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Abstract

With the invention of the atomic force microscopy (AFM) a whole new field of science
developed to study the mechanical workings of friction on the nanoscale. For the last years
one main focus of the nanotribology community is the manipulation of nano-objects to create
structures for applications ranging from biosensors to nano-optoelectronics. For this, the
formation of nano- to micrometer large individual gold nanostructures on crystalline surfaces

is an important steppingstone.

This work investigates the manipulation behavior of thermally deposited gold nanoclusters
with tens of nanometers in size on monocrystalline Molybdenum Disulfide (MoS;) surfaces.
Using scan raster patterns in the order of several um, dozens of Au islands can be displaced
with a single scan, revealing a directional locking effect caused by the epitaxial nature of the
nanoparticle growth on the MoS; surface. Statistical analysis of tapping mode manipulation
scans using pyramidal and conical AFM tips along with MD simulations lead to the conclusion
that frictional anitrosopy governs the direction of displacement, with the preference to move

along the zigzag- or armchair direction of the hexagonally structured surface.

Chemical vapor deposition (CVD) grown monolayer and bilayer MoS; on Si/SiO, wafer as a
substrate for Au island manipulation in contact mode not only shows the same directional
locking phenomenon but also exhibits the formation of striation of gold nanoparticles when
the critical width of displaced material along the y direction is reached and further
manipulation prevented. Gold crystals forming these um long strips show a spacing of around
1 nm between the nanoparticles, prohibiting the fusion of Au islands into a single gold

nanowire through re-annealing with temperatures up to 700 °C.

Surface modification through nanoscratches of around 40 nm in width with a single crystal
diamond tip is explored to understand the influence on the formation of gold nanostructures.
Again, the crystallographic direction of the modified material must be considered when
scratching bulk or monolayer MoS,. While the surface damage due to scratches along
armchair- or zigzag direction appears to be minimal, providing stopping points for
agglomeration of Au islands, other directions of scratches show nanoexfoliation and wrinkling

of the surface for monolayer and bulk material.



Zusammenfassung

Mit der Erfindung des Rasterkraftmikroskops (AFM) offnete sich ein neues Feld der
Wissenschaft zur Untersuchung mechanischer Effekte von Reibung im Nanobereich. In den
letzten Jahren legte die Forschungsgemeinschaft rund um Nanotribologie einen Fokus auf die
Manipulation von Nanoobjekten zur Kreation von Strukturen nitzlich fir Nanotechnologie,
von Biosensoren bis Nanooptoelektronik reichend. Fir dieses Ziel ist die Bildung von nano- bis

mikrometergrofRen individuellen Goldstrukturen auf Kristalloberflachen ein wichtiger Schritt.

Diese Arbeit beschaftigt sich mit der Manipulationsverhalten von thermal gewachsenen
Goldnanokristallen auf monokristallinen Molybdandisulfid (MoS,). Mittels groBen Scanrastern
in der GréBenordnung von mehreren um kénnen dutzende Goldnanopartikel in einem Scan
bewegt werden, was wiederum den ,directional locking” Effekt zum Vorschein bringt,
verursacht durch die epitaxiale Beziehung beim Wachstum der Nanopartikel auf der MoS;
Oberflache. Die Statistische Auswertung von Tapping Mode Manipulationssequenzen mittels
pyramidaler und konischer AFM-Spitzen, kombiniert mit MD Simulationen, fiihrt zu der
Schlussfolgerung, dass die Reibungsanitrosopie kristalliner Oberflache die Bewegungsrichtung

bestimmt, mit Bevorzugung der Hauptkristallrichtungen.

CVD gewachsene MoS; Mono- und Doppellagen mit aufgewachsenen Goldkristallen zeigen im
Contact Mode den gleichen ,directional locking” Effekt, aber zusatzlich tritt eine
Streifenbildung von Goldnanopartikeln auf, nachdem eine kritische Breite von manipulierten
Material entlang der y Richtung erreicht ist. Dies sorgt flir Abstande von ca. 1 nm zwischen
den Nanokristallen, wodurch die Fusion von der Partikel durch Erhitzen mit Temperaturen bis

zu 700 °C zu einem mikrometerlangen Nanodraht verhindert wird.

Die Oberflichenmodifikation mittels Nanokratzern mit Breiten um die 40 nm durch eine
einkistalline Diamantspitze bietet eine Moglichkeit diese Probleme zu umgehen. Unter
Beachtung der Kristallrichtung des mehr- oder monolagigen MoS; kdnnen Kratzer die
Oberflache modifizieren und einen Ankerpunkt flr die Bildung von Agglomerationen von

Goldkristallen bilden.
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1 Introduction

Throughout the history of mankind friction played a major role in the understanding of the
physical world around us and the development of technologies from the ancient civilizations
to the postmodern global society nowadays. Even most basic tasks, such as walking, holding
objects or tactile sensing, are fundamentally based on the existence of friction [1], [2]. The
Greek statesman and philosopher Themistius is one of the first known people to have studied
friction in an academic fashion by stating that “it is easier to further the motion of a moving

body than to move a body at rest” [3], [4]. Other philosophers were also interested in the

P

function of friction, such as Aristotle, Pliny the Elder or Vitruvius [1].

1LY

1 |

)
A
) Vi

AUNEARA
WAL

‘ [ Vi
o ,
by ) W ¢ '8
% % % Www ‘. \I \(.TI:\ \I
ﬁ E\\E VAVAVAVAVAVAVY AVAVAVARTAVAVAVATAY

Figure 1: Egyptians pulling a statue on a wooden sled. One worker pours water in front of it to
lubricate the sand (close-up). After a photograph of a painting in the tomb of Djehutihotep
from Newberry et al. (1894) [5]

A good indicator of humanity’s understanding and manipulation of friction forces by humanity
is a wall painting from the tomb of Djehutihotep where a massive statue is transported with
a wooden sleigh. By watering the sand underneath the friction force can be significantly
reduced, which can be also proven with modern friction experiments as done by Liefferink et
al. [6] measuring the minimum pulling force and the maximum in penetration hardness of the

sand water mixture at around 10% water volume fraction.
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Figure 2: A sketch by Leonardo Da Vinci illustrating the relationship between contact area and
normal load (Madrid | 173v, c. 1493—7, Biblioteca Nacional, Madrid) [7]
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The first recorded methodical study of friction was done by Leonardo da Vinci (1459-1519) [8]
who studied the topic extensively for over 20 years. He observed the effects of friction of
different surfaces and materials, lubrication with help of mechanical systems and simple
measurement systems to varying success. He understood important connections of the most
important factors defining friction experienced by bodies and was able to translate this
knowledge into model sketches and simple calculations, which makes him to a pioneer in the

field of tribology.

However, these findings remained unpublished for centuries until Guillaume Amontons
rediscovered them with his own experiments in 1699 [9]. Amontons was able to formulate

two out of three laws of dry friction, which are:

e The force of friction is directly proportional to the applied load.

e The force of friction is independent of the apparent area of contact [9].

Later in the second half of the 18™ century Charles Augustin de Coulomb (1736 — 1806)

discovered the third law of dry friction which states:
e Kinetic friction is independent of the sliding velocity.

These discoveries gave an insight view how friction works but puzzled many scientists for the
next centuries due to the limitations of the technology and scientific method of the time. Since
only macroscopic experiments were possible, many effects like adhesion force between
surfaces, surface roughness, frictional anitrosopy and surface elasticity were not understood
[10]. In (post)modern times friction is considered the main mechanism responsible for energy

dissipation [1]. A third of the fuel energy produced by a car is lost due to friction between
4



moving parts and air resistance, 32% of the energy needed to produce paper is transformed
into friction [11]. Nowadays it is estimated that ~23% of the worldwide energy consumption
originates from tribological contacts, whereas 20% are used to overcome friction and 3% to

remanufacture worn parts or wear-related failures [12].

The scientific field of friction on the nanoscale, called nanotribology, becomes of greater and
greater interest for technological advancements in the last decade. With electronic devices
steadily decreasing in size while simultaneously becoming more powerful, the need of
understanding and manipulating frictional effects on micro- and nanoelectronics and their
production inspires new research into the creation of nanowires. The standard procedure for
the production of nanoscale electrodes has been electron beam lithography (EBL) [13-15]
developed in the 1960s [16]. Here, a polymer mask is deposited onto the sample surface and
with the help of a computer-controlled focused electron beam a custom circuit can be drawn
onto the surface by cracking the polymer chains. Afterwards the marked regions are exposed
to an organic solvent removing the mask. Finally, a layer of metal is deposited on the now
exposed areas and the rest of the mask is detached from the sample. While this method
provides a tool for the creation of nano circuits it comes with the cost of an expensive
computer-controlled SEM, the exposure of the sample to UHV and chemical agents potentially

harmful to nano objects and the inability to modify circuits after deposition.

This work attempts a different method of the creation of gold nanowires by utilizing the
growth of geometrically defined crystalline gold nanoparticles onto the surface of the
transition metal dichalcogenide Molybdenum Disulfide (MoS;), a dry lubricant known for its
low friction, robustness and semiconductor properties. Firstly, the growth behavior of the gold
islands will be discussed with a strong focus on the crystallographic properties and the relation
to the substrate. Equipped with the understanding of the Au-MoS; setup, systematic
nanomanipulation sequences with varying displacement direction in regard to the crystal
orientation will give an insight in the frictional behavior during manipulation of dozens of nano
objects at the same time. Since two-dimensional materials become increasingly important in
applications such as photovoltaics, water purification and especially semiconductors,
synthetic monolayer and bilayer MoS; will be included as a substrate for Au island deposition
with the aim to study the influence of 2D-specific phenomena on the manipulation and

formation of gold structures. Lastly, first steps into surface modification via nanoscratching



will provide an insight into future solutions to obstacles uncovered along the process of the

creation of nanostructures with the help of manipulation of gold nanocrystals on MoS..

2 Concepts and Models of Nanotribology

2.1 Prandtl-Tomlinson Model

This model is used as the basis for many investigations of atomic scale friction mechanics in
the field of nanotribology. Contrary to the widespread belief, this model was introduced by
Ludwig Prandtl in 1928 and not by Tomlinson [17], however the name is kept for historical
reasons. Prandtl described the arising friction produced by a single asperity contact in a dry
environment after suggesting this simplified model for describing the plastic deformation in
crystals. In this Prandtl considered only the one-dimensional movement of a point of mass
attached to a spring being dragged over a corrugated surface with a constant velocity. The
mathematical description of the PT model contains a sinusoidal periodic surface potential
Visurface With @ corrugation amplitude Vo and a tip at position x. The tip itself is connected
elastically to a support with the with spring constant k, which is dragged across the periodic

surface potential with the relative velocity v [18].

Vpr = Vsurface + Vispring,
. Vo . 21X
where the Vsurface is = ?" sin (T)’
. 1 2
and Vspring IS = E k(x —_ Ut) .

The corresponding equation of motion reads

ax

Mx = —mx —
= —nx — %cos (?) — k(x —vt),

where M is defined as the tip mass and n as the viscous damping constant. Most of the time

the tip is located in one of the local potential minima, but for finite v every minimum



disappears eventually. The tip position x° where the local minimum vanishes can be

determined by following equation
52
QVPT = O

With the solution [19]:

*

a 1
X" = ——arccos (_E)’

where the parameter ¢ is defined as

_ 27T2Vo
5 " ka2

Thu, this parameter depends on the ratio of spring stiffness and the surface potential
corrugation for a given periodicity a. If £ < 1 only one local minimum exists at all times and
therefore the tip follows a continuous trajectory. For £ >1 multiple minima can exist at the
same time. This makes the tip perform a stick-slip motion where the tip gets stuck in a local
minimum and the energy barrier prevents another slip, similar to ks*T where kg is the
Boltzmann constant and T the temperature. Afterwards the tip moves to the next local
minimum repeating the aforementioned process again. During this discontinuous movement

energy is dissipated due to the viscous damping term during the high-velocity slip phase.

Spring, K

Vioadpoint

Lateral signal

AE*

Scan distance

Figure 3: Prandtl-Tomlinson model. The tip is attached to a spring with the stiffness kefr and is
being dragged over a periodic surface potential. The tip is stuck in the local potential well until
the spring force increases enough to induce a jump to a higher potential. Once the barrier
height of a single potential well AE* is overcome the tip jumps to the next local potential energy
minimum. The resulting lateral deflection signal is in a so-called hacksaw tooth pattern typical
for stick-slip phenomenon (right side)



Bowden et al. [20] first described the phenomenon of stick-slip motion in dry friction on many
different scales, ranging from atomic friction, creation of sound in violin play to earthquakes
[19], [21]. Depending on & and n the tip can jump over multiple minima, as investigated by
Gnecco et al. [22] with help of systematic calculations with fitting measurements by [23]. Since
the PT model is not specific about the channels of energy dissipation and simply modeled as
viscous dissipation somewhat like a dashpot. The actual physical loss of energy could be

permitted over phononic and on conductive materials electronic dissipation channels [24].

2.2 Friction Dependence on Contact Area

On a macroscopic level friction does not depend on the nominal area of contact but linearly
on the normal load, which is stated in Amontons law. A very different picture is presented of
the real contact area, where contact spots can be in the nm?2 regime. Bowden et al. [25] has
shown that there is a mostly linear scaling of friction and the contact area A,, which is only a
small fraction of the macroscopic contact area A, due to surface roughness. It is created by
asperities of the contact surfaces and represents atomically smooth contacts. In recent times
there is the consideration that A, might not reflect the true contact size of the interfaces.
Instead only a small fraction of atoms of both surfaces form covalent bonds and contribute to
the surface interaction [26—28]. The same complexity is assumed for van-der-Waals-bound

interfaces and its corresponding contact area.

Both experiments and theories have shown that the contact area on the nano level A, of a
macroscopically rough surface pressing into a flat surface correlates linearly with the applied
normal load Fn [29]. The Greenwood-Williamson model [30] considers a multi-asperity contact
with each individual elastic asperity cap are of equal curvature and also shows a Gaussian
distribution of height. By applying elastic contact mechanics, the asperity contact mechanics
are tractable, proposed by Heinrich Hertz [31]. These contacts resemble an elastic sphere in
contact with an elastic half space. Ignoring adhesion effects this single contact point yields the
relation of A, acFy??. For the whole contact the uneven distribution of normal loads onto
different asperities approximate to a linear relation of A, o Fy. Persson was able to prove
mathematically that this is expected for all surfaces no matter the roughness, if forces do not

exceed a certain point. AFM tips also can be modeled by a single Hertzian contact when in
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contact with a flat surface. Although the contact area A’ is not linear with Fy, the friction
force Fris proportional to Fy for amorphous tips [32]. Mo et al. [33] demonstrated the linear
correlation of the atomic contact area Ay and the applied load of an amorphous carbon tip on
a diamond sample using MD simulations, where A, represents the number of atomic bonds in
the interface. This was supported by quantized heat transport measurements of AFM tips by

Gotsmann et al. [27].

2.3 Contact Aging and Static Friction

Static friction is a phenomenon observed when a contact between two interfaces is kept for
an extended amount of time. A large scale interface exhibits multiple true contact points in
which these asperities experience a broad range of complex physical-chemical interactions
including bond-forming [28], [34], capillarity [35] and plastic flow [36]. To initiate sliding, the
force Fs is usually larger than the kinetic friction force Fr during relative motion. On larger
scales static friction is commonly observed [24] and believed to be an integral part of the
dynamics of earthquakes [21]. The effect of static friction is not of binary nature but develops
gradually over the hold time ts: of a stationary counter-body on a surface. This build-up of
static friction and the dependency of time can be easily observed by initiation of sliding after
a range of hold times to measure Fs(tn:). The first investigations of this effect were done by
Charles-Augustin de Coulomb, when he measured friction between two with tallow lubricated
oak boards and explained the time-dependent increase of Fs with the gradual interlocking of
wood fibers of the two boards in contact. The power law behind static friction can therefore

be described with
Fs(tny) = Ky + Ky X ty2?

The contact aging effect and its increase in friction was also observed in interfaces between
rocks by Ruina [37] and Scholz [21] and described in an exemplary formulation of a rate-and-

state theory [38] as:

w(w, @) = u0+Bln(%)+Aln (1) ,

Vo

where u = Fr/ Fu is the friction coefficient, v is the relative velocity and ¢ is a state variable,

which shows the contact aging development since the previous slip. A, B and uo represent
9



phenomenological fit parameters, while ¢o and vy are reference constants. When v = 0 the
theory predicts a logarithmic increase of static friction over hold time. For systems with stick-
slip type kinetic or static friction contact aging can have a significant influence on the overall
observed friction, as stated by Persson [24]. Similar to contacts at larger length scales, a single
asperity contact and the associated contact aging lead to an increase in static friction with the
logarithm of the hold time tn: [39]. However, over time two processes attribute to contact
aging. Quantitative aging represents an increase in contact area while qualitative aging
describes the strengthening of the already developed contacts through interfacial bonding.
MD simulations and accompanying FFM measurements by Vorholzer et al. [40] emphasizes
the utilization of the lateral contact stiffness k as a marker for contact aging compared to static

friction.

3 Basic Principles of the AFM
3.1 History of the AFM

First modern experimental work in the field of nanotribology was made possible with the
invention of the Surface Force Apparatus (SFA) by Tabor and Winterton in 1969, which was
used to measure van der Waals forces between two smooth mica surfaces [41]. Two cylinders
placed perpendicular to each other are approached and the forces exerted on surface
interface are being measured while both surfaces move with respect to each other. In 1981
Binnig and Rohrer developed the Scanning tunneling microscope (STM) [42], which was
awarded with the Nobel Prize of Physics in 1986 together with the invention of the first
electron microscope by Ernst Ruska. The main principle behind the STM is the tunneling effect,
where an electron flow is achieved between two conductive surfaces by keeping a constant
voltage between the substrate surface and a tip made from tungsten or platinum. With the
help of a scan pattern this method is able to produce topographic maps of conductive surfaces

up to the sub-nanometer scale.

The Atomic Force Microscope was first introduced by Binnig, Gerber and Quate in 1986 [43]

building on the STM as a measurement of the motion of a cantilever beam of ultra-small mass

10



while also monitoring the elastic deformations of the cantilever as a measurement of force.
In the first iteration of this new microscope a diamond tip was fixed onto a piece of gold foil
as a cantilever beam. When brought in contact with the AFM sample any force acting upon
the foil and the inherent elastic deformations was monitored by an STM sitting above the tip
position. A closed feedback loop system keeps the normal force at a constant level. Key factor
for sensitive measurements in the nano Newton regime is the stiffness and mass of the

cantilever acting as a spring

fo= (1/27T)(k/m0)1/2,

where k is the spring constant and mp the mass that loads the spring. This leads to the
revelation that a cantilever beam for precise measurements in the nanoregime requires a
large k/myo ratio to soften the spring to become sensitive enough to even the most minimal
changes in forces. Nowadays, commercial AFMs deploy a different method of measuring the
bending and twisting of the tip. A laser beam is focused on the cantilever which then is
reflected onto a position sensitive detector that records changes in the laser position in x- and

y-axis.

Figure 4: (a) modern cantilever with tip under the SEM (b) used pyramidal tip (c) close-up of a
used tip with a diameter of 553 nm; By SecretDisc — own work, CCBY-SA3.0 [44]

Modern commercial cantilevers are usually made of Si wafers using etching techniques to
shape length, width, thickness of the cantilever beam and, in addition, sharpen the tip from
generic 10to 15 nm in radius and up to 3 nm for ultra-sharp tips. A coating of gold or aluminum
on the opposite cantilever face increases the reflectivity of the laser beam and therefore

increases the signal amplitude obtained by the PSD.

With the invention of the Friction Force Microscope (FFM) in 1987 by Mate et al. [19] scientists

were finally able to study the properties of friction on true nanoscale which led to the

11



emergence of the field of Nanotribology. In Mates original work the instrument operated on
similar principles as the AFM but utilized a fixed tungsten wire with an etched tip point of
around 300 nm. Once brought in contact sample then was moved in a scan raster in x- and y-
axis while the change in intensity of the reflected light from the tungsten tip was being
recorded. Since friction in general is very sensitive to changes in geometry and interface
composition it becomes imperative to work with very defined samples on nanoscale areas to
avoid multi-asperity contacts, wear or contamination. The FFM then can achieve single-
asperity contacts, where a tip is moved across the substrate sample. Unlike the AFM, this
method not only measures the bending deflection of the cantilever but also the torsional
twisting which is caused by friction forces acting upon the tip in the lateral direction. One of
the most important results obtained with this instrument is the observation of stick-slip
behavior of atomic scale friction where the tip gets stuck on single atoms until the spring
stiffness of the cantilever equals the local slope of the surface potential of the atomically
smooth surface [45], as explained in chapter 2.1. This tool is not only useful for determining
lattice distances and orientation of crystal structures but also provides a method to detect
irregularities in the surface such as defects when operated in ultra-high vacuum and/or low
temperature measurements. Modern AFM setups include most FFM functions and can be
easily utilized to study friction forces while also gaining knowledge about the topography of

the sample.

3.2 Basic Principles of Operation

To assess the physical qualities of a surface an AFM uses a probe positioned in close proximity
to the sample of interest. This probe is made from a very sharp tip (tip radius usually around
5 nm), which is attached to a flexible cantilever beam of various lengths, depending on the
mode of operation. These AFM sensor probes are usually made out of silicon and can be
equipped with different material tips like diamond or cantilever coatings such as gold or

aluminum for better reflection properties.

12
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Cantilever
holder with
piezo motors

cantilever

Figure 5 (a) Basic working principle of the AFM used in this work. The cantilever is fixed to piezo
motors acting as actuators. A laser is reflected on the probe onto a position sensitive detector
recording the deflection angles caused by bending and twisting of the cantilever (b) normal
bending experienced by the cantilever in correlation to the normal force Fy. In tapping mode
the bending is induced through excitement to oscillations. This vertical deflection is recorded
by the PSD top (T) to bottom (B) (c) torsional bending of the cantilever proportional to the
lateral force F; recorded by the PSD as lateral deflection left (L) to right (R)

A laser beam is positioned atop of the cantilever, reflecting the beam onto a position sensitive
photo detector with a four-quadrant photodiode. An optical camera is placed directly above
the glass cantilever holder, which has a window to allow a top view of the cantilever beam,
the laser point position and the sample surface. Using the inverse piezo-electric effect, motors
can be used to move the sample or the tip in all three spatial dimensions with a precision as
low as an angstrom (1 A = 101 m). When the tip is brought in contact with the surface a force
is applied to the cantilever which leads to bending and twisting of the cantilever beam. This
displacement can be recorded by the change of the two angles of reflection of the laser
towards the position-sensitive detector. Other techniques exploit the piezo-electric effect
using sensors to extract piezo-electric voltages when a force is applied to the tip or detect the

normal cantilever deflection with the help of optical interferometry [46].

A four-quadrant photo sensor allows easy conversion of laser displacement and the
correlating forces acting on the tip due to the linear relation. Therefore, the normal and

torsional bending is calculated as

13



Ur_g = (UTL + UTR) - (UBL + UBR)
U-r= (UTL + UBL) - (UTR + UBR)r

with T-B defined as top/bottom and L-R as left/right. To reveal the actual force values
calibration factors 8; and 6x have to be determined by using a calibration procedure for each
sensor before the measurement, typically with a disengaged tip by repositioning the laser on

the detector [47].
Fy =6, *Ur_p — Fnref
Fp=0,*U,_p— Fprer

To keep the separation between tip and sample constant the AFM operates in a feedback
loop. This is achieved by comparing the defined set point with the normal force signal and
adjust the displacement of the tip in z-direction through the motors of the scan head. When
the sample surface is scanned by the AFM the cantilever is moved perpendicular to the
cantilever beam, the so-called fast axis or x-axis. Once the end of the to-be-scanned area is
reached, the tip returns on the same path to close the loop (retrace) and moved in y-axis (slow
axis) to the next line. To rule out undesirable effects of the tip approaching the surface for
each line of the fast axis, an over-scan of typically 10% is applied in measurements in this work.
The combination of each scanned line and the recorded change in z-coordinates with the
recorded change in x- and y-coordinates allows for the reconstruction of a plane of constant

normal force which is a good approximation of the surface of the sample.

14



Figure 6: JPK NanoWizard 4 standing on its table-top vibration isolation system, all housed in
an insulated soundproof chamber. The interchangeable scan head sits on top of the sample
stage while an optical microscope observes the sample and the cantilever position through the
scan head and the glass cantilever holder.

The AFM NanoWizard 4 used in this work differs in its operational principle from other
commercial AFMs available. While the majority instruments keep the cantilever fixed and
move the sample holder with piezo motors. This gives a high grade of stability to achieve even
lattice resolution at room temperature in ambient condition. However, the Nanowizard 4
takes a different approach by keeping the sample stationary in its holder and the tip is being
moved with help of piezo motors. Originally designed for characterization of soft matter like
living or dead cells this change provides a lot of advantages in the field of nanomanipulation.
It allows the user to modify the sample holder with different accessories like an ultrasound
stage or a motor stage for moving the sample very precisely without changing the
measurement conditions of the cantilever itself. This asset is used in this work extensively as
discussed later in chapter 6.1. The so-called hover mode is an additional feature that can be

utilized in contact mode nanomanipulation where the tip is retracted from surface contact to
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an adjustable distance on retrace lines and therefore does not provide any forces to displace
nanoparticles. The topography data from the previous trace line is used to keep the tip-sample

distance constant.

Another advantage of this machine are the interchangeable scan heads provided by JPK. While
the normal scan head provides a range of 100 x 100 um in x and y with and a maximum height
range of 15 um for the cantilever movement the user can also choose a so-called ultra-speed
scan head with a maximum line rate of 100 lines/sec or a so-called ultra-lateral scan head
specifically built to be highly sensitive to changes in the lateral signal. Those special scan heads
allow the user to perform accurate measurements in the regime of tens of nanometers by
sacrificing some range of motion for the cantilever to 30 x 30 um and a z range of 6.5 um.
Especially the ultra-lateral head was useful to this work, achieving lattice resolution on MoS;

in an image size of 5 x 5 nm as can be seen in chapter 5.1.

3.3 Calibration Methods

To determine the forces experienced by the tip of the cantilever the signals recorded of the
deformation of the cantilever (bending and twisting) must be converted by calibration with
help of the bending stiffness k and the lateral force calibration factor, Since there is a
correlation between the voltage signals of Ur.s and Uz from the position sensitive detector
and the normal forces and lateral forces experienced by the tip, absolute quantitative
measurements of actual normal force Fy and lateral force F, are possible with the help of
calibration constants 6,.and 6,.. Each constant can be viewed as product of stiffness k of the

cantilever and detection sensitivity f3:1
0, =k, B,
Oy = ky " Bx

While the constants k are determined for each sensor, the sensitivities 5 shall be measured
every time after replacement of a sensor or optics readjustment. The geometry of the

cantilever plays a big role in the stiffness and can be calculated as such:

2
Gwd?3 L
o= 2 g2 (1)
3Lhtip tip
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Where G is the shear modulus and h:jp represents the tip height of the used cantilever [47].
Both formulations are based on the application of the so-called Euler-Bernoulli elastic beam
theory and only apply for very small displacements, which are in general not exceeded in AFM
measurements. For rectangular cantilever beams, as used in this work, the force constant k;

can be determined after a formula by Bhushan et al. [47]:

Ewd?3
k, =
413

with the Young’s modulus E, cantilever width w, length L and thickness d.

However, the Nanowizard4 AFM in this work uses a different calibration method to determine
the forces. With the so-called Sader method [48] the geometric properties of the cantilever
along with its resonance frequency are used to calculate the cantilever stiffness k following

the formula
k= Mg *bxhx*L*p.wia,

where M. is the effective mass of the cantilever, b, h and L are the width, thickness and length
of the cantilever beam, along with p.for the density of the cantilever material. Lastly, wvqc is
the angular resonance frequency of the cantilever in vacuum. Since all AFM experiments in
this work were executed in ambient conditions, the cantilever beam experiences a damping

effect caused by air molecules which has to be taken into account with a correction factor.
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Table 1: Used cantilevers and their characteristics

AFM tip Company Material Cantilever Normal Free Tip
shape spring resonance radius
constant  frequency [nm]
[N/m] range
[kHz]
ContAIG Budget  Silicon with Rectangular 0.07-0.4 9-17 <10
Sensors reflective Al
coating
PPP- Nanosensors Silicon with = Rectangular 10-130 204 -497 <10
NCHAu reflective Au
coating
CT300 Team  Silicon with Rectangular 20-95 208-392 <10
Nanotec reflective Al with
coating = conical tip
D300 SCDprobes = Silicon with = Rectangular 20—-75 265-400 <10
single
crystal
diamond tip

3.4 Contact Mode Measurements

This form of normal load measurement utilizes the linear relation between the normal force
Fnand the vertical deflection of the laser on the position sensitive detector to control the tip-
sample distance and interface. For calibration of the relation between normal force and
deflection on the detector a force-distance measurement is performed, where the tip is
positioned away from the surface. Piezo motors incrementally reduce the distance while the
z position and the vertical deflection is recorded. Once the tip enters the regime of long-range
forces, attractive forces can be detected by the decreasing values of Ur.s. When the tip snaps
into contact with the sample, short-range repulsive force linearly increase with the increase
of the normal load to a previously defined amount. Eventually the cantilever gets retracted,
reducing the tip-sample force. Once the adhesion force between tip and sample equals the
restoring force, the tip snaps off and loses contact with the sample. This force can be used as
a measure for the adhesive force interaction in the contact interface. Therefore, plotting the

z position of the tip against the normal force Fy reveals a hysteresis in the force-distance curve.
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Figure 7: A sketch of a typical force-distance curve (hysteresis). In the beginning of the
measurement the tip is separated from the surface with Ur.s of the PSD adjusted to zero (1).
With the approach of the tip towards the surface the tip apex eventually come into the long-
range force regime, attracting the tip which will lead to the snap-on (2). Further reduction of
the distance leads to a linear increase in vertical deflection until the predetermined setpoint is
reached (3). The slope of the deflection represents the stiffness of the sample and can be
visualized using QI-mode. Afterwards the tip will move away from the surface until the pulling
force exceeds the adhesion force at the snap-off point (4). The area created between snap-on
and snap-off points is defined as the work of adhesion.

When scanning in contact mode the normal force set point is kept in positive values outside
of the hysteresis area to avoid sudden tip jumps due to changes in V. On the other side even
relatively small set point forces can lead to undesirable surface modifications, such as
manipulation of nanoparticles or even destruction of surface features. Two methods can
counteract snap-in instabilities to avoid aforementioned problems. Using a cantilever with a
high spring constant eliminates one of the minima, therefore the tip cannot jump between
those. Unfortunately, this technique lowers the sensitivity of the lateral force, since k is
coupled to factors like cantilever length and material elasticity. For nanotribological
investigations, this becomes an obstacle since a high lateral force resolution is essential for
understanding tip-surface interactions. This can be avoided by using soft cantilevers with a
low spring constant k in the range of 10 to 20 kHz using tapping mode, as described in chapter
4.2.
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3.4.1 Normal Force Measurements

When measuring a surface with an AFM tip in constant contact a multitude of forces act upon
the interface of tip and substrate, such as Pauli repulsion, van-der-Waals-, elastic-, friction-,
electrostatic and/or magnetic forces [47]. Furthermore, the most influential forces to consider

can be constrained to interactions with a Lennard-Jones-type potential Vi

L \12 L\
— 0 0
VL](Ztip) —€ [(Ztip) —2 (Ztip> l

In this equation the minimum value of Vy is signified by —€ when the tip position is a z:jp = zo.

Short-range forces like Pauli-repulsion are described in the first summand, while long-range

van-der-Waals forces and dipole interactions are included in the second summand.
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Figure 8: Lennard-Jones potential shows the interaction between long range van-der-Waals
forces attracting the tip to the surface with d > 2 A and short range Pauli-repulsion repelling
the tip due to overlapping electron orbitals with d < 2 A. In contact mode the tip is experiencing
interatomic repulsive forces highlighted by the blue dotted line, while in tapping mode the tip
barely touches the surface while oscillating and therefore being exposed to attractive long-
range van-der-Waals forces.

The interaction between the cantilever support at position z and the tip position z:j is defined
through a potential, taking the stiffness of the cantilever k; according to Hooke’s Law into

account as a first approximation of the LJ potential around the minimum:
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VCant(Ztip) = %kz(ztip - Z)Z

When the AFM is operating the tip experiences a superposition of these two potentials. When
imaging a surface, the tip-sample interaction is kept constant in normal direction while the tip
traces the topography. With help of different control variables, the feedback loop can be used
to achieve different ways of measuring the normal force. In this work three different
operational modes were used, namely contact mode, tapping mode and QI-mode, which will

be discussed below.

3.4.2 Lateral Force Measurements

Mate et al. [19] first modified the original concept of the AFM [43] making it possible to
measure the lateral forces F; parallel to the surface. The so-called Friction Force Microscope
(FFM) is nowadays a common extension to commercial AFMs. The position sensitive detector
with its four quadrants measures the lateral forces F; through a quantity U proportional to
the torsion experienced by the cantilever beam when dragged over a surface in a
perpendicular angle to the driving motion. When inserting a cantilever into the cantilever
holder it is generally not placed in a perfect 90° angle leading to a non-constant zero-force
reference Fi s Wwhen the tip is moved or a different normal force is applied. A friction loop
addresses this issue by recording the lateral force of each scan line in both directions (trace &
retrace). The value of F. s can therefore be determined as the mean of the signal vectors of
both trace and retrace of the lateral signal. Since the lateral force sensitivity is the highest
along the x-axis due to bending and twisting of the cantilever beam, these line signals can be
used to calibrate and measure lateral force changes. For calibration the value of F.rf can be

determined by the mean of the signal vector measurements of both directions

F,
Lref _
9x - [UL—R,trace' UL—R,retrace]'

The calibration factor 6y is determined in a separate step which takes the cantilever stiffness
k and the sensitivity f§ into account for both normal force and lateral force measurements.
After the correction of the zero point by subtracting Fi, s the mean kinetic friction Fr can be

calculated:
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Fp = (lFL,trace |r |FL,retrace|)

With the total dissipated energy Ediss equal to the area enclosed between trace and retrace

Egiss = U FL,trace x) — FL,retrace (x)dxl-

3.5 Tapping Mode Measurements

This method of measurement utilizes a self-oscillating cantilever to operate in a frequency-
modulated dynamic mode, also referred to as non-contact (NC) mode. A piezo shaker excites
the cantilever beam at the current resonance frequency f by the measurement of the normal
deflection sign Ur.s, consecutive amplification and adding a frequency shift of /2 [49]. To
keep the oscillation amplitude constant, the amplification gain is continuously adjusted by an
automatic gain feedback control unit. With help of a phase-locked loop (PLL) detector the
oscillation frequency f is measured. While retracted from the surface, f equals the free
resonance frequency fo of the cantilever beam, since only the harmonic spring potential of
Veant is available. By gradually approaching the surface while the cantilever oscillates the tip
will eventually experience a deformation of the total potential due to the normal surface
potential. This leads to a characteristic resonance frequency shift Af which is used as a variable
for the feedback circuit to control the tip-sample distance [50]. This allows the tip to break the
contact to the surface completely in each oscillation cycle, imaging of the surface topography
with greatly decreased lateral forces. This is especially useful, if the surface features delicate
structures, nanoparticles or even living cells. With the help of ultra-sharp tips, the cantilever
can stay within the attractive force regime, thus allowing measurements without even getting

in contact with the surface.
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4 Concepts of Nanomanipulation

The experimental realization of frictional contacts in the nanoscale relies heavily on means of
reproducibility and well-defined conditions. The method of choice for experiments has been
the FFM [19] for its precision of force measurements down to the pico newton range and the
ability to quantifiably measure friction of contacts of just a few atoms. On the other hand,
contacts realized with an FFM tip are not as well-defined as desired, since there is no direct
channel to observe the actual contact area and its change during the experiment. Schwarz et
al [51] reports a large margin of error due to alignment issues and wear-induced changes in
the contact area, even with ex situ SEM measurements of the tip in combination with models

of elastic contact mechanics of an idealized tip geometry.

This problem becomes more prevalent if one is interested in the friction of extended
nanocontacts with regard to the contact area. A flattening of the tip may be achieved through
wear, but prone to errors, because of the difficulty to align a flattened tip with the substrate
surface. One solution proposed by Schwarz [51] is the usage of large spherical tips, thus
avoiding the necessary alignment of the interface. However, this method relies of idealized
geometries for contact size estimation again. Also the nanoroughness of the surfaces
measured creates another obstacle. To avoid multiple contact points in the interface Ozogul
et al. [52] performed scans with a large spherical probe to create a single nano asperity to be

in contact with the surface.

To overcome these obstacles, the manipulation of nanoparticles has proven itself to be a very
potent technique in the field of frictions measurements [32], [53-56]. A nanoparticle is pushed
or dragged over the substrate by an AFM tip, while the lateral force needed during the
translation of the particle is recorded, yielding the friction force between substrate and said
particle. Compared to traditional friction experiments using a direct contact of a FFM tip and
the substrate or SFA, this offers a number of advantages. First, it eliminates uneven pressure
distributions when curved surfaces are used, as it is the case with AFM tips with large tip radii
or SFA experiments. Furthermore, nanoparticles grown onto the substrate using thermal
evaporation or similar methods result in nanoscopically smooth extended contacts, thus
eliminating the tilt effect of an AFM tip in contact with the surface. With an estimation of the

contact area and knowledge about the contact geometry the shear strength (friction / area)
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can be calculated. Additionally, many nanoparticles can be found and probed within a single
scan frame. This allows manipulation of many particles with different contact areas,
configurations and shapes in quick succession. Finally, the choice of materials in contact with
each other is much greater with regard to nanoparticles. While AFM tips are constrained by
the class of materials that allow mass production of tips and SFA experiments are limited to
mica-on-mica interfaces, nanoparticles offer a wide variety of different materials in contact

with each other.

Looking back at earlier research in the field of nanomanipulation, much can be learned for the
experiments conducted in this work. To truly understand the behavior of friction and
adhesion, scientists started to focus crystalline materials due to their predictable structures
and the availability of growth processes in the nanoregime for particle deposition like PVD or
CVD. Already in 1996 Sheehan et al. [54] found a strong friction anisotropy when sliding MoOs
crystals on a single crystal MoS; surface and attributes this phenomenon to the
commensurability of the interface. This work was built on the studies of friction anisotropy
measured in muscovite mica by Motohisa et al. [57] where four preferential directions of low

friction aligning with the crystal orientation have been found.

For better understanding of the forces influencing the movement of nanoparticles and the
influence of tip — particle interaction Rao et al. [58] analyzed the outcome of a raster path-like
moving pattern of the tip during scanning versus a zigzag path. While the zigzag motion
scatters nanoparticles with an increasing angle of deflection from left to right in the
manipulation image, a raster pattern leads to mostly parallel displacement pathways of
particles. From this a model arises to describe the collision between tip and nano object in
contact and tapping mode in relation to tip size and line spacing. However, the model assumes
the particle as a sphere moving over an isotropic surface leaving out any directional locking

effects of the interface.

Another comprehensive study by Mougin et al. [59] investigated the manipulation of coated
gold spheres on silicon in tapping mode. They observed different displacement behavior
depending on the angle of trajectory with abrupt jumps along the fast scan direction (x-axis)
and smooth translation close to the slow scan direction (y-axis). The power dissipation during
manipulation shows an initial higher value of stationary particles which lowers once the object
is being moved by the tip. With increase of temperature in ambient conditions there is also a
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significant decrease of power dissipation on the particles since temperature can be seen as an
obstacle to forming stable water bridges and intermolecular bonds that leads to a reduction

in adhesion.

A closer investigation into the translation — rotation relationship of nanoparticles was done by
Nita et al. [60] on 300 to 600 nm large flat antimony particles on MoS,. Results of the
experiments and numerical simulations show low shear stresses for Sb particles of T~ 0.2 MPa.
The work also highlights the spinning motion of the irregular flower shaped nano objects
during displacement in manipulation images which reveals itself in curve-shaped trajectories
and the varying friction during this process which is a valuable indicator for further work with
different nanoparticles. As already mention by Mougin et al. ambient conditions and room

temperature play a role in the decrease of friction and adhesion for such experiments.

Discussing the role of epitaxial growth, commensurability and manipulation of particles
Pimentel et al. [61] focused on grown calcite crystals on dolomite and kutnahorite surfaces in
a liquid environment. They achieved the detachment of particles from their initial growth
position by gradually increasing the normal load in contact mode until displacement while
recording the lateral signal to estimate the shear strength required for movement. The results
show a clear influence of commensurability between the grown crystal and the substrate.
While the calcite / dolomite interface with a large mismatch of ~4.78% required a shear stress
of 1 ~7 MPa, the more commensurate system of kutnahorite — dolomite with a mismatch of
~3.17% leads to a need shear stress of T~ 130 MPa. This is an indication that the mismatch of
crystalline interfaces of epitaxially grown interfaces is a controlling factor in the forces needed

for manipulation.

Another interesting study into the formation and manipulation of gold nano objects with the
goal to create conductive nanowires was done by Moreno-Moreno et al. [62]. While standard
techniques for metal electrode deposition using polymer masks can connect objects with sizes
below 30 nm, the whole process involves multiple steps from the deposition of the polymer
mask, computer-controlled focused electron beam patterning to crack the polymer chains,
removal of the marked region with organic solvents, deposition of metal and finally the
removal of the polymer layer. However, this multi-step procedure comes with drawbacks such
as the exposure of the sample to vacuum and chemical agents, polymer residue left over from
the mask removal and finally the work- and time intensive process of reconfiguration or
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upgrading existing nano circuits. To overcome these difficulties, the researchers in this study
chose to deposit gold nanowires from a suspension in water by drop casting onto the
substrate. With help of AFM manipulation in contact mode nanowires could be moved along
predefined trajectories and even fuse wires together due to mechanical cold welding as a
consequence of the high surface-area-to-volume ratio [63]. While this method avoids many
difficulties like the exposure to vacuum and different organic chemicals and in addition
provides a way to alter existing nano circuits after deposition, it inherently comes with its own
drawbacks. The deposition of nanowires with this method leads to a rather unorganized
pattern of nanowires in random orientation, which then have to be manipulated to connect
the desired objects on the substrate and also to clear left-over wires away from the created
connection. Due to the spontaneous cold welding mentioned above this can be a time-
consuming process with the risk of assembling a “net” of remaining gold wires. The
constructed conductive wire also appears in a dendritic shape which is undesirable for future

applications in mass-scale production of nano electronics.

4.1 Manipulation in Contact Mode

The AFM can be utilized not only for imaging topography but also to manipulate the surface
of a sample or nanoparticles on said surface. For this the tip of a cantilever is used to exert
forces sufficient enough to induce modifications of the surface while at the same time

measuring the acting forces.

After imaging the topography and locating nanoparticles in the scan area, the cantilever is
brought into contact with the substrate in contact mode. When the tip on its previously
chosen path comes into contact with a particle, opposing lateral forces act on tip and the
nanoparticle. With the cantilever continuing the path the forces increase in a linear fashion to
the point the nanoparticle starts to move. This happens when the lateral force eventually
overcomes the static friction experienced between the particle and the substrate. The particle
now will travel in unison with the tip for a short amount of time. By increasing the set point
F;P the maximum of exertable lateral force also rises, since through the sloped contact of tip

and particle normal and lateral force are bound together.
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With this technique, nanoparticles are prone to move to either side of the tip when
manipulated. The reason for that is the fact that the tip most likely will not engage the particle
at the exact center of mass which can lead to a loss of contact, as shown by Dietzel et al. [64].
In the reality of an experiment the adhesion between a nanoparticle and the tip counteract
this problem and can even be used to drag a particle behind the tip if the static friction is low
enough. One downside of this method is the time intensive sequence of imaging-
manipulation-imaging for a single particle. This can be circumvented by scanning a single
frame of the whole area with the chosen set point for manipulation. Multiple particles will be
manipulated in the same image which can be used for statistical analysis of movement
patterns and particle behavior in case of the collision of two or more manipulated particles.
On the other side a tip used for manipulation might experiences a decent amount of wear

during the process, depending on used forces and materials.

4.2 Manipulation in Tapping Mode

This technique offers multiple advantages to the typical contact mode manipulation
mentioned above. After imaging the area in tapping mode with a high relative set point and
therefore a high drive amplitude, the same cantilever can be used for the manipulation step.
By decreasing the amplitude to a very small value the tip still oscillates but with a smaller
distance to the surface leading to a strong tip-sample interaction. Once the vibrating tip
reaches a nanoparticle it transfers energy to the particle without staying in constant contact
which leads to the excitement of said particle its displacement. Through regulation of the set
point and its gradual reduction the threshold for manipulation can be found [65]. This depends
on the static friction between the nanocluster and the substrate, the contact area of the

interface and other properties like superlubricity.

While tapping mode manipulation cannot reveal the lateral forces need to move a particle
directly it brings certain advantages with it. However, if the contact area of the displaced
particle can be estimated the power dissipation during the manipulation process can be
calculated [59]. Beside the aforementioned reduce of tip wear and increase of sequencing
speed, a big asset is the interrupted contact between tip and nanocluster during the

manipulation. While in contact mode the tip acts as a plow moving nanoparticles to the side,
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in tapping mode manipulation energy still gets transferred to the cluster without dragging it
along or blocking the movement in the direction of the oncoming tip. Contrary to the typical
contact mode “kicks” of nanoparticles along the scan line, displaced nano objects tend to

move perpendicular to the fast axis.

4.3 Manipulation in Quantitative Imaging-Mode (Ql)
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Figure 9: QI mode manipulation image of Au islands into an already cleaned area (dotted
square). (b) corresponding adhesion map of the manipulation reveals the trajectories of
displaced particles with a high contrast between the low adhesion gold islands and the MoS;
substrate

This mode of operation takes a series of force-distance curves in a measurement grid of
256x256 locations on the surface, where later in the image each point represents a pixel in
the height, adhesion and stiffness map [66]. The tip approaches each point to measure its
height while simultaneously measuring the stiffness of the sample from the slope of the force-
distance curve during the approach to the surface and also the adhesion force from the snap-
off of the tip when retracting from the surface. This not only allows to map adhesive regimes
and the stiffness of surface and particles, but also gives a force-distance measurement for
every pixel of the created image. Although this system is less stable than contact or tapping
mode and can easily degrade the tip quality due to the higher forces used, it provides great

contrast in the generated adhesion images to visualize particle movements.
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5 Materials

5.1 Molybdenum Disulfide (MoS;)

Molybdenum disulfide belongs to the Transition Metal Dichalcogenides (TMD) which consist
of a layered crystal structure, where within one monolayer the atoms are covalently bonded.
These layers are just connected by a weak van der Waals interaction [67], [68]. A single layer
of MoS; is formed by layer of molybdenum atoms sandwiched between two layers of sulfur
atoms. It has become quite an attraction to researchers for its potential applications in
catalysis, valleytronic applications, optoelectronics and nano electronics. Its abilities as
semiconductor change with the number of layers. Whereas a monolayer has a direct band gap
of ~1.8 to 1.9eV, bulk MoS; shows an indirect band gap with 1.2eV [69], [70]. This makes
monolayer MoS; a competitor with graphene, which has a zero-band gap. While the material
counts as very promising for applications in electronics and optoelectronics, it is hard to
connect to metal electrodes due to a high interface resistance. This is an indication for a high
Schottky barrier at the interface [71]. This could be caused by strong interface bonding which
creates states of the interface that pin the Fermi level or by weak bonding creating a potential

step due to Pauli repulsion at the interface [72], [73].
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Figure 10: (a) lateral deflection image with a size of 5x5 nm of contact mode measurements
using ContAlG with visible thermal drift (b) trace (red) and retrace (blue) profile of the lateral
signal on the same scan line show the typical hacksaw tooth pattern for stick-slip events. (c)
2D autocorrelation map highlighting atomic position of the MoS; surface with its highlighted
hexagonal crystal structure. (d) Fast-Fourier-Transformation (FFT) transforming X-Y
representation of the signal into polar representation highlighting the periodicity and angle of
the lateral signal data (e) Profile of the 2D autocorrelation map (white line) showing a periodic
interatomic spacing of ~ 3.5 A

In the Industry MoS; is widely used as a solid lubricant due to its atomically thin layers that
can easily slide against each other. Applications can be as an additive in greases and oil, as a
component in composite coatings or as dry lubricant by itself. But unlike graphite, which has
a similar lamellar structure and lubrication properties, MoS, does not require a humid
environment and it has been shown that its lubrication efficiency drastically improves in
oxygen-deficient conditions [74]. This ultra-low friction between layers of crystal was explored
with different methods over the years. In the early 1990s Martin et al. [75], [76] studied the
behavior with help of TEM, providing images of the sliding process exhibiting low wear and
friction. Another study investigating the friction of MoS; coatings by Fleischhauer et al. [77]
does not only show a friction coefficient in the ultra-low regime (in order of 0.001) but also
the significant variability depending on the rotational structural mismatch of the two basal

planes in contact with each other. To observe the sliding process between layers in situ,
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Oviedo et al. [78] performed experiments utilizing cross section TEM to record the
displacement of a layer of MoS; from a few-layer stack with help of a tungsten tip which
guantifies the shear strength between two commensurate layers to be 24.8 £ 0.5 MPa. The
sliding of a single layer over its bulk parent substrate in the incommensurate regime was
observed by Wang et al. [79] using a silicon nanowire inside a SEM as a mechanical force
sensor. The measurements obtained support the original proposition by Martin et al., show
an ultra-low friction coefficient of 0.0001. Molecular dynamics simulations of sliding between
two individual MoS; sheets have also shown the super-lubricity phenomenon in relation to
the rotation of the crystals and therefore commensurability, with a 100-fold decrease in
friction force when transitioning from the commensurate to the incommensurate state [80]
with the highest energy barriers to sliding located on top of the S atoms of the crystal
structure. In addition, Coulombic repulsion between the layers provides the reduction of

energy barriers induced by the structural mismatch.

The study of friction on 2D materials, including MoS;, paints a different picture. While the easy
shear between basal planes in their bulk form has been responsible for the lubricity,
monolayers of MoS; have still been recorded to have very low friction compared to typical
substrates like SiO; the materials has been deposited on. This can be attributed to the atomic-
scale smoothness, chemical inertness and mechanical strength of the 2D crystal [81].
However, it has been shown that a single layer of the material exhibits more friction than bulk
material. According to Lee et al. [82] friction on mechanically exfoliated MoS; decreases
monotonically with increasing number of layers until a total number of ~5 is reached, lowering
friction to 40% of the friction of a monolayer. This effect can be explained with a mechanical
process called puckering where the tip apex of the probe deforms the surface locally around
itself (puckers), increasing the contact area and therefore the friction experienced. With
growing number of layers, the bending stiffness in the vertical direction also increases which
then counteracts the deformation enacted by the tip. In contrast, CVD grown polycrystalline
samples of single-layer and few-layer material display an oscillating layer-dependence of
friction, whereby even numbers of layers demonstrate lower friction relative to samples with
an odd number. The authors of the study contribute this effect to the existence of permanent
dipoles in samples with odd layer numbers which leads to an enhanced adsorption of charged

species in interaction with the tip apex [83].
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5.1.1 Growth of Monolayer and Bilayer MoS;

For the growth of the synthetic molybdenum-disulfide crystals, silicon substrates with a
thermally grown silicon oxide layer of 300 um were used as a base. These wafer pieces by
Sil'tronix are exceptionally smooth with a root mean square(RMS) roughness of <0.2 nm.
Before the growth process the substrates were cleaned in an acetone ultrasound bath for 5
minutes followed by flushing in isopropanol and blow drying with argon gas. Once prepared a
two-zone split tube furnace with a tube diameter of 55 mm (Carbolite Gero) was utilized to
grow the MoS; crystals onto the Si wafers which allows for individual heating of the precursor
materials. The outer tube was loaded with a smaller inner quartz tube of 15 mm diameter
containing he growth substrates and precursors. A quartz Knudsen cell filled with sulfur
powder (99.98%, Sigma Aldrich) was placed in the inner tube and positioned in the center of
the first zone of the tube furnace. A piece of wafer was placed in the inner quartz tube and
positioned in the second zone of the furnace. Sprinkled on top of the Si/SiO, wafer were
approximately 1 to 5 uq of MoOs powder (99.97%, Sigma Aldrich). All growth substrates were
placed next to the inner tube on the downstream side. After the evacuation of the quartz tube
to a pressure of 5x102 mbar it was refilled with argon (5.0, Linde). The growth process was
carried out at atmospheric pressure with an argon flow rate of 100 cm3/min, which allows to
carry the sulfur atoms down to the high temperature reaction area containing the MoOs
precursor and substrates. This second zone is heated to the growth temperature of 770 °C at
a rate of 40 °C/min and then held at the target temperature for 20 minutes. The first zone
containing sulfur was heated separately to reach 200 °C once the second zone approaches a
temperature of 750 °C. At this point a hydrogen (5.0, Linde) flow of 10 cm3/min is introduced
to the furnace for the entire 20 min of growth time. After the growth process is completed
the samples were allowed to cool down to 350°C in an argon atmosphere with a flow rate of
100 cm3/min. Finally, the body of the split furnace was opened to rapidly cool down to room

temperature.
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Figure 11: (a) optical microscope image of grown MoS; on SiO2/Si substrates showing a high
density of randomly oriented and sometimes intergrown triangular monolayers. (b) Raman
spectrum measured on a crystal of MoS2. The difference of peak positions is 21 cm-1
corresponding to a monolayer

The few layer MoS; crystals were sampled using Raman Spectroscopy (Bruker Senterra
Spectrometer) in backscattering mode. With help of a frequency-doubled Nd:YAG Laser, a 50x
objective and a termoelectrically cooled CCD detector measurements were obtained at 532
nm with a spectral resolution of 2-3 cm™. The Si peak at 520.07 cm™ was used for peak shift
calibration of the instrument. To analyze the characteristic MoS; peaks the background was
subtracted and the data fitted with Lorentzian functions the determine peak positions, FWHM
and maximum intensity of the peaks. The Raman spectrum shows peaks characteristic for
monolayer MoS,, which are E12g at (384.4 + 0.5) cm™ (FWHM =3.6 + 0.2) and A | g at (405.3
+0.5) cm™ (FWHM = 4.6 + 0.3). These originate from the in-plane vibrations of the Mo-S bonds
on the E12g band and out-of-plane vibrations of S-atoms on the A | g band. With a difference

of 21 cm™ between the peaks the monolayer properties of the substrate can be confirmed.

The image above (Figure 11 (a)) was obtained using a Zeiss Axio Imager Z1.m microscope
equipped with a 5 megapixel CCD camera (AxioCam ICc5) in bright field mode. It shows the
growth of mostly monolayer MoS; crystals with random orientation on the SiO,/Si substrate
with a mean size of 10 to 20 um although super large triangles with a size of up to 70 um have
been observed. Many crystals are joined together in random angles not aligned with the
crystallographic axes of both triangles with no apparent boundaries at the connection point.
With help of the more height sensitive AFM MoS; triangles show a second layer grown in the

center of the crystal with a height difference of approximately 1.5 nm which corresponds to
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the lattice distance of 1.489 A in c direction of the unit cell [84]. This second layer influences

the growth of gold islands on the crystal, which will be discussed in the chapter 5.1.1.

Figure 12: (a) height image of different monolayer MoS, crystals in random orientations,
partially grown together. The concave borders signal a Mo : S ratio of slightly above 1 : 2 (b)
example of a MoS; triangle with developed second layer grown from the center (height image)
(c) schematic growth model showing the preferential growth directions (faces) developing the
monolayer from a hexagonal structure to a triangle. After Wang et al. [85]

The shape of the MoS; crystals observed tends to show irregular triangles with concave sides
and edge structures in a zigzag fashion. According to the basic principles of crystal growth [86]
the shape of a crystal is determined by the growth rate of the different crystal faces. While
the fastest growing faces disappear or become smaller, slower growing faces tend to grow the
largest. The rate of growth is usually dependent on the surface free energy and in the case of
2D materials this corresponds to the edge free energy. Therefore, low-energy faces of a crystal
tend to be also the slowly growing faces. For the case of monolayer MoS; the final shape is
determined by the different growth rate of edge terminations. Two cases arise for the
observed zigzag edges (as seen in Figure 12(b)) depending on the element forming the edge
for the crystal. If a sulfur atom is exposed at the edge, forming a s-zz edge, the S atom has only
two bonds with two Mo atoms, while saturated S atoms within the crystal structure form three
bonds with three different Mo atoms. Is a molybdenum atom exposed, the bonds formed with
Sulfur atoms drops from six bonds with six different S atoms in the case of a saturated Mo
atom to only four bonds. This structural difference leads to different levels of chemical activity
which eventually influences the growth rate and domain shape of the crystal [85]. Depending

on the ratio of Mo and S during the growing process, different shapes of monolayer MoS; can
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be the outcome. The samples discussed in this work show mostly truncated triangles which

would correspond to a growth environment with a Mo : S ratio of slightly above 1:2.

5.2 Gold Nanoparticle Growth on Bulk MoS;

Figure 13: (a) MoS, sample mounted on the Molybdenum plate for gold deposition. (b) SEM
backscattered electron image showing a wavy surface due to detachment of some layers from
the bulk material caused be the sample preparation.

For the gold deposition the single crystal MoS; sample was mounted on a molybdenum plate.
Using a Scotch tape, the first layers of the mineral were peeled off to obtain a fresh clean
surface. Afterwards the sample was introduced into the lock-load chamber of the UHV system
consisting of three interconnected chambers for sample preparation, STM imaging and
surface analysis. The base pressure during the preparation was 10° mbar. With help of a
pyrometer (LumaSense, IGA 100, with emissivity € = 0.5) the target temperature for the
deposition was maintained in the chamber. After a 2 h period of outgassing at a temperature
of 623 K, gold was introduced to the surface at a rate of 0.1 monolayers per minute (ML/min)
until the required amount of monolayers was reached for the specific sample. After depositing
the gold, the sample is subsequently kept at the deposition temperature for another 30 min
to allow for migration of gold atoms to form nano crystals. After this process the MoS; crystal

cools down to room temperature and is removed from the UHV chamber.

35



Table 2: Gold deposition conditions and properties of grown Au islands

bulk MoS: bulk MoS; Monolayer MoS;

Amount of Au [monolayers, ML] 2 2 1.5
Deposition temperature [°C] 250 350 550

Au particle size [nm] 22.6+0.5 13.79+ 0.6 19.8 £0.3

Particle density [1/um] 176 + 14 310+ 28 73.2+1.2

While gold in crystalline form grows in a face-centered cubic structure, the nanostructures
formed on top of the both natural and monolayer MoS; appear in a triangular shape with a
size of around 15 to 25 nm with a thickness of 2 to 6 nm, depending on the growth conditions.
This is explained by the unique physical and chemical properties of metal nanoparticles, where
unlike to their bulk counterparts the chemical and crystallographic parameters of the
substrate grown upon plays a major role in the growth of the nanoparticle. SEM and AFM
measurements show clearly the crystalline nature of the gold particles often with truncated
corners approaching a hexagonal geometry as reported by Dietzel et al [87]. The particles are
able to connect with the MoS; substrate by (111) plane with a lattice distance of a = 2,88 A.
Note that due to the relatively large tip size of <10 nm and the inherent tip convolution the

corners of gold islands in AFM measurements appear to be rounded.

36



L)
5
‘R

A
T RAANRA
l"\' ‘
‘11i|‘i

armehair

L]
A AN

T 2'Mm

Figure 14: (a) SEM, (b) AFM tapping mode, and (c) STM images of different areas of the
Au/MoS; sample in regions chosen for manipulation experiments. Scan parameters for STM:
Vbies = 1 V and current | = 100 pA. (d), (e) Atomic resolution of an Au island and the MoS;
substrate (Vpias = 2.5V, | =400 pA).

The images obtained with STM confirm the crystallinity of both gold and MoS; as seen in Figure
14 (d) and (e). The simultaneous imaging of both island and substrate with comparable
resolution was not possible since the tip starts moving the gold nanoparticle when climbing
up the side of island at / = 150 pA. It is also noteworthy that the STM tip detects only half of
the hexagonal vertices since the placement of molybdenum atoms in the crystal lattice on
different planes (heights) makes it quite difficult to reveal the true hexagonal structure. The
microscope images of Figure 14 (a) and (b) also reveal an epitaxial growth pattern of the gold
particles on MoS; which leads to a distribution of approximately 70 to 80% of the triangles

facing upwards in the same crystallographic orientation.
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Figure 15: (a) The strain of Au atoms and MoS; in {111} respectively where Au is represented
by orange circles, Mo by purple and S by yellow circles. After Zhou et al. [88] (b) Schematic
model of atomic mismatch of the epitaxial growth of gold on MoS,. After Junpeng et al. [89]

In the simplest models of epitaxy, the substrate is assumed to be infinite and can subsequently
not relax in the growth process. This leads to a biaxial stress experienced by the gold atoms of
approximately 8%. Even though a configuration of {001} with a misfit of -6 to 8% or a
configuration of rotated {111} with -6% strain seem more favorable, {111} orientation growth

is predominantly observed in experiments.
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Figure 16: Au - MoS; system showing compression of the substrate lattice underneath the
grown Au crystal, while the immediate area around the island experiences stretching in its
lattice

The much larger elastic energy observed in this configuration comes down to the weak van
der Waals bonding between MoS; layers which allow the surface layer of the substrate to relax
nearly independently of the layers underneath. This leads to a lower formation energy in the
Au growth process, considering surface and interface energies and misfit dislocations. It
should be also noted that a compliant substrate leads to a reduction of dislocation density
compared to traditional epitaxial growth since the substrate partially relieves any mismatch
strain. This means that the MoS; substrate underneath the Au island will be strained in

compression which is naturally accommodated by a tensile strain surrounding the island [88].
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5.3 Gold Nanoparticle Growth on Monolayer and Bilayer MoS;

Crystalline two dimensional materials have established themselves as a promising substrate
for electronic applications due to their inherent order and symmetry, 2D properties like the
Quantum-Hall-Effect and other peculiar phenomenons. Monolayer MoS; is no different with
its hexagonal structure, low friction coefficient and semiconductor abilities. In addition, an
indirect-to-direct band gap transition and strong photoluminesence occurs when thinned out
to a single layer, making it an ideal candidate for applications in the field of nano-

optoelectronics [90].

Figure 17: Dark field cross section achieved with HAADF-STEM of the monolayer MoS; system
with CVD grown Au islands on top of a Si/SiO, wafer with a 300 nm thick SiO; layer.

The TEM cross section above created with Focused lon Beam (FIB) shows the structure of the
materials used for the nanomanipulation experiments. The monolayer MoS; sits on top of the
300 nm SiO; layer of the Si wafer. The grown gold particles have been crosscut by the FIB for
later imaging to confirm their crystallinity and epitaxy with the substrate. Above the
monolayer system the carbon coating needed for the TEM sample preparation can be seen

with its grain-like structure.
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Diffusion radius: 13,1+2nm
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Island size: 10.6 £ 0,4 nm
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Figure 18: SEM image of monolayer MoS; triangles after Au deposition (1.5 ML) at 723 K. The
center triangle exhibits different size and density of grown Au islands with smaller islands of
around 6.8 nm in the border regions while Au nanoparticles in the middle tend to be larger
with ~10.6 nm in average size.

The grown gold clusters are generally spread homogenously on monolayered islands with a
broad size distribution of 10 to 20 nm and a diffusion radius approximately twice their size.
However, especially larger islands with a size of 3 to 20 um are divided into two areas with
different Au island sizes and diffusion radii. While the border area (refered as Al in Figure 18)
with a width of 200 to 500 nm, depending on the size of the MoS; crystal, is decorated with
Au islands smaller than 10 nm and a higher density distribution, the inner area of the island
(refered as A2) displays bigger islands of 10 to 20 nm in size with a lower island density. This
phenomenon is an indicator of the mobility of gold on the crystalline surface of MoS,.
Although crystals with a size of under 3 um do not develop a border of smaller Au islands the
effect can still be visible in the corners of the triangular flake, as can be seen in Figure 19 (a)

below.
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Second MoS: layer

Figure 19: (a) SEM image of a smaller MoS; triangle with a size of ~5 um and CVD grown Au
islands on top. (b) close-up of gold nanoparticles showing well-ordered orientation due to the
epitaxial growth. (c) SEM image of another MoS; crystal with a second layer in its center after
Au deposition (1.5 ML) at a temperature of 823 K. Au islands decorate the crystal edge to the
second layer and exhibit a higher particle density and smaller particle size as a result of lower
gold mobility during the annealing process in UHV.

As with bulk MoS;, the grown gold nanoparticles on the substrate show clear signs of epitaxial
growth which materializes itself in the ordered orientation of the triangles. With the MoS;
triangles apex pointing downwards, the distribution of particle direction is heavily leaning to
an upward orientation with about 80 to 85% of all accounted Au islands depending on the
MoS; flake analyzed. Since the substrate triangles are distributed in a random orientation on
the SiO; and every MoS; triangle shows a similar orientation distribution of Au nanoparticles,
it can be ruled out that the angle of the beam used for the gold growth has an influence on
the gold island orientation. Figure 19 (c) shows the gold growth on a second layer of MoS;
which developed from the middle of the triangle. Due to the higher degrees of freedom along
the edge of the layer gold nanoparticles are more prone to grow there, developing a
decorated edge easy to see with AFM and SEM. Au islands grown on top of the layer show a
much larger density distribution while the crystals themselves have a size of below 10 nm.
This effect is a well-known result of the CVD growth process, as stated by Wang et al. [85].
This leads to the assumption that the mobility of Au atoms during the annealing process is
much lower on the bilayer compared to the monolayer on the same MoS; crystal.
Nevertheless, these gold nanoparticles appear to grow in an epitaxial fashion with hexagonal

to triangular shapes as well.
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Figure 20: (a) Cross section HAADF-STEM image of a single Au island with visible crystalline
atomic structure sitting on top of a monolayer of MoS, grown on a Si/SiO; wafer. (b) Close-up
of the monolayer consisting of two bands of Sulfur atoms (green) with Molybdenum in
between. (c) In-plane distance between S atoms shows a distance of ~2.25 A and ~3.37 A
between the Sulfur bands. The discrepancy between measured and modeled interatomic
distances is a result of the different crystallographic orientation.

With help of the High-Angle Annular Dark-Field Scanning Transmission Electron Microscope
(HAADF-STEM) the crystallinity of the monolayer MoS; and also the gold islands are clearly
visible. The close up image of Figure 20 (c) shows measurements of the distance between
sulfur atoms in the Y- and Z-direction in comparison to the modelled distances of a monolayer
of the substrate. While the gap between the atoms in z-direction is close to the model, the S
atoms parallel to the monolayer show a much smaller distance. The reason for discrepancy is
the crystallographic orientation of the MoS; which was not cut exactly along the Y-axis but in
an undetermined angle due to the limitations of the Focused lon Beam technique used for the

sample preparation.
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Figure 21: (a) High resolution HAADF-STEM image showing Au atoms well-structured in the
crystal lattice of a gold island with 32 layers of atoms, sitting on top of a monolayer of MoS:.
Note the apparent roughness of the Si/SiO, wafer creating a not atomically smooth surface.
(b) Intensity profile of the electron probe showing the atomic positions of Au, S and Mo.

TEM microscope images and measurements of atomic positions confirm the crystallinity of
grown Au nanoparticles on the substrate, showing a well-ordered structure of gold atoms. It
is noteworthy that the used smooth Si wafer with a RMS roughness of around 886 pm appears
quite rough compared to atomically smooth systems on the nanoscale cross section. This
possibly influences the growth of the Au islands whereas all nanoparticles imaged with cross

section TEM sit in depressions of the with MoS; coated Si wafer.

6 Gold Nanoparticle Manipulation

First step of a nanomanipulation experiment is the characterization of the sample topography
without disturbing and manipulating the surface covered with nanoparticles. This can be
achieved with a tapping mode scan, which comes with the difficulty of finding the exact area
again after changing the cantilever to a contact mode tip. Another technique requires a scan
in contact with the sample, but at the minimal stable normal force set point. In this case the
static friction of the particles is higher than the force acting upon it through the lateral tip
movement [55]. Therefore, the nanoparticles stay in their initial location. Interfaces
experiencing superlubricity between the surface and the particle might exhibit very low static

friction, which makes the minimal stable normal force set point unreachable. This can be
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averted by using tapping mode for the imaging of the initial topography and position of the
nanoparticles, but this work around requires a cantilever change back to a contact mode tip
which comes with the problem of the repositioning of the new tip onto the same exact area.
On the other side the manipulation sequence can be done using the tapping mode cantilever,
sacrificing the ability to read out the force needed to move a particle since the stiffness of said

tip is too high for accurate measurements and imaging when used in contact mode.

6.1 Nanomanipulation of Au islands on bulk MoS;

After establishing the basic properties of Au islands grown on bulk MoS,, a systematic
comparison of manipulation behavior of the particles between different scan directions was
carried out. To allow the most freedom of movement manipulation sequences were carried
out in tapping mode in ambient conditions. While in contact mode the tip is in constant
contact with the surface and restricting the possible directions of particle movement by simply
being in the way, tapping mode only transfers kinetic energy to the Au island for a very short
amount of time. This gives the particle enough energy to move freely. It is also possible to
image the position of the islands beforehand with a lower set point of around 1 nN in the
present case, before switching to manipulation by simply increasing the normal load to 1.5 nN
or higher. The vertical deflection channel (see Figure 22 (b)) provides an excellent tool to
analyze manipulation trails of manipulated nanoparticles. 2D autocorrelation was used to
determine the prevailing angle of displacement 6 and later put in correlation to the angle of
attack a. With this mathematical technique changes in the measured signals can be studied
to analyze systematic variations. While topography images usually provide enough data for
the autocorrelation, the vertical deflection shows sharper features at the manipulation
pathways which makes it easier to separate actual displacement trails from stationary and

already manipulated particles.
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Figure 22: (a) Tapping mode topography image of a manipulation sequence at 60° sample
rotation (b) vertical deflection image of the same sequence shows manipulation trails clearly
for later statistical trajectory analysis.

With the initial positions of the nanoparticles mapped using a very low set point of around 1
nN, the exact movement and destination of the Au islands can be mapped during and after

the manipulation process.

Figure 23: Nanomanipulation sequence in tapping mode with (a) 2x2 um image to record the
initial positions of Au islands (b) Tapping mode manipulation image with a rel. set point of
8% and hover mode (c) Overview of the manipulated area recording displacement positions.

Figure 23 provides all three stages of the manipulation. It is apparent that displaced particles
predominantly stick to their starting orientation, even when pushed into other particles. This
leads to the conclusion that Au islands do not rotate during manipulation but rather translate
over the substrate in an epitaxial fashion with MD simulations confirming this thesis, as

discussed in chapter 6.2.

45



Figure 24: Combination of the sequence from Fig. 23. Green highlighted particles show the
initial position of the Au islands, yellow pathways show the manipulation directions and red
particles mark the resulting displacement. Note the particle in the highlighted area (white)
manipulated along the armchair direction until the collision with another Au island, changing
to zigzag direction multiple times to move around the obstacle.

When compiled into one image the pattern of displacement does not only show the prevailing
direction along two directions differing by about 60° matching the crystallographic directions
of the substrate, but also display what happens in case of particle collision. While some Au
islands get stuck next to others, forming an immovable pile, others avoid a pile-up by changing
their displacement angle to the armchair direction to get around the obstacle. After passing,
the nanoparticle is able to change back to the original angle with the preferred lower friction
force associated with it. Piled up islands predominantly stay in within their original epitaxial
orientation from the growth process. Close up SEM images, as discussed in chapter 6.3, can
provide more information about the agglomeration of Au islands as the result of the

nanomanipulation.
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Figure 25: (a) Lock-in Phase image during manipulation 500 x 500 nm (b) Normalized power
dissipation of the profile 1 (see (a)) showing power dissipated to the particle with respect to
the substrate (c) Normalized power dissipation of profile 2 (see (a)).

The image above shows a phase image of a manipulation experiment in tapping mode. During
the manipulation the oscillation amplitude of the tip As: was kept constant in a closed
feedback loop. Therefore, the power dissipation associated with the tip-sample interaction
can be calculated using following formula [91]:

kf . A2
Pyis = 4_7: (ApiezoAsetSln‘p - STet)

With Apiezo as the oscillation amplitude of the piezo element exciting the cantilever, the
resonance frequency fo, the quality factor Q of the free cantilever and ¢ as the phase shift
caused by tip-sample interaction. Analyzing the phase shift during the manipulation of a nano
island leads to an estimated power dissipation of around 15 to 25 pW, depending on the
particle when the background signal is adjusted to zero. This regime is consistent with
previous measurements reported by Ritter et al. in manipulation experiments of flat antimony
islands [32] and tapping mode experiments of 25 nm gold particles on Si wafers by Mougin et
al. [59]. As can be seen in the image above (Figure 25) the power dissipation on stationary
particles is also around the same pW regime which leads to the assumption that the grown
particles are not rigidly fixed on the substrate and rather dissipate energy through vibrations

induced by the tip. While some trails of displaced clusters show a similar power dissipation to
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stationary islands other manipulation paths appear darker in the phase signal relating to a
power dissipation of around 5 pW. This corresponds to the energy needed to move an island.
The difference of dissipation can be explained by the interaction of tip and particle. Some
particles are moving by the first contact with the tip hence leaving almost no signal in the
topography and showing a low amount of dissipated power. Contrarily, other particles stay in
their position until the tip is on top of the Au island, imagining and exerting energy, until the
dissipated power is enough for the island to disengage from the substrate, jumping to its new

position before being manipulated again in the next line.

While the Nanowizard 4.0 by JPK is able to change the angle of scanning with its software, the
cantilever with its tilt of 10 to 15° will not move over the surface parallel to the long axis which
influences normal and lateral deflection. The sample must be turned physically to the required

angle to maintain the same movement directions and therefore forces acting upon the tip.

(b)

|Disp|acement direction

- Armchair direction [

Figure 26: (a) Rotatable sample holder with mounted MoS; sample with free 360° rotation (b)
Schematics of the manipulation experiment. The tip approaches the nanoparticle with a
certain angle a which then is displaced with a generally different angle 6. Both angles are in
reference to the armchair direction of the MoS; substrate. It is notable, that in a “scan-hit-
move” sequence, the oscillating tip hits the corner region of the island and pushes it in an
unpredictable direction identified by an angle y, with 60° <y < 120° (in green).

With help of a freely rotatable sample holder (Figure 26 (a)) the user is capable of turning the
MoS; crystal full 360° without changing the tip movement direction thus allowing normal and
lateral forces to act the same for every 10° difference in respect to scan angle and
crystallographic angle of the sample. These measurements were done in ambient conditions
using the same image size to maintain a line distance of 4 nm while scanning in a parallel line

pattern recorded trace and retrace. Every scan was performed in a fresh area on the surface
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with islands still located in their growth position. The half circle created by the 19 images

separated by 10° cover all possible angles given by the hexagonal nature of the substrate

lattice. From the substrates lattice point of view as a reference the angle of attack o defined

in Figure 26 (b) now changes with respect to the MoS; lattice. The displacement direction 6 is

Figure 27: Manipulation images arranged with respect to the
crystallographic orientation and the dominating displacement
directions (white arrows). Note the change in displacement angle
0 once the angle of attack a is closer to the next preferential
crystallographic direction of the particle-substrate system.

recorded in the
manipulation images
visible as displacement
trails of the moving
particles.

Figure 27 illustrates the
manipulation behavior of
the Au islands in
reference to the crystal
orientation of the
underlying lattice  of
MoS,. The white arrows
in the vertical deflection
images along the half
circle indicate the
prevailing direction of
displacement. When put
in perspective with the
crystal lattice of MoS; and
its repeating angles of
zigzag and armchair
directions every 60°, it is

clearly visible that the

displacement direction follows either the zigzag or armchair direction of the substrate

underneath even when the angle a is changing. At certain points manipulated particles will

change in an abrupt manner to the next crystallographic direction suitable for displacement.

In the case of a point mass driven by an elastic spring the has been discussed several times in

the literature, for example by Gnecco et al. [22] and Li et al. [92]. In the present case of
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extended contact area, it also appears that the epitaxial relationship between Au islands and

substrate is preserved during manipulation process.
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Figure 28: Preferential sliding direction of Au islands in tapping mode manipulation
experiments as a function of the scan direction, defined by the angles 6 and a from Fig. 19. The
red segments highlight the locking directions every 60°.

Compiled into a graph this angular locking mechanism is clearly visible (see Figure 28). Every
60° the displacement direction is locked by the lower friction forces of the Au island sliding
across the epitaxial hexagonal lattice of the MoS; substrate. In between the locking states of
the zigzag and armchair direction the island is contested by both lower friction regime
directions, leading movement behavior less straight, switching between different locking
angles. This can lead to manipulation trails that do not comply with the established

crystallographic directions.
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Figure 29: SEM images of the tips before and after manipulation of Au islands. The tip apexes
in of the pyramidal ContAlG by Budget Sensors and the conical CT300 by Team Nanotec show
minimal wear after multiple manipulation scans in tapping mode.

The tip geometry of cantilevers used in the statistical displacement measurement set was a
big concern regarding the influence of the pyramidal shape of the tip (Budget Sensors ConAl-
G) acting on the triangular symmetry of the particles manipulated. To rule out any directional
control caused by this the same measurement set was performed using conically shaped tips
(Nanotec CT300). There was no significant visible in the analysis of displacement angles, see

below.

SEM images of the pyramidal and conical tips used for the experiments have been executed
before and after manipulation to make sure that the degradation of the tips is minimal and no

particles adhere to them, as seen in Figure 29.
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Figure 30: Preferential sliding direction of Au islands in tapping mode manipulation
experiments using conical tips as a function of the scan direction, defined by the angles a for
the angle of attack of the tip and 8 as the angle of displacement and from Fig. 26. Directional
locking occurs every 60° of © confirming the negligent influence of the tip geometry on the
manipulation directions. The downward scan is executed on a region where the islands have
been previously manipulated by the upward scan. As a result, the manipulated islands are
fewer, as their motion is hindered by clustering.

The diagram in Figure 30 shows the directional locking behavior of the gold nanoparticles
when manipulated with a conical tip. As with the pyramidal tips the islands follow the
crystallographic directions of the MoS; (6) until the difference between the angle of approach
a and the orientation of the substrate is big enough to switch to the next direction
energetically suitable for the locking effect. This can be observed during manipulation with
the slow scan direction oriented upwards (black circles) and also downwards (grey triangles).
It is noteworthy that due to the technical operations of the JPK Nanowizard 4.0 AFM all
downward manipulation scans were executed in the same area as the previous upward scans.
Since these particles were already manipulated and partially formed immovable clusters of

islands fewer islands were able to move freely over the substrate.
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6.2 Theoretical Investigations and Simulations of the Au Island
Pathways.

While the manipulation of other nanoparticles grown on MoS;, as in Nita et al. [60] using
amorphous Sb particles, have not shown any directional locking related to the substrate
lattice, the results in chapter 6.1 show that there is evidence of tip induced rotation of
nanoparticles. Due to the tip convolution of AFM imaging and the small size of the
manipulated Au islands the resolution of single particles is not sufficient enough to completely
rule out any rotation of islands during the displacement process. For these reasons MD
simulations were deployed by Roberto Guerra to shed more light on the mechanisms behind

the directional locking effect observed in experiments.

Figure 31: (a) Energy map of the Au-island contact face showing the solitonic pattern —
corresponding to the moiré pattern in the unrelaxed system — arising due to the
incommensurate interface with MoS2. Each atom is colored as a function of its LJ interaction
energy with the substrate, purple and yellow corresponding to low and high energy,
respectively. Some distortion of the pattern at the boundary occurs due to relaxation effects.
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(b) Sketch of a simulated repulsive cylinder (gray), mimicking the tip, pushing the island
laterally as in experimental conditions. (c) A simulated PES map reporting the total potential
energy (including the intra-island EAM potential plus the Au-MoS2 Lennard-Jones energy) as a
function of the Au-island constrained center-of-mass (x, y) coordinates. These (x, y) coordinates
span the entire MoS2 surface unit cell, while all other (internal) degrees of freedom are
unconstrained and let relax in full at each point. (d) A sketch of the MoS2 surface, with a black
line delimiting the unit cell, and with Mo and S atoms represented in purple and yellow,
respectively.

For the molecular dynamics simulations, a LAMMPS code was deployed [93] modelling an Au
island fully reproduced by EAM potential [94] with a total of 63 615 gold atoms and a lattice
spacing of 0.284 nm arranged in a solitonic pattern, as can be seen in Figure 31 (a). The island
contains five fcc layers where the bottom layer with its 12 649 atoms forms a (111) face in
contact with the substrate covers an area of 885 nm?. The MoS; substrate was kept rigid in
its bulk formation with a bond length of 0.316 nm. A Potential Energy Surface (PES) map has
been simulated by recording the energy of the island in bulk fcc configuration in relaxation
with a fixed center of mass (COM) at a discrete set of (x,y). A rotational energy profile was
obtained in a similar fashion for different angles 8, defined as a function of the COM distance
from the starting point during manipulation, by depositing the Au island with the orientation
of B and allowing atomic relaxation while at the same time nullifying the total torque to
preserve (. For the gold-substrate interaction a 12-6 Lennard-Jones potential with € =22 meV

and o =0.29 nm was assumed [95].

In the MD simulations a truncated triangular island with an edge length of 40 nm sits in a
relaxed equilibrium with its apex pointing in the armchair direction of the MoS; surface (f =
0°). Without external forces acting on the simulated particle it will rotate spontaneously to
align itself with the substrates crystalline direction, as can be seen in Figure 32 (c). Due to the
substrates hexagonal lattice this sharp minimum of the angular energetics occurs at 0° and
60°, coinciding with the observed orientation of all grown Au islands in the experiments
conducted. This would theoretically allow a rotation of up to 60° until the particle can lock
into the next energy minimum. When manipulated in tapping mode in an experimental
environment the triangular Au islands may experience a small rotation, but with the
subsequent retraction of the tip the islands are allowed to return to their initial epitaxial

orientation (f = 0°).
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For this possibility a simulation was launched featuring a repulsive cylinder mimicking the tip
pushing the island in a lateral fashion, as can be seen in Figure 31 (b). When the tip is moved
6 nm with a velocity of 1 m/s the particle will rotate about 2° while its center of mass is moved
by 5 nm. With the subsequent relaxation due to the tip retraction phase of tapping mode the
particle will recover its initial alignment within ~1 ns. Extending this mechanism of movement
and realignment leads to a displacement without any lasting rotation of the manipulated
particles. It should be noted that the tip velocity in the simulations cannot be reduced much
below the ¥m/s range. The imparted torque experienced by Au islands in the experiments is
certainly much smaller since the tip velocity of about 2 pm/s. With the fact in mind that the
island orientation automatically adjusts its position after contact with the tip, the simulation
can be operated with a lateral force F = 20 nN applied uniformly to all atoms of the simulated
gold island. The angle of displacement y defined by the average direction of motion of the

particle is varied between 0° and 180°.
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Figure 32: (a) Simulation of pathways of the island COM on the computed PES map of the MoS;
surface (grayscale) for different directions of applied force y. Inset: the initial configuration of
the island. (b) Island orientation B as a function of the COM distance from the starting point
during manipulation reported in panel (a). (c) Red dots represent a function of the island
orientation angle B on MoS,, the simulated total energy Eio: including Au-Au and Au-MoS;
interaction energies. Blue squares represent the sole Au-MoS; interaction energy contribution
Eint-

As shown in Figure 32 (a) with the varying angle of attack y the simulated Au islands tends to
prefer the zigzag direction of the substrate. When movingin y = 0° or 180° the particle follows
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the armchair direction 8 = 0° in an almost straight line, but just a slight change in the attack
angle (copper colored path way of y = 7.5°) leads to a rather meandering path of the
nanoparticle, switching between armchair and zigzag direction. In the range of y = 15° and
52,5° the directional locking phenomenon occurs, trapping the displacement direction at 6 =
30° which corresponds with the zigzag direction of the MoS; substrate. This occurs again with
y 2 75° where the next zigzag direction of the hexagonal structure acts as an attractor to the

COM of the Au island.

These results confirm the directional locking effect observed in the experiments done on bulk
MoS; and also highlight the preference of zigzag over armchair direction. The PES map of the
substrate also indicates a strong rotational asymmetry which can be seen in the trajectory

shape when the island is pushed in y =0° and y = 180°.
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Figure 33: Force traces obtained for the simulated island advancing in direction § =y = 0. The
red-curve estimate is obtained by subtracting the center-of-mass viscous-force term from the
total applied external force. The blue-curve estimate is the derivative of the Au-MoS2
interaction potential along the sliding direction x. Displacements are normalized by x0 = 548
pm, namely the x-size of the MoS2 unit cell (see Fig. S3). Dotted lines at 6.1 nN and 3.4 nN
mark the average values of their respective estimators, which should coincide in the adiabatic
limit of vanishingly small island velocity. In the reported simulations, with the applied force F
= 20 nN, the average island speed is in the 0.6—-0.7 m/s range, depending on the sliding
direction. For this specific angle & = y = 0, the average speed is 0.7 m/s.
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With a maxiumum simulated PES corrugation of 11.5 eV and the average friction force of
about 4.5 nN during manipulation, the corresponding shear stressis T = 5 MPa. This isa much
higher friction barrier than the observed 0.2 MPa of amorphous Sb islands sliding over MoS.
by Nita et al [60], even when taking reduction of shear stress through thermolubric effects at
room temperature in account. Another interesting movement behavior is observed in the
simulation by monitoring the COM rotation [ as a function of distance of the center of mass
from the starting point r. As can be seen in Figure 32 (b) for all angles of attack y the absolute
rotation stays well below 0.5° but also show a regular wobbling motion with a small wave
length of about 0.3 nm. This motion occurs in the range of values corresponding to perfect
directional locking but it also happens when y = 7.5° featuring two angular peaks when

alternating the sliding direction between armchair (6 = 0°) and zigzag (6 = 30°) direction.

6.3 Nanomanipulation on Monolayer and Bilayer MoS;

Using large MoS; triangles introduced in chapter 5.1.1 as a substrate for subsequent
nanomanipulation on gold cluster brings inherent advantages with it. While experiments on
bulk material required high resolution atomic scale imaging with STM or AFM to determine
the lattice orientation, on synthetic monolayer MoS; the relevant armchair and zigzag
directions can be determined by the shape of the monolayer [85]. This reduces set up time
immensely by eliminating the needed cantilever and/or AFM head exchange to achieve atomic
scale resolution. Since the MoS; crystals are randomly oriented on the Si/SiO, wafer a rotating
stage to change the angle of the sample is not needed and crystals in the required direction
can be found either with the use of the optical microscope attached to the AFM or with a large

overview scan in the tens of microns.
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Figure 34: Typical manipulation sequence for the monolayer-MoS,-Au-system (a) height image
in tapping mode showing the initial positions of all Au islands (size a ~10 nm) on the MoS>
triangle with an Au cluster density of n = 6.5x10 um=2. The schematic in the top left corner
illustrates the hexagonal structure and the two dominant crystallographic directions adjusted
for the orientation of the island. (b) Lateral deflection image of the manipulation in contact
mode (10 nN) with scan line spacing of 7.8nm using a stiff tapping mode tip with activated
hover mode. The white arrow indicates the most prevalent displacement direction which
coincides with the zigzag direction of the substrate. (c) Tapping mode image after
manipulation showing the formation of regular bands of Au islands every 250 nm, parallel to
the fast axis of the AFM. The close-up in the top right corner suggests a band formation by
pushing triangular Au islands together with their initial growth orientation preserved.

As with bulk MoS;, the phenomenon of directional locking applies also here to the
manipulation of grown Au islands. Figure 34 illustrates a typical manipulation experiment of
monolayer samples. With the full substrate triangle in view all crystallographic directions can
be easily identified for later determination of displacement directions. First, a tapping mode
image is acquired using a PPP-NCHAu cantilever by Nanosensors. With a low set point 22 nm
it is ensured that nano islands remain in their initial growth location and all positions of
particles are being recorded. Afterwards the manipulation sequence is executed with the
same tip in contact mode with activated hover mode set to 50 nm. With that, manipulating
forces will only act on Au islands while recording the trace signal on the fast axis (x axis) going
from left to right. The tip will automatically retract 50 nm on the way back from right to left
to its initial starting position of the scanned line, hence the forces experienced by
nanoparticles are only coming from the same direction. While non-contact cantilevers with
their short and therefore stiff beams are not the best tool for contact mode manipulation it
allows the user to quickly image, manipulate and reimage a certain area without changing

cantilevers and the subsequent calibration and localization of the manipulated area.
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Figure 35:Manipulation on monolayer and bilayer MoS,. (a) Topography image of the contact
mode manipulation with a normal load of 29 nN, a line distance of 13.7 nm and 50 nm hover
mode activated. The white arrow indicates the prevalent displacement direction, parallel to
the armchair direction of the substrate. (b) Tapping mode image with a relative setpoint of
22.5 nm of the manipulation result. The Au islands on the monolayer appear to form bands
with a distance of 550 nm to each other. Nanoparticles on the second layer appear much
smaller and in higher density with almost no significant displacement by the tip. Cluster density
and average size before manipulation: n = 102 um=2; a = 17 nm on the first MoS2 layer; n =
9x102 um=; a = 7.2 nm on the second one. (c) SEM BSED image of the manipulated area. The
actual size and density of particles is now visible (no tip convolution), showing bands of Au
islands on the monolayer either parallel to the fast axis or to the zigzag direction of MoS;. The
close-up shows the displaced islands in epitaxial orientations with most of them not in direct
contact with each other. Particles on the second layer show some displacement in a similar
fashion but overall less movement due to the particle density.

Similar to the manipulation experiments on bulk MoS; the monolayer material exhibits still a
direction locking effect along the crystallographic directions of the hexagonal structure.
However, with the different substrate thickness comes a new phenomenon of the band
formation of Au islands. These rows of particles form during manipulation in contact mode
and can be over 10 um long, depending on the size of the substrate crystal with inter-band

spacing of around 500 nm. Smaller MoS; triangles exhibit also exhibit a smaller distance
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between the striations of nano objects. The orientation of these appear to follow either a
crystallographic direction of MoS; (zigzag or armchair) or form parallel to the fast axis of the

AFM.

While post-manipulation tapping mode AFM images show a closely packed string of Au islands
with a width of 1 to 3 particles, as can be seen in Figure 34 (c) close-up, the tip convolution of
the AFM probe obscures the reality of the particle bands. High resolution SEM images (Figure
35 (c)) reveal that displaced particles packed in a line not only retain their epitaxial orientation
from the growth process but also rarely connect to each other. The close-up shows a detailed
image of the composition of an Au band with the nano objects at a distance of one to a few
nanometers to each other. Multiple phenomena could be responsible for this effect. On one
hand electrostatic repulsion among gold clusters might be the culprit, as studied by Ju et al.
[96] using DFT to show the possibility of electron transfer from MoS; to Au clusters and the
influence of Sulfur vacancies on the Au particle adsorption. Another reason for the nanoscale
spacing might be the roughness of the Si/SiO, wafers used for the monolayer deposition.
While the wafers are indeed very smooth, compared to atomic smoothness of crystalline
materials they appear relatively rough, as is clearly visible in the cross-section TEM images
obtained for this work. In Figure 20 (a) and also Figure 21 (a) the wafer shows a roughness of
up to 2 nm which is a quarter of the Au islands height. A third aspect might be the effect of
puckering mentioned in chapter 5.1 where a tip by scanning in contact with a few-layer
lamellar surface creates so-called puckers around itself due to the low inter-layer forces and
bending stiffness. Especially pronounced is the puckering on one or few layers of MoS,,
whereas thicker material is strengthened and exhibits less elastic deformation. The study by
Cao et al. [97] recorded friction forces with a standard AFM tip, observing a bigger puckering
effect with increasing normal load. In the case of the manipulation of Au islands on monolayer
MoS; the situation is more complicated. While the tip scans with a normal load of Fy =50 nN
in contact mode the substrate area around the tip should show elastic deformation in shape
of a wave in front of the tip. While a gold nanoparticle itself does not extrude a normal force
into the underlying MoS,, the deformation created by the tip might have an influence of the
contact between tip apex and Au island. The then moving island could possibly create its own
wake in front of it, with the van-der-Waals forces between gold and the substrate deforming
the monolayer. In the case of an upcoming collision of the displaced nanoparticle with another

this fold might stop the manipulated particle from connecting with the stationary Au island,
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creating the gap observed with the SEM. However, this hypothesis is in need of more

computationally extensive MD simulations to provide more insight.

Figure 36: SEM images of the second layer of MoS; showing results of the manipulation
sequence with the upper left corner showing the topographies of the AFM manipulation. (a)
Au islands on the second layer are grown in relatively high density which inhibits far
displacement and the formation of nanoparticle bends. Two trails of bigger Au islands
travelling onto and over the bilayer can be observed. (b) Manipulation on another MoS;
triangle. The red arrow indicates the pathway of a bigger Au island which then plowed through
the dense but small gold particles of the second layer, eventually getting stopped by the pile-

up.
The second layer of MoS; provides a very different environment for the growth of gold
nanoparticles. With an average size of 7.2 nm and a density 9 x 102 um for Au islands it is
apparent that the second layer cannot provide the same mobility for gold atoms during the
30 min annealing time in the UHV chamber. To grow bigger clusters of gold the surface
homogenously covered with dispersed gold atoms needs to provide enough mobility to let
atoms travel to a seed for a growing gold cluster which is evident for monolayered MoS; as
well as for bulk. Reason for this might be the observed permanent dipole formation in odd
number of layers of MoS; reported by Lavini et al. [83]. The higher particle density prohibits
nanoparticles to travel relatively far distances without coming in contact with another, as for
the case of monolayer MoS;. This explains the lack of striation which stands in stark contrast
to the first layer of the very same substrate flake. However, in Figure 35 (c) the upper right

corner of the second layer triangle indicates the beginning of stripes of nanoparticles forming.
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Interestingly in both cases of very large MoS; -crystals with a developed second layer at the
center, bigger Au islands possibly from the first layer have observed overcoming the step edge
of 1.5 nm to traverse onto the second layer as indicated by the red lines in Figure 36. Here
they travel directionally locked without getting repelled by the smaller gold crystals but rather
plowing through them, creating a visible trail. In Figure 36 (b) two islands can be seen stuck in
a pile of smaller gold clusters in their epitaxial orientation. But in difference to manipulation
on a monolayer, the bilayer-nanoparticles appear to be in direct contact with the large islands

and do not provide a gap.
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7 Gold Nanowire Formation

7.1 Re-Annealing of Manipulated Au Islands
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Figure 37: SEM images of the fusion experiment after manipulation (see Figure 35 (a) A band
of Au islands on monolayer MoS; before reheating. Epitaxial orientation is clearly visible in
well-shaped nanoparticles. The upper left corner shows less defined particles. (b) After
reheating in the UHV chamber at 550 °C the lower Au stripe shows insignificant change to the
particle structures. The upper band indicates a higher mobility of gold with the less well-
defined gold crystals melting together. (c) Result of reheating the same area to a temperature
of 700°C shows no change to the previous temperature. (d) A close-up of the area with most
significant change after reheating to 550 °C shows the formation of small nanowires with
lengths of 150 to 200 nm.

Size dependent melting temperature of nanoparticles is a well-studied phenomenon in
science finding a logarithmic increase of the melting point with the volume of metallic nano
objects. Gold clusters of a size of 2.5 nm have been found to liquefy at a temperature of above
700 °C, while bulk gold melts at 1064°C in atmospheric pressure [98]. One of the factors for
this behavior is the fraction of atoms at the surface of a body which changes with the volume
of said body since the surface scales with the radius r? and the volume with r3. While inner-
body atoms can exist in a low energy state forming all necessary bonds with each other to
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create a highly coordinated crystal lattice, corner-, edge-, and surface-atoms exhibit a higher
degree of free energy and therefore an affinity to form other bonds with adsorbate molecules
for example. This low stabilization caused by the inherent low coordination is one of the main
factors for catalytic activity. With a higher percentage of atoms at the surface, edges and
corners the point phase transition becomes less sharp and well-defined. Rather than
individual phases it is easier to understand the behavior of nanoclusters as molecules with
coexisting structural isomers over a range of temperatures. This becomes visible for the
observed nanoparticles, showing a loss of their geometric shape, rounded off corners and
generally reconfiguring into a more spherical shape. Especially less-defined Au clusters with
an inherently less stable configuration and therefore higher degree of free energy become
more mobile and even melt together to form nanowires with lengths between 150 to 200 um.
However, the results of the re-annealing experiments suggest that better ordered gold crystals
with distinct triangular shape and spacing of one to two nanometers in between each other
appear to experience a smaller amount of gold mobility brought by the reheating process in
UHV. Most of these islands cannot overcome their energetic barriers to let gold atoms escape

the crystalline structure which inhibits the welding process between islands.

7.2 Nanoscratch-based Surface Modification

As discussed in the last chapter, the formation of joined nanowires through manipulation and
subsequent reheating proves to be more difficult thanks to effects like electrostatic repulsion
during displacement and thermal stability of well-crystallized nano islands. At this point the

modification of the crystal substrate becomes a viable option to overcome these obstacles.

The parallel work performed by Ozogul et al. in our work group explores the behavior of
monolayer and bulk MoS; substrate when scratched with a single-crystal diamond tip with
normal forces between 1000 nN and 3000 nN and varying velocities [99]. It demonstrates that
the high forces of at least 2 uN to break the surface layer of both bulk and monolayer material.
Once the diamond tip penetrates the material a plowing-induced exfoliation phenomenon
appears, similar to a ship bow gliding through water. Here, the sides of the tip force the
broken-up layers to bend upwards, subsequently creating curls of MoS; or even exfoliating

relatively large flakes of the lamellar material and folding them over. This process is much
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more pronounced for bulk material since many more layers of MoS, will be penetrated and
bent by the tip, going up to 10 nm (for 3 uN) into the material. The created agglomerates,
curls and peels cover large areas up to 3 um around the scratch, building up material in regime
of up to 100 nm. Interestingly the hexagonal substrate ruptures along the crystallographic
directions, namely armchair and zigzag direction, as can be clearly seen in Figure 38 (a) for

bulk MoS; and for monolayer material Figure 39 (b) below.

Figure 38: Radial nanoscratches with a single-crystal diamond tip. (a) Vertical Deflection image
of a half circle (every 10°) of scratch profiles with a force of 2 uN on bulk MoS,. Certain
directions lead to a large amount of exfoliation up to 100 nm in height while others exhibit
minimal damage around the trench (scratch parallel to armchair). (b) Topography image of a
full circle (every 10°) of nanoscratches with 2 uN on monolayer MoS; showing similar signs of
exfoliation with varying degree of surface damage depending on the orientation of the scratch
profile. Due to the thickness of the material curls of MoS; does not exceed a height of 12 nm.
(unpublished)

The extensive research in to scratch behavior and crack propagation done in [99] reveals many
implications for any crystalline surface modification by nanoscratching. For bulk MoS;
especially large spill outs have been observed with step edges created by folding over multiple
layers of the lamellar material similar to pages of an open book. High interplanar strength and
low binding forces in between the individual layers allow for sliding and bending, the very
same reason MoS; is an excellent dry lubricant. However, in the case of scratch patterning of
the surface this leads to high forces necessary to break the surface layer with a normal load

of at least 2 uN. The tip subsequently penetrates multiple layers and acts as a plow which
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causes the individual layers to rupture along the crystallographic directions with the weakest
binding energy, namely armchair and zigzag direction [100]. Depending on the angle of the
scratch and the preferred rupture lines this creates very large folds covering um? and heights
of up to 100 nm while the scratch itself is not deeper than 6 nm. In Figure 38 (a) a half circle
of radial nanoscratches was performed using a D300 single-crystal diamond tip and a normal
force Fv = 2 uN. While the scratches change with 10° in their orientation the spilled-out
material folds in predominant directions due to the directionally locked rupturing, leaving
behind a clear indicator to determine the crystallographic directions of the bulk material. It is
also noteworthy that scratches performed in alignment with armchair or zigzag direction show
almost no damage in the area surrounding the created trench. This can be seen in Figure 38

(a) highlighted in white.

Synthetically grown monolayer MoS; performs in a similar fashion when scratched with a
diamond tip. Even though the tip can only break through a single layer before reaching the
Si/SiO, wafer folds and chips of MoS; in preferred crystallographic directions have been
observed. However, the surface damage to the modified area is much lower in comparison to
bulk material, as Figure 38 (b) illustrates with a set of 36 radial scratches arranged in a full
circle. As with bulk MoS;, scratches parallel to crystallographic directions leave very little
agglomerated material next to the trench while other scratches show build-up with heights

upto 12 nm.
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Figure 39: A set of 6 parallel scratches with a length of 5 um performed with varying forces
and alternating directions at an angle of 30° to the zigzag direction of the monolayer MoS2
substrate. (a) Topography image with a scan angle of 90° reveals build-ups with heights of up
to 17 nm in irregular fashion. (b) The phase image highlights the different materials, revealing
the SiO, surface underneath peeled-off monolayer MoS;. The ruptures occur along
crystallographic directions of the substrate and exfoliated material folds in an epitaxial manner
onto the monolayer.

Taking a closer look at the exfoliation of a single layer during nanoscratch experiments, certain
characteristic properties can be observed. The diamond tip is still in need of a high normal
force Fy of 1 puN to break through the monolayer, subsequently penetrating the Si/SiO, wafer
to about 6 nm pulverizing wafer material in the process. Once the tip reaches the required
normal force, it acts as a plow cutting the monolayer with subsequent crack propagation
consistent with previous research. Molecular Dynamics simulations by Wang et al. suggest a
smaller surface energy in zigzag direction of MoS; leading to cracks preferring that specific
angle [100]. Another noteworthy result is the influence of a changing scratch direction on the
rupture process during mechanical stress. When extruding force along zigzag direction the
fracture will run along the same direction. However, if the direction of the scratches is
adjusted to another orientation cracks will propagate along the next zigzag-orientation closest
to the force applied and in addition, a wrinkle made from buckled MoS; develops along the
rupture on the opposite side of the zigzag fracture. This exact fracture behavior has been
observed in [99] during plowing induced nanoexfoliation of mono- and multilayer MoS;, with
curls and wrinkles developing on one side of the nanoscratch and fractures combined with
exfoliation on the opposite side, hence confirming the zigzag direction of MoS; as the least

destructive direction for surface modification. However, while this study suggests the
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formation of curls on only one side of the scratch is due to the geometrical asymmetry of the
diamond tip used to penetrate the layers, Wang et al. [100] attributes the effect to wrinkle
formation depending on the angle of attack in relation to the crystal lattice orientation of
MoS,. The scratch experiments also confirm the modeled fracture propagation with cracks
forming along the closest zigzag orientation in the general direction of the tip cutting through
the material, showing a distinct triangular exfoliation pattern. Figure 39 (a) shows the
topography after performing 6 nanoscratches with alternating scratch direction and varying
normal forces Fy on monolayer MoS,, while the phase signal in Figure 39 (b) highlights this
effect very clearly with the propagation of cracks following the zigzag directions closest to the
angle of attack of the diamond tip. The SiO, underneath gets revealed after the tip exfoliates

the single layer and folds it over.

Figure 40: Nano pattern along the zigzag direction of the bulk MoS; substrate applied with a
D300 single-crystal diamond tip with a normal force Fy of 2 uN and a velocity v =1 um/s. (a)
topography image of the atomically smooth substrate surface showing no significant spill-out
from the scratches. (b) The amplitude tapping mode image of the same region revealing a
greater amount of surface contamination but in relatively small size. (c) Amplitude close-up
image of the patterned surface with step edges (doted white lines) in between as an indicator
for the orientation of MoS> shows a misalignment of 7°.

Applying the gained knowledge about MoS; rupture and crack and wrinkle propagation to bulk
material relatively clean scratches with force of 2 UN can be performed when the crystal
orientation of the substrate is determined beforehand and the nanoscratches follow the
zigzag direction, as can be seen in Figure 38. For this experiment a half circle of radial scratches
was performed to determine the crystallographic directions of MoS, by crack propagation.
The freely rotatable sample holder (Figure 26 (a)) was subsequently deployed to turn the
substrate in alignment with the scratch directions. The result shows a nano-patterned surface
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with scratches following the zigzag direction of MoS;, although a misalignment of 7° to the
crystal orientation occurred. The spill-out of the scratches is dramatically reduced compared
to similar experiments with same forces and velocities at arbitrary angles. Close-up images
the area surrounding the trenches exhibit agglomerates with sizes of around 25 nm created
by the rupture. However, the typical nanoexfoliation covering multiple pm? and crack
propagation away from the scratch are not present, leaving the rest of the surface relatively
clean and flat for later modification. Although this method can provide a solution to the
creation of large folds and run-away cracks, the user is restricted to the crystallographic
features provided by the material used for modification. In case of MoS; this gives two

possible scratch directions, with the zigzag direction being the most applicable one.

7.3 AulIsland Manipulation on Patterned MoS;

The results in the previous sections discussing the mechanics of MoS, rupturing and the
accompanying phenomena suggest that CVD grown monolayer substrate appears to be the
better option for scratch-based surface modification. Bulk material does provide an option for
relatively clean scratches but is restricted to armchair- and zigzag directions of the surface for
patterning. However, agglomerates of 50 nm in heights can still occur, while monolayer flakes
of MoS; perform much more forgiving to less preferred crack propagation directions. Here,
the spill-out of nonconform scratches remains under 20 nm of height and nanoexfoliation
folds tend to lie flat on the monolayer. This makes it an acceptable substrate for surface

modification with the intend to aid in the formation of Au island-based nanowires.
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Figure 41: Result of Au island manipulation on a scratched MoS, monolayer. (a) Topography
image at a scan angle of 90° showing the result of the manipulation of a 4.5 x 4.5 um area
with a setpoint of 50 nN and activated hover mode. Nanoscratches were performed from left
to right at an angle of 45° to the edge of the monolayer MoS; substrate with varying normal
forces Fn between 0.5 uN and 3 uN. The white dotted line indicates the scratch line of 0.5 uN
which did not penetrate the monolayer. (b) False-colored close-up of the nanoparticle
agglomeration around the 2 and 3 uN scratch line. Nanoexfoliations (thin yellow triangular
shapes) alongside of the scratches following the zigzag direction of MoS; at an angle of 22°
upwards or at 38° developing downwards from the scratch (red dotted line, white arrows as
indicators). Au island have not been deposited in the trench but rather became immobile when
encountering a MoS; fold or spilled-out material.

The tapping mode image above shows an example of the manipulation behavior of Au islands
when encountering nanoscratches of different normal forces Fy. The surface modification was
achieved with a D300 diamond tip scratching from left to right with a velocity v of 1 um/s.
With increasing normal force, a deeper and wider trench is created by the tip apex pulverizing
the underlying SiO> of the wafer. As reported by Ozogul et al. [99] a hormal load under 1 puN
does not break the monolayer which can be seen in Figure 41 (a) for the scratch with Fy = 0.5
uN with the dotted white line indicating the scratch position. The remaining scratches exhibit
typical features of nanoexfoliation and subsequent folding of the monolayer and wrinkle

formation.

After surface patterning the same tip was used to manipulate the nanoparticles in contact
mode and activated hover mode of 50 nm, scanning with a normal force Fy of 50 nN and line
spacing of 9 nm. The Au islands were displaced at an angle 6 of 41°, following the zigzag
direction that also dominates the visible crack propagation. Contrary to the assumption that

nano islands would get stuck in the trench when being manipulated across nanoscratches, the
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experiment provides the opposite scenario. Even though the scratch with a force of 0.5 nN did
not rupture the monolayer, it influenced the surface structure enough to provide a viable
obstacle for displaced Au islands. Interestingly lower force scratches show a greater
accumulation of nanoparticles directly on the line, while forces of Fy of 2 uN and above have
no nano island deposition inside the trench lines. This might be caused by the tip damaging
the rigid SiO; underneath the monolayer while MoS; reacts elastically to the normal force
extruded. The 40 to 50 nm wide trenches cut by the diamond tip show a depth of 4 to 6 nm
with a force of 2 or 3 uN respectively. Characteristic nanoexfoliation caused by the plowing of
the tip is also present, typically located on the upper border of the scratch but also visible on
the opposite side, as can be seen in Figure 41 (b) below the red dotted line. This area gives an
insight in the mechanics of Au island displacement. While manipulated nanoparticles have
been observed climbing over the step edge onto a bilayer of MoS; (see Figure 36) while
maintaining the directionally locked trajectory, a second layer created by exfoliation and
subsequent fold-over appears to provide an impassable obstacle which leads to accumulation
of displaced Au islands along the fold. The height difference between the monolayer and the
exfoliated flake deposited on top of it is around 0.6 nm with little change in the fold’s
topography, suggesting an atomically smooth interface between the substrate and the flake.
But also borders of nanoscratches without exfoliation show features of 0.5 to 1 nm in height
(indicated by white arrows in Figure 41 (b)) from the destructive plowing of the diamond tip.
These ridges form a crest on both sides of the nanoscratch where no nanoexfoliation occurred
which indicates a frayed edge of the monolayer due to ripping of the material. Au islands also
form agglomerates with a distance of 10 to 12 nm from the ridge crest when pushed towards
a trench, as can be seen for the nanoscratches with 2 and 3 uN of force. However, lateral
deflection images of the manipulation scan show displacement pathways traversing over the
nanoscratches and their ridges and exfoliations. In the areas between the surface
modifications standard striation formation parallel to the fast axis of the manipulation scan
takes place, as discussed in chapter 5.3. Due to the disruption of directional locking and a clean
pathway usually provided by the highly ordered surface of MoS,, bands of Au islands appear
to be much less organized, with a shorter stripe length of under 1 um, a greater agglomeration
instead of thin lines of islands and varying height distribution, suggesting an actual pile-up of
particles instead of gold triangles keeping distance and epitaxial orientation when becoming

immobile.
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Mechanik der
Funktionellen Materialien

Figure 42: (a) Topography tapping mode image after the nanomanipulation of Au islands with
a normal load Fy = 50 nN on a scratch-patterned surface (Fy = 2 uN) along zigzag direction of
the monolayer MoS; substrate. (b) Topography close-up of two trenches with embedded
agglomerations of nanoparticles showing minimal signs of exfoliation or wrinkles. (c) Au
islands displaced with a normal load of Fx = 50 nN over the scratched-in logo (“mFm”, normal
force Fn =2 uN) of a well-known nanotribology work group. This experiment was conducted at
the same orientation on the same 50 um MoS:; flake as (a) and (b).

Another picture is painted when nanoscratches are applied in alignment with the
crystallographic directions of the substrate using a D300 single crystal diamond tip. Figure 42
(a) and the close-up (b) present an exemplary case of five nanoscratches (left three
downwards, right two upwards) with a normal force of Fy =2 uN at 1 um/s to create trenches
around 6 nm deep and 40 nm wide at an angle of 67° with respect to the fast axis. All scratch

ridges display minimal signs of nanoexfoliation with significantly less surface damage
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compared to scratches along arbitrary angles. After patterning the surface, nanomanipulation
was performed in contact mode with a normal load of Fy = 50 nN and activated hover mode,
using the same D300 tip. Au islands were manipulated in a directionally locked manner
following either two zigzag directions (parallel to scratches at 67° and at 7°) or the armchair
direction with 37° in relation to the fast axis. In contrast to the case of arbitrarily angled
scratches discussed in the previous chapter, Au islands agglomerate mostly inside the
trenches inirregular dense shapes with height distributions suggesting a pile-up with particles
sitting on top of each other in direct contact, as can be seen in the close-up topography image
in Figure 42 (b). Displacement pathways of islands in lateral deflection images of manipulation
scans also show islands traversing the scratched-in trenches in armchair direction. It is
noteworthy that no Au island striation occurs in the area between the scratches compared to
the experiments regarding Figure 41 with the same scratch spacing of 1 um, keeping the

surface clean for later modifications.

The last chapters alluded to a complex interplay of phenomenon influencing the outcome of
manipulation experiments in combination with scratch-based surface modification. However,
future applications will require much more difficult and irregular structures than straight lines
of scratches. A dominant feature will be intersecting nanowires in addition to corners and
curves to utilize the full potential of nano electronics. To test out the modification and
manipulation behavior the logo of the work group of Mechanics of functional Materials (mFm)
was chosen, presenting a set of different feature from straight lines in different angles to
corners, curves and a sub headline with 500nm tall letters. The manipulation was conducted
with the same D300 tip as used for the nanoscratching, with Fy = 50 nN of normal force with
hovering retrace of 50 nm and line spacing of 12 nm at a velocity v of 1 um/s. Clearly visible in
Figure 42 (c), areas where nanoscratches meet to form a corner appear to have a high
possibility to immobilize displaced Au island during manipulation. With almost all corners of
the scratched letters occupied these locations can be seen as a nucleation point for
subsequent pile-up of more arriving nanoparticles. While corners present a sharp change of
the trench direction curves present a more gradual transition with a wider radius. However,
Au islands manipulated over these features still tend to stop when encountering the curved
nanoscratch. Accumulations of particles in said features display heights of 20 to 25 nm,
suggesting a stacking mechanism of the gold crystals. The biggest agglomeration of gold

particles is evidently on top of the scratched-in sub headline of the logo, with letters of the
73



size of 300 to 500 nm and individual features like curves and corners down to 20 nm in size.
The feature density of these letters is very high, providing corners and curves ever few
nanometers as obstacles for traversing Au islands, which increases the probability of
immobilization considerably. Once an island is stopped by the surface disruption underneath
it can act as a nucleus for further particle agglomeration due to the electrostatic repulsion
mentioned in chapter 6.3. Accumulated particles display a height of 25 nm on average with
an island height of ~¥6 nm, leading to the assumption that particles start to stack on top of each
other at these locations. These results suggest not only a big influence of the orientation of
nanoscratches in regard to the crystal lattice of the substrate on the immobilization of
manipulated gold islands, but also the size and complexity of the patterns play a role in the

amount and location of particle agglomerations.

8 Discussion

This work presents an insight into the use of CVD grown gold nanoclusters with sizes in the
tens of nanometers on the metal dichalcogenide MoS; for the formation of nano structures
via nanomanipulation with the AFM. With the attempt to provide another option for the
creation of gold nanowires, this technique avoids well-known obstacles of other methods like
mask-patterned deposition of gold where the sample is exposed to different chemical agents,
leaving residues of said chemicals on the surface. Also, less time intensive ways of gold
nanowire deposition, like drop-casting nanowires from a solution, present unintended
problems by covering the sample with unorganized nanowires prone to cold welding when in

contact.

But this approach also comes with its own inherent difficulties. Firstly, the material for surface
functionalization must be considered. Molybdenum Disulfide provides an excellent base for
later manipulation. With its many properties from multilayer crystallinity to optoelectronic
effects, MoS; peaked interest in the nanotechnology research community in the last couple
of years. Naturally and lab-grown monocrystals are atomically flat surfaces with a highly
ordered pattern of atoms due to the six-fold symmetry of the hexagonal crystal lattice. With

a mismatch of ~8% gold atoms can use the lattice as a pattern to crystallize into well-shaped
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truncated triangles in epitaxial orientation without a high degree of size variation. The
mismatch between both crystal structures also leads to very low forces in the range of Fy 2 to
20 nN needed to detach grown gold nanoparticles. Interestingly, different temperatures of
gold deposition and annealing had less of an influence on the gold cluster growth as the MoS;
itself. The number of layers plays an important role in the mobility of gold during the annealing
process, possibly caused by permanent dipoles. CVD grown monolayer MoS; presents a similar
picture to bulk material. However, the growth process can influence the crystal shape by
element availability during the procedure which leads to different MoS, crystal shapes with
concave crystal edges. Additionally, the growth of Au islands onto the monolayered material
revealed a border effect with an average decrease in particle size while at the same time the
increase in particle density suggests less mobility for the uniformly distributed gold atoms

during annealing when positioned close to the MoS; crystal edge.

Besides the aforementioned factors on gold nanoparticle growth, the very even distribution
of Au islands on the MoS; surface and the polarity of the triangle orientation made it possible
to perform broad manipulation patterns with hundreds of individual island displacements at
once for statistical analysis. Combined with the rotatable sample stage, a directional locking
phenomenon was discovered which controls the direction of displacement when manipulated
with contact mode or tapping mode. The geometry of the pyramidal tip did not have any
influence on this effect, since conical tips revealed the same locking effect. Molecular
Dynamics simulations provide some inside in the energetic mechanisms of the
nanomanipulation by reproducing the displacement of a triangular, truncated gold island over
a Potential Energy Surface mimicking MoS; in its atomic structure. The result confirms a
locking effect of the displacement direction in armchair- and zigzag direction caused by the
corrugated surface of Sulfur and Molybdenum placed in a hexagonal lattice. Simulations also
show a “wobble” effect of the island when traversing epitaxially over the incommensurate
surface, changing the island orientation by up to 0.5° and snapping back into original

orientation every 3 A, fitting the lattice parameters of the MoS; surface.

In contrast to bulk MoS;, Au islands manipulated on monolayers formed striations of bands of
agglomerated nanoparticles tens of um long. This might be caused by the nanoroughness of
the Si/SiO2 wafer underneath the grown MoS, monolayer which effects on the smoothness of

the single layer can be observed in the cross-section TEM images in chapter 5.3. The
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nanoroughness of the wafer mimicked by the monolayer might provide enough surface
altercation to act as an obstacle in certain locations, causing particles to stop and therefore
creating another obstacle for the next Au island. At first look this seemed promising for the
formation of a nanowires but unfortunately the high crystallinity of the Au islands and the
spacing between accumulated nanoparticles potentially caused by electrostatic repulsion
prevented most of the stripe of Au islands to melt together into a single unbroken nanowire.
The re-annealing process with a maximum temperature of 700°C did fuse gold islands of less
well-shaped irregular quality, suggesting a less stable crystal structure, yet the vast majority
of Au islands are well crystallized and therefore energetically more stable. This energy barrier
couldn’t be overcome in the reheating experiment. Even though a nanowire with the length
of 150 nm was created, the electrostatic repulsion hindering gold islands from getting in direct
contact with each other also prohibits the formation of a single nanowire from the striation

of Au islands left after nanomanipulation.

The modification of the MoS; surface using a single crystal diamond glued to the cantilever
might provide an option to create manmade locations and patterns for particles to stop and
agglomerate when manipulated en masse by a scan pattern. Nanoscratches need a normal
force Fn of at least 1 pN to break the surface layer of the material. Here, the crystal lattice
orientation plays a big role again, considering the rupture mechanics of the hexagonal
material tearing apart preferentially along armchair- or zigzag direction. The difference
between scratch direction and crystal orientation of MoS; determines the amount of damage
done to the areas surrounding the created trench, ranging from very clean scratches to
chipping and nanoexfoliation creating pileups in the hundreds of nanometers in height.
However, this also provides a quick tool to determine the crystal orientation of bulk MoS; by
scratching the surface to cause nanoexfoliation which inherently follows the crystal
orientation of the folded material. On monolayer material similar effects of nanoexfoliation
can be seen, although the damage to the surrounding area is much less severe with folds as
flat as 1 nm. When manipulating gold particles over a scratched monolayer the direction of
the trenches to the crystal orientation must be considered, with aligned scratches not only
collecting agglomerates of Au islands much better but also preventing the formations of bands
of gold particles in between the nanoscratches. Interestingly, even though a nanoscratch
performed with a force lower than 0.5 uN did not break through the monolayer, nanoparticles

still accumulated along the scratch line, suggesting a, alteration of the SiO; surface with the
76



monolayer of MoS; on top reacting elastically to the diamond tip. Agglomeration of particles
inside the trenches show stacked Au islands in random orientations in direct contact with each
other. This might solve the problem of electrostatic repulsion, bringing the gold crystals close
enough together for re-annealing or cold welding. But not only orientation of the modification
pattern is important. Scratched curves and corners have been proven to act as stopping
points, as can be seen in the scratched logo. The sub headline completely covered in gold
islands leads to the assumption that very small surface features consisting of many different
directions and corners provide an excellent surface disruption to intentionally immobilize Au
islands when the interface of Au island and the underlying MoS; surface is interrupted in

multiple directions in the area covered by the gold crystal.

9 Conclusion and Outlook

The nanomanipulation of grown particles on crystalline surfaces is strongly influenced by the
interacting crystal systems and their lattice directions. This, in combination with the
electrostatic repulsion between gold islands, complicates the arrangement of Au islands into
desired shapes and patterns. Additionally, the on monolayer MoS; forming striation pattern
prohibits long distance displacement of particles. However, these obstacles can be diminished
by modifying the MoS; surface via nanoscratches to provide a manmade stopping point for
manipulated particles. Here again, one must consider not only the thickness of material but
also the crystallographic directions the patterns are applied to. Monolayer MoS; might exhibit
nanoexfoliation but due to just a single layer being ruptured the surface damage surrounding
the scratch is much more manageable for later nanomanipulation experiments. Especially
nanoscratch features in the tens of nanometers with high directional variation have be found
to be very effective immobilization locations of traversing Au islands, stacking particles on top

of each other in direct contact at the intended location.

Further research is needed to establish a method to reliably create long agglomerations of
gold islands in the correct geometry and position. Conductive AFM measurements can be
useful to determine if direct contact of Au islands will lead to cold welding as shown by

Moreno-Moreno et al. [62] when connecting gold nanowires using AFM manipulation or
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whether re-annealing is necessary to fuse the particles together into a single nanowire. With
the help of numerical simulations and machine learning techniques surface modification and
manipulation patterns could be useful to determine the right manipulation sequences outside
of the standard raster scan pattern used by modern AFMs. Also, the phenomenon of
directionally locked nanoexfoliation might provide another tool to remove specific areas of
the monolayer MoS; for even more complex nanostructure compositions. Fractal scratch
designs might hold the key to the full control of Au island deposition in the right thickness and
density for the creation of complex gold nanostructures that can be utilized in the field of

nanoelectronics.
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