface [59, 64|, oxide passivation [573, 574] or improved material selection,
for example a hBN buffer layer [516, 289], may ensure improved, dangling-bond-free
van der Waals interfaces to the MoS, channel. Preliminary results for MoS; /hBN
heterostack formation by direct MOCVD growth of MoS,; onto large-area MOCVD
hBN available on 2" sapphire wafers [575] are shown in the appendix Fig. D8, Fig. D9).
Such MoSs/hBN structures could be implemented into FET devices by transferring
the layer stack, followed by a hBN transfer on top for hBN/MoS,;/hBN sandwich
encapsulation. In the future, 3D ionic crystal insulators like ultra-thin CaFy [576, 60]
or high-x perovskite membranes [577, 578, 579] by van der Waals heterostacking may
be promising owing to their well-defined interfaces with 2D materials; yet, wafer-scale
integration processes of novel insulators for 2D electronics and compatibility with

flexible technologies are to be demonstrated.
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5.4 Towards flexible, MoS;-multiplexed /graphene

neural sensing devices

Advances in neuroscience and further understanding of the brain heavily rely on the
material-driven, technological development of novel transducers for neural interfacing
tools [43, 580]. Flexible, active devices, such as solution-gated graphene field-effect
transistors (Gr-SGFETs) combine outstanding features for surface-conformal, high-
fidelity and wide frequency band neural sensing and enable large-area and high-density
mapping of brain activity through arrangement into high channel count arrays [13, 581,
44, 582]. The signal read-out from thousands of recording sites requires multiplexing
to reduce the connector footprint; However, current switching approaches by device-
external CMOS electronics are limited by the intersite cross-talk [473, 583]. This
inherent challenge can be solved by a thin film transistor (TFT) matrix providing
device-internal, on-site switches to each pixel of the SGFET sensor array. In this proof-
of-concept study, a TF'T formed by MOCVD MoS,-FETs is monolithically integrated
with Gr-SGFETs in flexible, polyimide-supported, electrocortigraphy (ECoG) probes
in an 1 x 8 pixel arrangement produced by a microfabrication process on 4" wafer-
scale. The pixel on/off-switching operation and detection of an external electrical bias
of such MoS,/Gr-SGFET hybrid devices is demonstrated in vitro and time-division
multiplexing of recording sites is performed. This 2D material based technology aims
at providing the basis for a new generation of flexible, actively addressable and cross-
talk-reduced neural sensing ECoG devices with channel counts scaled beyond the
state-of-the-art.

As shown in Fig. 5.19, the adoption of time-division multiplexed readout requires
switching elements that are either external or internal to the sensor device on which
the recording sites are located. The external switching has the advantage that it can be
relatively easy realized by established CMOS electronics [584, 581], therefore allowing
simpler architecture and fabrication of the sensor probe itself. However, in practical
scenarios during probe implantation the externalization bears the drawback of requiring
long cable connections with large track resistances that inevitably compromise recording
fidelity by so-called intersite cross-talk [581], which poses a major scaling limitation of
multi-channel recording devices [583]. This cross-talk arises from current contributions
of non-activated sites adjacent to activated sites and results in increased contamination
of the recorded signal scaling with track resistance and array size. A solution to this

problem is the integration of on-site semiconductor switches with large on/off-ratio
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Figure 5.19 Time-division multiplexing for a sensor matrix arranged into m x n rows and
columns. Active recording sites depicted with dark blue wave symbols can be addressed
column-wise (red, green, light blue sensor elements) in sequential time windows according
to the schematic graphs on the bottom-right of the matrices. Active read-out branches are
highlighted, while deactivated branches are shaded. The multiplexing can be either realized
by external switches, e.g. via external CMOS electronics (left), or internal switches formed
by an integrated FET array (right).

directly on the sensor array that can effectively silence non-addressed sites by a large,
serial impedance in the off-state, thus, avoiding alternate current pathways impairing
the recordings [580]. These local switches connected in series to each sensor element
can be provided by an integrated TFT-matrix controlled by a column selector applying
on/off gate bias to each transistor element. The realization of such complex monolithic
integration in flexible ECoG devices was already demonstrated by thin film silicon
CMOS technology in combination with high-density platinum electrode arrays [585,
586, 587]. Although crystalline silicon, being a rigid and brittle semiconductor in its
bulk form, can be made flexible by thinning it to a few hundreds of nm, it has limits
to deformation tolerance and durability [588] due to a comparatively low fracture
strain (strength) of about ~1% (~6 GPa) [589, 92, 93, 94]. Here, the properties of 2D
semiconductors offer an advantage for flexible electronics both in thickness and elastic
limit [38], taking the example of 1L MoS, with a superior fracture strain (strength)
of ~6 —11% (~24 GPa) [90] and excellent device endurance under repeated bending
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for radii as low as 0.7mm [41, 590, 591]. Previous examples show that 2D MoS,-
FETs combine ideal mechanical and electronic properties for integration into flexible,
active-matrix-addressed devices [42] for applications in photodetector arrays [592],
gas sensor arrays [593], on-skin, tactile pressure sensors [594], and flexible OLED
displays [41]. So far, MoSs-switched arrays for flexible neural interface devices have
not been demonstrated. In the following, it is discussed how prototypes of multiplexed
ECoG devices using monolithically integrated MoSs-FETs as on-site switches to Gr-

SGFET sensor elements are fabricated and electrically tested.

5.4.1 MoS,-FET/Gr-SGFET hybrid devices

Figure 5.20 shows the cross-sectional structure of an elementary pixel unit of the
MoS,/Gr hybrid device. The pixel is built by a coplanar cascode configuration of a
MoS,-FET switch connected in series to a Gr-SGFET sensor on polyimide polymer
substrate and passivated by SU-8 polymer. The total device thickness is of 13 pum
to ensure the desired flexibility. The back-gated MoS,-FET is formed by the MoS,
channel sandwich-encapsulated inside AlO, oxide islands, which are on their part
embedded between the polymer layers. Via-holes are etched through the oxide stack
for contacting the Ti/Au metal back-gate and interdigitated Ti/Au source and drain
MoS, top-contacts. The MoS,-FET can be switched between the on and off-state by
the gate bias Vi p0s,, delivering the source-drain current Ipg to the active Gr-SGFET
sensing channel driven by the voltage Vpg. An opening in the SU-8 passivation layer
brings the graphene channel in direct contact to the biological environment that can
be simulated by an electrolyte solution closely matching the extracellular fluid in the
human body, such as phosphate buffered saline (PBS) [595]. A Ag/AgCl reference
electrode is immersed into the electrolyte to apply a solution-gate potential Vi g,
which is used to modulate the Ipg current in the graphene channel; this is induced
through the electric double layer capacitance at the graphene-electrolyte interface and

the quantum capacitance of graphene [596, 12].

The MoS,/Gr hybrid probes are fabricated by standard microfabrication and
photolithography processes. The fabrication flow is schematically illustrated in Fig. 5.21
and described in the following. The detailed fabrication protocol can be found in the
Appendix (section D.4), including process parameters, chemicals and equipment used
for each step. Nanocrystalline (30 nm grain size) 2-3L MoS, grown in the ICN2 reactor
was chosen for MoS,-FET device fabrication due to steady, in-house availability, more

reliable transfer compared to MoS, grown on soda-lime glass, and favorable electrical
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Figure 5.20 MoSy/Gr hybrid device architecture, showing the device cross-section of a
MoSs-FET switch connected in series with a Gr-SGFET sensor forming a pixel. The pixel
can be switched on or off by the gate voltage Vi applied to the MoSs gate. The drain-source
current Ipg can be modulated in the SGFET channel in presence of a solution-gate potential
Va,Gr induced from an electrode inside the electrolyte as in vitro simulation of a neural
activity field potential. Layer thickness proportions are not at scale for illustration purposes.

performance of 2-3L films compared to 1L films [291, 248, 333]. For the Gr-SGFETs
single-layer CVD graphene is used; more information about the CVD growth on copper

foil and transfer is given in the appendix (section D.2).

Devices are fabricated on 4 inch SiOy/Si support wafers. In a first step 7.5 pm
biocompatible polyimide is applied by spin coating and curing, which serves as the
flexible substrate. Then, MoS,-FETs are fabricated with a bottom-gate design: Ti/Au
(3nm/30nm) gate metal is deposited by e-beam evaporation using a photolithography
mask and lift-off. The gate dielectric of nominally 50 nm AlO, is deposited by ALD
at 200°C onto the full wafer and the areas for the MoSs-FET devices and via-hole
openings to the gate metal are defined by RIE and Al wet etch. Next, the surface is
prepared by an UVO treatment step; a ~ 2 x 2cm? sheet of MOCVD-grown MoS, is
transferred by the PMMA-assisted TRT method (see section 5.1) and vacuum annealed
(180°C) for improved layer adhesion. Then, the PMMA support layer is dissolved
and PMMA is respun over the whole wafer serving as protection for the underlying

polyimide during the subsequent MoS, channel patterning step.
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Figure 5.21 Microfabrication of flexible, monolithically integrated MoSe-FET /Gr-SGFET
hybrid devices. Schematic illustration of fabrication process sequence shown for a MoSs/Gr
pixel: (a) polyimide deposition by spin-coating and curing on 4 inch SiO9/Si support wafer,
(b) Ti/Au gate metal deposition by e-beam and lift-off process, (c¢) AlO, bottom-gate
dielectric deposition by ALD, followed by Al wet etch for area definition and via-holes, (d)
MoSs transfer and channel definition by RIE, (e) deposition of interdigitated Ti/Au source-
drain (S-D) top contacts by e-beam and lift-off, (f) MoSy passivation by AlO, deposition
via self-oxidized, e-beam Al seed layer and ALD top-encapsulation, followed by RIE/Al wet
etch for area definition and via-holes, (g) Ti/Au deposition for metal tracks and graphene
bottom-contacts, (h) graphene wet transfer and Gr-SGFET sensor area definition by RIE, (i)
Ni/Au deposition for graphene top-sandwich-contact, (j) probe passivation by spin-coating
and curing of SU-8, (k) probe definition by deep RIE, and (1) peeling of finalized device
from the support wafer.
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MoS, is patterned using a photolithgraphy mask on top of PMMA and RIE-
etching fully through the PMMA /MoS, stack in regions next to the channel areas
to be defined. In this way, the photoresist/PMMA can be efficiently removed from
the MoS, channel regions by using appropriate solvents (see section 5.1.2). Ti/Au
(5nm/35nm) source-drain transistor terminals with a highly interdigitated top-contact
design (W/L = 3000 and 6000) are deposited by e-beam evaporation and lift-off step
using a photolithography mask. For high resolution in the interdigitated regions an
invertible photoresist is used, allowing for an undercut profile and facilitating the
metal lift-off. Then, vacuum annealing at 250 °C is carried out, which may improve
contacts to few layer MoSs [472, 490, 597, 479]. Top-passivation of the MoS2-FETS is
realized by an AlO, seed layer followed by 50 nm ALD-deposited AlO,, as described in
section 5.2.1. The oxide passivation layer is patterned and via-holes are opened by RIE
and Al wet etch. Ti/Au metal track lines (10nm/100nm) are deposited to contact the
gate, source and drain of the MoS,-FET and serving as the bottom-contact for the
subsequent, coplanar integrated graphene technology level. After preparing the surface
by UVO treatment, graphene is transferred by a PMMA-supported wet transfer (see
appendix, section D.2), and vacuum annealed at 180 °C for improved adhesion. Then,
the graphene channel is patterned by photolithography and Os-plasma etch. A top
Ni/Au (20 nm/200 nm) metal layer is added for graphene sandwich contacts onto the
existing bottom metal tracks. SU-8 is applied by spin-coating and curing. Finally, the
probes are defined by deep reactive ion etching using a photoresist etching mask and

the flexible probes can be carefully peeled off the support wafer with a tweezer.

The finalized MoSo-FET /Gr-SGFET ECoG flex probes consist of a broad base with
source, drain and gate contact pads for insertion into a ZIF-connector on a printed
circuit board (PCB), a long shank with metal tracks, and the probe head with sensor
pixels (Fig. 5.22). At this proof-of-concept stage, a 1 x 8 array arrangement was chosen
as technology platform for individual addressing of MoS, gate and source-drain voltages
in the probe head. This design allows to test single pixels and to externally connect
functioning pixels from several probes to form larger m x n arrays, while improvement
of device yield during batch production is still under development. Figure 5.22a
depicts the highly interdigitated S-D design of the MoSo-FET with W/L = 6000 (also
W/L = 3000 are included on the 4" wafer design) with fingers of 4 um width and 2 pm
pitch shown in the further magnified inset. The AlO,/MoS,/AlO, islands are pocketed
within the flexible probe, as previously shown for flexible graphene devices [598, 38],
which was a design choice made after experiencing polymer-oxide probe delamination

issues with continuous oxide layers throughout the entire probe area. The graphene
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Figure 5.22 Design of flexible MoSe-FET /graphene hybrid probes. (a) Schematic illustration
of the device design: full probe with connecting part and contacts for source (S), drain (D)
and gate (G), ECoG probe head with 8 pixel elements in 1 x 8 arrangement connected
by source/gate tracks and a common drain; pixel composed of a Gr-SGFET neural sensor
switched by a MoSo-FET; via-hole region for interconnections of the back-gate and source-
drain contacts through the oxide encapsulation of the MoSs-FET, and interdigitated source-
drain contact fingers for on-current enhancement. (b) Flexible probes fabricated on a 4"
carrier wafer and probe peel-off. The insets show a peeled-off probe (top) and a magnified
view of the probe head (bottom).

microtransistor is formed by a 100 x 100 pm? channel area. The overlaying SU-8

passivation layer (with openings at Gr sensors) is omitted for clarity.

Figure 5.22b displays a photograph of the 4" carrier wafer with 18 finalized ECoG
devices with their probe heads concentrically grouped around the wafer center within a
~ 1.5 x 1.5cm? area. This design was chosen for efficient space use and for optimized

yield of covered devices by a single 2 x 2cm? MoS, sheet transfer. The photo captures
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the peeling process of a probe with a tweezer, highlighting its flexibility, and the
eventually released probe shown in the top right inset. The bottom right inset shows
an optical microscopy image of a probe head surrounded by MoS,-FET /Gr-SGFET

cascode test structures for on-wafer testing.

Figure 5.23 represents cross-sectional TEM images of an AlO -encapsulated MoSs-
FET device on polymide. The overview image in Figure 5.23a shows a region between
source (S) and drain (D) contact fingers with the 2 pm long MoS, channel. The further
magnified images [Fig. 5.23(b-c)] display the layer stack in agreement with the chemical
profile measured by EDX (Fig. 5.23d). Insets in Fig. 5.23b show the intact ~3L MoS,

film, but also reveal delaminated MoS, layers in some regions.

" Mo Ka x10
S Ka x10

Intensity (arb. u.)

Figure 5.23 TEM cross-section of AlO,-encapsulated MoSe-FET on polyimide. (a) STEM
overview image of FIB-prepared lamella showing the back-gated FET structure between
source (S) and drain (D) contact fingers. (b) Magnified, false-colored STEM image of the
source contact region with all layers. Insets show magnified regions of intact and partly
delaminating ~3L MoSs in a void underneath the Ti/Au contact. (c) Magnified image of
the SU-8/A10,/Au/Ti/MoSy/AlO,/Au/Ti/polyimide stack region with corresponding (d)
chemical analysis line profile by EDX.

5.4.2 Proof-of-concept of pixel and multiplexed operation

For validation of single pixel operation of the MoSo-FET /Gr-SGFET cascode, on-wafer

test structures were initially measured in dry conditions without applying a solution
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gate voltage (Vg o, floating) of the Gr-SGFET for characterization of the MoSs-FET
transfer curve and on-current level validation of the cascode. For this purpose, separate
drain contact pads allow current measurement through the MoS,-FET without and
with the graphene channel in series, as shown in Fig. 5.24a. The resulting MoS,
transfer curves measured at a typical Gr-SGFET source-drain operation voltage of
Vps = 0.05V [12] exhibit low off-current levels in the nA range and sufficiently high
on/off-ratios > 103 for switching operation. The transfer curves are fairly similar
except for the deviation in the on-state region (Fig. 5.24b), where the on-current
(resistance) at +9V decreases (increases) from 15pA (3.3k2) to 7pA (7.5kQ) with
the added graphene channel. This shows that despite the high intrinsic resistivity
of the nanocrystalline MoS,-FET channel (~9.9MQpum), the implementation of a
highly interdigitated source-drain design (W/L = 3000) allows the MoSo-FET to drive
sufficiently high on-currents. The cascode device shown in Fig. 5.24 is limited by the
resistivity of the graphene channel. From a device perspective, suitable current levels
of typically tens of pA required for Gr-SGFET neural sensing operation [12, 581,
599] can be achieved with the current MoS, technology. Nevertheless, from a material
perspective, the MoSo-FET performance towards higher on-state conductivity and
steeper SS for lower voltage switching can be enhanced by, for instance, improving the
MoS, channel/interface quality as well as by contact engineering; this will also enable
a further reduced area footprint of the MoS,-FETs for high-density ECoG integration.

Furthermore, pixel on/off operation and in wvitro solution-gated Ipg-current modu-
lation of a flexible MoSo-FET /Gr-SGFET hybrid sensor was characterized, for which
an ECoG probe was inserted into a ZIF-connector on a rigid PCB and wired to
custom-built electronics and a commercial measurement system (National Instruments
USB-6363) for MoS, gate bias control and data acquisition. The pixel was switched
between on- and off-state by Vi pose = £9V, from which a switching time of ~ 4 ps
could be extracted from the stabilization time of the voltage drop measured across
the MoSo-FET in its off-state (Fig. 5.24d). From this switching time a maximum
single pixel on/off cycle sampling frequency of 125 kHz is expected allowing typical kHz
sampling frequencies required for multiplexed operation. This fast response is expected
to be further improved with better MoS, quality, as it was shown for pulse-switched,
flexible devices using exfoliated MoS, with switching times even down to ~0.25 ps [600],
which would theoretically allow 2 MHz single pixel on/off sampling. For testing the
sensor function in vitro the ECoG probe head was placed into 10 mM PBS electrolyte
solution on an agar medium and Gr-SGFETs were gated by a wire electrode (Fig. 5.24c).
While in the pixel off-state no signal is measured (black flatline in Fig. 5.24e), in
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the on-state the graphene Ipg — Vi ¢, transfer curve (blue line, Fig. 5.24e) can be
modulated by sweeping the liquid-gate potential. Typical ambipolar behaviour of
the graphene channel can be observed with a minimum of free charge carriers, thus

minimum of conductivity, where the gate voltage reaches the so-called charge neutrality
point (CNP).
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Figure 5.24 Pixel operation of MoSy-FET /Gr-SGFET hybrid sensor. (a) Schematic of
a MoSy-FET/Gr-SGFET pixel and microscope image of a test structure (W/L = 3000)
containing contact pads for source (S), MoSs gate (G), and drain allowing a Ipg current path
without (Dasos2, red) or with a serially connected Gr-SGFET (Djs52/Gr, blue). (b) Transfer
curve of MoSa-FET showing switching behaviour with on/off-current ratio > 10% within the
characterized +£9V working range. Transfer curves were measured for Vpg = 0.05V at a
sweeping rate of 0.2 Vs. (c) Photograph of measurement setup for in vitro device testing on
agar medium/phosphate buffer saline (PBS), where a potential Vg g, can be applied by a
solution-gate electrode. (d) Transient response of MoSe-FET switching from on to off-state,
showing a Vpg-stabilization time of around 4 ps. e) Ipg-current modulation by sweeping the
solution-gate voltage Vi gr. The pixel can be switched on (blue curve) or off (black curve) by
the MoS9-FET. The charge neutrality point (CNP) and slope of maximum transconductance
are indicated.
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The CNP corresponds to a bias point where the Fermi level is at the Dirac point,
which is the meeting point of the valence and conduction band in the cone-like graphene
band structure. A Vg g,-controlled Fermi level shift with respect to the Dirac point
induces an increased electron (hole) charge carrier density and increased n-type (p-type)
conductivity [12]. The measured CNP position around 0.3V (Fig. 5.24¢) depends on
various factors, such as the graphene doping level from sheet defects, graphene—substrate
interactions, microfabrication residues [601], the electrochemical potential of the refer-
ence electrode, and the electrolyte properties [12]. The maximum transconductance is
Gm ~ 6 x 107°S from which a field-effect mobility of prg.g, ~600cm? V=1s™! can be
estimated by assuming a EDL-capacitance of 2 1F cm ™2, which is in the typical order
of magnitude for CVD-graphene SGFETSs on polyimide substrate with non-optimized
contacts [12, 473]. In summary, fast on/off pixel switching and sensing operation by

an external electric field potential has been demonstrated in vitro.

In a next step, sequential switching between pixels on the ECoG probe is performed
to show time-division multiplexed operation at baseline current (Vpg = 50mV). Al-
though the probe contains 8 pixels per probe, due to fabrication yield issues, only 5
functional pixels are represented here to demonstrate switching in a 1 x 5 configuration
(Fig. 5.25a), in which the 5 selected columns were successively addressed by the column
selector in a cyclic manner at a sampling rate of 500 kHz and taking 100 samples per
column, as illustrated in Fig. 5.25b. Figure 5.25¢ shows the sequentially switched
on/off column selector bias (upper panel) and the corresponding, temporal Ipg cur-
rent read out for sequential, discrete periods of 20 ps (bottom panel). The transient
on-switching response for columns #1 and #7 can be explained by switching through
non-functional pixels on the 8-pixel probe and re-establishing the on-current, whereas
the columns #2/#3/#4 succesively addressed in the row show quickly recovering blips
upon channel switching and then maintain a constant drive current. Each column
shows repeated channel recordings for 100 multiplexing cycles (identical curves are
overlaid in the graph), proving reliable and reproducible switching behaviour. The
"extraction interval" (highlighted in grey) in the current-stabilized regions is defined
for data recording. In Fig. 5.25d the five active channels were continuously sampled
by recording the averaged signal from the extraction intervall at an effective sampling
frequency of 0.5 kHz during 90s. Although small variations (< 5pA) can be observed
in the on-current levels between different pixel columns, explainable by variations
in MoS, or Gr sheet conductivity from the device fabrication process [581], overall,
constant currents over time in absence of external stimulation provide a stable baseline

signal for reliable, active neural recordings. Furthermore, the internally multiplexed,
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on-site MoSy/Gr-SGFET array configuration showed reduced floor noise compared to
an externally multiplexed Gr-SGFET array configuration, as shown by power spectral
density measurements in a range from 1 — 200 Hz (see appendix, Fig. D18). Reduction

of noise sources is important for high-fidelity recordings.
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Figure 5.25 Multiplexed operation of flexible MoSy-FET/Gr-SGFET hybrid sensor array.
(a) Photograph of flexible probe with and magnified image of the probe head from which
five pixel columns are selected as devices under test (#1, #2, #3, #4, #7; highlighted
by colors). (b) Schematic of a generalized MoSs-FET /Gr-SGFET sensor array in 1 x n
arrangement; Gr-SGFETs arranged in a single row of pixel columns are individually addressed
by on-site MoSy-FET switching via Vg aro52(n) = £9V gate biasing and connected by a
common drain (D) with continuous row signal read-out. (c) Time-division multiplexing
by sequential on/off-switching of five selected column pixels (upper panel) and continuous
Ips(n) readout in each channel shown over 100 repeated multiplexing cycles at an effective
sampling rate of 0.5kHz per channel for the 100 samples. Readout curves are overlaid in the
graphs. Extraction intervalls are highlighted in grey from which a stable, averaged signal can
be picked for data acquisition. (d) Current output from continuous sampling of the averaged
signal of the extraction intervalls of the five selected columns.
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The above discussed multiplexed operation was carried out in dry conditions (in air),
as shown in the photograph (Fig. 5.25b) because rapid device degradation within seconds
to minutes could be observed for device operation in PBS solution. Current stability
issues may arise from pin-holes and interfacial delamination in the polymeric probe
passivation, polymers prone to water-uptake and soaking along weakened interfaces, and
accelerated failure due to voltage differential between powered metal tracks, such as the
high +9V potential supplied to MoS, gate tracks exposed to penetrating liquid [602].
Failure mode assessment by cross-sectional SEM and TEM analysis showed that even
dry-tested probes revealed interfacial delamination in certain probe areas (see Fig. 5.23
and appendix, Fig. D17). It is suspected that layer detachment might happen during
the probe peel-off from the carrier wafer due to induced stress/strain, which has been
previously reported for on-wafer produced and peeled-off flexible MoS, devices [603].
Moreover, cross-sectional TEM images revealed buckling and separation of few layer
MoS, beneath source-drain contacts Fig. 5.23. Although the FIB sample preparation
may have caused these defects [46], the observation of these defects may explain

performance degradation and yield of functional devices per probe/wafer of ~ 55 %.

At this point, fabrication yield issues and common engineering challenges of flexible
electronic devices must be overcome [588, 604], for which a list of suggested mitigation
strategies to currently occuring problems can be found in the appendix (table D6). This
roadmap includes further improvements of the device design, fabrication process and
interface engineering, aiming at a technology for low-voltage switchable MoS,-FETs,
high interfacial toughness flexible devices with hermetic, long-term biostable packaging.
This technology can be used for in vivo testing of scaled, MoSy on-site multiplexed
Gr-SGFET microtransistor ECoG probes.

5.5 Summary

This chapter has summarized the intensive efforts on the technology development for
scaled fabrication of high-performance, flexible 2D FETs produced from MOCVD-
grown MoS, thin films. By using spectroscopic and electrical analysis to monitor
material interface quality along the fabrication sequence and electrical performance of
finalized devices, manufacturing processes were established for the fabrication of various
FET architectures, such as residue-free MoS, layer transfer and AlO,-oxide dielectric
integration. Liquid-gated FETs were initially presented as an efficient platform for MoS,

thin film benchmarking, helping to assess the importance of an optimized MOCVD
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process yielding continuous MoS, channels with reduced C incorporation and enhanced
grain sizes. Afterwards, more complex solid-gated FETs and their translation from Si
to polyimide substrates have been presented to demonstrate the realization of flexible
MoS,-FETs. Despite the currently still improvable device performance limited by
MOCVD MoS; channel and oxide interface quality, this technology has potential to
be used in a variety of electronic applications requiring flexible, integrated switching
circuitry, such as high channel count neural sensing devices. As a proof-of-concept,
MoS,-TFT matrices were monolithically integrated as on-site switches to graphene
neural sensor arrays on wafer-scale, flexible polymide-supported ECoG probes; basic
pixel multiplexing and current modulation in Gr-SGFETs by an external electrical bias
were demonstrated in vitro. Current challenges of device stability were highlighted and
mitigation strategies were discussed, providing a technological roadmap for conformal,
flexible electronics with prospective in vivo applications. Despite the need for further
technology maturation and robustness, this proof-of-concept lays the foundation for
a new generation of actively addressable, crosstalk-reduced, high density and high

channel count neural interface devices based on 2D materials.






Chapter 6

Conclusions & Outlook

6.1 Main outcomes and accomplishments

This thesis has contributed to the development of a 2D MoS, thin film technology,
covering from the scalable synthesis by MOCVD, over the characterization of film
properties by extensive metrology (SEM, AFM, TEM, Raman, PL, XPS, EDX, RGA,
GIXRD, RHEED) to the final integration into flexible, proof-of-concept electronic
devices. This work has significant implications for the future development of 2D

semiconductor-based technologies and their applications.
The following is a list of this dissertation’s main achievements and conclusions:

o Parameter study and optimization of the MOCVD of MoS, thin films.
The growth of MoS, thin films was investigated from the nucleation of isolated
domains, their lateral growth, until final coalescence and formation of mono- to
few layer thin films. In a systematic, empirical optimization process, this involved
studying the influence of growth parameters (time, temperature, gas composition,
H, flow etc.) on the thin film morphology (nucleation density, grain size, shape,
layer thickness/number), chemical composition, stoichiometry, and the resulting
(opto)electronic properties. This has implications for better understanding the

complex synthesis-property correlations in 2D TMD systems.

o The origin, effect and mitigation of carbon incorporation. The use
of organosulfide precursors in the MOCVD of MoS, thin films enables a less
harmful alternative to hydrogen sulfide, but complicates their growth due to

possible introduction of carbon impurities stemming from pyrolysis processes
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under certain growth conditions. Carbon incorporation poses a challenge for the
synthesis of high-quality films, as it can alter their morphology by disturbing the
lateral 2D film growth mode, which impacts on their (opto)electronic properties.
Use of Hy was found key to mitigate carbon impurities and to enable the growth
of continuous mono- to few layer MoS, thin films with improved properties for

transistor applications.

Grain size enhancement. Strategies of grain size controlled /enhanced MoS,
thin films by alkali-assisted growth (use of NaCl and catalytic soda-lime glass
substrates) and by using low growth rates were investigated. While the alkali-
assisted approach provides a reaction route through volatile Na,Mo,O, reaction
intermediates with increased diffusivity [|, the low growth rate approach controlled
by ultra-low Mo precursor supply enables longer Mo adatom diffusion length
on the substrate surface. Both methods have implications for the reduction of
nucleation density and grain size defect densities in polycrystalline MoS, thin

films.

Understanding the role of the growth substrate and epitaxy. The use of
technologically relevant and commercially available wafer substrates is important
when developing a scalable thin film manufacturing process. The growth on
amorphous substrates (e.g. SiOs, soda-lime glass) results in polycrystalline MoS,
films prone to induce mis-orientation grain boundaries; the choice of crystalline
substrates (e.g. sapphire) on the other hand, can enable substrate-aligned domain
epitaxy. A characterization framework combining microscopic and grazing angle
diffraction techniques was established. This allowed to determine in-plane,
film-substrate orientational relationships and dispersion as figures of merit for
epitaxial film quality. The crystal-symmetry-related formation of anti-parallel
domains resulting in anti-phase boundaries upon coalescence was identified as
a major challenge for epitaxial growth. Notably, substrate surface preparation
and growth conditions were found to play an important role in controlling the
orientation-selective van der Waals heteroepitaxy as a route towards wafer-scale,

single-crystalline thin films.

Residue-free layer transfer. Wet and semi-dry manual transfer techniques
were compared and a process based on a sacrifical polymer support and thermal
release tape (TRT) was studied for the cm-scale transfer from growth to target
wafers. As interface cleanliness of 2D semiconductors is critical to preserve
their layer properties, the removal of processing residues is of paramount impor-

tance. Polymer-solvent pairs for sacrificial polymer and its removal were studied;



6.2 Outlook for 2D electronics 211

PMMA /Remover PG was identified as a more promising combination than the

widely used PMMA /acetone pair, according to morphological characterization.

« MoS; integration and oxide encapsulation through seed layer strategy.
The industry-compatible, standard dielectric integration by ALD applied to 2D
materials poses a challenge due to the inert nature of 2D material basal planes.
Therefore, deposition of a few nm-thick seed layer prior ALD was studied for
integration of AlO, back-gated and encapsulated MoS,-FETs. Nevertheless, it
was shown that the current technology is affecting the optical and electronic
properties of MoS, by high interfacial trap densities (D7 > 10" em=2eV 1), for
which a hypothetical band diagram model was developed based on spectroscopic

analyses.

o Development and benchmark of MoS, transistors. Several MoS; FET
generations of liquid and solid-gated architectures were fabricated, including the
successful translation from rigid to flexible substrates. Electrical transfer curve
characterization and benchmark of transistors using MoS, with different film

properties were performed.

» Proof-of-concept of MoS;-multiplexed, flexible neural interface devices.
MoS,-FET-switches monolithically integrated into a 1 x 8 matrix of graphene-
based neural sensor on polymide-based ECoG arrays were fabricated in a wafer-
scale, clean room batch process. The pixel and multiplexed device operation was

validated in dry and in vitro conditions.

6.2 Outlook for 2D electronics

The large-area synthesis and integration of atomically-thin 2D TMD semiconductors,
such as MoSs, has enabled unprecedented opportunities in the field of nanoelectronics.
This includes the promise of ultra-thin, high on/off, low-power transistors for continued
feature size downscaling to the atomic limit in integrated circuits beyond conventional
Si CMOS. Furthermore, ultra-thin 2D TF'T pixel addressing matrices may provide
benefit for various sensing or display applications, with the additional attribute of
mechanical flexibility for foldable and wearable devices. The presented proof-of-concept
of an integrated MoS,-TF'T matrix applied in a multiplexed neural interface technology
can pave the way for future development of high-density, high channel count neural
interface devices [581, 583, 605].
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Despite the remarkable progress already achieved for 2D TMDs in electronic devices,
they are still lacking behind their predicted performance potential, such as reaching
the theoretical field-effect mobility of ~ 400 cm? V~'s™! [102] in the case of monolayer
MoS,. Ultimately, from an applied research and commercializaton perspective, the
success of 2D semiconductors and their widespread implementation in commercial,
next-generation electronic devices will critically depend on maturation of scalable

synthesis, such as by MOCVD and epitaxy, and improved device integration.
In terms of large-area MOCVD of TMDs, challenges to overcome include:

» Controlling layer thickness/number and layer-by-layer epitaxy. In particular,
difficulties arise from bilayer nucleation before closure of the primary layer [404,
197, 48, 234] and at the frontier between first layer heteroepitaxy and few
layer homoepitaxy, where stacking faults become prominent defects [446, 254].
Strategies to address these issues may include time- and precursor-flux-controlled
ripening [197, 322, 320], temperature- and etching gas-controlled island layer back-
etching [291, 323, 450], or substrate step-height-guided layer number control [248,
407].

e Improving crystal quality by avoiding undesired grain boundary defects that
impair transport properties. This can be achieved by enhancing grain size in
polycrystalline thin films or by single-crystal heteroepitaxy on crystalline wafer
substrates. In the heteroepitaxy approach, the great challenge is to break the
symmetry of equivalent anti-parallel orientations of the non-centrosymmetric
MoS, domains [397]; this may include the use of low-symmetry substrates [253,
242] and/or step-edge guided epitaxy [48, 248, 407]. In this context, the optimal
growth and substrate surface conditions affecting the orientation-selective van
der Waals epitaxy still must be better understood [259]; in particular, the exact
criteria inducing step-guided nucleation for controlled unidirectional growth are
still to be fully harnessed [259, 397, 407, 248]. Further research into hydrogen-
activated TMD-edge coupling may be promising in this direction [259, 414, 411].
It is clear that the control of surface morphology, termination, passivation and
step engineering are key to substrate preparation and wafer-scale epitaxy [241,
384, 406, 606, 259, 314]. For the case of unidirectional domain growth, the
problem of slightly offset domains creating translational grain boundary defects
remains to be addressed [48, 261].
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« Improving crystal quality by engineering point defects [607, 304, 539, 324, 383,
250] that are highly dependent on the growth conditions, such as temperature,
pressure and precursor ratio [310, 354, 608].

« Gaining advanced control over multiple-source heterostructure and superlattice
growth [195], alloying [292] and substitutional doping [72, 293, 609, 610] to tune
TMD thin films by benefiting from MOCVD’s outstanding process control and
versatility [203]. This may allow to tailor bandgaps [292] and FET characteristic,
such as the threshold voltage or n/p-type behaviour [73, 609, 610, 611]

« Developing and finding optimal (volatile, thermally stable, non-contaminating,
etc., see section 2.2.2) precursors, which will requiring intensified efforts of
chemists and MOCVD engineers. For example, for high temperature MOCVD
processes, research into novel, volatile, chelated transition-metal precursors with
suitable decomposition pathways [612, 613] that provide higher thermal stability

than the widely used hexacarbonyls may be desirable.

o Improving film purity for electronic-grade 2D semiconductors, which is highly

dependent on the precursor selection, purity and growth conditions [239, 234].

o Advancing reactor technology for industry-scale and high throughput TMD
production, such as in showerhead and planetary type reactors [167, 197, 170,
404, 296]. Cold-wall reactors may be preferred compared to hot-wall reactors
to handle issues arising from early precursor decomposition and concentration
gradients [190, 237, 236]. Wafer-scale uniformity can be addressed by wafer
rotation to average out deposition gradients and may be guided by simulation
of reactor flow dynamics [236, 453]. Notably, reactor technology has seen a
clear push from thin film deposition equipment manufacturers in recent years,
such as AIXTRON, CVD EQUIPMENT CORPORATION/FIRSTNANO or OXFORD
INSTRUMENTS, signaling fast adoption and industry interest.

» Low-temperature synthesis avoiding transfer processes for back-end of line TMD
integration [614, 457, 458] and direct growth onto flexible substrates [459, 237], in
particular in the realm of flexible electronics. This remains to be a very challenging
task as thermal energy is involved in chemical dissociation processes and required
for accelerated surface kinetics during crystallization of high-quality films. Plasma-
enhanced growth approaches [615, 616, 617, 618], reaction routes involving high-
volatility /diffusivity precursors [213] and non-contaminating, catalytic growth

promotors [614, 368, 375] may be subject of further research in this direction.
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In terms of integration for high-performance nanoelectronic devices, challenges to

overcome include:

o Ensuring high-quality, dangling-bond-free van der Waals interfaces to 2D semi-
conductors. This includes the quest of finding scalable encapsulation approaches
and compatible dielectric materials [59, 64, 61]. The latter demands high-quality
insulators with stringent requirements, including low gate leakage currents (<
1072 A ecm™2), low density of interface traps (D;r < 10 em™2eV™") and border
traps (Dor < 1017 cm™3 eV ™), and high dielectric strength (> 10 MV em™') [61].

« Contact engineering by finding suitable contact materials with reduced Fermi-level
pinning and (ideally zero-height) Schottky barriers, as well as non-damaging, clean
integration processes [66, 68| for ultra-low contact resistance (< 100 2 pum [285,
17]). Promising result approaching these values have been recently achieved
by ohmic bismuth contacts [69] and thermally stable SboTes contacts [619].
Furthermore, contact engineering has allowed n- [68] and p-type [620] doping

enabling inverter designs necessary for 2D digital logic.

» Developing scalable, 2D materials-adapted fabrication routes for automatized,
reliable layer transfer [16, 51, 53, 46, 52] and ensuring clean interfaces during

lithography by suitable solvents [55], and innovative fabrication routes [56].

e Mechanical device integrity arising from weakly van der Waals coupled material
systems requires to mitigate their tendency for delamination [46, 621]. This
ease of delamination creates a major challenge not only during the course of
material processing and device fabrication, but also for the long-term stability
and reliability of the final device; in particular, the endurance of flexible devices
under repeated bending stress needs critical validation. Device engineering for
improved interlayer adhesion and toughened 2D interfaces by novel encapsulation

strategies and material innovation is needed [622] (also see appendix, table D6)

Due to these manifold challenges the path to commercialization of 2D semiconduc-
tors is still hard to predict. Nevertheless, it is important to consider the perspective
that the progress from the discovery of new materials to their final product implemen-
tation is typically a lengthy process. As for silicon electronics, whose success story has
been to a great extent thanks to controlling its excellent interface formed with SiOq
(Drp ~ 10" cm~2eV " [286]), the capability of heterogeneous 2D integration with
engineered van der Waals interfaces will inevitably decide over realization of practical,
high-performance 2D electronic devices. While devices fabricated from MOCVD-grown
TMDs are still in an early stage, the MOCVD technique will certainly continue to
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play a leading role in wafer batch fabrication and further development of large-area
2D integrated circuits. Its industry-compatible manufacturing aspect is key on the
roadmap of establishing 2D semiconductors complementary to and beyond conven-
tional Si CMOS technology [17, 14]. Finally, for the specific target of bioelectronic
and medical applications, such as neural interface devices, further advances to ensure
their biocompatibility, hermeticity, mechanical integrity and reliable function will be

indispensible for safe translation to in vivo environments.

6.3 Alternative and new directions

The tunable MoS, growth yielding nano- to micron-sized grains (see appendix, Fig. B25)
opens various directions for future research and applications [382]. The primary
objective of this thesis was to develop MoS, transistors for electronics, with a focus on
large-grain, single-crystalline thin films with low defect densities for improved electrical
transport properties. However, alternative application fields apart from electronics can
be thought of. Moreover, small grain size and defect-tailored thin films may be taken
advantage of in new ways for data processing in the targeted neural interface devices

based on fundamentally different function principles.

Following alternative applications to electronics, MoS, is a promising candidate
material for heterogeneous (photo)catalysis [109, 110], such as the hydrogen evolution
reaction (HER) for water-splitting [111] and sustainable solar-to-hydrogen conver-
sion [623, 624, 625]. This is because MoS; has high catalytic activity at its edge and
sheet defects [626]. The catalytic activity of synthetic MoSs can be further enhanced
by increasing the coverage and active edge perimeter in form of nanocrystalline do-
mains [627] and by activating the basal planes via Hy-induced defect creation during
growth [628] or via plasma post-treatments [629]. In this context, MOCVD may provide
uniform, highly active MoS, catalysts on wafer-scale [629, 630, 631]. A preliminary
result for demonstration of HER catalysis by MOCVD-grown, nanocrystalline MoS,
thin films can be found in the appendix in Fig. B26. Furthermore, direct-grown MoS,
nanocatalysts on graphene (see appendix Fig. B16, Fig. B15) could be investigated as
an efficient, noble-metal-free 2D heterostructure catalyst, where graphene acts as the
conductive substrate [632, 633, 631].

Following a new direction for application in neural interface devices apart from a
TFT-addressing matrix, MoSs has been considered for next-generation, neuromorphic

computing applications that may enable a paradigm shift in the future of electronics [36,
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14]. In contrast to the classical von-Neumann approach, where memory and logic
are seperated at the hardware level, the neuromorphic approach merges the memory
and logic units for highly energy-efficient and responsive in-memory data processing;
it makes use of memristive systems that are bio-inspired, artificial neural networks
mimicking the synaptic connectivity of the brain composed of neurons in the brain. The
building blocks of these systems are non-volatile, resistive elements switchable between
low and high resistive states, so-called "memristors". Several 2D TMD memristive
devices [634], including MoSs memristors, have been demonstrated and their working
principle mediated by structural [635] and grain boundary defects [636] has been
explained by filament formation [637, 638], phase change effects [639, 640], and ion-
migration-based plasticity [640, 641]. Nanocrystalline MoS; memristors based on
ion migration have been reported [641] and have shown enhanced resistive switching
ratios for monolayer MoS, with increased defect densities [642]. Defect-engineered
MoS,; memristors, in which the switching voltage range approaches biological action
potentials, will open the possibility of directly interfacing neuromorphic systems with
the biological nervous system [637, 643]. Prospectively, MoS; memristors patterned
into crossbar arrays [644, 645, 35] may therefore have a disruptive potential for hybrid
sensing and on-device data processing of neural activity in flexible, energy-efficient,

high-density brain-computer-interfaces.

In conclusion, this work not only contributes to the fundamental understanding
of scaled crystal growth and device integration of MoS, thin films, but also offers a
first look to vast and unexplored opportunities for MoSy applications in various fields
spanning from (opto)electronics, catalysis, energy conversion, neuromorphic computing
to neuroprosthetics; which can create the potential of multiple, pivotal technology

advancements in the future.
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"God made the bulk; surfaces were invented by the devil.’

— WOLFGANG PAULI
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A.1 Precursor bond dissociation energy

To determine dissociation energies of some selected precursors used in MOCVD of
TMDs, theoretical calculations from first principles were performed. Bogdan Guster!

is acknowledged for carrying out the simulations.

Computational details

Bond dissociation energies (BDE) were calculated from the energy difference before
and after dissociation using a density functional theory (DFT) method. The geometric
optimizations and electronic structure calculations were carried out using a numerical
atomic orbitals density functional theory (DFT) [646, 647] approach implemented
in the SIESTA code [648, 649]. The Perdew-Burke-Ernzerhof functional was used
to account for the exchange-correlation energy [650]. The core electrons have been
replaced by norm-conserving scalar relativistic pseudopotentials [651] factorized in the
Kleinman-Bylander form [652]. A split-valence double-( basis set, including polarization
functions [653], was used. In all calculations, a cutoff of 400 Ry for the real space
integrals, and a tolerance of 10™* and 1073 eV were used on the density matrix and
the total energy, respectively, for the convergence of the self-consistent field cycle. In
the case of the geometric optimizations, the atomic coordinates were relaxed until the
forces on the atoms were below 0.01eV A~ The molecules were placed in a box with
the side of 25 A to dismiss spurious interactions with neighbouring supercell images.
Due to the DFT method used, a counterpoise correction was applied to account for

the basis set superposition error.

thttps://orcid.org/0000-0003-1305-1862, currently affiliated at the University of Liege
(Belgium)
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Table A1 Bond dissociation energies (BDE) of transition-metal and chalcogen precursors by
DFT simulation from first principles. BDEs are calculated along the dissociation pathway for
different Mo, W, S, Se, and Te molecular precursors and compared to literature. Reference
values are typically reported as the first (1) dissociation in a series of steps or averaged
(Av.) BDEs from the multi-step dissociation pathway, as indicated. Precursors used in this
work are underlined.

Precursor Educt Products BDE BDE (1%/Av.) [ref]
(eV) (eV)
MHC  Mo(CO)g Mo(CO)s + CO 173 175 (1%) [232]
Mo(CO)s Mo(CO)4 + CO 2.63
Mo(CO),4 Mo(CO); + CO 1.68
Mo Mo(CO); Mo(CO); + CO 152 170 (Av.) [153]
Mo(CO)s Mo(CO) + CO 1.89
Mo(CO) Mo + CO 0.37
WHC  W(CO)g W(CO)s5 + CO 215 2,07 (1°) [232]
W(CO)s W(CO), + CO 4.25
w W(CO), W(CO); + CO 208 2.52+0.59 (Av.) [321]
W(CO), W(CO), + CO 2.48
W(CO), W(CO) + CO 2.33
W(CO) W+ CO 2.34
H,S H-S-H HS + H 3.66
HS H+S 3.19
DMS  CH;-S-CH; CH3-S + CH;j 3.38
CH3-S CH; + S 3.09
DES  CHj3-CH,-S-CH,-CH; CH3-S + CHj 3.44
CHj-CH,-S CHy-CH, + S 3.06  3.00 [153]
S DMDS CHj3-S-S-CHj CH3-S-S + CHj 2.96
CH3-S-S-CH3 CH3-S + S-CH3 2.84
DEDS CHj3-CH,-S-S-CH,-CHj CHj3-CH,-S-S + CH,-CH3 - 2.70 [153]
CHj3-CH,-S-S-CH,-CH3 CHj3-CH,-S 4+ S-CH,-CH3 - 2.00 [153]
DTBS (CHy)s-CHy-S-CHo-(CHy)y  (CHy)s-CHo-S + CHo-(CHg)y  2.58
(CHy)5-CH,-S (CHy)5-CH, + S 2.60
HySe  H-Se-H HSe + H 3.55
H-Se-H H + Se 3.3 4.78 +0.06 (Av.) [321]
DMSe CHj3-Se-CHjy CHj3-Se + CH3 3.12
Se CH,-Se CH; + Se 3.90 3.78 £ 0.19 (Av.) [321]
DTBSe (CHy)s-CHy-Se-CHy-(CHy)s  (CHy)s-CHa-Se + CHy-(CHs)y -
(CHj3)3-CHa-Se (CH3)3-CHy + Se _ 3.06 £+ 0.28 (Av.) [321]
H,Te H-Te-H HTe + H 3.10
H-Te-H H + Te 9.92 4.28 £ 0.06 (Av.) [321]
DMTe CHs-Se-CHjy CHs-S + CHs 2.45
Te CH,-Te CH, + Te 70 338010 (Av) [321]

DTBTe (CHg)g—CHQ—TC—CHQ—(CHg)g

(CHg)g—CHg—Te

(CH3)3-CHa-Te + CH,-(CHs)s
(CHj)3-CHy + Te

2.62 4 0.18 (Av.) [321]
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A.2 MOCVD reactors, procedures and precursor

flow estimations

ICN2 reactor — Growth procedure

Substrates (SiOy or soda-lime glass) were diced into typically 1x1cm? to 2x2cm?
sized chips, sonicated in acetone/isopropanol for 5min each, and blow-dried with
Nj. Then, they were mounted face-down onto the vertical quartz bar sample holder
using silver paste (OK-SPI, SPI supplies, USA). A thermocouple and temperature
controller were used to measure and set the temperature at the sample, referred to
as “growth temperature”. Optionally, for alkali-assisted growth specified in the text
(section 3.4.1.1), a sample holder to which a crucible underneath the sample was fixed
and filled with 20 mg of previously dehydrated NaCl (Alfa Aesar, 10862, 299.999 %
trace metals basis) for co-evaporation experiments.

Following the growth process outlined in the main text (Fig. 2.13), the reactor was

I yunder an

ramped to the desired growth temperature at a rate of around 40 °C min~
inert purge gas flow of 100 sccm high-purity Ar (Air Liquide, Alphagaz 1, 99.999 %).
Then, Ar was switched off and MoS, growth was initiated by vapor draw of molybdenum
hexacarbonyl Mo(CO)g (Sigma-Aldrich, 577766, >99.9 % trace metals basis) and diethyl
sulfide (CoHj)oS (DES, Sigma-Aldrich, 107247, >98 %) from dedicated canisters without
any carrier gas. Mo(CO)g powder was bedded on glass beads for high surface area
during sublimation [131, 178]. Mo(CO)g and DES precursors were held in stainless
steel canisters at 30 °C and 12 °C, respectively. Their flow was independently regulated
by needle metering valves (SS-SS4-VH, Swagelok, USA). Nominal Mo(CO)s flows
between 0.02sccm and DES flows between 0.03 scem and 13.2 scem were used, based
on estimations described in detail in section A.2. Additionally, high-purity Hs gas
(Air Liquide, Alphagaz 1, 99.999 %) with flows between 0 and 30 sccm was injected.
Typical working pressures were in the range of 1 x 1072 and 1 x 107! Torr. Growth
was stopped by stopping the Mo(CO)g, DES, and Hy flow; then, the reactor was cooled
down to room temperature under 100 sccm Ar flow before sample removal. After each
run, the reactor was annealed at 800°C in Ar/H, flow to remove residual reaction
products (Fig. 2.13). In between runs, the reactor was held under vacuum at around
1 x 1073 Torr base pressure. During sample loading/unloading, 150 sccm Ar was flowed
to minimize ambient exposure of the tube. Samples were stored in a vacuum desiccator

after growth.
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ICN2 reactor — Precursor injection by vapor draw

In this section, an estimation of precursor flow for the vapor draw MOCVD process is
given. The source flow Qs from a precursor-filled canister at pressure Pg to the reactor
chamber at pressure P, can be estimated by a simple model according to Fig. Ala.
It is assumed that the source pressure Ps equals the vapor pressure P, (Ts) of the
source material at a given source temperature Ty in full saturation, and that the source
pressure stays constant over time. Ps is continously monitored by pressure gauges
connected to the canister [654]. Vapor pressure data is typically reported by a simplified
version of the Clausius-Clapeyron equation, which is known as the Antoine eq. (A.1)
with the parameters A[Torr, °C|, B[Torr,°C] and C[Torr, °C]. Compilations of these
parameters for a variety of chemical compounds with reference to the original data are
listed in databases, such as the Chemistry WebBook from the United States’ National
Institute of Standards and Technology (NIST).

B
loglO(PUap(TS)) = A — m (A].)

Fig. A1b shows the vapor pressure curves for DES and Mo(CO)g as a function of
temperature based on literature as well as on own data. In case of a “high pressure drop”
where P, < 0.5Pg, the flow @ is only dependent on the inlet pressure Pg = P,qp,(Ts),
the temperature Ts (in K), specific gas gravity G s (molecular weight of species divided
by molecular weight of air; resulting in 3.11 for DES and 9.11 for Mo(CO)s), and is
independent on the pressure difference between source and chamber due to a ,,choked
flow* [655]. According to equation eq. (A.2), control over @) is possible by varying
Ts or by varying the flow coefficient Cy (t) of the needle metering rotary valve by the
number of turns . These can be extracted as a polynomial function from the valve

product specification sheet [656], according to equation eq. (A.3):

1
GSTS

Qslscem] = 3273450 - Cy(t) - Pyop(Ts)[Torr, K] - (A.2)
, with

Cv(t) = qag + alt + a2t2 + a3t3 + 0,4t4 + Cl5t5 + (I6t6 + a7t7 -+ a8t8 + a9t9 (Ag)

Fig. Al(c-d) show the estimated flow of Mo(CO)g and DES as a function of needle

valve turns and for different source temperatures. In the ICN2 MOCVD reactor,
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Figure A1l Precursor flow estimation for vapor draw. (a) Schematic model for precursor
flow Qg drawn from the canister to the low-pressure reactor chamber. The canister source
pressure Pg is assumed to be equal to the vapor pressure P,q,(Ts) of filled source material at
canister temperature Ts. (b) Vapor pressure P, as function of Tl for DES and Mo(CO)s.
based on literature data [215, 210]. The flow Qg of (c) Mo(CO)g and (d) DES can be
controlled by Ts and/or by the needle metering valve as function of handle turns.

precursor flow was adjusted by varying the needle valve setting and keeping source

temperatures constant.

It should be remarked that this simple estimation assumes that the precursor
flow in the reaction zone of the chamber equals the flow Q)g passing through the
needle valve. However, in the real situation of a hot-wall MOCVD process the actual
precursor flow reaching the substrate might be lower due to pre-decomposition or
pre-reactions of precursors upstream the sample position. In the case of Mo(CO)g, with
low decomposition temperature of around 150 °C [231, 232, 233], the real flow might be
overestimated and significantly smaller than QQg. Consequently, for a constant needle
valve setting the precursor concentration becomes a function of growth temperature,

gas flow (residence time) and position in the reactor as well.
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Yonsei reactor — Growth procedure

SiOy and/or Al,O3 substrates were sonicated in acetone/isopropanol for 5min each,
blow-dried with Ny, and placed vertically on a quartz holder perpendicular to the
tube axis and gas flow direction. The sample position was set at 19cm from the
furnace entrance (Fig. 2.14(a), "wafer run"), which is a critical parameter optimized
specifically for this setup due to the decomposition profile and precursor concentration
gradients along the hot-wall tube (also see Fig. 2.10). Alternative to full wafer runs,
chips with smaller dimensions (2x2cm? SiOs, and/or quarter 2" wafer Al,Os, "chip
run') were placed for comparative growth parameter studies. Prior the growth run,
substrates were "flash" annealed with the furnace open air at 700 °C for 10 min to burn
off adventitious carbons. This procedure resulted in enlarged grain sizes (Fig. C13).
Optionally, for alkali-assisted growth, NaCl was placed upstream the sample (inset in
Fig. 2.14(a)). For this, a slurry of NaCl and distilled water was evenly distributed on
a 4" SiO9/Si wafer, dried on a hotplate, and centered at the furnace entrance edge,

before starting the growth run.

MoS, was grown from Mo(CO)g (Sigma Aldrich, 577766, >99.9 %) and anhydrous
DMS (Sigma-Aldrich, 274380, >99.9 %), which are kept as a solution in the bubbler,
carried with Ar from a bottle at 1765 Torr controlled by a MFC downstream the
bubbler. If not otherwise indicated concentrations of 65mg Mo(CO)g dissolved in
12mL DMS were used. Additionally, Ar and Hs are injected controlled by MFCs that
enter the chamber together with the Mo(CO)g/DMS flow pre-mixed at the reactor inlet.
More detailed information on the estimation of precursor flow is given in section A.2.
A scheme of a typical growth process is shown in the main text (Fig. 2.15a). First, a
flow of 5scem Hy, 100scem Ar and pressure of 10 Torr were set and kept throughout
the whole process. Then, all three zones of the furnace were ramped to the growth
temperature (e.g. 600°C) at a rate of around 20 °C min™!, where growth was initiated
by injecting Mo(CO)g/DMS with 1sccm Ar pick-up during 16 h to obtain submonolayer
coverage thin films. For 1-2L films the growth phase was extended for another 6h at
accelerated growth rate with 1.6sccm Ar. After the growth stage, Mo(CO)g/DMS
flow and heaters were switched off, the furnace was opened and quenched down to
room temperature. Finally, the sample was removed and the reactor with the tube
was annealed at 900 °C open to air for tube cleaning before the subsequent growth run
(Fig. 2.15b).
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Yonsei reactor — Precursor injection by carrier gas

The precursor source flow rate Qg from a canister into the reactor chamber by use of a

carrier gas can be simply estimated by Amagat’s law in eq. (A.4) [322]:

Qs = nsl C;?c;:zer (A.4)
, where ng is the mole fraction of the precursor source, obtained from Dalton’s law in
eq. (A.5):
ng = 2eeplds) ”a;(STS) (A.5)
, where Pmp(Ts) is the precursor vapor pressure at canister source temperature Ty,
and Pg is the canister pressure. For a canister pressure of 1765 Torr controlled by
the Ar inlet pressure, and at a room temperature of 25°C, an Ar carrier gas flow of
I scem, and Mo(CO)g and DMS vapor pressures of 0.15 Torr and 484 Torr , respectively,
the precursor flow for Mo(CO)g and DMS can be calculated to be 0.4sccm and
8.3 x 107°scem, respectively, resulting in an approximate S/Mo precursor ratio of
around 4560. For an Ar carrier gas flow of 1.6 sccm, the precursor flow for Mo(CO)g
and DMS increase to 0.6sccm and 1.3 x 10~*scem at unchanged ratio of 4560. The
orders of magnitude lower, growth-rate-controlling Mo(CO)g flow in the Yonsei growth
reactor as compared to the flows used in the ICN2 vapor draw process in previous
section A.2, require significantly longer growth times to obtain monolayer coverage in

the Yonsei reactor.
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Substrate properties and preparation

Material properties of soda-lime glasses

Table A2 Material properties of commercial soda-lime silicate glasses after manufacturer’s
data: SCG 94 (Plan Optik AG, Elsoff, Germany) [263], Marienfeld Superior (Paul Marienfeld
GmbH & Co. KG, Lauda-Koénigshofen, Germany) [264], and B270®i (Schott AG, Mainz,
Germany) [265][657]

Marienfeld Superior Plan Optik SCG 94 Schott B270®i

Description microscope slide high transmission high transmission

float-glass crown-glass crown-glass

Physical and mechanical properties

Thickness (mm) 1.0 0.7 0.5
Density (gem™2) 6.23 0.91 5.2
Young’s modulus (GPa) 70.0 73.6 71.1
Composition (%)

SiO, "silicate" 72.6 69.5 70-80
NayO "soda" 13.0 8.1 10-20
K-0 0.3 8.3 1-10
CaO "lime" 8.8 2.1 1-10
MgO 43 - -
BaO - 4.2 1-10
Zn0O - 0.5 1-10
TiOq - 0.5 <1
Sby O3 - 0.5 0.5
ALO, 0.6 - -
Fey O3 0.1 - -
SO3 0.2 - -
Thermal properties

Linear thermal expansion coefficient® (1076 K1) 9.0 9.4 9.4
Strain point® (°C) 530 511 507
Annealing point® (°C) 557 541 535
Softening point? (°C) 726 724 711

@ temperature range [20-300 °C]
b log(n) = 14.5Pa - s

¢ log(n) =13.0Pa-s

4 log(n) =7.6Pa-s

;where 7 is the viscosity

Sapphire surface preparation

Sapphire substrates were annealed inside appropriate-sized alumina crucibles (99.7 %

purity, Nanoker Research S.L., Spain) and covered with an alumina lid, as shown in
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the main text (Fig. 2.17d). It is remarked that covering the crucibles was essential to
obtain regularly stepped surfaces (see Fig. C2). Two dedicated furnaces were used,
as shown in Fig. 2.17a. For annealing of up to 2"-sized sapphire wafers in ambient
air conditions at 1050°C, a box muffle furnace 30/1100 LSF01 (SNOL, Lithuania)
was used. For chip-scale annealing in controlled gas atmosphere up to 1350°C, a
high-temperature furnace ST.16 6060 (Hobersal S.L., Spain) with horizontal alumina
tube was used, which was equipped with a mass flow controller through which either
50 scem Og, referred to as "Og-annealing', or 50 sccm of 5 %Hy /95 %Ar mix referred
to as "Hs-annealing", was injected. Depending on the studied conditions indicated in
the results section, the annealing program shown in Fig. 2.17d consisted in ramping
the temperature at 10 °C/min to the annealing temperature of either 1050 °C, 1200 °C,
or 1350°C, where samples were dwelled for 2, 6 or 12h, and finally cooled down
(—5°C/min) to room temperature. Annealing was carried out at atmospheric pressure;
in the case of Oy/Hy-annealing the gas flow was kept throughout the whole process.
One annealing experiment was performed at low pressure (10 Torr) and highly reductive
condition in 50 sccm pure Hy at 1050 °C for 2h in a programmable MOCVD reactor
(BM NOVO Lite, Aixtron Ltd., UK).

For analyzing the wetting behaviour of sapphire surfaces, the static contact angle
of distilled water was measured with a Drop Shape Analyzer DSA25 (KRUSS GmbH,
Germany) and averaged from three measurements. Droplets were applied with a 5nl

micro-pipette. Fully spreading/wetting droplets were designated as "WET".

A.3 Microfabrication methods

Microfabrication and wafer processing was carried out at the ICN2 Nanofabrication
facility and CNM-IMB (CSIC) cleanroom. The main microfabrication techniques used
in this thesis include photolithography, etching, metallization, and dielectric integration,

which are briefly described in the following.

Photolithography

Optical photolithography is the most common method to pattern thin film materials
coated over a wafer substrate into device structures by selectively protecting certain
areas during subsequent processing steps (metallization, etching, layer deposition and

transfer, oxide integration etc.). Typically, ultraviolet (UV) light is used to project and
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transfer the image from an aligned, optical photomask containing the geometric device
structures to a light-sensitive polymeric photoresist on the substrate. The photoresist
is previously applied by spin-coating, pre-baked and, in the exposure step, irradiated
by UV light, where it either breaks down (positive resist) or hardens (negative resist) in
defined areas. In the development step, the patterned film structure is then obtained by
removing the softer parts of the photoresist with suitable solvents, and fully removing
the resist layer by solvents ("stripping") or plasma oxidation ("ashing") when not needed
anymore. These standard procedures can be applied to pattern 2D materials, such as
graphene and MoS,; however, care needs to be taken during processing. For example,
photoresist or polymer layers may not be completely removed during development. Even
small amounts of residue underneath or on top of 2D materials may adversely affect
the device performance. Therefore, residue removal may be an important processing
step in 2D manufacturing, which can be done by UV-ozone [473], annealing in vacuum,

inert or forming gas [478, 18], or by appropriate chemical solvents [55].

The used equipment (spin-coater, mask aligner, UV-ozone cleaner) and chemicals
(photoresists, strippers) are given in table D5 and table D4, respectively. Photolithog-

raphy recipes are given in the respective process protocols in section D.4.

Etching of 2D materials and via-holes

Etching is an important process in micro- and nanofabrication to chemically remove
material from the wafer surface. Often, an etch-resistant or sufficiently thick photoresist
mask previously patterned by photolithography protects designated parts of the wafer
from etching. For etching processes it is critical to precisely control etching time and
depth by a known etch rate. There are liquid-phase ("wet') and plasma-phase ("dry")
etching processes available.

Inductively coupled plasma - reactive ion etching (ICP-RIE) is a dry etching
technique combining chemical and physical etching for material removal. ICP-RIE is
carried out under vacuum conditions in chemically reactive plasma of high-energetic,
charged ions generated from gases flown into the reaction chamber. Dry etching offers
excellent process control for large-scale wafer processing. An PlasmaPro Cobra 100
ICP-RIE (Oxford Instruments, UK) equipped with a laser interferometer for etch
monitoring was used in the MoSs and graphene patterning steps. Detailed etch recipes
are given in section D.4. Wet etching uses chemically reactive etching solutions of

caustics or acids depending on the material to be etched, and into which the wafer
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is immersed and regions of interest are dissolved. A nitric/phosphoric acid-based
aluminium etchant (TechniEtch Al80, Microchemicals GmbH, Germany) was used to
open via-holes through Al,O3 oxide dielectric and encapsulation layers for contacting

gate, source and drain of embedded MoS, transistors.

Metallization of contacts and conductive tracks

Metallization is an important step in electronic device fabrication to create electrically
conducting tracks and contacts and can be achieved by different methods, such as
sputtering, electroplating, chemical or physical vapor deposition. In this thesis, physical
vapor deposition (PVD) by electron-beam evaporation is used, in which an intense
electron beam is generated from a filament and steered via electric and magnetic fields to
strike and vaporize a source material (e.g. metal pellets) within a vacuum environment.
The source material is heated by the electron impact and energy transfer its surface
atoms will have sufficient energy to leave the surface, and coat a substrate positioned
above the evaporating material. The trajectory of the physically evaporated atoms is
directional. Compared to thermal evaporation, e-beam evaporation is able to transfer
higher energies into the material to be evaporated and has the advantage of thin films of
high density and purity. By using a multiple crucible system, several different materials
can be sequentially deposited, such as for Ti/Au contacts and tracks, without breaking
the vacuum and avoiding interlayer contamination. In posterior photomask lift-off
processes, Ti/Au provides good adhesion to the device substrates (SiO, polyimide)
and forms a reasonable good contact to MoS, [550]. However, alternative contact

materials may be better suited to improve contact resistance and device performance
in the future [49, 479, 658, 67, 69].

For deposition of Ti/Au and Ni/Au contacts and Al for self-oxidized AlO, seed
layers onto 4" wafer an AJA International Inc. ATC-8E Orion e-beam evaporator was
used, working at 8 kV. The system operated with a turbopumped loadlock chamber
and cryopumped main chamber with typical working pressure during evaporation in the
high vacuum range of 1 x 10~ mbar, which has implications due to possible oxidation
of reactive metals like Ti during deposition in high vacuum conditions [550, 659, 474,
480]. Source material was evaporated from liner crucibles in a multiple source rotary
pocket. A quartz crystal balance was used for thickness monitoring and deposition

was initiated and stopped by a shutter system.
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Oxide integration for dielectrics and encapsulation by ALD

Atomic layer deposition (ALD) is a thin film deposition process based on the sequential
injection of gas-phase precursors. The precursors react with the surface sites of a
material (functional groups, dangling bonds, defects etc.) in an alternating, self-limiting
manner separated by inert gas purges in each cycle. ALD provides excellent control
over atomic layer thickness and conformality and has become a standard technique for
oxide and dielectric integration in semiconductor device manufacturing. In MoS, thin
film transistors, AlO, oxide sandwich encapsulation of the 2D transistor channel has

led to improved device performance [41].

A Cambridge NanoTech Savannah S100 reactor was used for AlO, dielectric and
encapsulation layers of MoS, transistor devices. Trimethylaluminum (TMA, Sigma-
Aldrich, 663301-25G) and HO served as the precursors in a thermal ALD process
carried out at 200 °C using a continuous 20sccm Ny flow at a working pressure of
~270mTorr. Precursor canisters were kept at room temperature. Precursor pulse
and purge sequences for one ALD cycle were as follows: TMA (0.15s), N (5s), HoO
(0.05s), Ny (5s. Oxide thickness and a growth-per-cycle of ~1.27 A /cycle were verified
for layers deposited on Si reference substrates by X-ray reflectometry (XRR) with a
PANalytical X’PERT PRO MRD.
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B.1 Growth parameter studies

Figure B1 Growth time study. Image analysis of MoSs thin films grown at 700 °C by
co-injection of 0.02sccm Mo(CO)g and 0.3 scem scem DES flow for different growth times.
Original images (top) and corresponding binary images after execution of the image analysis
algorithm (below). The scale bars are 100 nm.

Figure B2 DES flow study. Image analysis of MoSy films grown at 700°C (60 min) by
co-injection of 0.02sccm Mo(CO)g and different DES flows. Original images (top) and
corresponding binary images after execution of the image analysis algorithm (below). The
scale bars are 100 nm.



B.1 Growth parameter studies 289

Figure B3 H; flow study. Image analysis of MoSs films grown at 700°C (60 min) by
co-injection of 0.02sccm Mo(CO)g and different DES flows. Original images (top) and
corresponding binary images after execution of the image analysis algorithm (below). The
scale bars are 100 nm.
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Figure B4 Coverage y and nucleation densities N extracted from SEM images for MoS,
thin films growth at 700 °C at varied growth parameters: (a) Growth time, (b) DES flow,
(c) Hz flow, and (d) Mo(CO)g flow.

Figure B5 In-plane F; and out-of-plane A, MoSz-mode positions and frequency difference
A= Ay — E21g for MoSg thin films grown for varied growth parameters: (a) Growth
temperature, (b) growth time, (c) DES flow, and (d) Hs flow.
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Table B1 XPS fitting parameters and constraints.
Element/ Assignment Peak position FWHM Peak area Peak Literature/
# Transition constraint (eV) constraint (eV) constraint shape sample ref
‘ 284.2+40.2 1.04+0.1
A Cls C-C (sp?) vary A(0.4,0.25,0)GL(60) *
vary vary
284.740.2 1.440.1
B Cls C-H/C-C vary GL(30) ok [340]
vary vary
1.54+0.1
C Cls C-0-C B+1.7 B*0.17 GL(30) | [340]
vary
1.440.1
D Cls 0-C=0 B+4.3 B*0.10 GL(30) 2 [340]
vary
. (228.9-229.1) 1.140.1
E  Mo" ¥3ds2 MoS; 101 vary vary GL(80) [338], [339]
F MoV™¥3dss MoSy, E+3.15 E*1 E*2/3 GL(80) [338], [339)
: 229.340.1 0.740.1 &V
G MoV3ds,  MoS, ¢ vary GL(80) Hhx
vary vary
H MoV ¥3dys MoS, G+3.15 G*1 G*2/3 GL(80) ok
232.540.2 1.840.4
I Mo“'3dspp  MoO; vary GL(80) otk
vary vary
J MoY'3ds.  MoO; I+3.15 I*1 1*2/3 GL(80) okt
228.040.1 L*1
K S2s .S, ‘ (M/O)*L GL(90) ok
‘ vary vary
226.5+0.1 1.840.1
L S'M2s MoS, vary GL(90) otk
vary vary
163.6+0.2 0.8+0.1
M S2ps; C.Sy vary GL(90) HoHAk
vary vary
S2pis C.S, M+1.18 M*1 M*1/2 GL(90) ok
162.140.1 0.740.1
O S M2py, MoS, vary GL(90) ook
vary vary
P S ™2p, MoS, O+1.18 0*1 M*1/2 GL(90) okl
1.54+0.1
Q Si2p SiO, 103.3 vary vary GL(30) [276]

*graphitic C(sp?): MoS, grown for 60 min at 700 °C with Mo(CO)g: 0.02sccm and DES: 13.2scem,

after removal of adv. carbon by 500 °C in situ annealing in XPS chamber

**adventitious C: SiO, substrate, after standard cleaning procedure and ambient exposure

***MoSs/MoOj3: natural MoS, crystal
HIHKC,Sy: Si0, after single-source exposure of 13.2scem DES for 60 min at 700 °C
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Figure B6 Growth temperature study - XPS analysis. XPS analysis showing the effect of
growth temperature on chemical composition of thin films grown without He (60 min) on
SiOg9; The following core level regions are shown: (a) /Mo3p, (b) C1s, (c) Mo3d/S2s, (d)
/S2p, (e) Si2p, where black lines in (i-viii) show the measured spectra for temperatures
T between 150 °C and 850 °C, as indicated by the scale on the right. Colored areas under
singlet /doublets represent fits assigned to the same features/chemical species. Pink lines
show the synthetic fitting envelopes of summed peaks. All spectra are calibrated to the SiOq
substrate peak at 103.3eV and are plotted with the same intensity scale among the series of
same core levels.
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Figure B7 ICN2 reactor vacuum background. Exemplary spectrum aquired with residual
gas analyzer at indicated reactor base pressure P, electron ionization energy Fj,,, ionization
current I;,,, and mass spectrometer pressure Pyrs. The prominent peak at m/z = 18 is
assigned to residual HoO in the background. DES-related peaks (m/z = 90, 75,62, 61 etc.)
are always present in the background — even if no DES is injected.

Figure B8 Temperature-dependent DES pyrolysis monitoring by low energy electron ioniza-
tion at 12eV and DES flow of 13.2sccm. Evolution of partial pressures of the unfragmented
molecular DES ion and its main fragments as a function of growth temperature. Different
colors correspond to different single-ionized fragments assigned by their m/z-ratio and chem-
ical formulas.
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Figure B9 Temperature-dependent DES pyrolysis monitoring by low energy electron ion-
ization at 12V for a gas-mixture of 0.02sccm Mo(CO)g, 1.2sccm DES, and indicated Hy
flow. Evolution of partial pressures of the unfragmented molecular DES ion and its main
fragments as a function of growth temperature. Different colors mark different single-ionized
fragments assigned by their m/z-ratio and respective chemical formulas.
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Figure B10 Raman spectra for different growth parameter studies showing the effect of
(a) temperature for single source DES and DES+Mo(CO)g exposure, (b) growth time, (c)
DES flow for single-source DES and DES+Mo(CO)g exposure, and (d) Hy flow. Synthesis
conditions are given in the graphs. Regions of MoSs-related E%g and A;, phonon modes, Si
peak and C-related D and G bands are shown with magnification factors, as indicated. All

spectra are normalized to the Si peak at 521 cm ™.
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Figure B11 Mo(CO)g and Hs flow study. MoSs thin films grown on SiO, for varied Mo(CO)g
flow and two sets of added Hy flow and growth times: (a) 12.5 sccm Hg, 180 min, and (b)
5.5sccm Ho, 60 min. SEM images in the top row and their corresponding binary images for
image analysis. (c) Monolayer coverage as a function of estimated Mo(CO)g flow extracted
from the binary images.

0 sccm Hz (C-contaminated) 10 sccm H (low-carbon)

b

Pt capping

a_
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Figure B12 TEM cross-sections of MoSs thin films grown from 0.02sccm Mo(CO)g and
1.2sccm DES for varied growth times and Hp flows: (a) 60min, Osccm Hs, (b) 60 min,
10scem Ho, () 180 min, 0sccm Hg, and (d) 180 min, 10 scem Ha.
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Table B2 PL spectra fitting parameters and constraints.

Constraints
Component  Variable Start value Vary Unit
Lower Upper
vo  DBaseline 0 no CCD cts
Xo  Position 1.86 yes 1.84 1.88 eV*CCD cts
A~ trion wo FWHM 0.06 yes 0.00 0.07 eV
Ay Area yes 0.00 eV
x;  Position 1.86 yes 1.88 1.91 eV*CCD cts
A0 exciton Wi FWHM 0.06 yes 0.00 0.07 eV
A;  Area yes 0.00 eV
Xo  Position 2.03 yes 2.00 2.06 eV*CCD cts
B exciton W2 FWHM 0.07 yes 0.00 eV
Ay Area yes 0.00 eV

Figure B13 (a) PL spectra of MoSy thin films grown at 700 °C (60 min) from 0.02 sccm
Mo(CO)g and DES flow varying between 0 and 13.2sccm, as indicated. Lorentzian peak
deconvolution marks contributions of trions A~ (blue), neutral excitons A° (green) and
B excitons (purple). The fitting envelopes are shown by the pink lines. Spectra were
normalized to the B exciton intensity. (b) PL integral ratio (A~ + A°)/B as function of
monolayer coverage for MoSs films grown with different DES flows, as indicated next to
each measurement point. (c) Trion-to-exciton ratio A~ /A% as function of carbon content,
represented by I/Ig; Raman integral ratio, for MoSs films grown with different DES flows,
as indicated next to each measurement point.
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Figure B14 C-induced charge transfer doping and PL Stokes redshift in MoSy thin films.
PL peak position of A~ trions (blue), neutral excitons A° (green) and B excitons (purple) as
extracted from Lorentzian peak deconvolution of PL spectra from various parameter studies
(Hg, DES, growth time) of this work as function of their respective C content, as represented
by the I/Ig; Raman integral ratio. The general trend of red-shifting PL peak positions with
increasing C content is depicted with gray arrows. This Stokes red-shift has been reported to
indicate increased n-type doping of MoSs thin films [332].
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Figure B15 MoS; thin films grown at 700°C (60 min) from 0.02sccm Mo(CO)g, 1.2 scem
DES flow, and 10sccm Hy on transferred CVD-graphene (Gr) and SiOz (see Fig. D4,Fig. D5).
(a)(i-iii) SEM images taken at the edge of the graphene sheet, as illustrated by the schematic.
(b) Microscope image. Points marked for spectroscopic analysis of MoSs/Gr and MoSs/SiOs.
(c) Raman spectra. (d) PL spectra.
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Figure B16 AFM of MoS; thin films grown at 700 °C (60 min) from 0.02 sccm Mo(CO)g,

1.2sccm DES flow, and 10sccm Hg on graphene/SiOs. Scanned regions corresponding to
colored frames. Line profile scans are highlighted.
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B.2 Alkali-assisted growth

Figure B17 AFM of SiO3/Si and soda-lime glass substrates: (a) Dry thermal oxide
Si02(285nm)/Si, (b) microscope slide float-glass Marienfeld Superior, (¢) Plan Optik SCG
94 crown-glass, and (d) Schott B270®i crown-glass. Three different scan sizes are given for
each sample: (i) 10 x 10 pm?, (ii) 1 x 1 pm?, (iii) 1 x 1 pm?. Root-mean-square (RMS) are
given on the bottom left of each AFM scan.
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Figure B18 XPS overview spectra of as-received microscope float-glass (Marienfeld Superior),
including bottom "tin side" facing the tin melt bed during glass production, top "air side",
and 1L-MoS, thin films grown on both sides, respectively, from Mo(CO)g and DES at 700 °C.

Core levels of different elements are designated.
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Figure B19 XPS overview spectra of B270®i crown-glass and 1L-MoSs thin films grown
from Mo(CO)g and DES at 700 °C. Core levels of different elements are designated.

Figure B20 Growth time study for MoSy thin films grown on soda-lime glass at 700 °C.
SEM images with magnified insets are shown for growth on (a) Marienfeld Superior, and (b)
Schott B270®i crown-glass for (i) 5min, (ii) 15min, and (iii) 60 min, and (iv) 120 min.
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Figure B21 MoS; thin films grown on B270®i crown-glass grown from Mo(CO)g and DES at
700°C (60 min). (a) Overview SEM image, and (b) magnified SEM images of "small" grain
size area (green), and "large" grain size area with low melting point compound nucleation
cluster still present, or evaporated.
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Figure B22 MoS; thin films grown on B270®i crown-glass grown from Mo(CO)g and DES at
700°C (180 min). (a) Overview SEM image, and (b) magnified SEM images of 1L monolayer
area (green), and bilayer nucleation areas with solidified, eutectic melt around 2L domain
edges (red).
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Figure B23 MoS; growth on pre-annealed soda-lime glass (microscope slide, air side). (a)
Schematic of growth process, in which the soda-lime glass substrate is annealed at 700 °C prior
growth start. (b) Illustration of alkali (Na,K) diffusion from bulk to surface during annealing
process and domain growth of mono- and few layer MoSs thin films on alkali-enriched surface.
(c) SEM images of sample (i) without pre-anneal, and (ii) with 60 min pre-anneal prior 15 min
growth. (d) Corresponding Raman and PL spectra (inset) for the three measurement spots
(green, red, and blue), as marked in the photograph.
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Figure B24 H; flow study for MoSy growth on Schott B270®i crown-glass. Thin films were
grown at 700 °C (150 min) for different Hy flows: (i) Oscem, (ii) 5.5scem, and (iii) 12.5 scem.
(a) SEM images with magnified insets. (b) Corresponding Raman and PL spectra (inset) for
the three measurement spots (green, red, and blue), as marked in the photograph.
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Figure B25 Comparison of grain size distributions for MoS, thin films grown in the ICN2
and Yonsei reactor on different substrates and with/without NaCl-assisted growth. (a) SEM
images and corresponding binary images after execution of ImageJ analysis algorithm. (b)
Histograms of grain size distribution (based on side length of an approximated, equilateral
triangle). The data was fitted with Gaussians/LogNormal functions and the mean grain sizes
dmean Were extracted from the peak centers. Nucleation densities IV are given.
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B.3 MoS; HER catalysis
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Figure B26 MoSs-catalyzed hydrogen evolution reaction (HER) catalysis. (a) Photograph
of 1L MoSy thin film transferred onto Au/SiO;. The marked holes were not taken into
account for area extraction and current density calculations below. (b) Edge of the 1L MoS»
film on Au. (i) Magnified microscopic image. (ii) SEM image. (c) (i) Raman spectrum (ii) PL
spectrum. (d) Schematic of HER measurement setup with MoSs/Au as the working electrode
(WE), Ag/AgCl (3 M KCl) as reference electrode (RE), and a graphite rod as counter
electrode (CE). (e) (i) Photograph of HER measurement setup (ii) Electrochemical cell. The
inset shows Hy bubble creation on the MoSy/Au surface. (f) Linear sweep voltammetry
(LSV) after 200 cycles. Current density over potential versus reversible hydrogen electrode
(RHE). Insets shows evolution of LSV from 1 to 200 cycles. (g) Tafel plot.
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C.1 Sapphire surface preparation
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Figure C1 Sapphire miscut direction. (a) Schematic of a single-crystal sapphire ingot with
indicated crystallographic axes. Wafer cutting planes (purple) with miscut tilted from the
C-plane (yellow) towards the A- and M-axis. (b) Photograph of a c-sapphire wafer. (c)
AFM images of vicinal c-sapphire surfaces annealed at 1050 °C with nominal 0.2° miscut
tilted (i) along A-axis (C/A), and (ii) along M-axis (C/M). Insets show magnified scans.
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Figure C2 Importance of annealing crucible. AFM images of sapphire surfaces annealed at
1050 °C placed inside an (a) uncovered, and (b) covered alumina crucible.
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Figure C3 Topographic AFM images after direct 5 %Hsa/Ar-annealing of c-sapphire (0.2°
miscut) for 2h at (a) 1050 °C and (b) 1200 °C.
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Figure C4 Wafer-scale homogeneity of 0.2° sapphire surface after annealing at 1050 °C in
air for 2h. The large, flattened AFM images correspond to the positions marked in the photo
of the wafer (remark: RMS values of flattened images measured over step edges do not reflect
the on-terrace roughness). Insets show magnified, plane-fitted images.

RMS: 0.103 nm

Figure C5 Wafer-scale homogeneity of 0.05° sapphire surface after annealing at 1050 °C
in air for 2h. The large, flattened AFM images correspond to the positions marked in the
photo of the wafer (remark: RMS values of flattened images measured over step edges do not
reflect the on-terrace roughness). Insets show magnified, plane-fitted images.
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Figure C6 AFM study of 0.2° and 0.05° miscut c-sapphire surfaces after 1200 °C annealing
(2h) in Og-rich and Ha-rich atmosphere. (a) Flattened, topographic images. (b) Flattened,
phase images.
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a As-annealed (1200°C, 2h, 5%H./Ar) b After 4 months air exposure

ZA=[1100] ZA=[1100]

Figure C7 Stability of sapphire surface reconstruction. Characteristic RHEED patterns
of the (v/31 x v/31)+ R9°surface reconstruction (a) as-annealed, and (b) four months after
annealing.
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Figure C8 Sapphire surface impurities. XPS overview spectra of c-sapphire (SIEGERT
Wafer GmbH, Germany) Oz-annealed at 1200 °C for 2h placed inside alumina crucibles of
99.7 % and 99.9 % purity. Na, Ca, Si, and Fe species can be attributed to impurities from the
alumina annealing crucible, consistent with information provided by the manufacturer.
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C.2 MOCVD and analysis of epitaxial MoS, films
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Figure C9 MoS;/sapphire XPS overview spectra. From top to bottom: as-annealed O-rich
AlO3 (1200°C, Og, 2h), Al-rich AlxO3 (1200°C, 5%Hsa/Ar, 2h), as-grown MoSy/O-rich
Al,O3. Na and Si impurities from annealing crucibles. Origin of F impurities unknown,
maybe from long-term sample storage in PTFE boxes [660].
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Figure C10 XPS analysis of as-annealed sapphire substrates and as-grown, epitaxial MoS»
thin films, showing core level spectra for (a) Cls (b) Mo 3d, (c) S 2p, (d) Al 2p. Spectra
from top to bottom correspond to (i) O-rich AlsOs, (ii) Al-rich AlyOs, (iii) MoSs/O-rich
A1203, and (iV) MOSQ/A]—I‘iCh A1203.
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Figure C11 Comparison of MoSy thin films grown on (a) SiO2 with random domain
orientation, and (b) on 1200°-annealed AloO3(0001) with epitaxially aligned domains: (i)
AFM images, (ii) corresponding binary images, (iii) Fast-Fourier transform (FFT), and (iv)
histogram of domain orientation obtained after analysis with the software IMAGEJ 1.53 [271]
by using the plugin ORIENTATIONJ v2.0.5 [272].
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Figure C12 AFM domain orientation analysis. MoSs thin films grown at 600 °C on O-rich
sapphire with (a) 0.2° miscut annealed at 1050 °C (2h), (b) 0.05° miscut annealed at 1050 °C
(2h), (c) 0.05° miscut annealed at 1200 °C (2h). (i) AFM images with color-classified domains
by orientation: —30° (green), 0° (white), 30° (blue), 60° (red), random alignment (purple)
and corresponding (ii) domain orientation histograms.
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Figure C13 Overview of MOCVD of MoSs thin films grown on SiO2 and sapphire substrates
in Yonsei reactor at 600°C for 16 h. The AFM images show four sample batches grown
without NaCl, with NaCl, and without and with an additional 700 °C pre-anneal (10 min)
inside the reactor tube open to ambient air just prior the growth process. The sapphire
substrates had been annealed at 1050 °C to obtain an atomically-smooth surface a few weeks
before the growth process. The intention of the pre-anneal was to burn off adventitious
carbons for a clean starting surface.

Figure C14 SEM images of MoSs thin films grown in subsequent growth runs on 1200 °C Oz-
an Ho-annealed c-sapphire with different miscut angles (0.05 and 0.2°) and miscut orientations
(towards A and M-directions), as indicated. Growth was carried out in the Yonsei reactor
with Mo(CO)g/DMS precursors at 600 °C.
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Figure C15 Magnified Alo03(0001) surface reconstruction patterns. Reciprocal space
mapping was performed around the (a) (1120)Al,03 peak, and (b) (3030)Al;03 peak.
The diffraction spots with symmetry of +9°-rotated rhombs and depicted spot-to-spot
distances are compatible with the (\/371 X \/371):tR9° surface reconstruction. This proves the
stability of this reconstruction during MoSy growth by MOCVD at 600 °C. Also a diffraction
spot matching the (3v/3 x 3v/3)£R30° reconstruction is observed from the distance dgp in

(a).

Figure C16 Reciprocal space map artifacts. A 6 — w plot of the reciprocal space map of
epitaxial MoSs grown on c-sapphire reveals that the marked, streaky background features
are constant in w. Therefore, they might be related to artifacts not coming from the sample,
but another source such as the reflections from the Be window etc.
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Figure C17 Williamson-Hall plot used to distinguish the origin of peak broadening of the
in-plane (h k1i0) Bragg reflections of radial scans in Fig. 4.13d. A constant trend indicates
peak broadening related to crystallite size L, rather than microstrain [280]. L, can be
extracted via the Scherrer equation from the intercept via L, = K\/fcos(d), where K is
a geometric shape factor, § is the peak broadening (FWHM) and the angle ¢ is defined
according to the diffractometer geometry depicted in Fig. C24c.
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Figure C18 PL spectroscopy of MoSs thin films grown at 600°C on O-rich (1 x 1) and
Al-rich (v/31 x /31)£R9° surfaces. The data represents total average spectra extracted from
225 points of a 5 X 5 pm map recorded with a 488 nm laser at 1.5 mW.
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Figure C19 Impact of sapphire miscut angle on NaCl-assisted MoS; epitaxy. (a) AFM
images of MoSy grown on 1050 °C-annealed sapphire with miscut angle (i) 0.05°, and (ii) 0.2°

(b) GIXRD in-plane, azimuthal ¢-scans around the MoS2{1120} reflections, where ¢ = 0 is
defined along the Aly03(1120) direction. NaCl was placed at the furnace entrance.
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Figure C20 Impact of sapphire miscut orientation on MoS; epitaxy. (a) SEM images of
MoSy grown on O-rich sapphire with 0.2°-miscut (i) towards M-axis, and (ii) A-axis. (b)
GIXRD in-plane, azimuthal ¢-scans around the MoS2{1120} reflections, where ¢ = 0 is
defined along the AlyO3(1120) direction. (Samples were grown in Yonsei reactor, analyzed
by SEM, coated with PMMA, shipped to ICN2, and measured with the PMMA coating by
GIXRD several months after growth. The effect of PMMA-coating on MoSsy quality and
degradation has been controversially discussed both in favor of protecting MoSs from and
accelerating MoS, aging [121, 661, 662].
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600°C 650°C
X 65 mg Mo(CO); 30 mg Mo({CQO); 65 mg Mo(CO);

30 mg Mo(CO);

Si0,

Al,O, (0.05°)

Figure C21 Impact of growth temperature and S:Mo ratio. AFM images for MoSs thin
films grown on SiO9 and 1050 °C-annealed O-rich sapphire with 0.05°-miscut at 600 °C and
650 °C, respectively, for Mo(CO)g/DMS precursor solution concentrations of x mg/12mL.
NaCl was used in all growth runs.

a () g

Figure C22 Particle formation in 5 day aged, air exposed, epitaxial MoSy thin films. (a)
Topographical AFM images, and (b) phase images of (i) 5 x 5 pm? and (ii) 1 x 1 pm? area
scans.
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C.3 GIXRD setups

XYZ doublo-tilt laveling stage

Figure C23 Laboratory diffractometer setup PANalytical X’PERT PRO MRD (ICN2). (a)
Photo of the instrument located at the ICN2 diffraction facility. (b) Photo of the sample
stage. (c) Schematic illustration of the in-plane w — 26 diffraction geometry.

Be window |

Figure C24 Synchrotron diffractometer setup at BM32 (ESRF, Grenoble). (a) Photo of
the instrument in the INS2 hutch (Interface and Nanostructure and Surfaces). (b) Technical
drawing of the UHV analysis chamber. (c) Schematic illustration of the z-axis diffractometer.
Adapted from [663]. More information about the setup can be found online.
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D.1 MoS, transfer

Wet transfer

First, the MoSs sample was blown with Ny and a sacrificial polymer support layer
(PMMA 950K A4, MicroChem, USA) was spin coated (3000 rpm, 60s) and hard-
baked on a hotplate (180°C, 30s). A blade was used to scratch away PMMA /MoS,
around the edges of the substrate. The edge of the sample was dipped into 1M
NaOH(aq) solution (Sigma Aldrich, 137031) and moved in and out in a ~45° angle
to detach the PMMA /MoS, stack from the substrate. Then, the PMMA /MoS, sheet
was subsequently transferred into two fresh water baths for 20 min. The PMMA /MoS,
sheet was fished onto an arbitrary target substrate and put onto a hotplate for 10 min
at 50°C, and additional 10 min at 70 °C to dry, dewrinkle and promote adhesion of
the transferred film. Finally, the PMMA /MoS,/target substrate was immersed into
a suitable solvent (e.g. acetone, Remover PG) at 50 °C for 1h for dissolution of the
PMMA support layer, transferred into isopropanol for washing off organic residuals

(10 min), further rinsed with isopropanol from a spray bottle, and blow dried by Ns.

b

Figure D1 Non-optimized MoSy wet transfer. Photos of transferred PMMA /MoS, sheet
(a) right after fishing with trapped water and bubbles underneath and wrinkle defects, and
(b) after completed hotplate drying for layer adhesion. Although some wrinkles smooth out,
some defects remain.

Thermal release tape transfer

The semi-dry thermal release tape (TRT) transfer process is schematically illustrated

in the main text (Fig. 5.2). Further information and photos of each step can be found
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in Fig. D2. Similarly to the wet transfer, the MoS, sample was blowed with N, and a
sacrificial PMMA layer was spin coated (3000 rpm, 60s) and hard-baked on a hotplate
(180°C, 30s). Then, a blade was used to scratch away PMMA /MoS, around the border
edges of the substrate to later facilitate water intercalation for MoSs detachment. Next,
a TRT (REVALPHA 3195V, Nitto Denko, Japan) is precut with dimensions slightly
exceeding the three side widths of the PMMA /MoS, region and the forth with an
overlapping flap to facilitate later sheet removal. The sample was blowed with Ny and
the TRT was gently applied onto the PMMA /MoS, by evenly distributing pressure
with a roller and removing potential air bubbles. A water droplet was placed on top
with a pipet and covered with an overlapping polydimethlysiloxane sheet (PDMS,
Gel-Pak, USA) that spreads out the droplet and acts as a compliant layer in the next
step. The stack was placed into a pressing dye to apply uniaxial pressure. The pressure
squeezes the water sideways to the edges of the layer stack where it intercalates at
the MoS,/substrate interface by capillary force [461]. The layer stack is unmounted
from the dye, the PDMS sheet was removed, and the TRT/PMMA /MoS, stack was
slowly detached (~1mms™!) from the growth substrate with a tweezer pulling from
the TRT flap. Residual droplets from the water-repelling MoS, side were blow-dried
with Ny and the TRT/PMMA /MoS, was gently transferred onto the target substrate,
making this step essentially a dry process. The color contrast change seen through the
semi-transparent thermal tape verified that the MoS, film was well-adhered. Gently
pulling with a cotton bud may assist the adhesion process in case of trapped air bubbles.
The sample was then placed onto a hotplate and ramped to 155°C at ~7°Cmin~! to
enhance MoS, /target substrate adhesion during ramping, the TRT was peeled off from
the PMMA /MoS, /target substrate when the TRT lost its adhesion strength at the
release point at around 155 °C [291]. Then, the protective PMMA layer was dissolved at
50°C (1h) in a suitable solvent (e.g. acetone, Remover PG, see section 5.1.2). Finally,
the sample was washed from organic residuals in isopropanol (10 min), further rinsed

with isopropanol from a spray bottle, and blow dried by Ns.
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Spinner

p

&

TRT liner-foil

Figure D2 MoSs TRT transfer procedure. (a) Spin PMMA onto the as-grown MoSs. (b)
Scratch around 2mm of PMMA /MoS, from the edges. (c-d) Apply thermal release tape
(TRT) and ensure even adhesion with roller or by softly stroking with a cotton bud. (e) Put
sample onto pressing chamber and place a droplet of water on top of the TRT stack. (f-g)
Place PDMS onto the stack. (h) Assemble the rest of the compression chamber and (i) allow
gravity to compress the piston. (j-k) Disassemble the compression chamber. (1) Remove
PDMS from the stack. (m-n) Detach TRT/PMMA /MoSs stack from the growth substrate.
(o) Apply stack to target sample and allow to slowly adhere. (p) Remove film from second
side of TRT. (q) Place sample on hotplate at room temperature and ramp at ~10°Cmin~*
to 155°C. (r-s) Once the TRT releases from the surface, peel it away. (t) Remove PMMA
using Remover PG at 50 °C (covered beaker under fume exhaust).
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Stress concentration/cracking
around particles

Figure D3 Non-optimized MoS, transfer by TRT method. The microscope image shows
sheet cracking in regions around particles (blue frame) that were included underneath the
TRT, and regions with fracture patterns of parallel cracks due to excessive tensile strain (red
frame), further magnified by the SEM image inset.

D.2 Graphene growth and transfer

Chemical vapor deposition

Chemical vapor deposition (CVD) of single-layer graphene used in this work was
performed in the reactor shown in Fig. D4(a-b), following an established growth
procedure from methane precursor in an Ar/H, gas mixture catalyzed on Cu surface,
which is illustrated in Fig. D4c.

As growth substrate a Cu foil (Graphene Platform Corp., Tokyio , Japan) with purity
98.5 %, sheet size of 8 x4 cm?, and thickness of 0.035 mm was used. Prior to growth,
the Cu foil was electropolished for 5min at a fixed current density of 62mA cm™2 in
a solution of 1L distilled water, 0.5 L phosphoric acid H3POy, 0.5 L of ethanol, 0.1 LL
isopropanol, and 10 g urea. The Cu foil was then placed onto a quartz frame inside
the inner quartz tube (length: 330 mm, diameter: 53 mm), and subsequently loaded
into the horizontal quartz tube reactor (length: 1600 mm, diameter: 60 mm) heated by
a three-zone furnace (Fig. D4). The growth procedure includes a thermal annealing
of the Cu foil for 80min at 1050 °C under 400 sccm Ar flow at 100 mbar pressure,
controlled by the needle valve bypass. Then, for the 15 min graphene growth step, a

gas mixture of 1000 sccm of Ar, 20 sccm of Hy and 0.7 scem of methane is injected at
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26 mbar pressure. Finally, the sample is quenched down to room temperature under a

flow of 400 sccm of Ar by removing the tube from the heating zone with a swivel arm.

After the growth, graphene is inspected by Raman spectroscopy, showing the
characteristic G and 2D modes, as shown in Fig. D4d. The absence of a D peak proves
good quality. The SEM images in Fig. D4e reveal the polycrystalline structure of Cu
foil with different grain orientations and grain sizes of the order of 50 to 200 pm, on
which coalesced single-layer graphene with domain sizes on the order of typically 10
to 20 um has grown. The AFM image in Fig. D4f reveals graphene grain boundaries
and patterns of roughened, corrugated sheet morphology, which is caused by strain

relaxation on the Cu crystal surface [664].

a b Hot-wall CVD reactor
CQuartz tube Pressure control
(@ 600 mm) 1000°C throttle valve
Ar
H;
CH,
c d

i
'.
] Intensity (arb. u.)

1200 1800 2000 2400 2800
Raman shift (em™)
Figure D4 Chemical vapor deposition (CVD) of graphene on Cu foil. (a) Photo of CVD
reactor with designated components. The inset shows the Cu foil with typical dimensions.
(b) Schematic illustration of the reactor with gas-injection system using mass flow controllers
(MFCs). (c) Schematic illustration of catalytic graphene growth on polycrystalline Cu from
methane precursor with designated growth steps. (d) Raman spectrum of graphene with
characteristic G and 2D modes. (e) SEM images for magnifications of (i) 500x, revealing the
polycrystalline grain structure of the Cu foil, and (ii) 2500x, showing the domain structure
of coalesced, polycrystalline single-layer graphene. (f) AFM image revealing graphene grain
boundary and sheet morphology.
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PMMA-assisted graphene transfer

To transfer the graphene film from Cu foil to an arbitrary target wafer a conven-
tional polymer-assisted wet transfer was used, as illustrated in Fig. D5. First,
poly(methyl methacrylate) (PMMA A4 950K, MicroChem Corp., USA) was spun
onto the graphene/Cu stack at 3000 rpm for 30s and dried at room temperature for
12h. Then, graphene grown on the backside of the Cu foil was removed by ICP-RIE
(PlasmaPro Cobra 100, Oxford Instruments, UK) in oxygen plasma (Oj: 40 sccm, Ar:
40 sccm, 40 W, 6 min at 20 °C), and the sample was cut into pieces of proper target size.
Afterwards, an etching solution was prepared by dissolving 20.27 g FeCls in 330 g H50O
and adding 120 mL HCI, in which the PMMA /graphene/Cu sample was kept floating
for at least 6h to dissolve the Cu substrate. Subsequently, the PMMA /graphene was
fished with a SiOy wafer and transferred onto two cleaning baths of deionized water for
1 h each, before being transferred onto the target wafer. The PMMA /graphene/wafer
was then dried on a hotplate at 40 °C for 2 h, and then thermally annealed in ultra-high
vacuum (6 °Cmin~! ramp-up, 180 °C dwell for 1 min, 6 °C min~! cool-down ). Finally,
the stack was immersed in acetone (50°C, 20 min) for PMMA removal, rinsed with

fresh acetone, put into a bath of isopropanol for 5min, rinsed with isopropanol, and
blow-dried with Nj.

Figure D5 Graphene transfer. Schematic of the sequential steps of the polymer-assisted wet
transfer from Cu foil to an arbitrary, target substrate.
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D.3 MoS; dielectric integration and encapsulation
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Figure D6 XPS overview spectra of SiOy substrate and MoSy/SiOg, after capping with 1, 2,
3nm AlO, seed layer and after 50 nm ALD encapsulation.
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Figure D7 Metal-insulator-metal (MIM) and metal-insulator-semiconductor-metal (MISM)
capacitor characterization. (a) MIM test structure. (i) Schematic illustration of layer
stack cross-section and top-view optical microscopy images. Oxide thickness t, capacitor
diameter d (round design) and capacitor side length a (square design) are indicated. (ii) C-V
measurement (at 100 kHz) translated into AlO, dielectric constant x as function of voltage,
using the indicated formula. (b) MISM test structure. (i) Schematic illustration of layer
stack cross-section and top-view optical microscopy images. MoSo was MOCVD-grown in
the Yonsei reactor. (ii) C-V measurement. (c) Multi-frequency C-V measurement of MISM
structure for analysis of MoSy/AlO, interface. (d) Determination of trap density D;p and
time constant 777 via conductance method [289, 286, 259].
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Figure D8 MoS, growth onto hBN /sapphire in ICN2 reactor at 700 °C. (a) SEM images,
and (b) AFM images with extracted RMS roughness values of (i) hBN/sapphire growth
substrate, and MoS; thin films for growth times of (ii) 1h, (iii), 2h, and (iii) 3h, respectively.
Corresponding (c) Raman overview spectra with inset of carbon D and G band region,
(d) magnified MoSy band region, and (e) PL spectra for the different growth times. The
hBN /sapphire samples were obtained by a previously reported 2" wafer-scale MOCVD
process [575].
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Figure D9 1L MoS; thin film grown onto 3L hBN/sapphire substrate at 700 °C (1h). (a)
Cross-sectional TEM image of the van der Waals heterostructure capped by a C/Pt-protection
layer. (b) Chemical analysis of heterostructure by EDX, EELS, and HAADF line scans.

The hBN/sapphire samples were obtained by a 2" wafer-scale previously reported MOCVD
process [575].
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D.4 MoS,-FET technology

MoS,-FET fabrication protocols

Liquid-gated MoS,-FETs

- : . 1
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F# FET devices W/L: 17000
(EDL Inkjet design)

Figure D10 Liquid-gated MoSs-FET mask design.

Table D1 Fabrication protocol for liquid-gated MoSs-FETs on rigid SiOg chips produced in
CNM and ICN2 cleanrooms.

#

Fabrication step Protocol

1

MoS, transfer Transfer

(unless as-grown see section 5.1

films used)

Vacuum annealing for layer adhesion
180°C, 1’, <1 x 10~7 mbar

PMMA removal
Remover PG, 50°C, 15’
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2  MoS; definition = PMMA protection for clean removal after etch
Spin PMMA A4 950K (~0.22 um), 3000 rpm
Bake on hotplate, 180°C, 30”

Photolithography
Spin-coat HiPR 6512 (1.2 pm)
Developing in OPD-4262, 50”

MoSs channel etch
ICP-RIE, O; plasma

Note: Etch progress monitored by interferometer, oscillation flatlines

when SiOs is reached

PMMA /HiPR 6512 resist removal
Remover PG, 50°C, 10’

Vacuum annealing for residue removal
350°C, 2h, <1 x 10~7 mbar

3  Metallization of Photolithography

source-drain, Spin coat invertible resist AZ 5214E (—1.7 pm)
side gate, Developing in AZ 726 MIF
metal
tracks/pads
Metallization

E-beam evaporation: Ti/Au (5/35 nm), <5 x 10~7 mbar
Lift-off in acetone

Vacuum annealing
250°C, 2h, <1 x 107 mbar

4  Ionic liquid/gel  Drop-cast ionic liquid

drop-casting
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Rigid AlO,-encapsulated MoS,;-FETs

In-House MoS2 Integrated 2x2 Chips
WL ratis is imdicatend ab the contsets (L= 1 um)

LS L .

M 7200

L ey

r e A
-

MoS2-FET + GFET

ik
T e i

M17H1 Mo M2 VHZM3 GESUS
L. — ol

Figure D11 Rigid AlO,-encapsulated MoSe-FET mask design

Table D2 Fabrication protocol for rigid AlO,-encapsulated MoSs-FETs produced in CNM
and ICN2 cleanrooms.

# Fabrication step Protocol

1 Gate Metal Photolithography
Spin coat invertible resist AZ 5214E (—1.7 pm)
Developing in AZ 726 MIF

Metallization
E-beam evaporation: Ti/Au (3/30nm), < 5 x 10~7 mbar
Lift-off in acetone

2  Gate dielectric Aly03 seed layer deposition + self-oxidation
+Via-hole 1 etch Al deposition: 3 x 1 nm, < 5 X 10~ 7 mbar
Unload, let sample oxidize in ambient, 60’




D.4 MoS,-FET technology 337

Al;0O3 oxide dielectric deposition
ALD of Al;O3 (50 nm)

Photolithography
Spin-coat HiPR 6512 (1.2 pm)
Developing in OPD-4262, 50”

Via-hole 1 etch

DRIE, most of Al,O3 layer ( 40 nm), 1000W, C4Fg/CH4/He
Finish by wet etch with TecniEtch Al80, 45°C

Verify etch completion by ellipsometry

3 MoS; transfer Surface preparation of target wafer
UVO treatment, 3’

Transfer
Thermal release tape transfer, see section D.1

Vacuum annealing for layer adhesion
180°C, 17, <1 x 10~ " mbar

PMMA removal
Remover PG, 50°C, 15’

4  MoS; definition PMMA protection for clean removal after etch
Spin PMMA A4 950K (~0.22 pm), 3000 rpm
Bake on hotplate, 180°C, 30”

Photolithography
Spin-coat HiPR 6512 (1.2 um)
Developing in OPD-4262, 50”

MoSs channel etch
ICP-RIE, O5 plasma, 220W

Note: Etch progress monitored by interferometer with laser

spot placed onto AlyOs island (flatlined curve when etch complete)

PMMA /HiPR 6512 resist removal
Remover PG. 50°C, 10’

Vacuum annealing for residue removal
250°C, 2h, <1 x 10~ 7 mbar




338 MoS, integration and transistor technology for flexible electronics

5 MoS; contacts Photolithography
Spin coat invertible resist AZ 5214E (—1.7 pm)
Developing in AZ 726 MIF, 40”

Metallization
E-beam evaporation: Ti/Au (5/35 nm), <5 x 107 mbar
Lift-off in acetone

Vacuum annealing
250°C, 2h, <1 x 10~7 mbar

6 MoS, Aly03 seed layer deposition + self oxidation
encapsulation Al deposition: 3 x 1 nm @< 5*10-7 mbar
+ Via-hole 2 Unload, let sample oxidize in ambient. 60’

Al>,O3 oxide encapsulation
ALD of A1203 (50 nm)

Photolithography
Spin-coat HiPR 6512 (1.2 um)
Developing in OPD-4262

Via-hole 2 etch

DRIE, most of Al;O3 layer ( 40 nm)

1000W, C4Fg/CH4/He, 15/10/10 sccm
Finish by wet etch with TecniEtch Al80, 45°C

7  Metal tracks Photolithography
Spin coat invertible resist AZ 5214E (—1.7 pm)
Developing in AZ 726 MIF

Metallization
E-beam evaporation: Ti/Au (10/100nm), <5 x 10~7 mbar
Lift-off in acetone
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MoS,-FET/Gr-SGFET flex hybrid probes

Source

8x1 Wafer with 600 um Pitch Between gSGFETs

Mo82: WL = 6002 = 3000
WL = 1200002 = 6000
Gz 100 um x |00 um
.

10 sty nide o peming. Jum of which on each side s @ ooatsct Wit mesali

Pé#: Bx] where gSGFET is closest to amplifier

- g G#: measuring the pSGFET only
& 4 M# measuring the MoS2FET only
,3—:? GM#: measuring the full gSGFET and MoS2FET device

Dirain | &

Crate

600 um pitch between gSGFETs
Varies in W/L Ratio (3000 shown here)

Figure D12 MoSy-FET/Gr-SGFET flex probe mask design

Table D3 Fabrication protocol for MoS;/Gr hybrid ECoG probes produced in CNM and
ICN2 cleanrooms.

# Fabrication step Protocol

1 Flexible Wafer clean
polyimide Dehydrate 4 inch Si0O2/Si support wafer, 200°C
substrate Surface cleaning, O plasma

Polyimide coating
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Spin-coat PI-2611 (7.5 pm)

Soft-bake
Dwell 120°C, 2’

Hard-bake
Cure at 350°C, 60’

2 Gate Metal Photolithography
Spin coat resist AZ 5214E (—1.7 pm)
Developing with AZ 726 MIF

Metallization
E-beam evaporation: Ti/Au (3/30nm), < 5 x 10~7 mbar

Lift-off in acetone

3  Gate dielectric Al; O3 seed layer deposition + self-oxidation
+Via-hole 1 etch Al deposition: 3 x 1 nm, < 5 x 10~ mbar

Unload, let sample oxidize in ambient, 60’

Al>,O3 oxide dielectric deposition
ALD of A1203 (50 nm)

Photolithography
Spin-coat HiPR 6512 resist (1.2 pm)
Developing in OPD-4262

Via-hole 1 etch

DRIE, most of Al;O3 layer ( 40 nm)
Verify etch completion by ellipsometry
Finish by wet etch with TecniEtch Al80

4  MoS; transfer Surface preparation of target wafer
UVO treatment, 3’

Transfer

Thermal release tape transfer, see section D.1

Vacuum annealing for layer adhesion
180°C, <1 x 10~ 7 mbar

PMMA removal
Remover PG, 50°C, 15’
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5 MoS; definition = PMMA protection for clean removal after etch
Spin PMMA A4 950K (~0.22 pm)
Bake on hotplate, 180°C, 30”

Photolithography
Spin-coat HiPR 6512 (1.2 pm)
Developing in OPD-4262, 50”

MoSs channel etch
ICP-RIE O plasma

PMMA /HiPR 6512 resist removal
Remover PG, 50°C, 10’

Vacuum annealing for residue removal
250°C, 2h, <1 x 10”7 mbar

6  MoS, contacts Photolithography
Spin coat invertible resist AZ 5214E (—1.7 pm)
Developing in AZ 726 MIF

Metallization
E-beam evaporation: Ti/Au (5/35 nm), <5 x 1077 mbar
Lift-off in acetone

Vacuum annealing
250°C, 2h, <1 x 10~ 7 mbar

7 MoS, Al;O3 seed layer deposition + self oxidation
encapsulation Al deposition: 3 x 1 nm @< 5*10-7 mbar
+ Via-hole 2 Unload, let sample oxidize in ambient, 60’

Al;0O3 oxide encapsulation
ALD of A1203 (50 nm)

Photolithography
Spin-coat HiPR 6512 (1.2 um)
Developing in OPD-4262, 50”

Via-hole 2 etch
DRIE, most of Al,O3 layer ( 40 nm)
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Finish by wet etch with TecniEtch Al80, 45°C, 3’

8  Metal tracks/
Graphene
bottom-

contacts

Photolithography
Spin coat invertible resist AZ 5214E (—1.7 pm)
Developing in AZ 726 MIF

Metallization
E-beam evaporation: Ti/Au (10/100nm), <5 x 10~7 mbar
Lift-off in acetone

9  Graphene
transfer

Surface preparation of target wafer
UVO-cleaning, 3’

PMMA-assisted transfer
see Fig. D5

Vacuum annealing for adhesion
180°C, 1’, <1 x 10~ " mbar

PMMA removal
Acetone, 50°C, 20’

# Graphene
definition

Photolithography
Spin-coat HiPR 6512 (1.2 pm)
Developing in OPD-4262, 50”

Graphene etch
ICP-RIE, O; plasma

HiPR 6512 resist removal
Acetone, 50°C, 20’

# Graphene
top-contacts

Photolithography
Spin coat invertible resist AZ 5214E (—1.7 pm)
Developing in AZ 726 MIF, 40”

Metallization

E-beam evaporation: Ni/Au (20/200nm), <5 x 10~" mbar
Lift-off in acetone

# Probe
passivation

Photolithography

Spin-coat SU-8 (5pm)
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Pre-exposure bake on hotplate

65°C, 3’
Ramp to 95°C, 5°C/min
Bake, 95°C, 8’

Post-exposure bake on hotplate

65°C, 2’

Ramp to 95°C, 5°C/min
Bake, 95°C, 3’

Develop in mr-Dev 600, 50”

Hard-bake on hotplate

120°C, 30’, Ny atmosphere

# Probe
definition

Photolithography

Spin-coat AZ 10XT (16 pm)
Develop in AZ 400K:H20 (1:3 ratio), 3’

Probe structure etch

Deep reactive ion etching, 1200W
Remove photoresist, IPA, 5’

# Probe
removal

Peel-off probes from rigid carrier wafer
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Microfabrication chemicals and equipment lists

Table D4 Microfabrication chemicals list.

Description Name Supplier

Polyimide (flexible substrate) PI-2611 HD MicroSystems
SU-8 epoxy (passivation) SU-8 2005 MicroChem Corp.
Positive Photoresist HiPR 6512 Fujifilm

Invertible Photoresist (for high res) AZ 5214E MicroChemicals GmbH
Thick photoresist (for high res) AZ10XT MicroChemicals GmbH
Developer AZ 726 MIF MicroChemicals GmbH
SU-8 Developer Mr-DEV 600 Micro resist technology GmbH
Developer A7 400K MicroChemicals GmbH
Polymer support layer (transfers) PMMA A4 950 K MicroChem Corp.
Positive Photoresist Developer OPD 4262 Fujifilm

Photoresist stripper MicroStrip 2001 Fujifilm

Aluminum ALD-precursor
NMP-based solvent stripper
Al etchant (for Al,O5 etch)

Trimethylaluminum (663301-25G)
Remover PG
TecniEtch Al80

Sigma-Aldrich
Kayaku Advanced Materials
MicroChemicals GmbH
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Table D5 Microfabrication equipment list.

Description Name/Model Manufacturer Location
Oven for dehydration UT6060 Heraeus CNM
Oven for PI hard-bake N 67 Ovenvan CNM
Spin coater WS-650Mz-23NPPB Laurell Technologies ICN2
Spin coater Delta 20 (AZ/HiPR) Karl Siiss CNM
Spin coater Delta 80 (for SU-8) Karl Siiss CNM
Ultra-sonic bath Elmasonic P 180 H Elma Schmidbauer GmbH ICN2
Atomic layer deposition Savannah S100 Cambridge nanoTech Inc. ICN2
(ALD)
Photolithography =~ Mask MAG6 & MA/BA6 Karl Siiss CNM
aligner
Metallization (e-beam evap- ATC-8E Orion AJA International Inc. ICN2
orator)
Metallization (e-beam evap- UNIVEX 450B Oerlikon / Leybold CNM
orator)
Oxygen plasma asher Gigabatch 360M PVA TePla AG CNM
UVO-cleaner Model-30-220 Jelight ICN2
Inductively-coupled reactive-ion etching PlasmaPro Cobra 100 Oxford Instruments ICN2
Deep reactive ion etching (AlOx etch)  SI 500 I Sentech CNM
Deep reactive ion etching (probe/Gr AMS 110 DE Alcatel CNM
etch)
Annealing oven (vacuum an- Home-made vacuum oven Pfeiffer Vacuum ICN2

neal)

equipped with Turbo HiPace

300 and 5 inch hotplate

MoS:-FET device analysis

Figure D13 SiOg-backgated MoSy-FET. (a) Schematic of FET architecture using the
285 nm dry thermal SiOy with highly p-doped Si++ as back-gate. (b) Transfer curve.



346 MoS, integration and transistor technology for flexible electronics

— 01V  S:WI/L=4000 M: W/L = 7200 L: W/L = 10000

los (uA)

lps (A)
los (HA)

Ips (A)
los (MA)

lps (A)

saprrrsszrmreatheaibed i
I |

40 o0 10 20 0 10 20 0 10 20
Ve (V) Vo (V) Vo (V)

Figure D14 Testing of rigid AlO,-encapsulated MoSe-FETs devices. Transfer characteristics
of 12 FET devices fabricated on the same chip with interdigitated source-drain contacts of
different W/ L-ratios: 4000 (S), 7200 (M), 10000 (L). Transfer curves are shown for varied
source-drain voltages Vpg, as indicated, and represented in both logarithmic scale (left, full
lines) and linear scale (right, dashed lines). Microscopy images of each device are given as
insets with 100 nm scale bar.
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Figure D15 Rigid AlO -encapsulated MoSe-FET on/off current statistics of devices shown
in Fig. D14. 25th/75th percentile boxplots for 6 small size (W/L = 4000) , 8 medium
size (W/L = 7200), and 5 large size (W /L = 10000) interdigitated FETs fabricated on the
same chip. The top graph shows I,, and I,f; currents extracted from the transfer curves
at Vg = 20V (on-state) and Vi = —10V (off-state), respectively, and the bottom shows
corresponding I,y /I,, ratio. No clear trend of increasing I,,-current with W/L can be
observed. Possibly, the larger device areas for increased W/L result in higher probability of
fabrication-related channel defects, which degrades the intended current output enhancement.
Devices with W/L = 4000 and smallest area footprint show the highest I,,,/I,,-ratios beyond
103.



348 MoS, integration and transistor technology for flexible electronics

Vps (V) ObI2-GMO1| | . >10° OblI3-GM02 | , . > 10° Obl3-P07B+ 200

0.5 lpg ~ 0.02 sz/(VSV— Lpg ~0.014 cmZ/(Vj/
SS = 3833 mV/dec SS = 3287 mV/dec

-5
10 g —01 3 —~~
~~ |
. —0.05
< 10°7 e
N—"
2107 4 lonllogr > 10° -100
- 3 Hpe ~ 0.05 cm?/(Vs)y -2
10 4 SS = 3857 mV/dec L
9 i "‘_.’”
10 E V=16V
q ; ; ‘_‘\ 3 T T I L T T L LI 0
107 4 1yl > 10° Obl2-GMO5| |\ . 102 ObI3-GMO04 | ), > 10° ObI3-POSE - 200
1 0'5 1 e ~0.30 cm?(Vs) o Meg ~ 0.05 CmZ/NSV— pe ~ 0.012 cm?/(Vs)
3 ss=3621 mVidee 22 SS = 3198 mV/dec SS = 4362 mVidec - —
< 10° -
< 107 é
o ] , n
_0 10 7 3 ¢ 100 a

9 ] . o
1074 Vr=23V " Vi=17V e
o S B Baaman 2 = e = O
10 4 Iyl > 10° Obl2-GMO7| 1, > 10° ObI3-GMO6 |, /1., > 10° ObI3-P09A | 200
5 3 ke ~ 0.25 cm?/(Vs) tge ~ 0.03 cm?/(Vs) o Lge ~ 0.075 cm%/(Vs)
10™ 3 ss = 2046 mvidec SS = 3368 mV/dec SS = 3092 mV/dec ! —
~~ |
-6
< 10°- )
»n 7 1 | ~
a 107 4 100
10°® < ]
9 ] o %
O 2y i Rt g AN
B L ‘ LI ‘ L ‘ L T LI ‘ LI T T T T T T T T T T
10 4 1 /1y > 10° ObI2-GM11| |\ . 40 ObI3-GMO§ | , . ;o0 Ohl3-P16Ct 200
5 1 e ~ 0.21 cm?(Vs) o pg ~ 0.06 cm?/(Vs), S peg ~0.15 cmzl(Vs)/
107 = ss - 2482 mvideo g o |

SS = 3329 mV/dec SS = 3232 mV/dec”

/

¢S

IDS (A)

s (HA)

10-97§ 2 Vr=28V _ jeee=" VT=1-3V..~“..
L B o e S SLANLAN B e e e b e O
9 6 3 0 3 6 9 6 -3 0 3 6 9 6 -3 0 3 6
Vs (V) Vs (V) Vs (V)

Figure D16 Flexible AlO -encapsulated MoSs-FETs device testing. Transfer characteristics
of 12 FET devices fabricated on two different wafers (Obl-2, Obl-3) on polyimide with
interdigitated source-drain contacts (W/L = 3000). Transfer curves are shown for varied
source-drain voltages Vpg, as indicated, and represented in both logarithmic scale (left, full
lines) and linear scale (right, extenuated lines).
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DUT B: defe

Figure D17 FIB cross-section failure analysis of flexible ECoG probes. (a) Photograph of
flexible probe during peeling from carrier wafer. The process induces bending stress/strain
and might be a reason for device degradation/failure. (b) FIB cross-sections cut into the
devices under test (DUTs) were analyzed by SEM imaging. These devices were tested after
peel-off and after electrical "dry"-testing of the MoSe-FETs in air. In the electrical testing
DUT A and DUT B had been previously identified as functional and defective, respectively.
The layer delamination observed in DUT B explains the electrical non-functionality.
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352 MoS, integration and transistor technology for flexible electronics

Figure D18 Floor noise benchmarking for time-division multiplexing with external and
integrated switches. (a) Schematic circuits of a row of n columns of externally switched
Gr-SGFET sensors (top) and on-site switched MoSs-FET /Gr-SGFETs sensors (bottom).
(b) Frequency-dependent power spectral density (PSD) of de-multiplexed channels of an
externally switched 1 x 5 Gr-SGFET-only array and on-site switched 1 x 5 MoSg/Gr-SGFET
array. The on-site switched array shows reduced floor noise thanks to noise cancellation by
the high-impedance, integrated MoSs elements [605].
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