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Abstract

Strain is an inevitable phenomenon in two-dimensional (2D) material, regardless of whether
the film is suspended or supported. Moreover, strain is known to alter the physical and chem-
ical properties, such as the band gap, charge carrier effective masses, dielectric properties,
chemical reactivity, and many more.

One example is the metal-2D material junction, where the interaction at the interface between
the contact electrode can be significantly altered by strain. Moreover, the response to strain
varies depending on the contact material used. In this study, we explored different substrate
roughness levels and investigated the interface properties between monolayer MoS; and metal
using X-ray photoelectron spectroscopy, atomic force microscopy, and Raman spectroscopy.
Furthermore, to enable the direct measurement of strain response, I successfully developed
ananoindentation system integrated with a scanning tunneling microscopy (STM) sample
holder. The system allows for in-situ reversible control of strain and gate electric fields.
It utilizes a gearbox and a piezoelectric actuator, providing precise control of indentation
depth at the nanometer level. The 2D materials are placed on a flexible polyimide film to
ensure mechanical stability, and a Pd clamp is used to improve the transfer of strain from
the polyimide to the 2D layers. The small size of the sample holder (~160 mm? x 5.2 mm)
makes it compatible with a broad range of measurement systems, including atomic force
microscopy and Raman spectroscopy, in addition to STM. By employing the novel approach
described above, the study has successfully observed atomic precision strain responses of 2D
materials like graphene and monolayer MoS,. In their relaxed states, strain mostly arises from
local curvature caused by the polyimide surface roughness. However, when the materials are
under strained conditions with tented structures, lattice parameters become more sensitive to
changes in indentor height, leading to additional stretching strain. The indentation system
allows for further adjustments to the indentor and sample configuration, which enable the
application of uniaxial strain for measuring the Poisson’s ratio.

As a future perspective, we identify existing challenges related to performing local spectroscopy
and research topics on defect in-gap states in monolayer MoS;.

Keywords: strain, scanning tunneling microscopy, two-dimensional materials, graphene,
monolayer MoS,, Poisson’s ratio, metal contact, gate






Zusammenfassung

,Strain®, ist ein unvermeidliches Phianomen in zweidimensionalen (2D) Materialien, unabhin-
gig davon, ob der Film freitragend oder gestiitzt ist. Des Weiteren ist bekannt, dass Strain/Ver-
formung die physikalischen und chemischen Eigenschaften, wie z.B. die Bandliicke, effektive
Massen der Ladungstriger, dielektrische Eigenschaften, chemische Reaktivitdt und vieles
mehr, verandern kann.

Ein Beispiel hierfiir ist die Grenzflache zwischen Metall und 2D-Material, bei der die Wech-
selwirkung an der Grenzfldche zur Kontakt-Elektrode durch Verformung erheblich verdndert
werden kann. Die Wirkung der Verformung variiert je nach verwendetem Kontaktmaterial. In
dieser Arbeit wurden unterschiedliche Rauigkeitsgrade von Substraten untersucht und die
Grenzflicheneigenschaften zwischen monolagigem MoS; und Metall mithilfe von Rontgen-
photoelektronenspektroskopie, Rasterkraftmikroskopie und Raman-Spektroskopie analysiert.
Dariiber hinaus wurde erfolgreich ein Nanoindentationssystem entwickelt, das in einen
Rastertunnelmikroskopie-(STM)-Probentrédger integriert ist, um direkt die Reaktion des Ma-
terials auf die Strain-Belastung zu messen. Das System ermdoglicht eine reversible in-situ
Kontrolle von Strain und Gate-Spannung. Der Probenhalter ist eine Kombination aus einem
Getriebe und einem piezoelektrischen Aktuator, wodurch eine prizise Kontrolle der Eindring-
tiefe im Nanometerbereich gewahrleistet werden kann. Die 2D-Materialien werden auf einem
flexiblen Polyimidfilm platziert, um mechanische Stabilitdt zu garantieren. Es wird eine Pd-
Klemme verwendet, um die Ubertragung von Verformung vom Polyimid zu den 2D-Schichten
zu verbessern. Die geringe Grof3e des Probentrégers (~160 mm? x 5,2 mm) macht ihn mit
einer breiten Palette von Messsystemen kompatibel, einschlief$lich Rasterkraftmikroskopie
und Raman-Spektroskopie, neben STM. Durch die Anwendung des oben beschriebenen neu-
artigen Ansatzes wurden erfolgreich Verformungsreaktionen von 2D-Materialien wie Graphen
und monolagigem MoS; mit atomarer Pridzession beobachtet. Im relaxierten Zustand ent-
steht Verformung/Strain hauptsichlich durch lokale Kriimmung, die durch die Rauheit der
Polyimid-Oberfldche verursacht wird. Wenn die Materialien jedoch unter Spannung stehen,
reagieren die Gitterparamter empfindlicher auf Anderungen der Identorhéhe, was zu einer
zusétzlichen Streckspannung fiihrt. Das Indentationssystem ermdoglicht weitere Anpassungen
am Stempel und der Probenkonfiguration, die die Anwendung von uniaxialer Verformung zur
Messung des Poisson-Verhiltnisses ermdéglichen.

Die lokale Spektroskopie unter Spannung stehender 2D Materialien sowie die elektronischen
Zustidnde in Defekten von MoS, Monolagen sind interessante Fragestellungen zukiinftiger
Untersuchungen.
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Zusammenfassung

Schliisselworter: Verformung, Rastertunnelmikroskopie, zweidimensionale Materialien, Gra-
phen, monolagiges MoS,, Poisson-Verhiltnis, Metallkontakt, Gate
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|§ Introduction

A material changes its size in response to an external force. In case of crystalline materials, the
force supplies the requisite energy for changing the length of atomic bonds inside the lattice
structure. Since the lattice structure is responsible for determining a material’s properties,
deformation signifies not only a change of size but also concurrent changes in all properties.

Compared to 3D bulk materials, 2D materials exhibit increased susceptibility to deformation.
When supported by a substrate, deformation is induced by surface morphology, resulting in
out-of-plane bending strain [1], or by lattice mismatch, which causes a moiré pattern with
an in-plane periodic strain distribution [2, 3]. Even when suspended, 2D materials display
a complex landscape of corrugations rather than a simple planar surface [4], incorporating
substantial built-in elastic strain. As a consequence, it is essential to consider strain effects
when investigating various phenomena and properties of 2D materials or their utilization in
the development of future straintronics.

2D materials, such as monolayer TMdCs, feature atomic-scale thickness, sizable electronic
bandgap, and strong spin-orbit coupling [5]. Furthermore, due to their superior flexibility,
they are able to endure strain up to 10% before breaking [6]. Strain can modulate various
properties such as the bandgap [1, 7], spin-orbit coupling [8], thermal conductivity [9, 10],
effective masses of charge carriers [11], the energy barriers for structural phases [12, 13] and
the catalytic efficiency for hydrogen evolution reactions [14, 15]. Moreover, an electrostatic
gate can control the charge-carrier concentration and mobility of 2D materials [16]. The
simultaneous application of strain and doping may drive the phase transition from the ther-
modynamically stable 2H phase to other phases, such as 1T’ [17], H’ [18], or 1S phases [19],
with the reduced transition energy barrier [12, 13]. Each phase has its unique properties,
such as direct optical bandgap [20], chemical reactivity [21], or non-trivial topological states
[17]. As a result, monolayer TMdCs with ample scope for elastic strain engineering are good
candidates for developing future applications such as flexible electronics and optoelectronics
[22-24], mountable physiological monitoring devices [25, 26], flexible energy storage systems
[27-31], and catalysis [32-35].



Chapter 1. Introduction

Optical methods such as Raman spectroscopy and photoluminescence are routinely employed
to characterize strain effects on 2D materials [36]. By using a bending apparatus with a
2D material transferred onto a flexible substrate, strain can be inferred from the physical
geometric structure and compared with the strain-induced change in the spectrum [37, 38].
However, optical methods suffer from limited spatial resolution, with observed strain effects
being averaged over a finite beam size of around half a micrometer. Given that strain varies at
the nanoscale, the direct observation of the electronic structure at the atomic scale is required
to characterize the impact of strain on individual atoms. In this regard, STM is an ideal tool for
understanding strain effects at the atomic level. STM allows us to obtain atomic-resolution
images of the lattice structure of 2D materials, and STS enables the measurement of their
local density of states. The use of STM in this manner allows the strain on 2D materials to be
calculated by the length changes in lattice constants and then be compared with and directly
correlated with their band structures.

Numerous strategies have been implemented to apply strain to 2D materials for STM mea-
surements. Some approaches involve patterning the substrate with tailored nanostructures
[39, 40] or millimeter-sized wedges [41], which can apply a strain up to 3% to 2D materials.
Additionally, an electromechanical device controlled by the piezoelectric effect can be used
to apply a uniform and controllable biaxial compressive strain of up to 0.2% to trilayer MoS,
[42]. Another method involves gluing bulk crystals of 2H-MoSe, onto two ends of a movable
bridge controlled by piezoelectric devices, which can apply a uniaxial strain of around +3%
[43]. However, the technical limitations of these approaches have constrained the amount
of strain that can be applied. To overcome these limitations and achieve greater control over
the application of strain, a dual-probe STM setup has been developed and used to directly
measure the deformations induced by one STM probe on free-standing few-layer graphene,
providing a way to apply strain until 2D materials break [44, 45]. Nonetheless, this approach
has posed challenges for monolayer samples due to the challenge of maintaining stability. As
aresult, the integration of STM with strain-controllable devices for atomic-scale thickness 2D
materials has not been realized, owing to the stringent requirements for compatibility with
cryogenic temperatures, ultra-high vacuum, and mechanical stability.

In this thesis, I present the development of a new nanoindentation system for subjecting 2D
crystals to controllable strain and gating inside the low temperature STM. Employing this
technique, I examined the strain response of 2D materials, including monolayer MoS; and
graphene, with atomic precision. The thesis is organized as follows: Chapter 2 reviews the
progress of strain engineering from the 3D semiconductor industry to 2D materials such as
graphene and monolayer MoS,. In Chapter 3, I explain my design concept for the nanoin-
dentation system and the working principle of STM, as well as other experimental systems,
including XPS, AFM, and Raman spectroscopy, used throughout this thesis. The analysis for
lattice parameters and local curvature for calculating the strain is also presented. Chapter 4
details our methods for transferring polyimide, metal deposition, and the usage of the strain-
and gate-controllable STM sample holder. Chapter 5 demonstrates the performance of the
strain- and gate-controllable STM sample by examining the strain response of monolayer



MoS; and graphene from both the macroscopic scale using AFM and Raman spectroscopy and
from the atomic scale using STM. Chapter 6 continues to present our experiments to measure
the Poisson’s ratio of 2D materials, including graphene, and monolayer MoS,, by modifying
the shape of the indentor to deform 2D materials in the uniaxial direction. In addition to
STM results obtained from the nanoindentation system, Chapter 7 presents my work on
engineering the strain applied to monolayer MoS, by controlling the contact metal surface
roughness to characterize the interface interactions and contact behaviors. Finally, I conclude
the thesis and provide a future research outlook and discuss the challenges associated with
measuring local spectroscopy.






4 Background

The manipulation of lattice structure profoundly influences the physical and chemical prop-
erties of crystalline materials. Even small variations in the lattice parameters, as little as 1%,
can substantially affect the material’s behavior. Based on this concept, strain engineering
has emerged as a potent technique for tailoring the properties of materials, enabling the
transformation of conventional materials into artificially engineered ones with optimized or
unusual properties distinct from their strain-free states [46].

In the semiconductor industry, strain engineering has revolutionized electronic device de-
sign and fabrication, enhancing performance and functionality [47, 48]. Strained silicon
technology, for instance, has significantly contributed to non-classical scaling, which has
delayed Moore’s Law over the past two decades [49, 50]. The band structure modification in
strained silicon resulted in a reduction of the effective mass of charge carriers, leading to a
remarkable enhancement of carrier mobility by several hundred percent [51]. Although such
piezoresistance effect was demonstrated as early as 1954 [52], it was not until the early 2000s
that mass-scale production was realized [53]. In addition to transistors, strain engineering
in 3D semiconductors has also found extensive applications in lasers, detectors, and various
optoelectronic devices [47, 54, 55].

Recently, strain engineering has been extended to encompass 2D materials, which exhibit
unique and attractive electronic, mechanical, magnetic, optical, and catalytic properties, all
of which can be further enhanced through strain manipulation. Various techniques have
been developed for applying strain to 2D materials and characterizing the strain effects.
Furthermore, the potential for designer stacking and twisting 2D materials in their van der
Waals heterostructures can be exploited to create much richer and more exotic deep elastic
strain engineering than that of 3D materials [46].

This chapter provides an overview of strain engineering, reviewing techniques, and strain
effects, beginning with those from the 3D semiconductor industry and extending to the 2D
materials, with a focus on graphene and monolayer MoS,. Subsequently, we will see that
through the development of synthesis methods, strain application, characterization of strain
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distribution, measurements of local strain-induced properties, and theoretical predictions,
researchers have attained unprecedented control over the physical and chemical properties of
these atomic sheets. This controllability has unveiled exciting opportunities for applications
across a broad spectrum of scientific and technological fields.

2.1 Strain Engineering in 3D Semiconductor Industry

The semiconductor industry has had a significant impact on the global economy. It has
undergone remarkable technological advancements in the past six decades, resulting in the
development of smaller and more powerful electronic devices. Moore’s law has quantified the
progress of silicon complementary metal-oxide-semiconductor (CMOS) field-effect-transistor
(FET) technology, describing how the number of transistors on a given area of silicon doubles
with each technology generation on a one to two year cycle. However, as the technology
roadmap approaches its limit, conventional structures and processes for down-scaling CMOS
transistors are becoming increasingly challenging to implement. Additionally, aggressive
down-scaling of transistors leads to an increase in power density, off-leakage current, and
carrier mobility degradation.

Strain engineering is one of the promising techniques for further enhancing device perfor-
mance beyond the limits of conventional scaling [48, 50, 56]. Strain can modify the silicon
band structure to reduce the effective mass of charge carriers, leading to a remarkable mobility
enhancement by several hundred percent [51]. Innovative techniques such as compressive
and tensile stressed silicon nitride top layers [57], global biaxial strain [58], local uniaxial
strain by stressors [59], and even strain induced by defects [60] have been developed and
incorporated into conventional CMOS technology. Among these techniques, epitaxial growth
has proven to be the most successful approach, allowing for direct engineering of the lattice
parameter on the starting substrate prior to device fabrication. The GeSi alloy system, in
particular, offers precise control of the lattice parameter by regulating the composition during
epitaxial growth, ranging from that of Si (0.543 nm) to that of Ge (0.566 nm). This method
enables subsequent layers of Si grown on relaxed GeSi alloy layers to experience biaxial tensile
strain. This global strain approach offers significant advantages, including well-controlled
magnitude and uniformity of strain and the use of standard device fabrication steps, resulting
in significant improvements in both electron and hole mobility [58, 61].

Alternatively, process-induced local strain can be applied in the channel region by selective
epitaxy growing strained GeSi layers as a stressor material within the source/drain regions. The
resultant uniaxial compressive strain to the Si channel region has led to a 50% improvement
in hole mobility [53]. As semiconductor technology has progressed, various strategies have
been employed to further enhance this uniaxial process-induced strain, including increasing
the Ge content, positioning the GeSi stressor toward the channel, altering the recess geometry,
or utilizing strained gate material [62]. Due to diminishing effectiveness of localized stressors
with each successive technology generation, a combination of biaxial and uniaxial strain in
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the Si channel has also been employed through the conversion of biaxially strained layers via
elastic relaxation [63], providing an effective way for future scaling in the sub 10nm regime.

2.2 Strain Engineering in 2D Materials

Elastic strain engineering (ESE) is an innovative approach that has gained considerable atten-
tion in the field of strain engineering, particularly for its potential applications in 2D materials
[64]. Unlike brittle bulk crystals, where bulk defects and surface imperfections limit the ulti-
mate strain, the atomic thickness and in-plane covalent bonding of 2D materials render them
highly resistant to inelastic relaxation and amenable to an increased strain and, therefore
a wider ESE process space. ESE facilitates flexible, continuous, and reversible modulation
of material properties and even results in the emergence of unprecedented functionalities.
Furthermore, the large strain in 2D materials can lead to phenomena such as the pseudo-
magnetic field in highly strained graphene [65], and the phase transition in transition-metal
dichalcogenides [12].

In 2D materials, the atomically thin nature allows for the implementation of various strategies
to introduce strain. Lattice mismatch, for instance, can be employed in lateral or in-plane
heterostructures. In monolayer WSe,—MoS; lateral heterojunctions, both tensile and com-
pressive strain can be induced in the epitaxial MoS; region [66]. For in-plane WSe;-MoS;
heterojunctions, Moiré patterns emerge with strain distributions induced by lattice mismatch.
Such strain resulting from lattice mismatch is inhomogeneous, with the highest concentration
at the center of the mismatched interface, gradually decreasing farther from the interface [67].

Owing to the van der Waals forces between 2D materials and substrates, unwanted bubbles
can emerge at the interface through the aggregation of water and hydrocarbons during the
assembly process [68]. These bubbles give rise to surface fluctuations in 2D materials, which
induce out-of-plane strain. Alternatively, they can be generated deliberately by modulating
the pressure differences in 2D materials suspended on the cavity [69, 70]. The 2D material
exhibits either upward or downward bulging, corresponding to tensile or compressive biaxial
strain. The pressure can be well controlled, allowing for continuous and reversible strain.

Flexible substrates have aroused great interest in inducing strain in 2D materials because such
a combination can be used to develop flexible electronics [5]. For instance, wrinkles can be
produced by pre-stretching flexible substrates with different elastic moduli than 2D materials
[2, 71]. The strain induced by wrinkles is inhomogeneous, with the highest concentration at
the hills or valleys, typically ranging from 1-2%, depending on the radius of curvature [72, 73].
On the other hand, stretching strain can be induced by heating flexible substrates with higher
thermal expansion coefficients than 2D materials [74], although the induced strain could
gradually release as temperature decreases or during long-term sample storage. Additionally,
flexible substrates can transfer the strain to 2D materials through mechanical bending using a
two-point or four-point fixing apparatus [37, 75]. The induced bending strain is uniaxial and
homogeneous and can be controlled precisely and reversibly within a critical range of 0.6-3.2%
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[37, 38, 75-81]. The use of polymers with high Young’s modulus is preferred as it increases
the strain transfer efficiency [82, 83]. Nonetheless, the weak van der Waals forces may cause
the slippage of 2D materials during the bending processes [79]. Therefore, it is important
to clamp the edges of 2D materials by either metal deposition [78] or chemical bonding [79]
when inducing larger strain.

Piezoelectric substrates represent another method for precisely inducing strain by controlling
the applied electric field [84]. This can be achieved by using the deformation caused by the
Poisson’s effect in the plane perpendicular to the field, subsequently producing a uniform
biaxial strain in 2D materials. However, the maximum strain achieved remains limited to
around 0.2% due to the small travel range of piezoelectric components [42]. Analogous to
the bending method using polymers, this structure also requires an interface interaction to
achieve a larger strain transfer efficiency. To fully exploit the limited travel range, 2D materials
can be utilized as a bridge connecting two movable piezoelectric parts, thereby applying a
uniaxial strain of up to +3% [43].

Transferring 2D materials onto patterned substrates is also widely used to induce strain.
Techniques such as ion-beam sputtering, photolithography, electron-beam etching, and self-
assembly have been employed to modify the surface of either flexible or rigid substrates,
resulting in the formation of unique surfaces exhibiting periodic ripple [85], nanocone [86], or
nanopillar [87-89] structures. Utilizing patterned substrates has the advantage of maintaining
2D materials in a consistent local strained configuration, facilitating scalable production or
characterization methods [90]. Furthermore, the bending strain is closely related to the mor-
phology of the patterned substrates, allowing for engineering the strain-induced properties by
altering nanostructure patterns [91].

AFM has been used to induce strain in 2D materials through local deformation resulting from
direct tip-sample contact, so-called nanoindentation [6, 92]. Typically, this method involves
suspending 2D materials onto the holey surface of a rigid substrate with a carefully designed
structure. This approach offers a unique opportunity to apply strain to 2D materials until they
eventually fracture. However, it should be noted that the induced strain is highly localized and
inhomogeneous, occurring predominantly around the indentor area [92]. While the scalability
of this method may pose a challenge, it remains a valuable approach for characterizing the
effect of high strain on 2D materials.

The aforementioned methods, ranging from lattice mismatch, bubbles, bending, piezoelectric
and patterned substrates to nanoindentation, can further synergize with other techniques, in-
cluding defect engineering [93, 94] and doping engineering [95]. Moreover, they can combine
with the recent van der Waals heterostructure engineering, such as controlling the number
of layers, stacking materials, and twist angles [96-98], to optimize the emergent physical
phenomena in 2D materials. Such a wide range of uses of elastic strain engineering opens up
endless possibilities for tailoring material properties.



2.2 Strain Engineering in 2D Materials

In the following sections, I will continue to review the strain-induced changes and phenomena
in 2D materials by taking graphene and monolayer MoS; as two classic examples.

2.2.1 Graphene

Ever since the isolation of graphene, an atom-thick layered form of graphite, by Novoselov and
Geim in 2004 [99], graphene and its derivatives have provided groundbreaking insights, such
as being the strongest material ever discovered [92], having high electron mobility [99] and
thermal conductivity [100], and exhibiting quantum hall effects [101]. In recent years, research
into twisted bilayer graphene has continued to reveal intriguing collective electronic phases,
such as correlated insulating states [102], superconductivity [103], and ferromagnetism [104],
among others. Applications for graphene have been diverse, encompassing supercapacitor
development [105, 106], incorporation into composite material [107], cancer treatment [108—
110] and flexible sensors [111].

The impact of strain on a multitude of graphene properties has been extensively explored.
For instance, it has been shown that tensile strain leads to softening of the in-plane phonon
mode, which is the critical factor in decreasing graphene thermal conductivity [112]. This
softening causes a reduction in phonon group velocities, with the most significant decrease
observed under biaxial tensile strain. Conversely, tensile strain causes the stiffening of out-of-
plane phonon modes with a decrease in phonon scattering, which is manifest in the thermal
conductivity of strained graphene [113].

Strain can also affect the Raman spectra of graphene [114]. In the case of uniaxial strain,
a reduction in graphene’s symmetry would result in the splitting of the Raman modes, for
example G band [38]. The two split G bands exhibit distinct shift rates relative to each other
and also depend on the strain applied along either the armchair or zigzag direction [115]. In
contrast, under biaxial strain, only redshifts have been observed due to the preservation of
graphene’s symmetries [116].

Additionally, theoretical predictions have indicated that combining charge carrier doping
of 5 x 10'* cm™2 with a biaxial tensile strain of 12% can substantially enhance electron-
phonon coupling by softening the phonon modes, thereby transforming graphene into a BCS
superconductor with a critical temperature of ~30 K [117].

Alternatively, strain has been proposed as an effective approach to facilitate the self-assembly
of adsorbed hydrogen atoms on graphene [118, 119]. Compressive strain-induced ripples in
the graphene lattice increase the chemical reactivity of carbon atoms situated in regions with
high curvature. These specific sites become preferential for hydrogen adsorption, and this
principle can be extended to the self-assembly of other adatoms, including E CI, and O [120].

One of the drawbacks of graphene, however, is the lack of an inherent energy gap in graphene,
which limits its use in semiconductor applications such as transistors and optoelectronic
components. Consequently, generating a controllable gap in graphene has been a long-
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Figure 2.1: STM images and STS spectra of graphene nanobubbles. (a) Graphene monolayer
patch on Pt(111) with four nanobubbles at the graphene-Pt border and one in the patch
interior (Inset). (b) STS spectra of bare Pt(111), flat graphene on Pt(111), and the center of a
graphene bubble. Reprinted from [65].

standing objective, pursued through various approaches, including substrate interactions
[121, 122], surface adsorption [123, 124], defects [125, 126], or strain [127]. For the direct
strain method, a significant uniaxial strain of ~23% along the zigzag direction is required
to create a gap, which poses a practical challenge. An alternative strategy for introducing
a gap in graphene involves designing a non-uniform strain distribution, which can lead to
an effective gauge field in graphene, generating a pseudomagnetic field and subsequently
resulting in Landau quantization and quantum Hall effect-like states [114, 128]. With finite
doping, graphene transitions from semimetallic to semiconducting with an insulating bulk
state when the Fermi level lies between the Landau levels. Initial experimental evidence
of pseudomagnetic fields induced by nonuniform strain fields in graphene nanobubbles
formed on a Pt(111) surface was obtained through STM/STS (Fig. 2.1) [65]. STS measurements
over the nanobubble regions revealed a series of distinct peaks separated by over 100 meV.
Fitting the STS spectra analogously to Landau levels in a real magnetic field yielded a uniform
pseudomagnetic field of approximately ~350 T.

Subsequent advancements were achieved by placing graphene on engineered nanostructures
[91, 129]. One of these demonstrations was made by transferring the graphene/hBN onto a
silicon surface with Pd tetrahedron nanocrystal (Fig. 2.2). In principle, this technique can gen-
erate giant pseudomagnetic fields of up to ~800 T, slow carrier dynamics, valley polarization,
and periodic one-dimensional topological channels for the protected propagation of chiral
modes. In comparison to randomly formed bubbles or wrinkles due to thermal expansion
mismatch, this method offers several advantages including room temperature compatibility,
promising optimization of strain, and long-term stability. This strain engineering approach
for manipulating graphene’s pseudomagnetic field properties lays the foundation for scalable
graphene-based electronics [130-133].
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(@

Pd tetrahedron

Si0, nanocrystal Graphene/BN

Figure 2.2: Graphene on engineered nanostructures. (a) Fabrication process. (b) AFM and
atomic resolution STM (inset) images of the distorted graphene. (c) STM images of the
distorted graphene. (d) Pseudo-magnetic field map calculated from the topography. (e) Tun-
neling conductance spectral difference relative to the Dirac spectrum of strain-free graphene.
Reprinted from [91].

2.2.2 Monolayer MoS,

In the process of trying to overcome the disadvantages of graphene, monolayer MoS, has
emerged as a popular subject of research, primarily due to its bandgap. It features additional
attractive properties, such as control over the bandgap, direct optical bandgap and strong
spin-orbit coupling [5, 134] and so on. Its superior flexibility also makes it a promising
candidate for strain engineering, with the ability to endure strain up to 10% before breaking
[6]. Similar to graphene, strain can modulate the thermal conductivity of monolayer MoS,
[9, 10]. Experimental and theoretical studies have demonstrated that monolayer MoS, under
tensile strain displays an observable redshift in the in-plane phonon peaks and a positive
Griineisen parameter, which indicates a reduction in thermal conductivity [37]. Moreover, the
strain-induced modification of the effective masses of charge carriers [11] in monolayer MoS,
has been characterized for its potential application as a channel material in developing next-
generation transistors. The reduced energy gap between conductive bands in Brillouin zone
space induced by strain decreases the intervalley phonon scattering, which in turn enhances
the mobility of the charge carriers [135].

The significant effect of strain on the interactions and hybridizations of the transition metal
d orbits and sulfur p orbits has made it an effective strategy for engineering the bandgap
structure and modulating the excitonic behavior [1, 136]. Specifically, the bandgap is observed
to decrease under tensile strain [1]. Remarkably, since the direct gap in monolayer MoS; is
only slightly lower in energy than the indirect gap, relatively small tensile strains (~2%) can
induce a direct to indirect gap transition, as demonstrated by photoluminescence spectra
[137].
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Membrane surface

Figure 2.3: Photovoltaic device based on indented monolayer MoS,. Non-uniform strain is
induced using an AFM probe at the center of the membrane. Incident light on the membrane
creates photogenerated electron-hole pairs that drift towards the region of most strain where
they are separated and travel to two electrodes, thus generating electricity. Reprinted from
[138].

It has been proposed that this strain-tunable bandgap could be exploited in a broad spec-
trum solar energy funnel by using nanoindentation to apply non-uniform strain. Exploiting
this [139], the non-uniform strain distribution induces a spatial variation in the bandgap,
which facilitates the absorption of a wide range of solar photons (Fig. 2.3). Furthermore,
the 1/r-like deformation potential results in a funneling effect so that neutral excitons are
concentrated toward the center with a reduced probability of recombination. Such tunable
artificial optoelectronic material is highly desirable for use in photovoltaics, photocatalysis
and photodetection [140].

The concept of a strain-induced exciton funnel was later realized experimentally by employing
capillary-pressure-induced nanoindentation in monolayer MoS; through a tailored nanopat-
tern (Fig. 2.4) [39]. This technique generates a spatially varying biaxial strain within the
monolayer MoS;. Under this strain distribution, the band gap of MoS, undergoes significant
variations, expanding the absorption bandwidth from 677 nm (unstrained MoS) to 905 nm
(highly strained MoS,). This wider range covers the entire visible wavelength spectrum and
most of the solar spectrum’s intense wavelengths, thereby forming an artificial optoelectronic
crystal. This innovative structure promotes broadband light absorption and optimizes the
funneling of photogenerated excitons towards areas of maximum strain located at the nuclei
of the artificial atoms. Although this achievement is already groundbreaking, it is worth noting
that the strains have not yet reached their breaking limits, suggesting that even larger band
gap variations could potentially be incorporated into such artificial crystals. This innovative
approach represents a novel class of materials with potential applications in next-generation
optoelectronics and photovoltaic technologies [23].
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Figure 2.4: Artificial atom in strained MoS; indented by SiO, nanocones. (a) Schematic. (b)
Cross-sectional scanning electron microscopy (SEM) image of the nanocone substrate. (c)
Tilted false-color SEM image of the 2D strained MoS; crystal defined by the nanocone array.

(d) AFM topography of the 2D MoS; strain crystal. (e) STM topography of a single "artificial
atom’ building block within the crystal. Reprint from [39].

Lattice constant b

Lattice constant a

Figure 2.5: TMdCs structural phase transition induced by mechanical strain. All three phases
consist of a metal (Mo or W) atom layer sandwiched between two chalcogenide (S, Se or Te)
layers. Each can be represented in a rectangular unit cell with dimensions a x b. (b) One way
in which the lattice parameters a and b of an MX, monolayer may be tuned is by virtue of an
underlying substrate. Reprint from [12].

13



Chapter 2. Background

Monolayer TMdCs can exist in multiple crystal structures, such as 2H, 1T’ [17], 1H’ [18], or
1S phases [19]. Each phase has its unique properties, for instance, direct optical bandgap
in 2H [20], chemical activity in 1T’ [21], or non-trivial topological states in 1H’ and 1S [17].
It has been theoretically shown that mechanical deformations provide a promising route
to reversibly switching thermodynamic stability between a semiconducting and a metallic
crystal structure (Fig. 2.5) [12]. Importantly, the value of the predicted strain is attainable in
the existing strain methods. Combining the strain with electrostatic doping may drive the
transition to other phases with a reduced barrier [13]. As a result, the potentially accessible

multiple phases of monolayer MoS, open up further possibilities for elastic strain engineering
[141].
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Figure 2.6: Strained sulfur vacancies in MoS, basal planes for hydrogen evolution. (a)
Schematic of the top (upper panel) and side (lower panel) views of MoS, with strained S-
vacancies on the basal plane, where S-vacancies serve as the active sites for hydrogen evolution
and applied strain further tunes HER activity. (b) Free energy versus the reaction coordinate
of HER for the S-vacancy range of 0-25%. (c) AGy versus %x-strain for various %S-vacancy,
ranging from 0.0% (pristine) to 18.75%. (d) Colored contour plot of surface energy per unit
cell y (with respect to the bulk MoS,) as a function of S-vacancy and uniaxial strain. Color
bar represents the value of y. The black lines in ¢ and d indicate combinations of S-vacancy
and strain that yield AGg = 0 eV, the optimal thermodynamic requirement for HER activity.
Reprinted from [14].

Monolayer MoS; has been the focus of considerable attention in the energy field due to its
electronic and optoelectronic properties, as well as its potential as a catalyst for the hydrogen
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2.2 Strain Engineering in 2D Materials

evolution reaction (HER) [14, 15]. HER reaction is crucial for producing sustainable and
environmentally friendly energy, necessitating the development of highly efficient and cost-
effective catalysts to replace Pt-based materials [142]. The edges of MoS; have long been
known as the active sites for HER [32, 33, 143-145]. In addition to edge sites, it has been
theoretically predicted and experimentally verified that the basal plane can also be activated
by introducing defects, and then the efficiency can be further optimized by elastic strain [14],
acting as a highly active and tunable catalytic site (Fig. 2.6). This enhancement of catalytic
activity is attributed to the introduction of new bands by S-vacancies and the reduction of
the bandgap under strain. It has also been found that biaxial tensile strain can enhance
HER activity more effectively than uniaxial tensile strain, while compressive strain decreases
HER activity [146]. Taking advantage of the basal plane, previously thought inert, presents a
huge breakthrough because it enables an increase in active site density with one additional
dimension. By employing the strain as an additional tool for optimization, the structure can
maintain long-term stability with only a negligible decrease in catalytic activity over numerous
cycles. Additionally, 1T-phase MoS,, which can be produced by chemical exfoliation or strain,
has also proven to be effective for catalysis [34]. Therefore, the elastic strain engineering
of catalytic activity of monolayer MoS; for the HER process offers significant potential for
advancing efficient and cost-effective catalysts [147].

2.2.3 Remark

To date, the atomic scale examination of the effect of strain on various material properties has
significantly enriched our understanding, although published work is limited. This insight
has helped to inform the development of methodologies aimed at enhancing control over the
diverse properties of these atomically thin layers.

In the forthcoming stage of research, it would be highly advantageous to acquire the capacity
to perform direct characterization of the strain response in 2D materials at the atomic scale,
extending elastically and reversibly up to their fracture limits. Although achieving this goal
may be challenging due to the inherent difficulties in simultaneously maintaining flexibility
and mechanical stability at low temperatures within UHV environments, such measurements
would yield invaluable insights, paving the way for advancements in the field of elastic strain
engineering.
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8] Experimental Methods

This chapter provides the reader with design principles of the strain- and gate-controllable
STM sample holder, the basics of STM, AFM, XPS, and Raman spectroscopy, which are used in
this thesis, and detailed descriptions of our analysis method to derive strain from changes in
local lattice parameters and curvatures.

3.1 Scanning Tunneling Microscopy

Basics

The working principle of STM relies on a simple concept: a single-atom-sharp metallic tip
is positioned in close proximity to a sample surface with a Vj, applied between the tip and
the sample. As the tip-sample distance approaches atomic dimensions (a few A), electrons
jump between the tip and the sample, generating a tunneling current. This current is highly
sensitive to the tip-sample distance, exhibiting an exponential dependence. For instance, in a
clean vacuum tunnel junction, the tunneling current decreases by one order of magnitude
when the tip-sample distance is increased by 1 A. This characteristic endows STM with its
atomic-scale lateral spatial resolution, as most of the tunneling current originates from the
terminal atom at the tip apex. Consequently, STM is also highly vulnerable to vibration and
electronic noise due to the small measured current (a few pA to nA).

By maintaining a constant tunneling current while scanning an unknown surface and adjust-
ing the tip’s height through a feedback loop, STM generates a 3D surface image. However,
interpreting STM images is not a straightforward process because the tunneling current is
influenced by both (1) the exponential dependence of the tip-sample distance and (2) the
contribution of the LDOS from the sample and the tip. As such, the tunneling current conveys
convoluted information about the actual surface contour and the electronic configuration
of the tip-sample system. Therefore, it is crucial to compare the observed features with
known crystal structures or theoretical models of the material under investigation for image
interpretation.

17



Chapter 3. Experimental Methods

Another notable feature of STM is its unique capability of performing local spectroscopy,
commonly called scanning tunneling spectroscopy (STS). STS can be conducted by fixing the
tip at a specific position on the surface and measuring the current as a function of V. The
differential conductance (dI/dV) curve represents the samples’ electronic structure, reflecting
electron tunneling to the unoccupied electronic states above the Fermi level or tunneling
from the occupied electronic states below the Fermi level. Therefore, STS is a powerful tool for
investigating the LDOS of a sample. Operating the STM at lower temperatures leads to STS
with enhanced energy resolution, owing to the reduced thermal broadening of electrons in
both the tip and the sample and improved stability.

For a comprehensive review of STM, please refer to [148-151].

Setup

Our home-built UHV STM working at ~4.8 K is constructed in Precision Laboratory in Max
Planck Institute for Solid State Research, Stuttgart, Germany, with a hugely reduced vibration
noise [148]. STM is communicated by Nanonis (Generic 5) and is operated in the constant
current mode throughout this thesis. The dI/dV spectra are recorded using a lock-in technique
with a modulation amplitude and frequency of 10 nV and 317 Hz, respectively. STM tip is
fabricated from the straight W wire with a diameter of 0.25 mm using an electrochemical
etching method [152]. Before introduction into STM, the tip is outgassed and then e-beam
heated to remove surface oxide in the preparation chamber. In-situ tip treatment is performed
before STM data acquisition.

3.1.1 Strain- and Gate-Controllable Sample Holder

Pd electrode

indentor

Figure 3.1: Design concept of a strain- and gate-controllable STM.
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3.1 Scanning Tunneling Microscopy

I have designed and developed a new STM sample holder to subject 2D crystals to controllable
strain and gating. Its working principle is based on the nanoindentation method [92, 153]
(Fig. 3.1). 2D materials are transferred using the wet etching method [154] onto a flexible
polyimide film and fixed, and then controllably deformed by the application of an indentor.
The polyimide film with a thickness of ~1 ym also served as the dielectric to enable the
electrical gating of the 2D materials. To form a gate structure, a Au layer is deposited at the
bottom of the polyimide film as a back contact, and a Pd electrode is deposited at the edge of
2D material.

24.8 mm Section A-B

A—>

piezoelectric
actuator

central gear
sample plate
side gear

Pd clamp |
F 2D material |
- polyimide/Au!

©-___ceramic plate |

Figure 3.2: Design of strain- and gate-controllable STM sample holder.

Fig. 3.2 shows the CAD schematic overview of our strain- and gate-controllable STM sample
holder. The basic principle of the strain application follows. An electrochemically etched W
tip is mechanically ground with an apex radius of a few um (red) and used as an indentor to
exert force on the 2D material (green). The 2D material is first transferred onto a polyimide
film with a thickness of ~1 um. Then, the 2D material/polyimide film is transferred and glued
to the ceramic sample plate with a central ~1 mm diameter circular aperture. The height of
the sample plate is controlled by the gearbox, while the height of the indentor is controlled by
the piezoelectric actuator. The strain is applied by controlling the relative positions between
the sample and the indentor by either lowering the sample plate or raising the indentor. The
keyhole-like Pd clamp with an inner diameter of ~0.5 mm and a thickness of ~30 nm deposited
at the edges of the 2D material enables efficient strain transfer from the polyimide film [78].

Combining a gearbox and a piezoelectric actuator enables a large travel distance with high
precision. A gearbox (orange and purple) is positioned inside the sample holder body (grey).
The gearbox design is based on a "differential adjusting" concept, as shown in Fig. 3.3. The
central gear (orange) has 100 teeth; its thread pitch at the outer and inner sides are 0.30 and
0.25 mm/revolution, respectively. As the sample plate (yellow) is not rotatable, the central
gear moves unequally in the opposite direction to the sample plate. Therefore, the sample
height, which depends on the difference between the central gear’s inner and outer thread
pitch, can be precisely controlled.
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0.30 mm/rev  0.25 mm/rev

tented

Figure 3.3: Design concept of the gearbox. The concept of differential adjusting is adopted
to enhance the precision of control. Rotation of the gearbox system is controlled by using a
wobble stick in situ inside the chamber. Relaxed and tented sample conditions at ~4.8 K. The
photograph of the assembled sample holder is shown in the bottom right.

Two side gears (purple), with three separated teeth that partly protrude outside the sample
holder body, are designed for the in-situ rotation using the wobble stick inside the UHV
chamber. Each separated tooth of the side gears enables the precise angular control of the
central gear tooth-by-tooth. As a result, the height of the sample plate can be positioned with
a travel range of ~120 um and a precision of ~1.4 um. Additionally, a circular piezoelectric
actuator (blue) is integrated and provides a travel range of ~1.8 ym with <1 nm precision
at room temperature. Such combination of gearbox and piezoelectric actuator allows for
controlling the distance between the indentor and sample continuesly with sub-nanometer
precision.

Fig. 3.3 shows the photographs of relaxed graphene/polyimide film with relatively low strain
and one with a teepee tent-like shape (referred to as "tented" below) in high strain, applied
using the gearbox-based control system. To go from the relaxed structure to the tent shape, the
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3.1 Scanning Tunneling Microscopy

central gear is rotated by one tooth of a side gear ~5 times. The photograph of the assembled
sample holder is shown in the bottom right of Fig. 3.3.

piezo +

Figure 3.4: Electrical contact pins for connecting the piezoelectric actuator, V, and Vg.

Four electrode pins are connected to the piezoelectric actuator (plus and minus, Fig. 3.4), Pd
clamp (for V},), and the deposited Au film at the bottom of polyimide (for V), respectively.

3.1.2 Data Analysis

Two different methods are utilized to determine the strain experienced by 2D materials in
atomically-resolved STM images: changes in lattice parameters and local curvatures.

The first approach focuses on determining the strain by examining changes in the position
of local lattice points. The main task is detecting and fitting the local lattice points in the
images converted by Fourier transformation. The second approach employs a pure bending
approximation to model the bending strain on the 2D material induced by the local curva-
tures. Therefore, the calculation of local curvatures by utilizing an appropriate mathematical
formulation has been developed. Further elaboration can be found in the text below.

To ensure reproducibility and reliability in data analysis, I have established a homemade
code based on MATLAB. The systematic characterization of strain using two approaches can
establish their cross-correlations, thereby providing a more comprehensive understanding of
the strain experienced by 2D materials.

A. Lattice Parameters

To obtain the local lattice parameters, the image is first divided into smaller areas, typically
with the physical size of ~1 nm x 1 nm (~30 pixel x 30 pixel). The choice of area size depends
on each image’s quality, which is determined by balancing the clarity of the reciprocal lattice
points with the resolution of the local strain. 2D fast Fourier transformation (FFT) converts
each area into reciprocal space. Before the FFT, the image is padded with zero to enlarge
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the converted image size, which improves the accuracy in the following fitting step. The
Hann function is used as the window for FFT to enhance frequency resolution and reduce
spectral leakage. Then, a Gaussian blurring on the FFT-converted image is performed to
reduce electronic noise for better detecting the lattice points. Bright spots in a smoothened
image are identified as lattice points when their intensities exceed a certain threshold. A sub-
image containing the bright spot is cropped and fit by a 2D Gaussian function with five fitting
parameters: the amplitude and two lateral widths and positions to determine the position of
lattice points with subpixel accuracy.

BN

Figure 3.5: Structure of the hexagonal lattice. Bravais lattice (left) and reciprocal space (right).
The green and black dots represent the Mo and S atoms, respectively.

For 2D materials with the structure of hexagonal lattice, such as graphene and monolayer
MoS; studied in this thesis, the locations of lattice points can be used to calculate local lattice
constants (a) in real space according to the equation: b = 47/(v/3a), where b is the length of
the reciprocal lattice vector. This equation can be understood by looking at Fig. 3.5, showing
the Bravais and reciprocal lattice structure of MoS; as an example. The two basis lattice vectors
describing the unit cell of MoS, Bravais lattice are:

a1=a(§,%),az=u(£,—l). 3.1)

2 2

Similarly, the unit cell of MoS; in reciprocal k-space can be described by the two basis recipro-

cal lattice vectors:
4n ( 1 V3 ) b Y 4 ( 1 V3 )
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3.1 Scanning Tunneling Microscopy

with the length magnitude of 47/(v/3a). They have the following relationship with each other:
ai-bj:2n5,~j, (3.3)

which leads to the equation used to calculate lattice constants. Note that there are three lattice
constants along three different directions in each local area.

After getting the lattice constants, they can be converted into the strains by referencing to
the intrinsic lattice constant. The intrinsic lattice constant, ay, is experimentally defined as
the local lattice constant at the unstrained area that has the largest magnitude of the radius
of curvature. The obtained intrinsic lattice constant will be around the median value in the
histogram of the lattice constant map because of the Gaussian distribution of local curvature.

Then, the strain, ¢, for each local area is calculated by:

a—dp
€=

x 100%, (3.4)
ap

which is equal to the changes in a compared to ay, expressed in the unit of %.

In practice, the image contains non-negligible noise that significantly decreases the visibility
of atomic corrugation. Therefore, the treatment for noise reduction is required. For this
purpose, two image processing methods before the analysis, including line-shift aligning and
FFT filtering, are performed. The shifts in the scan lines are calculated by taking the median
in each line. Then, the abrupt changes are identified in the median curve using penalized
contrasts. The values in those changing points are smoothed using the moving average filter.
The height offset in the misaligned scan lines is tuned according to the new median curve.
Finally, a band-pass filtering is applied to the whole image for noise reduction, which keeps
only the frequency components around the lattice points.

B. Principal Curvature

The maximum and minimum principal curvatures, k4 and k;,;,, respectively, of the image
are calculated as follows:

kmax=H+V H?2 +K,

kmin=H-V H?+K,

(3.5)

where H = %tr(s (p)) is mean curvature and K = det(S(p)) is Gaussian curvature, p, and S(p)
is shape operator at a point, p. The local radius of curvature (R) is chosen to be 1/k;,4y Or
1/kmin, depending on the absolute magnitude in which one is smaller, which has the higher
contribution to the bending effect for the 2D material.
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The radius of curvatures is converted into the strains, expressed in the unit of %, by using the
equation:

€= X 100%, (3'6)

R—1t/2
where ¢ is the thickness of the sample. In this thesis, ¢ is chosen to be 1 um for the polyimide
film and 0.65 nm for monolayer MoS; and 0.345 nm for graphene, which are the interlayer
distances of their bulk counterparts.

Analogous to the analysis of lattice parameters, the image processing before the curvature
analysis is required, including line-shift aligning, median filtering, and low-pass Gaussian
filtering. Image processing aims to reduce local surface corrugation coming from atomic
protrusion, defects, or adsorbates. Briefly, line-shift aligning is first performed to make the
surface smooth and continuous, similar to that done in lattice analysis. A median filtering
with a proper area size is applied to every pixel in the raw image to remove locally distorted
patterns such as defects and adsorbates. Each pixel value takes the median of neighboring
pixels within ~3 nm in diameter. Therefore, the spikes and high-frequency noise are reduced,
keeping only the surface morphology with low-frequency components. Finally, a low-pass
Gaussian filtering with a standard deviation of ~2 nm™! can be optionally performed to reduce
the high-frequency components further.

C. Cross Correlation

To compare the similarity between images of the STM topography, the calculated local lattice
parameter and curvature, the 2D cross-correlations are used based on the equation:

Yyl f 6y = fuplltx—u,y—v) -1l
(Cy [f (6 1) = fu)? Ly [1x— 1, y = v) = £12)05

Y(u,v) = (3.7

where y(u, v) is the correlation matrix, f and t are the two images to be calculated, £ is the
mean of ¢, and f is the mean of f(x, y) in the region under ¢. Note that the cross-correlation
coefficients are normalized to -1 and 1, corresponding to the perfect negative and positive
correlation, respectively.

3.2 Atomic Force Microscopy

Basics

As STM is limited to probing conductive surfaces, AFM was developed to measure non-
conductive surfaces [155]. AFM shares several fundamental aspects and components with
STM, such as vibrational isolation, scanning processes, and approaching mechanisms. AFM
tip, which is mounted at the end of a flexible cantilever, senses the force from tip-sample
interactions, resulting in a cantilever deflection and subsequently magnified through an
optical lever system [156]. AFM can be operated in intermittent contact mode, i.e. tapping
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mode, by using cantilevers with amplitude modulation. The tapping mode reduces the tip-
sample contact duration, thus minimizing perturbations to the sample. However, the tapping
mode does not entirely eliminate tip-sample force interactions. In each oscillation cycle,
the tip apex remains in close proximity to and in contact with the sample surface for a brief
period. Consequently, the tip undergoes attractive and repulsive forces. It has been shown
that the phase shift (A¢y) in the oscillation of the cantilever, caused by the tip-sample force
interactions, can be expressed as [157]:

Ay~ &2, (3.8)

k

where k is the cantilever spring constant, Q is the quality factor, and o = }_; 0F;/0z is the sum
of the force derivatives for all the force F; acting on the cantilever. A positive (negative) phase
shift occurs when the overall force acting on the tip is repulsive (attractive). When the overall
force derivative is predominantly influenced by surface stiffness and the tip is much harder
than the sample, the magnitude of phase shift is:

Ao = edES%, (3.9)

where E; is sample Young’s modulus, € is a number between 1.9 and 2.4, and a is the time-
averaged radius of contact area. Therefore, the phase images in tapping mode AFM can be
used to distinguish surface features of different stiffness.

Setup

Our AFM (Bruker, Dimension Icon, OLYMPUS tip, OMCL-AC200TS-R3) measurements were
conducted in tapping mode in air at room temperature. The image analysis was done by using
Gwyddion [158].

3.3 X-ray Photoelectron Spectroscopy

Basics

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique. It works by
bombarding a sample with X-rays, which causes the electrons in the sample to be emitted,
called photoelectrons. The kinetic energy of the photoelectron (E;,) can be used to calculate
the binding energy of the electrons in the sample (Eg) by: Eg = hv — Eg;;, — ¢, given the
knowledge of X-ray energy (hv) and spectrometer work function (¢). As Ep is unique for each
element in different chemical states, by measuring the kinetic energy and intensity of the
photoelectrons, XPS can determine the elemental composition, chemical environment, and
electronic structures. The surface sensitivity can also be controlled by adjusting the sample
surface angle relative to the detector. For example, when the sample surface is perpendicular
to the detection pathway, the surface sensitivity is reduced because more photoelectrons can
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come from the deeper region below the surface with a minimized scattering path.

Special care must be taken to avoid surface charging, which occurs more significantly when
the sample is bombarded with X-rays in a UHV environment. As the photoelectrons are
emitted, they leave net positive charges on the surface. These positive charges can attract
electrons from the surrounding vacuum, resulting in the reduced kinetic energy of photo-
electrons, which affects the data accuracy. The magnitude of shift depends on the properties
of the sample and the conditions of the measurement. For conductive samples, usually a
proper ground connection is sufficient. For less conductive samples, the charging effect must
be compensated using a low-energy electron flood gun that neutralizes the surface charge.
Nonetheless, when analyzing XPS spectra, it is important to select an appropriate charging ref-
erence peak for energy scale correction. The peak should be from a highly abundant element
in the sample and well-resolved with a high signal-to-noise ratio, such as peaks coming from
the decorated Au pad on the sample surface instead of adventitious carbon coming from the
surface contamination [159].

To interpret a XPS spectrum, peak deconvolution is required, which can be complex and
require a good understanding of the sample configuration and technique to ensure accurate
data analysis. Peak deconvolution is necessary because, in the region of interest, the XPS
spectrum could have overlapping peaks from different elements present in the sample.

Here are some general steps to perform peak deconvolution:

1. Identify the origin of peaks of interest, including the elements, oxide state, and sur-
rounding environments.

2. Fixthe conditions of fitting parameters, such as the relative peak separation and intensity
between spin-split peaks and the relative peak intensity between peaks from different
elements using the knowledge of sample configuration.

3. Adjust the parameters of peak shapes, such as the position, width, and intensity of the
peaks, until the best fit is obtained.

4. Repeat the process for each peak in the spectrum and adjust the parameters of peaks
until the entire spectrum is well-fitted.

5. Once the peaks are fitted, the individual peak areas can be used to calculate the relative
concentrations of the elements in the sample.

It’s important to note that the peak deconvolution process is complex and can be quite time-
consuming. The accuracy of results would depend on the data quality and the operator’s skill.
Throughout this thesis, CasaXPS software is used to perform peak deconvolution.
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Setup

Our XPS (SPECS) measurements on monolayer MoS, were performed with a non-
monochromatic Mg Ka X-ray source (XR50, hv=1253.64 eV, 220W, 10 kV) and a hemispherical
electrostatic analyzer (PHOIBOS 150 with MCD-9 spectrometer). The analysis chamber was
maintained at base pressure ~5x107!? mbar. The spectra were acquired in the sequential
mode from the whole sample area. High-resolution spectra of Mo 3d/S 2s (238-224 eV), S 2p
(167-159 eV), and Au 4f (92-80 eV) were recorded at a step of 0.05 eV, pass energy of 10 eV,
a dwell time of 0.1 s, and total scans of 2-6k times. Iris size in the detection path was tuned
according to the sample size to be 3-5 mm in diameter. Au 4f;,, at 84 eV was used as our
charging reference for all samples. For those samples where the substrate did not contain Au,
an additional Au layer was deposited next to the MoS,. The calibration and linearity of the
binding energy scale were confirmed by fixing the positions of Au4f;,,» and Au4ds,, peaks to
84 eV and 335.1 eV, respectively, using a Au(111) single crystal (MaTecK, Germany). FWHM
of Au4f;,, measured by using a pass energy of 10 eV is ~0.94 eV. The Pd and Au deposited
polyimide films and HOPG were connected to the electrical ground by a top metal fixing
plate. Before loading into the load-lock chamber, the monolayer MoS, without PMMA was
air-exposed <30 mins when assembled on the sample holder. The load-lock chamber was
then evacuated overnight to reach a pressure ~3x 1078 mbar before transferring the sample
into the analysis chamber.

3.3.1 Compatibility with Strain- and Gate-Controllable Sample Holder

To use the strain- and gate-controllable sample holder inside the XPS system, I have modified
the measurement stage with four extra electrode pins insulated from the ground, as shown in
the top left of Fig. 3.6. Besides, an e-beam heating stage with the in-situ filament exchange
mechanism is implemented, allowing for surface cleaning of strain- and gate-controllable
sample holder and various samples, including metal crystals for XPS calibration (bottom of
Fig. 3.6).

3.4 Raman Spectroscopy

Basics

Raman spectroscopy is a widely used spectroscopic technique that enables the determination
of the vibrational information of materials by measuring the inelastic scattering of light [160].
Typically, a laser light is foused on the materials, which then interact with various excitations
modes. The scattered light resulting from the vibrational interactions is then measured, pro-
viding valuable structural fingerprints of the materials. Nowadays, Raman spectroscopy has
emerged as a fast, convenient, and nondestructive technique for characterizing the funda-
mental properties of 2D materials. Raman characterization covers a wide range of issues,
including strain, doping concentration, temperature, layer number, defect density, crystal-
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measurement stage

@ e-beam heating stage

Figure 3.6: Compatibility of XPS with the strain- and gate-controllable sample holder.

lographic orientations, phase transition, and many more. Notably, Raman spectroscopy is
non-destructive to the sample and does not require a complex sample preparation process as
long as the laser intensity is kept below the threshold. However, two significant drawbacks
of common Raman spectroscopy are the relatively weak signal response and limited spatial
resolution, although advanced Raman spectroscopy techniques, such as coherent anti-Stokes
spectroscopy, stimulated Raman scattering, and tip-enhanced Raman spectroscopy have been
developed [161].

A more comprehensive description of the Raman spectroscopy for the 2D materials can be
found in [36, 161, 162].

Setup

Our Raman spectroscopy (S&I GmbH) was operated in air at room temperature. For the
suspended MoS,/polyimide sample, a 488 nm laser focused by 10x objectives with a spot size
of ~10 um was used. For supported MoS,/metal samples, a 512 nm laser focused by 100x
objectives with a spot size of ~1 um was used. The incident laser intensity was kept <0.12
mW/um? to prevent thermal-induced artifacts [163]. 1800 lines mm ™! grating was used. The
typical acquisition time was ~5 mins.
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Materials and Sample Preparation

In this chapter, I will cover the different protocols that I employed for sample preparation.
This includes the procedures for transferring polyimide film, ensuring its compatibility with
UHV conditions, transferring 2D materials, depositing metal, and assembling and utilizing
the strain- and gate-controllable sample holder.

4.1 Polyimide Film

The polyimide film is synthesized from 3,3’,4,4'-biphenyltetracarboxilic dianhydride (BPDA)
with p-phenylene diamine (PDA), serving as a flexible substrate for carrying 2D materials
in the strain- and gate-controllable sample holder. The fabrication of the polyimide film
was carried out by spin-coating a Dupont P12610 solution at 6000 rpm onto a glass substrate
with dimensions of ~5 x 5 cm?. This process was carried out by experts from the Natural
and Medical Sciences Institute at the University of Tiibingen. The thickness of BPDA-PDA
polyimide film is measured to be ~1 pm using a stylus profilometer (Veeco Dektak-8).

4.1.1 Transfer

The polyimide film can be separated from the glass by adding water to its edges, as shown in
Fig. 4.1. Before separation, the polyimide film is cut into a smaller domain with a size of ~3x3
mm?. The detached polyimide film, which suspends on the water surface, is picked up by
using a blunt blade to prevent causing damage, which is critical for gate performance. Then,
the polyimide film carried on top of the blade can be landed on other substrates, for example,
silicon or ceramic plate with a hole at the center.

In order to incorporate a metal coating onto the polyimide bottom for the gate structure (as
depicted in Fig. 3.2), a layer of ~20 nm of gold is initially deposited onto the polyimide film.
Following this, the polyimide film is detached from the glass substrate and flipped over during
the transfer process.
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Figure 4.1: Transfer of the polyimide film. The polyimide film is first coated on glass and then
transferred onto the silicon substrate by using a blunt blade with water intercalation.

4.1.2 UHYV Compatibility of Polyimide Film

In order to acquire atomic-resolution STM images, it is necessary to subject the sample
to an outgassing process within a UHV environment. This is done to eliminate any surface
adsorption that may have accumulated when the sample was transferred and assembled in the
air. To prevent any additional carbohydrates from evaporating from the heated polyimide film
and contaminating the sample surface or the chamber, the mass spectrum of the polyimide
film was measured at various temperatures (Fig. 4.2). The polyimide film, which has a
thickness of ~1 um and size of ~5x5 cm?, was heated using a UHV evaporator located within
a chamber equipped with a mass spectrometer. The base pressure within the chamber was
~6x107Y mbar. Prior to the introduction of the polyimide film, the evaporator was outgassed
up to 600 °C for cleaning purposes. In Fig. 4.2, the mass spectrum of the polyimide film is
displayed. The temperature is increased from room temperature to 96°C, 142°C, and 176°C.
Prior to each increase in temperature, the sample was cooled back down to room temperature
to assess the stability of the polyimide film and the reproducibility of its spectrum. The mass
spectrum exhibited only minor changes as the temperature increased to 96°C. However, at
142°C, the peak at m/z of approximately 72 and 91 slightly increased. As the temperature
increased further to 176°C, the peak at m/z of approximately 44, 56, 84, and 98 significantly
increased, with an interval of 14 (CH;) between the values, indicating that these peaks may
originate from hydrocarbon components. Therefore, during the outgassing process, the
temperature is maintained below 100 °C.

4.2 Transfer of Graphene and Monolayer MoS,

The CVD-grown graphene on Cu and MoS, monolayer on SiO,/Si were purchased from 2D
Semiconductors (CVD-Graphene-Cu and CVD-Mo0S2-ML-S) and were transferred to other
target substrates, such as polyimide film, silicon, metal surfaces, and HOPG, using the wet
etching method, as adapted from [154]. To transfer, polymethyl methacrylate (PMMA, 950k,
2.5% in Chlorobenzene) was spun onto the 2D material with four edges taped (Scotch tapes)
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Figure 4.2: Mass spectrum on polyimide film were obtained at 96°C, 142°C, and 176°C, respec-
tively. The temperature was increased from room temperature (RT) to the aforementioned
temperatures to obtain the mass spectrum.
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at 3,000 rpm for 60 s and then cured at 80 °C for 3 mins. The 2D material coated with
PMMA film was then cut into domains of ~2 x 2 mm? before Cu or SiO, was removed by
using ~1 M ammonium persulfate (Sigma-Aldrich) and ~2 M KOH (Merck, SKU 1.05029),
respectively. Detached films suspended on the etchant were transferred to DI water more than
3 times to remove etchant residues on the bottom. Finally, a tweezer was used to catch the
suspended film with the target substrate and slowly lift them from the water below. Freshly
transferred samples were heated and blown to remove the water trapped at the interfaces.
Before measurement, the sample was dipped into acetone for over 30 mins to remove PMMA
and subsequently cleaned with isopropynol.

4.3 Deposition of Metal Contacts

2D material
polyimide

- Cu tape
.- Mask
-~ Glass
- Stage

Figure 4.3: Schematic of deposition of metal contacts using a shadow mask.

Once the 2D material had been successfully transferred onto the polyimide film, a keyhole-
shaped clamp of ~30 nm thickness composed of Pd was deposited onto the edge of the
2D material to enhance strain transfer. A schematic of the home-built deposition stage is
presented in Fig. 4.3. The metal mask used in the process has a thickness of 0.2 mm. The
location of the mask can be adjusted by hand on two glass slides affixed to the deposition stage.
Once the mask is situated in the desired location, it is secured in place on the glass using Cu
tape on two sides. The narrow gap between the mask and the sample surface, approximately
0.1 mm, enables the deposition of metal contact with sharp edges.

Fig. 4.4 shows the before and after images of a keyhole-shaped Pd clamp deposition on the
monolayer MoS,/polyimide. The metal deposition was carried out using a metal depositor
(Leybold, Univex 450) in a cleanroom with a flux of 1 As™! and a base pressure of less than
1x107% mbar. The edge of the monolayer MoS; is depicted as a dashed line. The area inside the
keyhole-shaped clamp is designated for indentation application, while the area outside serves
as a reference area where the sample is flat and supported on the ceramic plate. A zoom-in
image of the clamp’s interior is presented in Fig. 4.4, where the monolayer MoS,/polyimide is
smooth and free of visible cracks, wrinkles or bubbles. This ensures effective strain transfer
from the polyimide film to the monolayer MoS,.
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Before Afte_r

Figure 4.4: Before and after deposition of Pd clamp on monolayer MoS,/polyimide. The edge
of monolayer MoS; is marked as a dashed line. Inside the clamp, the monolayer MoS, has no
visible cracks, and the polyimide surface is smooth without visible wrinkles or bubbles.
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4.4 Strain- and Gate-Controllable Sample Holder

In this section, a comprehensive account of the strain- and gate-controllable sample holder is
presented, covering its assembly, the procedure for indentor approaching, and loading it into
the UHV chamber.

4.4.1 Assembly

Detailed installation instructions for the strain and gate-controllable sample holder are pre-
sented in Fig. 4.5. The installation process can be divided into six primary steps. Before
assembly, all components were sonicated in acetone and isopropanol for 30 minutes to re-
move any surface contamination.

Step 1 - Metal cylinders & Side gears

The first step involves fixing the three metal cylinders (plate fixers) that prevent the sample
plate from rotating. These fixers should be installed first because they require a stronger force
to tighten the screws. After the side gears are installed, it’s essential to test whether they can
be smoothly rotated using a tweezer, as they’ll later need to be turned by a wobble stick in the
vacuum chamber.

Step 2 — Piezo & Pins

The piezoelectric actuator (PD050.3x, PI GmbH) is glued onto a ceramic support using epoxy
glue (EPO-TEK, E4110). Its travel range is ~1.8 um at room temperature. The plus and
minus sides of the piezoelectric actuator coatings are connected to two electrode pins by Au
wires with a diameter of ~50 ym. Before its deployment in UHV chamber, the piezoelectric
movement can be evaluated by placing the actuator on a motorized stage and focusing a laser
spot onto its surface with a 100x objective lens. Upon applying voltage to the actuator, the
observed divergence in the laser spot serves as an indicator of the actuator’s movement. The
piezoelectric movement can subsequently be measured and compensated for by adjusting
the motorized stage accordingly.

Step 3 — Indentor

The indentor is fabricated by electrochemical etching of a straight W wire with a diameter of
~0.25 mm. Then, the W tip is ground to have an apex radius of a few ym. The indentor is then
glued into the hole of the indentor screw at the center, and the screw is rotated into the center
of a hat-shaped metal, which is glued at the center of the piezoelectric actuator.

Step 4 — Gearbox

To ensure low-friction rotation, the sample holder body and sample plate are made of Ti grade
2 (pure Ti), while the central gear is made of a W-Cu alloy (80/20). W-Cu alloy (80/20) has a
thermal expansion coefficient close to that of Ti grade 2, ensuring that the gearbox can work
at low temperature (~4.8 K) and room temperature. The ceramic plate is first mounted on the
sample plate to prevent hitting the indentor when tightening the screws. After the central gear,
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sample plate, and ceramic plate are assembled, the central gear is rotated carefully into the
thread of the sample holder body. It is essential to ensure a smooth and parallel movement
of the components to prevent damage to their threads. In the event that they do not rotate
smoothly and become stuck, any small particles that may have accumulated inside the threads
can be removed using methods such as sonication, air-blowing, or tweezers.

Step 5 — Sample

After the gearbox is installed, the indentor position is tuned to be slightly below the ceramic
plate, which will minimize the travel distance of the indentor. The position of the indentor
apex is marked for aligning the sample with the indentor. The 2D material/polyimide film is
transferred to the ceramic plate using a blunt blade. At this moment, the water layer is interca-
lated between 2D material/polyimide and ceramic plate. Shortly before the water between the
2D materials/polyimide and the ceramic plate is completely dried out, the conductive epoxy
(EPO-TEK, E4110) is dropped at the four edges of the polyimide film. Epoxy would then flow
into the gap between the polyimide film and the ceramic plate. For solidification, the epoxy is
heated up to ~80°C for ~30 mins.

Step 6 — Wires

Finally, two Au wires with a diameter of ~17 um are used to establish electrical connections
of the Pd and Au contacts to electrode pins for applying V;, and V. The joints are made of
conductive epoxy, which solidifies later. This size of Au wire is flexible enough to be bent and
used to connect Pd and Au contacts between two electrodes at specific locations. However, it
is important to be aware that exposure of the sample to temperature changes between 100
°C (during outgassing) and 4.8 K (during measurement) could cause the joints to disconnect
due to the different thermal expansion. If this happens, it could cause the STM tip to fail to
approach properly and result in a bent tip. To avoid this, it is crucial to apply the right amount
of epoxy to the joints, not too little or too much.

4.4.2 Indentor Approaching

Once the 2D material/polyimide is firmly affixed, the central gear should be turned counter-
clockwise by two full rotations, equivalent to ~100 um, to increase the separation between
the sample and the indenter. The indenter’s position should then be raised by turning the
indenter screw around 1/4 rotations, equivalent to ~60 um, to approach the sample. The
sample can be gradually moved towards the indenter using the side gears. These steps should
be repeated until the sample and indenter are in contact, which can be observed under a
microscope as depicted in Fig. 4.6. It is important to note that the indenter’s position may
shift slightly during the rotation of the indenter screw, as the indenter may not be perfectly
perpendicular to the sample.
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Step 1 - Metal cylinders & Side gears Step 2 - Piezo & Pins '
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Step 3 - Indentor

Step 6 - Wires

Figure 4.5: Exploded view of step-by-step installation instructions of the strain and gate-
controllable sample holder. The green-colored surfaces in Step 1-4 are threaded parts.

36



4.4 Strain- and Gate-Controllable Sample Holder

Indentor
Approaching
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Figure 4.6: Photograph of the sample surface before and after indentor approaching. The
dashed circle is the suspended area with a ~1 mm diameter. After indentor approaching, a
tent shape is visible inside of Pd clamp.

4.4.3 Loadingto STM

After approaching the indentor, the sample holder is transferred to the UHV chamber equipped
with a heating stage for outgassing. The outgassing process requires careful consideration
due to the temperature limitation of the piezoelectric actuator (150 °C) and the outgassing
of polyimide (100 °C). The 2D material is heated up to around 100 °C for 1-2 days to ensure
thorough cleaning. Following outgassing, the sample holder is inserted into the STM for
measurement. During the cooling process in the STM cryostat, the indentor position may
shift due to the different thermal expansion coefficients of the various constituent materials
of the sample holder. To avoid any potential damage caused by the high friction between the
gear teeth at low temperatures, the gear rotation is controlled on the sample stage outside the
cryostat at room temperature.
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In-situ Atomic Level Observation of
the Strain Response of Graphene Lat-
tice

This chapter demonstrates the performance of the strain- and gate-controllable STM sample
by characterizing (1) the polyimide film deformation at the macroscopic scale using AFM,
(2) the strain transferred on monolayer MoS, using Raman spectroscopy, and (3) the strain
response of graphene lattice at the atomic scale using STM.

5.1 Macroscopic Scale Insight

AFM measurements are conducted to characterize the height controllability of the sample
plate and indentor using the gearbox and the piezoelectric actuator, respectively. Fig. 5.1(a-b)
shows how the polyimide film, before transferring the 2D material, is deformed by moving the
sample plate down using the gearbox. Due to the limited lateral range of the AFM (max~40x40
umz), the entire deformed polyimide film inside the circularly clamped area (~1 mm in
diameter) cannot be imaged in a single AFM image. Therefore, the relative height change (Ah),
the difference between the highest and lowest points in the image, is used to compare the
shape of deformed surfaces with a range of sample and indentor heights. The change in Ah is
monitored while the sample plate is moved downwards step-by-step using the gearbox-based
control system. With increasing gear steps from +0 (after contact) to +4, Ah increases from
0.77 t0 0.93, 1.06, 1.19, and 1.40 yum. An increasing tent-like deformation can be seen in the
topographies and line profiles [164]. When the applied strain is increased further by increasing
the number of gear steps to +8, the relative change in Ah increases dramatically, indicating
that the deformation of polyimide film is more sensitive to the sample plate height under
conditions of a higher strain. Moreover, the topography changes from a tent-like structure to a
bubble-like structure at an applied strain equivalent to +8 gear steps [164]. Fig. 5.1(c) shows
the dependence of Ah on the position of the indentor under the control of the piezoelectric
actuator. The indentor height can be controlled with nanometer precision via the applied

I This chapter is based on publication #8 from the publication list.
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Figure 5.1: Height controllability of the sample plate and the indentor using gearbox and
piezoelectric actuator. (a) AFM topography images of polyimide surfaces taken before and
after moving the polyimide film down by 8-steps using the gearbox. A step is defined as the
height change when one tooth of a side gear is moved. (b) Height changes by gearbox control.
Line profiles are taken from the center of the deformed area, shown as the black dotted line
in (a). Ah is the height difference between the highest and lowest points in the image. The
position with the maximum height is defined as the center point (x =0). (c) Height changes
by piezoelectric control. The maximum travel range of the piezoelectric actuator is ~1.8 um
under an applied voltage (V;) of 100 V at room temperature.

voltage to the actuator (V). As the maximum travel range of the piezoelectric actuator (~1.8
pm) is larger than the gearbox precision (~1.4 um), the indentor-sample distance can be tuned
continuously over a range of ~120 ym while maintaining nanometer precision.

To verify how much strain can be applied and its distribution in the indentation process,
the curvature-induced strain distribution on the bare polyimide film before transferring the
2D material (i.e. Fig. 5.1) is analyzed, as shown in Fig. 5.2(a). As the number of gear steps
increases, the maximum strain gradually increases from 1.1% (after-contact) to 9.9% (+ 8-step),
and the strained area becomes broader. Indentation-induced deformation is localized and
heterogeneous. The region on top of the indentor is under tensile stress and is surrounded
by the area under compressive stress. The curvature-induced strain approaches zero with
increasing distance from the contact region.

It is reported that the maximum strain (€,,4y) that can be applied on 2D materials through
the supported polymer substrate is only 0.6-3.2%. Beyond this critical strain, 2D layers begin
to slip and decouple from the substrate [37, 38, 75-81]. Therefore, to verify how much strain
can be transferred from the polyimide film to the 2D material in our indentation system,
Raman spectroscopy measurements were conducted. To identify the peak shifts due to strain,
monolayer MoS; is used as the test 2D material here due to its stronger optical contrast and
Raman signals than, for example, graphene on the polyimide film. As the sample surface is
not flat in the process of indentation, a 10x objective is used, which has a longer depth of
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Figure 5.2: Characterization of strain distribution. (a) Calculation of the curvature-induced
strain distribution based on the AFM topography images measured on the polyimide film
before transferring the 2D material that were shown in Fig. 5.1. (b-c) Raman spectra taken
at the indented center of monolayer MoS; transferred on polyimide film with increasing the
number of gear steps. (b) is with and (c) is without a Pd clamp.
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focus, to focus a 488 nm laser beam on the indented center with a 1/e? spot size of ~10 um to
maximize the Raman signals.

Fig. 5.2(b) shows the Raman spectra of monolayer MoS,/polyimide film. Before engaging the
indentor, the monolayer MoS, shows the E' mode peak located at 384.8 cm~! and the A’ mode
peak located at 403.2 cm™!. Since the peak position of the E’ mode is more sensitive to the
strain applied through bending (5.2 cm™1/%) than the A’ mode (1.7 cm™1/%)[69], the shift
of the E' mode is used to characterize the curvature-induced strain (¢) transferred from the
polyimide film to monolayer MoS; and compared with the indentation depth.

Taking the peak position before contact as our zero-strain reference, the E’' peak shows a
redshift of ~0.6 cm™~! when the gearbox is rotated + 2-step, which corresponds to € ~0.1%. It is
worth noting that the E’ has an asymmetric distribution with the tail of the peak extending to
~375 cm™!, and its asymmetry increases with increasing gear steps. However, as the observed
asymmetry of the E’ peak can be induced together by the non-uniform strain distribution
and the splitting of peaks [37], it is challenging to define the maximum strain from the peak
fitting or its tail position. When the gearbox is rotated >4 steps, the E’ peak returns toward the
reference position, indicating the strain relaxation possibly due to the formation of wrinkles
or cracks [165].

To enhance the strain transfer, the monolayer MoS; is clamped onto the polyimide film by
evaporating the Pd layer on the edge of monolayer MoS; through a circular-shaped shadow
mask [78]. Fig. 5.2(c) shows the Raman spectra of monolayer MoS, with an additional circular
Pd clamp deposited on top. By the additional clamping, the E’ peak in the after-contact case
shows a larger redshift of ~3 cm™!, corresponding to € ~0.5%, and the peak tail extends further
to ~368 cm™!, which confirms that the Pd clamp enables more efficient strain transfer from
polyimide film to monolayer MoS,. The shift of the E’ peak position back to the reference
position with increasing gear steps is again noted, showing a similar behavior of gradual
relaxation.

In short summary, as the indentation depth increases, the curvature-induced strain increases
inhomogeneously, observed in both the AFM and Raman results. The addition of a Pd top
clamp can enhance strain transfer.

5.2 Atomic Scale Characterization

Our STM working at ~4.8 K is used to characterize the indentation response of the graphene at
the atomic scale. Although the indentation depth can be controlled with nanometer precision,
the induced deformation can not directly translate into the applied strain on 2D materials
during STM measurement. Fig. 5.3(a-b) shows the schematics of graphene transferred onto
polyimide film under relaxed and strained conditions during STM measurements. After
contact and before gearbox rotation, i.e., in the relaxed case, the strain is localized on top of
the indentor, and the remaining area of the film lies below the aperture (Fig. 3.3 and 5.3(a)).
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Figure 5.3: STM measurement on the graphene transferred on polyimide film. (a) Strain-free
(relaxed) condition and (b) tented distortion induced by strain applied using the gearbox-
based control system. The sample height dependence on the piezoelectric actuator voltage
(V) and the sample bias voltage (V) are shown in (c) and (d), respectively.

In the high-strain case, after the gearbox rotation, the indentor exerts a force on the whole
polyimide film, and a tent-like structure is formed (Fig. 3.3 and 5.3(b)). At such high strain,
the film is tightened and becomes more sensitive to the indentor height.

The deformation of the 2D material depending on V; is characterized by measuring the z
movement of the STM tip in the constant current mode. When the indentor pushes up the
graphene/polyimide film, the STM tip retracts accordingly to maintain the current constant,
as shown in Fig. 5.3(c). For the relaxed condition, the STM-tip retracts (37 nm) when Vy;
increases from 0 V to 75 V. However, in the tented case, a larger V;-dependent sample height
change (85 nm) is observed when V; increases from 0 V to 80 V. The sample height change
dependence on V;; can be controlled reversibly (Fig. 5.4). The absence of hysteresis in the
height change suggests that the polyimide film is still flexible even at ~4.8 K, and the slippage
between indentor and polyimide film is negligible.

On the other hand, the relaxed graphene/polyimide film is easily affected by external stimuli
in comparison with the tented case. Fig. 5.3(d) shows the change in STM-tip height with
increasing Vj, from 0.3 V to 0.7 V. The recorded heights are 0.2, 1.8, and 7.3 nm for the relaxed,
tented, and supported cases. In comparison with the supported area where the STM-tip height
is determined solely by the electrostatic force, a more considerable STM-tip height change in
the suspended area is induced by the additional height change of the graphene/polyimide
film pulled up by the STM-tip (via the van der Waals forces) [166]. A much more significant
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height change is observed in the relaxed case since the polyimide film has a lower tension, as
shown in Fig. 5.3(a-b).

The gate controllability is confirmed by measuring the dependence of the STM tip height on
gate voltage (Vg). As Vg increases from 0 V to 20 V, the STM-tip retracts in a constant current
mode indicating that charge has accumulated on the graphene surface (Fig. 5.5), reflecting
successful gating. Similar to the Vj-dependent tip height, a large height change is observed in
the relaxed case, indicating the polyimide film with less tension.

The change of surface morphology and its dependence on indentor height (V,;) also shows a
similar behavior (Fig. 5.6). In the tented case, the obvious change in the surface morphology
is observed by increasing Vi;. In contrast, in the relaxed case, the surface morphology is barely
changed, and only a rigid shift of feature is observed with increasing V;. Additionally, the
height difference between the maximum and minimum in the tented case is 1.3-1.9 nm, which
is lower than that of 2.8-3.4 nm in the relaxed case. It indicates that the tented polyimide film
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Figure 5.6: STM topography images with increasing indentor height (V). (a) tented and (b)
relaxed cases. The size of the images is 15x15 nm?.

is more stretched and consequently flattened.

The sample holder is stable enough for the topography measurement at the atomic level, which
enables us to analyze the distribution of lattice parameters for calculating the strain. Fig. 5.7(a)
shows the atomic resolution STM image of the graphene/polyimide film in the relaxed case.
The fast-Fourier transformation (FFT) converted image is shown in Fig. 5.7(b). The lattice
points in three directions can be clearly seen. The map of local lattice constants (ay) averaged
over three directions is shown in Fig. 5.7(c). The center and width obtained by Gaussian-fitting
the histogram of the lattice map are 2.27 A and 0.11 A, suggesting a range of strain of +4.8%
on graphene. The local curvature of substrate surface roughness has been reported to induce
such fluctuation of ay by bending strain [1]. To verify this, the local curvature over the same
small domains is calculated and its map is plotted in Fig. 5.7(d). The calculated curvature
map captures the feature of hill and valley of the surface morphology measured in Fig. 5.7(a).
Similarly, by calculating the cross-correlation coefficients, it is found that the maps of local ag
and curvature are highly positively correlated, indicated by a maximum value located at the
center of Fig. 5.7(e).

It is important to emphasize that the observed lattice changes, which depend on the strain,
are in a range of 0.01-0.1 A. This is at the very limit of what the STM is capable of resolving.
Furthermore, due to the influence of the substrate, the initial lattice spacing displays a rather
broad distribution, exceeding 0.11 A. To analyze the dependence of lattice on Vy; correctly, we
have collected a substantial amount of data and represented it using a boxplot. The boxplot
serves as a resourceful tool, adept at revealing shifts in central values as well as the spread
of numerical datasets by showcasing the data quartiles. Fig. 5.8 offers an illustration of how
a boxplot is presented, which consolidates a data set into five values: the minimum point,
the first quartile (25%), the median, the third quartile (75%), and the maximum point. It is
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Figure 5.7: (a) Atomic-resolution image of graphene in the relaxed case and (b) its fast-Fourier
transformation converted image with six clear lattice points. (c-e) The map of the local
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Figure 5.8: Boxplot interpretation.
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imperative to clarify that the whiskers of the boxplot are not indicative of the error bars that
are associated with a data set.

Fig. 5.9(a-b) shows the boxplots of local graphene lattice points in both relaxed and tented
cases with increasing V;, measured from the area with a size of 15 nmx 15 nm. For each lattice
point, d;,; is the length of the reciprocal lattice vector, and 0 is the angle defined by comparing
with the horizon, 0°-line drawn in Fig. 5.9(c). The scatter plots with marginal kernel densities
are shown in Fig. 5.10.

In the tented case, the median of d;,;-distribution in -3° direction shifts from ~5.13 nm~! to
~4.93 nm~! when Vj; increases from 0 to 60 V, while its f-distribution remain unchanged.
Moreover, the median of d;,;-distribution in +57° (-66°) direction shifts from ~5.06 (5.34) nm ™!
to ~5.22 (5.42) nm™!, and the #-distribution in +57° (-66°) direction rotates counterclockwise
(clockwise) with ~2°. On the other hand, in the relaxed case, except the median of d;,;-
distribution in +67° direction and the median of #-distribution in +1° direction slightly shifts
with increasing V;, other distributions remain roughly the same. These shifts in distributions
suggest that most of the areas in the tented case are affected by strain transferred from
polyimide film, in contrast to the relaxed case, where only a few local areas are changed so
that no noticeable trend can be found.

To further verify the origin of the lattice parameter change, STM images of graphene in the
tented condition with three different V, of -0.5V, 0.5V, and 1V at a different area are measured.
It is found that the results of graphene surface morphologies and lattice constant distributions
remain largely unchanged with different Vj, as shown in Fig. 5.11. This indicates that the
tip-sample force is sufficient to lift the sample height, as seen in Fig. 5.3(d), but not enough to
change the lattice parameters. Therefore, the change in d;,; and 6 described above is mainly
caused by stretching due to increased indentation depth, not by the tip-induced curvature
change during scanning.

A schematic diagram is illustrated in Fig. 5.9(c) to describe the changes in graphene reciprocal
lattices and corresponding structure in real space in the tented case with increasing V;. The
reciprocal lattices are drawn based on the medians extracted from Fig. 5.9(b) and then are
converted into the real space lattice. The changes in the schematic are exaggerated for clarity.
It is shown that after increasing V; to 60V, the graphene experiences an asymmetrical strain
distribution, which stretches along ~-3° (armchair) direction and compresses along ~87°
(zigzag) direction. The changes in the graphene’s reciprocal lattice, G' = (I + €)' G, can be
used to extract the strain tensor (€) [167]:

= (6’4 Ys), G.1)

where v is the shear strain, € 4 and € are the uniaxial strain applied along the armchair and
zigzag direction, respectively. Based on the changes in the positions of medians in distributions
when V; increases from 0 to 60V, it is found that € 4 4%, €z =-4% and y; =0.
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Figure 5.9: Characterization of strain-controllability. The boxplots of local graphene lattice
points in (a) relaxed and (b) tented cases with increasing piezoelectric actuator voltage (V).
For each lattice point, d;,; is the length of the reciprocal lattice vector, and 6 is the angle
defined by comparing with the horizon, 0°-line drawn in (c). (c) The schematic summarises
how graphene is deformed in the tented case when increasing V;, based on the shifts in the
medians extracted from (b). The changes in the schematic are exaggerated for clarity.
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Figure 5.10: Scatter plots with marginal kernel densities of local graphene lattice points in
(a) relaxed and (b) tented case with increasing the piezoelectric actuator voltage (V). For
each lattice point, d;,; is the length of reciprocal lattice vector, and 0 is the angle defined by
comparing with the horizon, 6y-line drawn in Fig. 5.9(c).
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Figure 5.11: (a-c) STM topography images measured at the same area in the tented case
with different bias voltages (V},). (d) The scatter plots with marginal kernel densities of local
graphene lattice points analyzed from (a-c). The size of the images is 15 nm x 15 nm.
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The statistical significance confirms that the volume of accumulated data is sufficient to
bolster the fitting precision, thereby ensuring the reliability of the measured lattice position
distributions. The z-scores, which account for positional variations in both the armchair and
zigzag directions, can be calculated using the following equation:

observed difference 3 strain

4
= =—=2.1. 5.2
standard deviation fitting precision (%) 1.9 5.2

This z-score corresponds to a one-tailed confidence level of 98.21%.

5.3 Conclusions

The performance of the strain- and gate- controllable STM sample holder, which employs
an in-situ nanoindentation method, has been demonstrated. 2D materials supported by
polyimide film with a thickness of ~1 um can be deformed by an indentor with a travel range
of ~120 ym with nanometer precision using a gearbox in combination with a piezoelectric
actuator. Since the sample holder is compact with a size of ~160 mm? x5.2 mm, it can be used
not only in STM but also for many other analytic tools, such as AFM and Raman spectroscopy
for comprehensive analysis. A series of atomic resolution STM images were obtained to
examine the strain response of the graphene lattice to the indentation depth. The variation of
STM tip height in the constant current mode was used to trace the polyimide film deflection in
the indenting process. The change in the distribution of reciprocal lattices indicated that the
graphene in the measured area experienced a tensile strain of 4% in the armchair direction and
a compressive strain of 4% in the zigzag direction, in addition to the bending strain induced by
the polyimide surface roughness. Such direct observations of strain-induced structural change
in reciprocal lattice distribution provide valuable information for future strain engineering
applications in 2D materials.
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Atomic-Scale Determination of Pois-
son’s Ratio in Two-Dimensional Mate-

rials

Building on Chapter 5, where we employed a strain- and gate-controllable sample holder,
this chapter discusses our experimental approach for measuring the Poisson’s ratio of 2D
materials, such as graphene and monolayer MoS,, at the atomic scale. We achieved this by
modifying the indentor’s shape to induce uniaxial deformation in these materials.

6.1 Introduction

Poisson’s ratio (v) is an essential parameter defining a material’s elastic deformation response
[168]. It measures the transverse deformation resulting from a specific loading direction
and is expressed as the negative ratio of transverse strain to axial strain: v = —€;rans/€axial-
Conventional materials typically exhibit positive Poisson’s ratios ranging from 0.2 < v < 0.5, as
they contract perpendicularly to accommodate volume changes during expansion [169].

Interestingly, a variety of natural and synthetic materials with unique geometries, such as
re-entrant structures or flexible hinges, can display a broad range of negative Poisson’s ratios
(NPR) and are classified as auxetic materials [170-172]. These materials exhibit counterintu-
itive behavior, expanding laterally when stretched and contracting laterally when compressed.
Auxetic materials possess remarkable mechanical properties, including shear modulus [173],
indentation resistance [174], and fracture toughness [175]. The auxetic effects and subse-
quent enhancements in other material properties provide immense potential for various
applications [176], such as biomedicine [177], sensors [178], fasteners [179], and protective
equipment [180].

Auxetic effects have also been observed in several 2D materials in recent studies. For instance,
out-of-plane NPRs were found in phosphorene [181] and monolayer arsenic [182], while in-
plane NPR was predicted in borophene [183]. Similar to bulk auxetic materials, the auxetic
behavior in these 2D materials is primarily attributed to their puckered crystal structures
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[184]. Additionally, it has been reported that wavy graphene exhibits significant in-plane NPRs
[185], and chemically modified graphene films can possess tunable in-plane NPRs due to the
suppression of microstructural origins, such as wrinkled close-packed laminates, disordered
stacks, and delamination areas, caused by stretching [186]. Likewise, introducing disorders to
create a crumpled conformation of graphene can reduce in-plane Poisson’s ratio and increase
out-of-plane Poisson’s ratio as a consequence of the de-wrinkling effect [187-189].

Intriguingly, NPR in 2D materials can also be induced solely by chemical composition and
electronic structure effects rather than geometry. For example, it has been theoretically
predicted that graphene exhibits intrinsic in-plane NPR when subjected to a uniaxial strain
of approximately 20% along the armchair direction, resulting from the change in bonding
configurations [190-192]. Beyond graphene, monolayer TMdCs in their 1T phase are also
predicted to display intrinsic in-plane NPR due to strong orbital couplings [193].

To date, only a few studies have measured Poisson’s ratio in 2D materials at the macroscopic
scale [186, 194, 195]. However, for an accurate experimental determination of the Poisson’s
ratio of 2D materials, it is crucial to measure their strain response at the atomic scale to (1)
avoid contributions from various defects and domain boundaries, (2) enable comparison
between the direction of applied uniaxial strain and lattice orientation, and (3) precisely
calculate the Poisson’s ratio through changes in lattice parameters. Nonetheless, directly
measuring lattice changes at the atomic scale while simultaneously applying uniaxial stress
poses a significant challenge, given the difficulty of maintaining flexibility and stability at low
temperatures under UHV conditions. As a result, there have been no experimental reports of
Poisson’s ratio for 2D materials at the atomic scale to date.

6.2 Experiment Design

To measure the Poisson’s ratio of 2D materials at the atomic scale, we modified the indentor
into a ridge-like shape, as depicted in Fig. 6.1. 2D materials were transferred onto a polyimide
film and secured by two rod-shaped Pd clamps deposited along the edges. The polyimide film
was attached on both sides using epoxy adhesive and deformed controllably by raising the
indentor with a gearbox. STM measurements were performed near the apex of the deformed
region. The bottom-right inset of Fig. 6.1 displays a photograph of the experimental setup.

This measurement design is primarily driven by two factors. First, STM tip should be posi-
tioned near the ridge’s crest, which is due to the predominant uniaxial strain experienced by
the polyimide film in the direction perpendicular to the ridge. As the indentor deforms the
polyimide film, strain induced perpendicularly by Poisson’s effect becomes negligible near the
fixing point at the ridge’s crest. Second, the 2D material near the ridge’s crest demonstrates
the most pronounced Poisson’s effect, as it is located farthest from the two fixed edges.

Practically, as the STM tip reflection in this structure is invisible under the camera (Fig. 6.2),
the tip approach is more challenging than in the sample structure presented in Chapter 5,
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Figure 6.1: Experimental setup for measuring the Poisson’s ratio of 2D materials. 2D materials
are transferred onto a polyimide film, then deformed by an indenter to a ridge-like morphology.
To secure the 2D materials, two rod-shaped Pd clamps are deposited along the edges. The
polyimide film is attached on both sides using epoxy adhesive. STM measurements are
performed near the apex of the deformed region. The bottom-right inset displays a photograph
of the experimental system.

Figure 6.2: Photo of an STM tip-
sample junction for Poisson’s ra-
tio measurement.
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which featured lower height variation. The tip is first approached at the surrounding flat area
and carefully moved to the deformed region. Additionally, due to the measured surface’s steep
slope, tilt correction must be applied to STM images to reliably calculate lattice parameters.

6.3 Results

(a) Ostretch = 20.2°
Increasing uniaxial deformation /v N=15
STM image Tracking % 6]
15nmx 15 nm 45I |
| 23 |
| 1 |
1 .

15x 15 domain

Figure 6.3: Evaluation of lattice parameter changes with increasing uniaxial strain. (a) Strain
is increased by raising the indentor height using the piezoelectric stack. By tracking the
topography feature marked by a red star, the stretching angle is determined to be 20.2°. To
identify and obtain local lattice parameter positions, 2D FFT is employed to convert each local
area (1 nm x 1 nm) into reciprocal space. (b) Scatter histogram plot of local lattice points #1-3
from the entire image, with each point colored based on the spatial density of nearby points.

In order to obtain the Poisson’s ratio within a single crystalline domain, a series of STM topog-
raphy images were measured with increasing uniaxial deformation by increasing indentor
height using the piezoelectric actuator. Fig. 6.3(a) shows the results for graphene transferred
on the polyimide film. The images are numbered in the order of increasing strain. By tracking
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the topography feature denoted by a red star, the stretching angle is determined to be 20.2°.
However, to detect the length changes by fitting the atomic corrugations in real space is chal-
lenging because changes are in a range of a few pm considering the graphene lattice constant
and the applied strain level. Therefore, we use the statistical information of reciprocal lattice
points to calculate the Poisson’s ratio based on the length changes in the directions parallel
and perpendicular to the uniaxial strain.

To obtain the positions of reciprocal lattice points, 2D FFT is first used to convert each local
area with a size of 1 nm x 1 nm into reciprocal space and afterward, Gaussian fitting is applied
with five fitting parameters: the amplitude and two lateral widths and positions. The positions
of local reciprocal lattice points #1-3 obtained from each local area are then summarized
into scatter histogram plots, as shown in Fig. 6.3(b), with broad distributions due to the local
curvature induced bending strain [196, 197]. To extract the global stretching strain induced by
the indentor height change, Gaussian fittings are used to determine their center positions.

Fig. 6.4 shows the atomic resolution STM image (N=1 in Fig. 6.3) of graphene/polyimide
subjected to a uniaxial strain. Lattice constants, a3 and a;, corresponding to the blue and
orange zigzag directions, are 2.27 A and 2.12 A, respectively, calculated by the equation:
a;-aj=2md;;j (i, j= 1, 3), using the mean positions of reciprocal lattice points #1 and #3 (&,
and ds) obtained in Fig. 6.3. The applied uniaxial stretching strain, which is marked as the
black arrow, is along a direction 5.3° relative to the blue zigzag directions.

Unit lengths parallel and perpendicular to the stretch were obtained by projecting as and a;,
respectively. Fig. 6.5 displays the scatter plot of unit length changes of graphene/polyimide in
these two directions with increasing uniaxial deformation (increasing image number). The
error bar for each data point is approximately 1.9% in both directions (stretch and perpendic-
ular to the stretch), derived from the precision of Gaussian fitting, which is omitted from the
figure for visual clarity.

Interestingly, the unit length along the stretch does not consistently increase with increasing
deformation. Instead, it exhibits an oscillating pattern of growth and decline in a linear
manner. The linear fit applied to the scattered data points yields a slope of 1.8. By comparing
the line’s two endpoints, the relative strains parallel and perpendicular to the stretch direction
are calculated to be 1.90% and 1.23%, with z-scores of 1 and 0.65, translating into one-tailed
confidence levels of 84.13% and 74.22%, respectively. Consequently, the ratio of these two
strains results in an in-plane Poisson’s ratio of -0.65.

The experimental procedure for measuring the Poisson’s ratio of graphene is repeated for
monolayer MoS,. Fig. 6.6 displays the scatter plot of unit length changes of monolayer
MoS,/polyimide parallel and perpendicular to the stretch with increasing uniaxial deforma-
tion (increasing image number). Similarly, by tracking distinct topography features, the stretch
direction is determined to be 16.9° relative to one of the zigzag directions. Utilizing the fitting
line’s two endpoints, the relative strains parallel and perpendicular to the stretch direction
are found to be 3.11 % and 2.96 %, with z-scores of 1.64 and 1.56, translating into one-tailed
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=2 Initial condition (N=1) o=z -

Figure 6.4: Atomic resolution STM image of graphene/polyimide under uniaxial strain. The
image is processed by a high-pass filter to display the lattice points more clearly. The applied
uniaxial strain is 5.3° relative to one of the zigzag directions. Two lattice constants correspond-
ing to different zigzag directions (shown in blue and orange) are calculated using the positions
of reciprocal lattice points obtained in Fig. 6.3. The inset illustrates the crystallographic
orientation of the measured graphene.
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Figure 6.5: Unitlength changes of graphene parallel and perpendicular to stretching. Scattered
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Figure 6.6: Unit length changes of monolayer MoS, parallel and perpendicular to stretching.
Scattered data points are labeled with the number from each image. The stretch is along a
direction of 16.9° to one of the zigzag directions.
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confidence levels of 94.95% and 94.06%, respectively. The result leads to an in-plane Poisson’s
ratio of -0.95.

Figure 6.7: 3D view of local wrinkles in STM topography images of graphene/polyimide.

First-principles calculations and molecular dynamics simulations have reported positive
in-plane Poisson’s ratios (0.1-0.3) for graphene [188, 191, 198, 199] and monolayer MoS, [200-
204] in the elastic regime at small strains (<3%). The strain dependence of Poisson’s ratios
differs based on the direction of applied uniaxial strain [192, 198, 199]. In graphene, increasing
strain along the armchair direction gradually decreases Poisson’s ratio, transitioning from
positive to negative at approximately 20% strain due to increased bond angles. However, in the
zigzag direction, a higher strain of approximately 65% is required to induce negative Poisson’s
ratios due to increased bond lengths. Alternatively, NPRs can be obtained by creating porous
structures, utilizing the rotation of the relative rigid domain [205]. It has also been shown that
when the out-of-plane corrugations, such as ripples, are controllably introduced by defects
[185, 188], oxidation [198] or hydrogenation [189], the Poisson’s ratio can be widely tuned and
become negative, owing to the de-wrinkling effect [187, 198].

As our Poisson’s ratio measurement is conducted under the conditions of small strains and
free of defects and domain boundaries, the de-wrinkling effect plays the dominant role in
our observed in-plane NPR. In both Fig. 6.5 and Fig. 6.6, it can be seen that when uniaxial
strain increases, the measurements first show a trend of reducing lattice constants, indicating
the formation of local wrinkles, followed by a de-wrinkling process that increases the lattice
constants. This alternating wrinkling and de-wrinkling process results in the oscillating trend
of observed unit length changes.

The measurement area of 15 nmx 15 nm provides sufficient statistical information for Poisson’s
ratio determination and avoids distortion from the STM piezo scanner. Although the Poisson’s
ratio calculated from this measurement size is less affected by the de-wrinkling effect at
the micrometer scale, it is significantly influenced by the formation of local wrinkles at the
nanometer scale. STM topography images in Fig. 6.7 confirm the presence of local graphene
wrinkles with a size of approximately 10 nm in the surrounding area. It has been reported that
the formation of such local wrinkles in 2D materials can be triggered by various mechanisms,
including the transfer process of 2D material [206, 207], temperature changes due to different
thermal expansion coefficients between the 2D material and supporting substrates [208, 209],
and strain relaxation during the application of uniaxial stress [41].
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6.4 Conclusions

For the first time, the measurement of the Poisson’s ratio of 2D materials, including graphene
and monolayer MoS,, has been reported at the atomic scale. The experiment was achieved
by modifying the indenter and sample configuration within the strain- and gate-controllable
sample holder. It was observed that both graphene and monolayer MoS; exhibited negative
Poisson’s ratios, which may be attributed to the previously proposed de-wrinkling effects. Ad-
ditionally, the findings revealed a pattern of alternating wrinkling and de-wrinkling processes
as uniaxial deformation increased. This suggests that the formation of local out-of-plane cor-
rugations, such as wrinkles or ripples, can be inevitable and should be considered when using
supported 2D materials for practical strain engineering applications. Characterizing Poisson’s
ratios of 2D materials at the atomic scale and experimentally observing wrinkling behavior
would provide a deeper understanding of the elastic deformation behavior of supported 2D
materials.

59






g4 Characterization of Strain Engineered
Metal Contact on Monolayer MoS,

This chapter represents the strain engineering on the MoS,-metal interfacial interactions by
controlling the interface roughness. The interface interactions and the contact behavior of
monolayer MoS; are characterized by using XPS, AFM, and Raman spectroscopy.

7.1 Introduction

One of the major challenges of semiconductor device research is the contact between the
semiconductor and metal electrodes for the efficient injection of charge carriers into the
conduction channel. Therefore, understanding and designing the semiconductor-metal
interface has been an important issue [210], underpinning the performance of transistors
[16], batteries [211], and catalysis [212]. Moreover, as the size of electronic devices scales
down to sub-20 nm, the metal contact resistance starts to dominate the total device resistance
[213]. Particularly for 2D semiconductors, the contacts of 2D devices usually possess a large
Schottky barrier and rarely follow the Schottky-Mott model because of interfacial effects. As
high parasitic contact resistance has been identified as a critical limiting factor in TMdCs-
based device performance, understanding the interface properties between 2D materials and
metal is critical.

Extensive research has been conducted into the interaction between 2D TMdCs and metal
electrodes. For metals that are prone to oxidation, such as Ir, Cr, Sc, Ti, and Y, the interaction
with the S atoms is strong, [214-216] and alters the atomic structure of the MoS,, resulting
in extensive disorder. For inert metals, such as Au, it has been shown that the Au interacts
with the MoS; through van der Waals forces [217-219], or covalent-like quasi-bonding [220].
Although the intrinsic MoS, structure is not affected through contact with Au, the orbital
hybridization between MoS, and Au was still observed, leading to modification of the bandgap
and conductivity of the MoS; [218, 219, 221].

However, the reported values of contact resistance and charge carrier injection efficiency
vary from sample to sample and depend on the measurement method. One of the reasons
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for this is the extreme sensitivity of 2D materials to surface adsorbates or environments,
which can seriously limit the realization of Ohmic contacts in 2D devices. The complicated
interfacial states induced by defects, adsorbates, orbital hybridization, or chemical disorders
can also be easily formed at 2D/metal contact interfaces. Furthermore, the atomically thin
nature of 2D materials enables their crystal structure to be easily damaged during standard
device fabrication processing, such as e-beam lithography and physical vapor deposition of
metals, resulting in significant Schottky barrier or interfacial states at the 2D/metal interface.
Strain is another critical extrinsic stimulus. Strain is inevitable in 2D materials, regardless of
whether the film is suspended or supported. Furthermore, strain is known to alter the physical
and chemical properties, such as the band gap, charge carrier effective masses, dielectric
properties, chemical reactivity, and many more. For example, at the interface between MoS;
and Au, the combination of charge and strain induce the 2H-to-1T phase transition of MoS;
[222], which largely changes the properties of monolayer MoS; from semiconducting to
metallic.

This chapter investigates the dependence of 2D-metal interface interactions on contact mate-
rial in conjunction with the strain effect. The experiment is carefully designed to isolate and
examine only the intended effects of material and strain while excluding any other potential
influences. The contact interfaces between monolayer MoS, and several inert metals, such
as Au, Pd, and HOPG, are studied using XPS, Raman spectroscopy, and AFM. These metals
are chosen as they are the most widely used contact materials. The 2D semiconductor-metal
interfaces are formed by transferring monolayer MoS;, onto pre-fabricated metal surfaces to
avoid fabrication-induced disorder [223]. Transferring the as-grown monolayer MoS, onto
targeted metal surfaces also reduces the area of multilayer regions, which are commonly seen
in exfoliation methods that could affect the interpretation of the experimental data [224, 225].
Furthermore, the interfaces are easily accessed without the limitation of metal film thickness
since Mo$S; is on top of the metal substrate [215, 224]. MoS; transferred on HOPG is used as a
reference to distinguish the contact material effects from the other effects, such as defects and
grain boundaries. Using XPS, it is found that when monolayer MoS, is brought in contact with
Au or Pd, the additional interface states emerge due to the metal-S interaction. Additionally,
the strain dependence of interface states is studied by transferring monolayer MoS; onto the
pre-fabricated metal surfaces with different roughness. XPS spectra indicate that the peak
positions of interface states depend on the degree of strain. Analyzing Raman spectra and
AFM images together shows that the MoS, strain increases with metal surface roughness.
However, once the metal surface roughness is over a certain threshold, the strain and doping
concentration on MoS; are reduced due to delamination.

7.2 Metal-S Interactions

A number of different metals have been explored for use as contacts in MoS; based devices. To
exclude the effect of substrate roughness, in this study, the highly oriented pyrolytic graphite
(HOPQG) is used as the substrate, upon which the metal film with a thickness of 50 nm is
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Figure 7.1: MoS,/Au and MoS,/Pd interfacial interaction. Normalized XPS spectra of the Mo
3d, S 2s, and S 2p core levels of monolayer MoS, on three different substrates: (a) HOPG, (b)
Au-deposited HOPG, and (c) Pd-deposited HOPG. Peaks from MoS; are marked as purple. S
2s (2p) peaks for S-Au and S-Pd interaction are marked as orange and green, respectively.

deposited. Since a bottom contact structure is used, with the metallic substrate beneath
the MoS; layer, XPS could be used to characterize the interfacial interaction. As shown in
Fig 1, three different MoS,- metal interfaces were studied by transferring monolayer MoS;
onto: HOPG (MoS,/HOPG), Au-deposited HOPG (MoS,/Au/HOPG), and Pd-deposited HOPG
(MoS, /Pd/HOPG).

Fig. 7.1(a) shows the core-levels spectra of MoS, /HOPG with visible peaks of Mo 3d3,, (233.1
eV), Mo 3ds/2 (229.9 eV), S 25 (227.2 eV), S 2p1/2 (163.9 €V), S 2p3/2 (162.7 V), consistent with
previous findings [226]. Using the relative sensitivity factor of 5.77 for Mo 3d5/2 and 1.25 for S
2s, the Mo:S ratio is found to be ~1:2. Together with the absence of Mo-oxide doublet peaks
(236 eV) [227], it suggests that our sample has a low defect concentration and is not degraded
during the transfer process.

Fig. 7.1(b) shows the spectra for MoS,/Au/HOPG, both S 2p and S 2s spectra are broad
compared to the peaks of the MoS,/HOPG spectra [218, 219, 228, 229]. The broadening is
attributed to the emergence of new S-Au peaks in S 2S and S 2p in the MoS,/Au/HOPG, which
show a uniform shift toward lower binding energies compared to those of the MoS,/HOPG
film. The new S 2p and S 2s appear at 162.7 and 226.1 eV, ~1.1 and ~1.2 eV lower than that of
the S-Mo peak in S 2p and S 2s spectra, respectively. There is almost no obvious difference in
the binding energies of Mo 3d peaks between the MoS, /HOPG and MoS;,/Au/HOPG. Similar
peaks were observed in the MoS,/Pd/HOPG (Fig. 7.1(c)), S-Pd peaks were observed at 161.9
and 226.1 eV, which have less separation to the S-Mo peak in S 2p and S 2s spectra than that of
the S-Au peaks.
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The presence of additional S-Au (Pd) peaks is attributed to the metal-S interaction at the
interface. The metal-S interaction forms a weak covalent bond between the bottom S and
metal atom, which induces electron accumulation. The accumulated electron around S will
reduce the binding energy [159]. The difference in binding energy shift between the S-Pd
and S-Au peaks can be explained by the Mulliken population analysis done by Kang, J. et
al., which indicates the covalency in chemical bonding [133]. The maximum bond Mulliken
populations are 0.67, 0.39, and 0.19 for S-Mo, S-Pd, and S-Au, respectively. A higher Mullikan
population indicates stronger covalent bonding. Since S-Pd and S-Au peaks feature lower
values of maximum bond Mulliken populations compared to the intrinsic S-Mo peak, the S
peaks are expected to be located at lower binding energy. This trend is consistent with our
observations that the order of these peak positions follows S-Mo, S-Pd, and S-Au. On the other
hand, the broadening of Mo peaks is also found because of the simultaneous environment
change of Mo atoms. The FWHM of Mo 3ds,2 and Mo 3ds,, peaks of MoS,/Au/HOPG and
MoS,/Pd/HOPG is increased from ~0.9 and ~0.8 eV to ~1.1 and ~1.0 eV, respectively, which
aligns well with the shift of the S 2S and S 2p peaks. However, assigning new components of
Mo 3d peak was not possible due to the limited XPS resolution.
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Figure 7.2: Absence of modes for 1T phase and defects in the normalized representative Raman
spectra of MoS,/HOPG, MoS,/Au/HOPG, and MoS,/Pd/HOPG.

It was reported that defects [230-232] and phase transition [233-237] can also trigger peaks
emerging at lower binding energy shoulders in XPS spectra. To verify this, Raman spectroscopy
is performed to examine the defect density and whether the main features of the 1T’ octahedral
structure exist, as shown in Fig. 7.2. The absence of LA(M) mode gives an upper bound on the
defect density of <10'3 cm™2 in our sample condition (inter-defect distance <3.2 nm) [238].
Moreover, except for E’ and A;’ peaks, the other three characteristic peaks of 1T phase at ~157
(J1), ~224 (J»), and ~320 cm™! (J3) are not observed. Therefore, the defects and the phase
transition are excluded as the origin of the new peaks.
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7.3 Engineering Interface Roughness
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Figure 7.3: Schematic of our method to investigate monolayer MoS,/metal interactions with
increasing interface roughness. The monolayer MoS; is transferred onto the Au-deposited or
Pd-deposited polyimides treated with increasing Ar plasma time.

To elucidate the surface roughness effect on the MoS,-metal interface, a polyimide/Si substrate
is used. A polyimide substrate was chosen because the surface roughness can be controlled
via exposure to an Ar plasma. As shown in Fig. 7.3, the polyimide film supported by the silicon
substrate is exposed to Ar plasma, which roughens the surface, with a controlled reaction
time ranging from 0 min to 14 mins. Then, Au or Pd films with a thickness of ~50 nm was
evaporated on the as-treated polyimide film with the increased surface roughness. Finally,
the monolayer MoS; is transferred onto the metal coated polyimide films using a wet etching
method [154]. The following experiments are performed both on the MoS,/Au/polyimide and
MoS,/Pd/polyimide. Since both experiments point to the same conclusion, the results for Au
and Pd are presented in the manuscript and the supplementary information, respectively.

Au/polyimide

O Before MoS; transfer
6 O After MoS, transfer

RMS roughness (nm)
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Figure 7.4: Surface roughness of Au-deposited with increasing Ar plasma reaction time before
and after transferring monolayer. Root-mean-square (RMS).

Fig. 7.4 shows the root-mean-square (RMS) surface roughness of Au/polyimide and MoS;
Au/polyimide with increasing Ar plasma reaction time, which is calculated from AFM topog-
raphy images (AFM figures are in Fig. 7.6 ). RMS roughness of both surfaces has a positive
correlation with Ar plasma reaction time. However, the difference in roughness between the
two films increases as the Ar plasma reaction time increases. As the Ar plasma time increases,
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the roughness of Au/polyimide continues to increase, while that of MoS,/Au/polyimide does
not increase significantly and is almost constant from 5 min onwards.

To map the topography of the Au/polyimide before and after transferring MoS,, as shown
in Fig. 7.5(a), tapping mode AFM was used. When the 50 nm Au film is evaporated on the
polyimide surface, it forms a homogeneous granular structure. After transferring MoS; on the
Au surface (Fig. 7.5(b)-(c)), the surface structure does not follow the granular structure of the
Au film but shows an inhomogeneous surface structure. The difference in morphology before
and after MoS, transfer is more pronounced as the polyimide substrate becomes rougher,
consistent with the results in Fig. 7.5. Fig. 7.5(c) and (d) show enlarged AFM topography
and phase images. Phase imaging in AFM captures the phase shift signal of the cantilever
oscillation in tapping mode, which is sensitive to variation in material composition, adhesion,
friction, viscoelasticity as well as other factors[157]. As shown in Fig. 7.5(d), the morphology
change of MoS, surface is more clearly visible in the phase images. As plasma treatment
time increases by more than 3 min, black dot-like features emerged. The black dot in the
phase image is located at protruded areas in the topography image, where the MoS; is strongly
contacted with the Au film (marked with green arrows, see the overlay in Fig. 7.7). The density
of these areas reduces as the plasma duration increases, reflecting a reduction in the MoS,
area that is intimately coupled to the metal surface, i.e. more of the MoS; is suspended. This
suspension of MoS; on metal surfaces was previously reported when MoS; is exfoliated by
metal surfaces [225]. In contrast to the MoS,/Au/polyimide morphology, the phase images
of Au/polyimide show only granular features and do not change even as plasma duration
increases (Fig. 7.8). The formation of cracks is observed after MoS, transfer onto the rough
surface after 14 min of plasma treatment on polyimide, marked with purple arrows in Fig.
7.5(b) (an enlarged image is shown in Fig. 7.9). Inside the cracks, the exposed metal film with
a granular structure can be seen. The density of these cracks increases with surface roughness,
as shown in the optical microscopy image in Fig. 7.5(e).

7.4 Strain Dependent Interfacial Interactions

Having demonstrated the dependence of the morphology change of transferred MoS, on the
substrate roughness, Raman spectroscopy is used to characterize its effect on the interface in-
teraction. Fig. 7.10(a) shows the normalized Raman spectra of monolayer MoS, /Au/polyimide
with increasing Ar plasma reaction time. The in-plane E’ and the out-of-plane A,’ vibrational
modes were observed at 385.1 cm ™! and 404.2 cm™!, respectively. Their intensity is normalized
by the A;” peak. For each condition, ten spots on each sample were measured and averaged.
The peak at 385.9 cm™! is used as our zero-strain reference [225]. The strain is measured by
using shifts in E’ peak with its linear relationship of -5.2 cm~1/% to strain [69]. For estimation
of doping concentration, the strain-induced peak shift in A;” mode is first corrected by the
linear relationship (1.7 cm~1/%), and then the doping concentration is calculated by its linear
relationship to A’ peak shift (-2.2 cm~1/1013 cm™2) [239], where the peak at 406.5 cm~! in the
MoS,/HOPG is used as our zero-doping reference. Strain and doping values extracted from
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Figure 7.5: Representative AFM topography images of Au/polyimide (a) before and (b) after
transferring the monolayer MoS, with increasing Ar plasma reaction time from 1 min, 3 mins,
to 14 mins. Higher resolution AFM (c) topography and (d) simultaneously measured phase
images of MoS,/Au/polyimide. (e) Optical images. Focused green laser spots are centered in

each image.
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Au/polyimide Ar plasma reaction time
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Figure 7.6: Representative AFM topography image of Au/polyimides with increasing Ar reac-
tion time. The image size is 3 x 3 um?.

Ar plasma Raman spectra
Sample Time (mins) E (cm™)) Ay’ (cm™) Strain (%) N'ty‘ff DOE)lelg
(10 cm™)
MoS;,/Au/PI #1 0 385.1+0.5 404.2+0.2 0.16 9.4
MoS,/Au/PI #2 1 384.6+0.4 403.8+0.2 0.25 10.4
MoS,/Au/PI #3 2 384.2+0.4 403.8+0.2 0.33 9.8
MoS,/Au/PI #4 3 384.0+£0.5 404.7+0.1 0.37 5.6
MoS,/Au/PI #5 5 385.2+0.2 405.3+0.2 0.13 4.7
MoS,/Au/PI #6 9 385.2+0.2 404.8+0.2 0.13 5.1
MoS,/Au/PI #7 14 385.9+0.1 405.4+0.1 0 5.0
MoS, /Pd/PI #1 0 384.2+0.3 404.7+0.1 0.32 5.6
MoS, /Pd/PI #2 1 383.8+0.2 404.8+0.1 0.41 5.0
MoS,/Pd/PI #3 1.5 385.2+0.3 405.0+0.1 0.14 5.8
MoS,/Pd/PI #4 2 385.1£0.1 405.0+0.2 0.15 5.7
MoS,/Pd/PI #5 9 385.3+0.3 405.2+0.2 0.11 5.1

Table 7.1: Summary of the parameters extracted from Raman spectra measured on monolayer
MoS;/Au/polyimide and MoS, /Pd/polyimide with various Ar plasma reaction time. Polyimide
(PD).
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Figure 7.7: Overlay images of AFM topography and phase images of MoS,/Au/polyimide. The
black dot area seen in the phase images matches the supported area in the height images. The
image size is 0.5 x 0.5 ym?.
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Au/polyimide Pd/polyimide
Ar plasma reaction time
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Figure 7.8: Representative AFM (a) topography and (b) phase images of Au/polyimide and
Pd/polyimide with increasing Ar plasma reaction times. The image size is 0.5 x 0.5 um?.

MoS,/Au/polyimide - 14 mins

-19.1

Figure 7.9: Representative AFM topography images of MoS,/Au/polyimide treated with Ar
plasma for 14 mins. The image size is 5 x 5 um?. The visible cracks are marked by purple.
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Figure 7.10: Strain dependence of MoS;/Au interfacial interaction. (a) Normalized represen-
tative Raman spectra of monolayer MoS;/Au/polyimides treated with increasing Ar plasma
reaction time. (b-d) Normalized XPS spectra of the Mo 3d, S 2s, and S 2p core levels of
monolayer MoS,/Au/ polyimide with increasing strain, which are extracted from their Raman
spectra, as shown in Table 7.1. Peaks from intrinsic MoS; are marked as purple. S 2s and S 2p
peaks for S-Au and are marked as orange.

Raman spectra are summarized in Table 7.1.

For MoS,/Au/polyimide, the strain increases from 0.16% to 0.37% when Ar plasma reaction
time increases from 0 min to 3 mins. However, when the Ar plasma reaction time is increased
by more than 3 mins, the strain falls to below 0.13%. Interestingly, the doping concentration
also reduces from ~1x10'® cm™ to ~6x10'?2 cm~2 when the Ar plasma reaction time reaches
3 mins. This is consistent with AFM results in Fig. 7.4 and 7.5, which indicate the MoS;
film is partially suspended after 3 mins plasma treatment (Fig. 7.5(c)). This suspended area,
separated from Au film, may be the origin of the reduction of doping concentration (Table
7.1). When MoS; is transferred to a rougher surface, the monolayer is broken and partially
delaminated from the underlying metal surface, resulting in strain relaxation.

XPS is also used to characterize the strain dependence of the metal-S interactions (Fig.7.10(b)).
The XPS measurements were performed on the MoS,/Au/polyimide with various surface
roughness. To minimize the edge effect, the surface roughness below the threshold of delami-
nation is used. The strain is calculated from the individual Raman spectra, as shown in Table
7.1. With increasing strain from 0.16% to 0.33%, the peak separation between S-Au and S-Mo
peaks in S 2p spectra reduced from 0.8 eV to 0.7 eV, and S-Au peaks in S 2s spectra also shifted
to the lower position by 0.1 eV. Since strain changes the bond distances and angles, it induces
charge redistribution around S atoms [240], which appears as a peak shift in XPS data. The
results show that the interfacial metal-S interaction is shifted toward the S-Mo peak, which
suggests the metal-induced charge localization effect is reduced due to the strain effect.
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Figure 7.11: Representative AFM topography images of Pd/polyimide (a) before and (b) after
transferring the monolayer MoS, with increasing Ar plasma reaction time from 1 min, 1.5
mins, to 9 mins. Higher resolution AFM (c) topography and (d) simultaneously measured
phase images of MoS, /Pd/polyimide.
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Figure 7.12: Representative AFM topography image of Pd/polyimides with increasing Ar
reaction time. The image size is 3 x 3 um?.

The experiment repeated for MoS, /Pd/polyimide points to the same conclusion, as shown in
Fig. 7.11-7.14. The delamination-induced strain relaxation is also found but with a reduced
threshold of Ar plasma reaction time (1 min), while the doping concentration is found to
be insensitive to roughness changes. Since the interaction strength between MoS, and Pd
is stronger [133], the threshold for the delamination would happen earlier than the case of
MoS;/Au/polyimide. Similarly, the strain-induced S-Pd peak shifts are also observed in the
XPS spectra.

7.5 Conclusions

The interaction at the interfaces between monolayer MoS; and various metals, including
Au, Pd, and HOPG, is investigated. In contrast to the MoS,/HOPG interface, interface states
were observed at the S-Au and S-Pd interface. The interface states of S-Au are shifted toward
lower binding energy than those of S-Pd, due to the weaker covalent bonding. The shift also
depends on the strain. As strain increases, the peak shifts are found to be reduced, suggesting
that the strain redistributes the charge toward the metal atoms. On the other hand, Raman
spectroscopy and atomic force microscopy results indicate that when MoS; is transferred
onto the Au or Pd substrate, the strain on the MoS, increases with increasing metal surface
roughness. However, once the metal surface RMS roughness increases over the threshold, the
MoS; film tends to delaminate and release the strain.
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Figure 7.13: Overlay images of AFM topography and phase images of MoS,/Pd/polyimide.
The black dot area seen in the phase images matches the supported area in the height images.
The image size is 0.5 x 0.5 um?.
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Figure 7.14: Strain dependence of MoS, /Pd interfacial interaction. (a) Normalized represen-
tative Raman spectra of monolayer MoS,/Pd/polyimides treated with increasing Ar plasma
reaction time. (b-c) Normalized XPS spectra of the Mo 3d, S 2s, and S 2p core levels of
monolayer MoS,/Pd/polyimide with increasing strain, which are extracted from their Raman
spectra, as shown in Table 7.1. Peaks from intrinsic MoS; are marked as purple. S 2s and S 2p
peaks for S-Pd and are marked as green.
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Conclusions

In this study, a strain- and gate-controllable STM sample holder for 2D materials is developed.
The holder uses an in situ nanoindentation technique to deform the 2D materials, which are
supported by a polyimide film with a thickness of approximately 1 um. The indentor has a
travel range of approximately 120 ym and nanometer precision, achieved through a gearbox
and a piezoelectric stack. A Pd clamp is used to enhance strain transfer efficiency.

The indentation-induced deflection on the 2D materials/polyimide is tracked by measuring
the variation of STM tip height in constant current mode, and the gate controllability is
confirmed by measuring the dependence of the tip height on gate voltage. By analyzing the
lattice parameters in a series of atomic resolution STM images with increasing indentation
depth, the strain response in 2D materials such as graphene and monolayer MoS; is examined.
In tented structures with high strain, the change in the distribution of reciprocal lattice
parameters is sensitive to indentation, allowing the extraction of the magnitude and directions
of stretching strain, in addition to the curvature-induced local bending strain.

The indentor is further modified into a ridge-like shape, enabling the measurement of Poisson’s
ratio of 2D materials at the atomic scale for the first time. In-plane negative Poisson’s ratios
are reported for both graphene and monolayer MoS,, indicating a universal mechanism
involving the alternating process of wrinkling and de-wrinkling in supported 2D materials
when subjected to increasing uniaxial strain. These observations provide valuable insights for
future elastic strain engineering applications in 2D materials.

In addition, the XPS study characterizes the strain dependence of interface interactions by
transferring monolayer MoS; onto pre-fabricated metal surfaces with controlled roughness.
The emergence of additional peaks due to metal-S interaction is observed for both the S-Au
and S-Pd interfaces, in contrast to the MoS,/HOPG interface. The S-Au peaks exhibit higher
binding energy compared to those of S-Pd, indicating weaker covalent bonding between Au
and MoS; than between Pd and MoS,. As strain increases, the interface peaks have reduced
shifts, implying that the strain redistributes the charge. Additionally, Raman spectroscopy and
AFM results indicate that the strain on the MoS; increases with increasing Au or Pd roughness.
However, delamination of the MoS, film is observed when the roughness surpasses a certain
threshold, resulting in strain relaxation.
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(a) Vb:3'5 V

(b) V=1V

Figure 9.1: STM images of defects in monolayer MoS,/polyimide. (a) Large area image.
(b) Atomic resolution images of a defect with V;, dependence. For these three images, the
tunneling current is set to 100 pA.

After numerous modifications to our sample holder structure and imaging techniques, we
successfully attained the stability necessary for capturing atomic resolution STM images. Fig.
9.1 presents these atomic-resolution images, revealing both filled and empty states of the
defect structure. The results are consistent with prior STM images of Mo vacancies, which
are characterized by depressions and three-lobed protrusions [241]. In contrast, the more
common S vacancies appear solely as depressions, irrespective of V;,. Mo vacancies possess
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three in-gap states below the Fermi level.

Ongoing STS research into the electronic structure of Mo and S vacancies, along with other
disorder types like edge sites, is crucial for applications of MoS; in catalysis [242] and quantum
computing [243-245]. Theoretical predictions suggest that strain can shift S vacancy-induced
gap states toward the Fermi level, thus optimizing catalytic performance [14]. Additionally,
gating could potentially manipulate gap states to further enhance performance [246]. However,
direct evidence is not reported yet due to technical challenges. Our STS characterization was
not completed due to reproducibility issues (see below).

Throughout this thesis, significant efforts were dedicated to enabling local spectroscopy.
However, the sample’s inherent flexibility caused changes in tip-sample distance during bias
sweeping in STS measurements, leading to occasional tunneling current saturation. This issue
was more prevalent when STS was performed immediately following STM tip movement, as
the flexible 2D material may require time to stabilize after external stimuli are altered. This
is similar to observations when adjusting indentation depth (see Fig. 5.4 in chapter 5). This
instability underscores the importance of maintaining a low scanning speed, as previously
reported in STM measurements on suspended graphene [166].

Furthermore, after the initial STS measurement, current saturation often recurred in subse-
quent measurements due to an abrupt V;, jump associated with a software issue in Nanonis.
As Vy, changes can impact STM tip height, this indicates that during STS measurements with
the feedback loop off, the tip-sample distance continuously changes while sweeping V},. This
contrasts with conventional STS measurements on rigid substrates. To understand the phe-
nomena occurring during STS measurements and to extract pristine LDOS from 2D materials
while excluding the effect of tip-sample distance variations, developing theoretical models or
simulations may be necessary.

Experimentally, tip-sample distance fluctuations could be reduced by measuring the sample
in a tented structure with high strain, as the overall structure exhibits greater rigidity and
demands higher tension for stability [166, 247]. Although attempts were made to measure the
sample under tented conditions, consistently achieving this configuration proved challenging
due to significant deformation of the polyimide. Indications of potentially damaged polyimide
in tented conditions were observed through increased leakage current in the gate structure.
Moreover, to understand strain effects, it is also necessary to measure the spectroscopy of
relaxed 2D materials and compare it to strained structures.

Alternatively, the tip’s perturbation on the sample can be minimized by conducting STS mea-
surements at a lower tunneling current set point, resulting in a larger tip-sample distance.
Despite reducing the electric field between the tip and sample [248, 249], no clear improve-
ment was observed using a lower set point for tunneling current, and STS saturation continued
to occur occasionally.

While conducting STS measurements poses challenges as previously described, successful
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Figure 9.2: Bandgap histograms and distributions (inset) of a Mo vacancy with increasing Vy;
from 0 to 90 V. The bandgap is calculated by fitting the conduction and valance bands in each
local tunneling spectrum.

LDOS mapping of a Mo vacancy was achieved by measuring the sample in the high-strain
tented condition. Fig. 9.2 illustrates the histograms and distributions (shown in the inset) of
the bandgap for a Mo vacancy as V; increases from 0 to 90 V. The bandgaps are determined
through fitting the conduction and valence bands in each local tunneling spectrum [1]. No-
tably, the histograms reveal that the population of bandgaps outside the defect area centers
around 2.35 eV when V; is 0, but shifts to approximately 2.05 eV as V;; increases to 90 V. This
degree of bandgap shift suggests that a strain of 1-2% is applied, consistent with previously
reported strain effects on bandgap reduction [1, 41]. Intriguingly, the bandgap within the
defect area exhibits a reverse shift, moving from approximately 0.9 eV to 1.1 eV as V; increases
from 0 to 90 V. Further detailed analysis of each STS spectrum will be undertaken, offering
invaluable insights into the influence of strain on the electronic structure of defects.

In summary, although atomic resolution STM images were obtained, STS characterization
faced technical challenges primarily due to sample flexibility. Future work should concentrate
on improving measurement techniques, creating theoretical models, and comparing strained
and relaxed 2D materials. This will ultimately lead to a better understanding of strain responses
in 2D materials and enhance their controllability for various applications.
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