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ABSTRACT

ATOMIC FORCE MICROSCOPY EXPERIMENTS ON
ATOMICALLY THIN MATERIALS

Ali Sheraz
M.Sc. in Physics
Advisor: Talip Serkan Kasirga
24 June, 2020

In 2004, successful isolation of graphene attracted immense attention of scien-
tists because of atomic scale thickness and exotic functionalities. Regardless of
graphene’s thickness and extraordinary properties only reason that limits the us-
age of graphene in electronics is no band gap. But there is a way to open band
gap of graphene by introducing defects or applying electric field but defects in-
troduction can affect its functionality. So, world moved towards transition metal
dichalcogenides (TMDCs), new analogs of graphene with thickness dependent
band gap option are promising nominee for potential applications in modern
physics and electronics. Besides electronic properties, TMDCs depict excellent
mechanical characteristics (in plane elastic modulus, breaking strength /strain and

pretension) compared to conventional volumetric counterparts.

The objective of this study is to investigate work function and mechanical prop-
erties of atomically thin materials using Kelvin probe force microscopy (KPFM)
and Nanoindentation modes of Asylum Atomic Force Microscopy (AFM) respec-
tively. Firstly, KPFM experiments were performed on CVD grown Vanadium
Sesquioxide V503 to map surface potential variation and calculated work function
value 4.91 eV. This will help in understanding band alignment, contact resistance
and appropriate Schottky barrier height (SBH) by choosing metal contacts with
closer work function to V,0Os3.

Secondly by using AFM based nanoindentation we first time reported elastic
features of metallic TMDCs: 2H-TaSy, 3R-NbS,, 1T-TaTey and 1T-NbTey, with
various thickness values suspended over circular holes. Comprehensive measure-
ment was done on 2H-TaSy and found thickness independent Young’s modulus
for 2H-TaS, is 114 + 14 GPa, breaking strength 12.6 £+ 2.6 GPa corresponds to

nominal strain of 11% and ultimate strain of 0.22. Same mechanical features were
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investigated for other three materials and they also manifested extreme elastic-
ity and high strain values compare to other 2D materials reported so far except

graphene.

This mechanical analysis of metallic materials will contribute in future flexible
nano technological devices (for instance piezo electronics), wearable electronics,
resistive coatings in electronic devices, nanoelectromechanical systems (NEMS)

and strain sensors.

Keywords: Vanadium Sesquioxide, Transition Metal Dichalcogenides, Kelvin

Probe Force Microscopy, Nanoindentation.



OZET

ATOMIK INCELIKTEKI MALZEMELERDE ATOMIK
KUVVET MIKROSKOBU DENEYLERI

Ali Sheraz
Fizik, Yiiksek Lisans
Tez Danigmani: Talip Serkan Kasirga
24 June, 2020

2004’te, grafenin basgarili izolasyonu atomik 6lgekteki kalinlig1 ve egzotik fonksiy-
onalite nedeniyle bilim insanlarinin dikkatini ¢ekti. Grafenin kalinhigi ve sira
dis1 ozellikleri ne olursa olsun bu materyalin elektronik uygulamalarda kul-
lanilamamasinin tek nedeni bant genisliginin olmamasidir. Fakat, grafenin bant
genigligi cesitli kusurlar olusturularak veya elektrik alan uygulayarak acilabilir
ama bu kusurlar grafenin fonksiyonelligini etkileyebilir. Bu nedenle diinya,
grafenin yeni analogu olan kalinliga bagl bant genisligi degisebilen ve modern fizik
ve elektronik uygulamarina aday olan gecis metali dikalkojenitleri (TMDC’lere)
dogru yoneldi. Elektronik oOzelliklerinin yaninda, bu TMDC’ler konvansiyonel
hacimsel akranlarima kiyasla miikemmel mekanik Ozellikler (kirilma kuvveti,

diizlemsel elastik modiil, baglangi¢ gerginligi) gosteriyorlar.

Bu calismanin amaci atomik kalinliktaki materyallerin mekanik ozelliklerinin
ve ig fonksiyonlarmin Asylum Atomik Kuvvet Mikroskopunun (AKM)
Kelvin Prob Kuvvet Mikroskobu (KPKM) ve nanoindentasyon modlar
ile aragtirilmasidir. Ik olarak, KPKM deneyleri CVD ile biiyiitilmiis
Vanadyum Sesquioksit (VoO3) tistiinde yiizey potansiyelini haritalandirmak igin
gerceklestirildi ve ig fonksiyonlarinin 4.91 eV olarak hesaplandi. Bu, bant hiza-
lanmasinin, kontak direncinin ve Schottky bariyer yiiksekliginin V5035 is fonksiy-

onuna yakin metal kontaklar secilerek anlagilmasina yardimer olacak.

Ikinci olarak, biz AKM tabanl nanoindentasyon kullanarak ilk defa meta-
lik TMDC’lerin (dairesel delikler tistiinde askida birakilan gesitli kalinliklardaki
2H-TaS,, 3R-NbS,, 1T-TaTe, and 1T-NbTey) elastik ézelliklerini raporladik. 2H-
TaS, iistiinde genis ¢aplh ol¢iimler yapildi ve kalinliktan bagimsiz Young modiili
114414 GPa, kirilma kuvveti 12.6+2.6 GPa biiytikligiine kargihik gelen 11% es-
neme degeri ve 0.22 nihai esneme bulundu. Ayni mekanik &zellikler diger iig
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materyal i¢in de arasgtirildi ve onlar da grafen hari¢ 2D malzemelere kiyasla

olagantistii elastisite ve yiiksek esneme degerleri gosterdiler.

Metalik malzemelerin mekanik agidan analiz edilmesi, gelecekteki esnek nan-
oteknolojik aygitlarin (piezoelektronik cihazlar gibi), giyilebilir elektronik ciha-
zlarin, elektronik direngli kaplamalarin, nanoelektromekanik sistemlerin (NEMS)

ve gerilim sensorleri gibi teknolojilerin geligmesine katkida bulunacaktir.

Anahtar sozciikler: Vanadyum Sesquioksit, Gegig Metali Dikalkojenitler, Kelvin
Prob Kuvvet Mikroskobu, Nanoindentasyon.
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Chapter 1

Introduction

1.1 Brief Historical Introduction of Two Dimen-

sional Materials

In 1959, during his visionary lecture entitled ” There is plenty of room at the
bottom,” Professor R.P. Feynman explained feasibility of nanotechnology even
that time word "nanotechnology” was not invented [1]. Although, nanotechnology
department did not existed during that time, and Feynman was one of the few
scientists to look and predict comprehensive potential of this field in his famous

talk. Today, almost 60 year later we are all surrounded by nanotechnology.

With graphene exploration in 2004 [2] that gave Nobel price to K.Novoselov
along with A.Geim, since then many researchers started focusing on 2D ma-
terials for example, graphene and TMDCs (transition metal dichalcogenides).
Before this in 1980s some attempts were made using intercalation techniques [3]
to isolate the layers which were stacked together by van der Waals forces. Later
researchers from Columbia and Manchester university worked on thinning down
the graphite layers. Columbian researchers used atomic force microscopy (AFM)
based graphite tip (nanopencil) scribbing while Manchester researchers got suc-

cessful exfoliation using simpler scotch tape cleavage technique.

1



Before 2004, isolated graphene was obtained from bulk graphite using mechani-
cal cleavage technique and this method was used for many years. Mermin-Wagner
studies [4] revealed, these 2D material’s flakes are unstable due to fluctuation in
long wavelengths and obtaining graphene was difficult task. After 2004, graphene
showed new path to researchers with its unique electrical, chemical, physical, op-
tical, thermal and mechanical features [5][6]. Graphene has astonishing electrical
mobility (upto 250000 ¢cm?/Vs) [7], high Young’s Modulus value (1 TPa) [8]
and excellent thermal conductivity (5000W/mK) [9] as well as relativistic Dirac
dispersion, universal and broad optical absorption [10]. Due to these excellent
features graphene has many potential applications like gas detection, conducting
electrodes or channels, energy storage gadgets, field effect transistors, photodetec-

tor, solar cells, nano composites, DNA sensors, liquid and gas separation [5][11].

Also, Samsung and IBM were taking enormous interest in graphene and mass
production of it to use as a transistors with an idea to increase number of tran-
sistors in processors. But, limited mass production issue and with band gapless
graphene based transistors yielded low ON/OFF ratio and perished hopes of re-
placing silicon (Si) with graphene in the processors. Despite of carrying excellent
nanoscale features, this gapless character limits usage of graphene especially in
logical electronic operation. Then there were two ways to sort out this prob-
lem, first was band gap opening using top-down technique by introducing defects

whereas second option is to look for analogous materials [12].

In 2005 other 2D layered materials known as transition metal dichalcogenides
(TMDCs) had been mechanochemically exfoliated. In 2011, first 2D n-type MoS,
transistor was fabricated [13]. Although electron mobility of TMDCs was rela-
tively low but ON/OFF ratio value was much larger because of significant band
gap around 2 eV. TMDCs are combination of group-VI (transition metals with
chalcogens) with formula MX, as M(Mo, W, Ta) is transition metal and X(S,
Se, Te) and one transition atom is sandwiched by two chalcogenides. Different
combinations among transition metals and chalcogenides are studied in litera-
ture, almost more than 40 types are existing [14]. These MX, combinations have
covalent bonds in plane, whereas neighboring layers are stacked via weak van der

Waals interactions same like bulk graphite. So, due to weak interlayer force, it
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is easy to exfoliate them in mono, bi or even to few layer structure using scotch

tape [15] .
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Figure 1.1: Position of transition metals along with chalcogenides in periodic
table
Copyright Permission Springer (2019) [16]

TMDCs are promising contestants for modern electronics and device fabri-
cation because of significant band gap, atomic scale thickness and outstanding
broad spectrum of electronic, optoelectronic mechanical [8] optical [17] and ther-
mal [18] properties, especially 2D semiconductors play crucial role in scaling down
dimensions of transistors and prove end of famous Moore’s law [19]. Many poten-
tial experimental and theoretical studies had been carried out on the investiga-
tion of mechanical attributes of 2D materials especially semiconducting materials.
Ultra-thin semiconducting TMDCs MoS, [20][12], MoTe, [21], WS, [22] and WSe;
[23] has manifested exceptional mechanical features (Young’s modulus, breaking
strength and intrinsic strain) nominating them as a suitable contestants for me-
chanical devices, flexible electronic, transducers as well as nano-electromechanical
systems. But future flexible electronics will demand not only thin flexible semi-
conductors but also metallic materials. This fact motivated us to map mechanical
features of metallic TMDCs.



1.2 Thesis Goal

The aim of this thesis is to study atomically thin materials by atomic force mi-
croscopy(AFM). For this purpose, we chose multi functional Asylum force micro-
scope and performed Kelvin probe force microscopy (KPFM) and Force distance
spectroscopy (Force-indentation) on various atomically thin materials like, Vana-
dium Sesquioxide (V503) and ultrathin metallic TMDCs like, Tantalum disulfide
(2H-TaS,), Tantalum ditelluride (1T-TaTes), Niobium disulfide (3R-NbS;) and
Niobium ditelluride (1T-NbTes) respectively. KPFM studies explain work func-
tion measurement and force indentation studies revealed mechanical features like:
Young’s Modulus, pretension, stiffness and breaking or fracture strength of metal-
lic TMDCs.

1.3 Atomic Force Microscope Details (AFM)

In 1980, scanning probe microscopy (SPM) was invented. In this SPM class, sharp
probe is scanned over surface to sense nanoscale surface features. In 1981, one
milestone was achieved with an advancement of Scanning tunneling microscopy
(STM) [24] STM was first technique to provide 3D topographical images with
atomic resolution, also continuously used for individual atoms manipulation to
fabricate unique structures. But big limitation of STM is, it requires conductive
sample for analysis. Afterwards, in 1986 AFM came into scientific field and rev-
olutionized the scanning microscopy field [25]. AFM uses a sharp tip (radius less
than 10 nm) for scanning therefore it is more advanced, developed and compre-
hensive version of STM that can image approximately many kind of surface at

atomic scale resolution.

Since its invention, AFM has significantly evolved into a useful technique for
wide spectrum of practical applications Like: direct analysis of micro-structural

surfaces, study of nanoscale intermolecular forces with atomic scale resolution



[26], helpful in mechanical nanoindentation [8], electrical, piezoelectrical and elec-
tromechanical studies [27] as well as high resolution surface topography, rough-
ness and thickness determination of CVD grown 2D materials and there are many

others.

Controller
Electronics

Laser Diode

Detector
Electronics

i

Detector

V X Sample
LY

Figure 1.2: AFM schematic setup

Operation of AFM is based on detection of attractive/repulsive forces between
AFM tip and sample surface. AFM tip is made of flexible cantilever which is re-
sponsible for signal transduction. Interaction of tip and surface makes cantilever
bending or twisting in a way proportion to interaction force. Small laser diode
spot focuses over cantilever, senses any twist or bending of attached cantilever.
Any deflection of laser beam is read on segmented position-sensitive photodetec-
tor(PSD). During scanning deflection of cantilever because of surface features is

monitored and then translated into a 3D image of surface [27][28].

1.3.1 AFM Operational Modes

AFM has multitude of various operating modes for different type of applications

since its invention. Details of modes is given below.



1.3.1.1 Static Mode

Static mode also known as contact mode or constant force mode was first op-
erational mode invented in 1986 [25]. Here, AFM tip is in continuous contact
with sample. AFM cantilever tends to show deflection when tip comes in contact
with the sample. And deflection of cantilever is measured with high precision
via photodetector. Feedback loop makes cantilever’s deflection constant through

vertical piezo actuator adjustment [27].

Laser Detector
e D

QO Xlirr(W/ -

Cantilever

Sample

U, B Dt
Controller  e— je—o

zyz Piezo X

actuator

(a) AFM operating in static mode

Cantilever tip

L»I
Contour
_/ vy
/, = o ~

\'-.a

Cantilever tip

(b) Sample contour (c) Raster scan pattern

Figure 1.3: (a) AFM Static mode working principle (b) tip follows contour path
(c) tip scans sample in raster pattern

Copy Right Permission from Author [29]

Then sample is scanned in lateral direction, usually in raster pattern. When
deflection is constant, tip follows contour of surface of sample. Finally, by map-
ping lateral position against vertical piezo position, topographic view of sample is
made. In static mode, deflection of cantilever is proportional to interaction force

between tip and sample using Hooke’s law [29].

Advantages to use this mode are, high scan speed, high atomic resolution is

achievable. A challenge of using this mode comes because of high shear and lateral
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forces (also frictional force) arising during scanning, and can damage both tip or
sample (fragile like: biological) [27][30]. Also sharp tip may cause delamination,
destruction and removal of material from surface. Also, soft cantilevers snaps
with the surface of sample because of tip and sample attractive force, which
makes feedback loop instable [31]. These challenges are major motivation to
develop AFM dynamic mode [26].

1.3.2 Dynamic Mode

In 1990, dynamic mode also known as AC mode, tapping mode, intermittent
contact mode (tip taps on sample surface) or non contact mode (tip never touch
sample surface) invented to address demerits of static mode [27]. In this mode,
cantilever oscillates at its mechanical resonance frequency using dither piezo spot-
ted at base part of cantilever. Amplitude, frequency and phase of deflection
automatically adjusted as cantilever comes closer to sample. So, deflection is de-
modulated, and kept constant in feedback loop, and constant tip-sample distance
is kept at set point [32]. Then just like static mode, tip scans sample in raster

pattern to show its topography.
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Figure 1.4: AFM Dynamic mode working principle
Copy Right Permission from Author [29]

During scanning, this mode minimizes friction and low force is applied to sam-

ple surface that results in no damage of tip and sample especially soft samples[30]



[33]. Relatively lower lateral resolution as compare to contact mode because of

tip-sample distance.

1.4 Revealing Electrical and Nanomechanical

Properties

Recent advancement in technology has transformed AFM into powerful nanoscale
technique which is not limited to topographic analysis only but provides a plenty
of information about low-dimensional materials, like: mechanical [8], chemical

[34], electrical [35], optical and electrochemical properties [36].

1.4.1 Electrical Properties

For nanoscale devices, surface scanning properties like: current, surface potential
variation, capacitance and conductance are crucial parameters imaged by AFM.
For the measurement of these nanodevices’ properties, multi-purpose AFM has
programs named as Kelvin probe force microscopy (KPFM), conductive AFM (C-
AFM), piezoelectric force microscopy (PFM) and electrostatic force microscopy
(EFM). All these electrical measurement functions use specialized tips, normally
conventional silicon cantilever with some kind of electrically conductive layer or
uniform coating. AFM probes made from conducting diamond can be useful for
some of these methods. These electrical functions take advantage form dual pass
scanning method and interlaced, in which tip first measures topography and then
during second pass it performs electrical measurements at defined lift height in
order to avoid from cross talking or contact electrification phenomena especially
for KPFM [35].

In this thesis we will use KPFM technique to map contact potential difference
between AFM probe and sample to evaluate work function of the sample using

capacitance circuit idea given by Lord Kelvin in 1898 (comprehensively explained



in second chapter) [37].

1.4.2 Nanomechanical Properties

Mechanical feature of two dimensional crystals play crucial role in many appli-
cations of flexible electronics. As electronics is heading towards miniaturization
meanwhile flexible electronic gadgets have attained immense interest and two di-
mensional material are favorite candidates because of ultrathin nature and high
flexibility [20]. Apart from mechanical properties measurement, applied strain
along with external forces is capable of modifying crystalline structure of graphene
and TMDCs while affecting their lifetime and performance of their devices in flex-
ible electronics [38]. Also, mechanical stretching and releasing is used to change
lattice structure of a material to regulate its electrical and optoelectronic features

to get numerous piezo response.

AFM probe is capable for measurement of interaction forces present between
probe and sample with high precision because of highly sensitive cantilever-laser
geometry. AFM is not limited to map topographical features only but it has
ability for analyzing high precision mechanical response that has made AFM
an astonishing tool for determination of the nanomechanical characteristics of a
material[39]. AFM uses nanoindentation mode for quantitative characterization
of material’s mechanical properties using well shaped, sharp tip as an indenter

against sample’s surface.

In this thesis, we investigated mechanical properties of ultrathin flakes of
metallic TMDCs using nanoindentation technique which measures force versus

distance curves to further explain mechanical features.

1.4.2.1 Force-Distance Curves (F-D)

AFM force distance (F-D) curve is a comprehensive plot of tip and sample in-

teraction forces against tip and sample distance. To obtain such a F-D plot, the
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sample surface (or tip) gets ramped along vertical axis and deflection of cantilever
is acquired. Resulted interaction force is explained by Hook’s law (F' = —k.d.).
Whereas, acquired distance is the vertical distance lies between surface of sample

and cantilever’s rest position [40].

Using same concept, this rule can be used for analyzing the mechanical prop-
erties of various samples, just by slowly indenting sample surface by AFM tip
and measuring the deflection of cantilever and sample. Some elastic features like:
adhesion, stiffness, fracture strength and Young’s modulus of sample can be an-
alyzed through yielded F-D curves [41][42]. Complete description of F-D curve is

shown below,

Force (N)

Distance (m)

Force of Adhesion

Work of Adhesion

Figure 1.5: AFM Force-distance curve depicting various interaction regions
Reproduced [43]-Published by The Royal Society of Chemistry

1.5 Outline

This thesis have five chapters and categorized in three parts. An overview of 2D
materials is explained in this chapter along with comprehensive explanation of
AFM. Following this first chapter, chapter 2 explains major background infor-

mation from literature about extensive AFM applications which are performed
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on atomically thin materials. Furthermore, chapter 3 is responsible to explain
experimentation along with materials and methods. In closing, results and dis-
cussions for both Kelvin probe force microscopy (KPFM) and force-indentation
will be explained in chapter 4. Whereas conclusion and remarks for future work

are presented in chapter 5.
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Chapter 2

Extensive literature survey of
KPFM and Nano-Indentation

2.1 What is Work Function?

In solid state physics, work function is minimum energy or thermodynamic work
needed for taking an electron out from crystal to vacuum level point is most
fundamental feature of surface of a material [44]. In detail, work function is
energy difference of two states of a crystal. During initial state, crystal having N
electrons assumed in the ground state having energy Ex. During final state, one
electron comes outside of crystal and supposed to be lying at rest having zero
interaction with image.It has electrostatic potential energy explained by vacuum
level (Ey).
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Figure 2.1: Band alignment comparison of two metals
Reproduced [44]

W =—e¢p— Ep (2.1)

And crystal having N-1 electrons is still at ground state having energy En_;.
This condition is valid for only zero temperature case as well as perfect vacuum
because crystal remains at ground state after and before removal of electrons.

The idea of work function first came in 1935 given by Bardeen.
¢p=(Exn—1+Ey)—Ey (2.2)

Ey shows electrostatic potential energy related to removed electron which is at
rest, lying near vacuum point with no interaction. If crystal is infinitely large

homogeneous, its Ey will be at infinite distance to the crystal surface [45].

This is immensely sensitive to subtle variations in composition, structure and
contamination /alteration of chemical and physical features of surface of crystal
[44][46]. For example, nanoparticles of gold (Au) within size dimension 3-10
nm are metallic while their wave function also changes from bulk because of
electrostatic effects [47][48].
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2.2 Measurement of Work Function: Experi-

mental Techniques

Work functions can be measured through various experimental methods and also
using theoretical calculations. Following are few of techniques to calculate work

function of materials.

2.2.1 Method of Diode

In 1935 this method was proposed by Anderson [49] . Here, a cathode source
is heated and electron’s beam targets anode on a sample, and this beam is elec-
trically accelerated. This beam has atomically large size but compare to crystal
surface it is small. Resulted current will be measured against difference of po-
tential between electrodes. There will be horizontal shift in I-V, if sample’s work
function changes. Normally, feedback circuit fixes current, that allows variation
of work function linked with applied potential. If beam generated through elec-
tron gun and bombarded to sample, one can scan it across substrate and map
work function [50]. This method has been vastly used in gas adsorption over

metallic surfaces in situ analysis [51].

2.2.2 Kelvin Probe Method: Contact Potential Difference
(CPD)

Kelvin probe force microscopy (KPFM) is combination of non contact AFM and
Electrostatic force microscopy (EFM) using Kelvin probe concept or technique.
Lord Kelvin first gave this idea in 1898 for analyzing surface potentials: sample
comprises of one plate attached with parallel plate capacitor having another plate
with known metal that is vibrated on certain frequency [37]. Due to alternation
of distance between attached plates, capacitance varies, yielding an ac current

in circuit holding the plates. This current value is reduced upto zero through

14



applying dc-voltage value to one plate. This Voltage value corresponds to contact
potential difference (CPD) between two materials, therefore this technique known
as Kelvin probe (KP). KPFM employs same electrical technique applying dc
voltages to adjust CPD value between sample and AFM probe [52]. However,
electrostatic force is used as controlling parameter instead of current. AFM CPD
method gives a way to calculate work function of sample, with reference of some
metal. This method relies on existence of difference of potential between two

metals which are connected electrically.

When electrically connected, there will be flow of electron from material hav-
ing low work function towards higher one, this will continue unless both materials
has same electrochemical potential. This will re-align Fermi levels making system
thermodynamically in equilibrium. This flow will yield difference of potential be-
tween metals that is called as contact potential difference Vopp or CPD. This
CPD is equivalent to initial difference in work function existing before establish-
ment of contact between sample and tip. Measurement of induced electric field
between two electrodes gives CPD value. When measuring this CPD value, this
electric field needs to be nullify by applying an external DC voltage Vpc among
electrodes. Once electric field gets nullified, Vpc=V 4. Finally, work function

can be measured like this:

¢2 = ¢1 — €eVpe (2.3)

Through this procedure, one should know the AFM probe work function cali-

brated earlier (Referenced work function) [37].

Majorly this technique focuses on measuring differences of work function, ei-
ther between different kinds of materials, can work in air and vacuum both yields
surface topography along with work function with respect to already defined stan-
dard material work function [53]. KPFM measures work function via calculating
contact potential difference (CPD) among two materials (tip and sample). Fig
2(a) explains energy levels of both sample and AFM probe when there is no
electrical path between them. There is an association of vacuum levels but vital
mis-alignment found between Fermi levels. Equilibrium required alignment of

Fermi levels, if AFM probe and sample are sufficiently close for electrical link.
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Fermi levels tend to align through electronic current flow, therefore system attains
equilibrium state depicted in Fig. 2(b). This alignment yields potential between
them (Sample and probe). If applied voltages Vpc is same like Vopp with op-
posite sign then electric force will be diminished by applied voltages giving CPD
value as clear in 2(c) [54][55].

(a) (b) ©

b, [N b

Ey

o]

| Ep

Sample

Figure 2.2: Mechanism of KPFM. (a) two metals having different values of work

functions come into contact (b) Fermi level alignments (electron flow from less

work function metal to higher untill CPD generates because of build in electric

field) (c) external potential needed to nullify CPD (re-alignment of Fermi levels)
Reproduced [56]

Ideally, KPFM probes electrochemical potential for sample lying under tip

apex using this relation [57].

V;:pd - (¢tip - gbsample)/e (24)

where e stands for electron charge. For all this, one should know work function
of tip before scanning targeted sample through calibration of tip method using
any surface which has stable work function value as reference. Highly oriented
pyrolytic graphite is best option for calibration of probes. It has work function
value in air around 4.475 £+ 0.005 eV [56], but one can use gold coated samples
to calibrate the AFM tip as well [58].
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AFM based microscopic technique named as Kelvin probe force microscopy
(KPFM) is regard as powerful route to image the electrostatic forces, distribution
of electrical potential at high nano metric resolution [59]. In 1991, Nonnenmacher
invented KPFM [60]. This technique has various names, like as scanning Kelvin
microscopy (SKM) [61], scanning Kelvin probe microscopy (SKPM) and scanning
Kelvin force microscopy (SKFM) [62]. This technique works for analyzing mate-
rial science aspects like: work function findings [60], charge transfer and finding
surface potential of p-n junctions of silicon [63], potential measurement for the

resistors along with n — i — p — ¢ hetrojunctions [64].

2.2.2.1 Dual-pass Operating Mechanism of KPFM

For better analysis and measurement of CPD and to avoid from contact electri-
fication one should use KPFM in lift mode that comprises of two tracing steps
that are interleaved. Interleave meaning, they are tracing one line at a time along
with both pictures showed on screen together and cantilever goes twice over each
line in image. During first step, AFM traces only topography whereas in second
step CPD is measured but line by line [35].

e First Trace for Topography

In this trace, AFM uses tapping mode to image surface topographical view
of single line over surface. The cantilever oscillates mechanically close to
resonance frequency via small piezoelectric unit with no additional voltages
to AFM tip. Therefore, short range van der Waals interactions dominates

the long range electrostatic interactions.
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Figure 2.3: First trace for topography
Reproduced [65]

e Second Trace for CPD Measurement

During this step, AFM tip is set at some height or lift height distance
approximately between 10-50 nm over same line on sample surface following
contact electrification mechanism [35].
-I-——é

s

\ / Photo-diode

Mode Lift TM

Figure 2.4: Second trace lifting of tip to detect electrostatic forces at surface
Reproduced [65]

For this lift up mode, mechanical excitation for cantilever becomes off and

now an ac voltage around 2-3 V will be applied to tip at resonance frequency
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of cantilever.
%ias - ‘/dc + ‘/acSin(wet) (25)

where V,. known as sinusoidal voltage amplitude and V. is direct volt-
ages (feedback loop will use these voltages for tip to nullify the value of

electrostatic interactions) also, w, called as electric driving frequency.

CPD presence yields an additional value of potential drop means V
present between AFM probe and sample having different work functions.

Then total difference of potential lying between sample and AFM tip is as:

Vis = (Vepa + Viae + VaeSin(wet) (2.6)

2.2.2.2 Electrical Force

This potential difference Vs yields electrical force between AFM probe and sam-
ple which causes tip oscillations. The expression for electrical force is obtained
by derivative of electrostatic energy for capacitor system that is formed through
AFM probe and sample: here, Cy, is capacitance, Z is distance between probe and
sample and this derivative was obtained during constant voltages. The expansion

for this equation gives three different components:

~ 10Cy, O
Foe = 55[(‘/@% + Vae)™ + QVCLC] (2.7)
F, = %(de + Vi) Vaesin(wet) (2.8)
_ —10C . 4
Fope = T 5 (Vicos(2w.t)) (2.9)

As Fy. does not depends upon time and it makes static bending for cantilever and
relies on two factors: first, applied voltage values and secondly gradient value of
capacitance C;;. While other two components (F,. and Fg,,.) are time modulated
and induce cantilever vibrations or oscillations at same frequency value just as

driving signal also second harmonic.

These force components, second harmonic value Fs,,. is present whenever V.

is non zero while first component F,,. is present when V ,;=Ve.
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2.2.2.3 Feedback measuring CPD

In order to evaluate and conclude CPD value during lift mode, the oscillations
of AFM cantilever are noticed by locking signal at this frequency w,.. After-
wards, feedback loop tries to adjust direct voltages V. for canceling oscillations

of cantilever and therefore F,,. is nullified and V4. voltages becomes equal to V4.
Vie = Vepa (2.10)

Therefore, during second trace V. voltage is continuously observed. Finally, CPD
values between AFM probe and sample can be analyzed continuously [57][65][66].
Then simply after this complex process one can use the below equation for cal-

culation of work function of material.

V::pd - (¢tip a gbsample)/e (211)

2.2.3 Work Function of Vanadium Sesquioxide (V;03)

For future electronics and device fabrications ultrathin graphene and TMDCs
attracted immense attention of scientists around the globe but there are other
atomically thin material which are capable of performing at nanoscale electronics.
Recently in our group at SCM Lab UNAM we published a study based on synthe-
sis of Vanadium Sesquioxide (V203), this material is of great concern about half
century because of having pressure-temperature phase diagram. V5,03 has three
phases, paramagnetic metal (PM), anti ferromagnetic metal (AFI) and thirdly
paramagnetic insulator (PI) [67]. V503 undergoes phase transition (MIT) from
paramagnetic metal form to the anti ferromagnetic insulator when temperature

decreases upto 155 K leading to great physics features variation.
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Figure 2.5: V503 Pressure-temperature picture
Copyright Phys. Rev. B (2019) [68]

Below 188K, AFI having monoclinic structure of crystal is stable [69]. Like
VO,, MIT temperature for V503 is important in presence of few dopants along
with implementation of pressure. Indeed, increment in pressure, doping of tita-
nium, presence of extra oxygen all contributed to decrease temperature for MIT
[70]. Moreover, MIT can occur without the relevant changes present in phase

while when dopants of chromium are present, makes insulating phase stable [71].

This phase diagram has been extensively studied. For electrical device perfor-
mances, nature of contacts between metal and V503 is crucial issue to understand
for fabrication of future devices based on V,03. In nanoscale experiments and
device performance, larger difference in work function value between analyzed ma-
terial and metal contact yields reasonable Schottky barrier height (SBH) present
at interface and lead to high contact resistance that will affect electrical per-
formance of nanoscale devices [72]. As V03 is atomically thin like TMDCs,

therefore knowing and calculating its work function is crucial because one can
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choose appropriate metal electrode contact with work function values closer to
work function of Vo053 to reduce SBH.

2.3 Determination of Mechanical Properties of

TMDCs

Using an AFM nanoindentation technique, some of mechanical features (Young’s
modulus and pre-tension) of suspended metallic TMDCs with wide thicknesses

range were measured.

2.3.1 Young’s Modulus

Modulus is numeric value which represents physical feature of material and re-
action of any material to applied external forces. Young’s modulus (E) value is
mechanical characteristic of material that depicts stiffness and strength of mate-

rial and explained as ratio between stress o and strain € [73].

p=2 (2.12)
€
Stress (o) is explained by force (F) applied at unit area (A),
F
= _ 2.1
o=t (213)

While, strain (e) is ratio between elongation AL in material versus original length
(L),

AL
L

€

(2.14)

Relationship between stress and strain is explained through the figure mentioned
down, two regions are depicted in the picture, one is linear and other one is non

linear, these two regions contribute towards calculation of elasticity modulus [74].
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Figure 2.6: Stress-strain relationship diagram consisting of two regions
Reproduced [74].

Elastic characteristics are crucial determinants for TMDCs strain engineer-
ing and play haughty role in designing flexible 2D nanodevices [22]. There are
literature reports revealing excellent mechanical features of 2D materials like:
ultrahigh in-plane value of elastic modulus as well as extra-ordinary breaking
strength unlike their conventional three dimensional counterparts. For example,
monolayer of graphene is stiffest material which possess an ultrahigh value of
Young’s modulus around 1 TPa and have ability to carry stress upto 25 percent
limit without breaking. This much stiffness is because of in-plane covalent bonds

between carbon atoms [8].

Having high Young’s modulus, strain value, excellent breaking strength atomi-
cally thin materials can withstand against large strains untill inelastic relaxation,
fatigue or rupture occurs [75][76]. As elastic modulus gets numerous attention
and key factor for determination of mechanical characteristics of 2D materials and
played pivotal part recently in optoelectronic, stretching and flexible electronics
applications [77]. Their excellent stiffness and good flexibility have played vital

role in flexible resonators, transistors and oscillators [78].

Elasticity is basic mechanical feature of 2D materials, it plays significant role
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in device application as well as in strain engineering. Ability to tune mate-
rial’s features is most unique characteristics of 2D crystals. This is because of
atomic thickness, an electronic and optical characteristics of such materials highly
sensitive for external perturbations [79]. Modifying electronic characteristics of
material using mechanical strain has become a powerful technique to improve effi-
ciency of many electronic devices. This methodology has been implemented with

high ratio to atomically 2D thin materials having great technological potential
[80].

Investigation of mechanical properties of semiconductor TMDCs like: MoSs
[75], MoTes [21], WS, [22] and WSe, [23] is done already. So, we decided to chose
metallic TMDCs those which are not explored mechanically, will be analyzed

through AFM to reveal their mechanical properties experimentally.

2.3.2 Metallic TMDCs (MX,: M = Ta,Nb — X = S, Te)

For the investigation of mechanical properties of metallic TMDCs we chose Tanta-
lum and Niobium based four compounds as: Tantalum disulfide (2H-TaS,), Tan-
talum ditelluride (1T-TaTes), Niobium disulfide (3R-NbSs) and Niobium ditel-
luride (1T-NbTey). 2H-TaS, in bulk form, is composed of covalently bonded sulfur
and tantalum planes stacked over each other. Below we depicted crystallographic

structure of 2H-TaSs one of four metallic TMDCs.

(b)

Figure 2.7: 2H-TaS, Crystal structure (a) top (b) side view
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2.3.3 Metallic TMDCs Mechanical Properties Measure-
ment Method

There are various techniques to measure mechanical properties in the literature,
but we used AFM based nanoindentation technique as this method is robust
to measure elastic properties for graphene and other TMDCs. Comprehensive

details of the method are as,

2.3.3.1 Nanoindentation

Besides imaging, AFM has key feature to map surface mechanical characteristics
like stiffness, fracture and adhesion through force distance (F-D) curves. Using
an AFM in force-indentation mode an AFM probe act like an indenter, and
depends upon spring constant "K” also depending upon strength of tip vertical
forces ranging between micro newton (uN) to pico newton (p/N) can be analyze.
With this force sensitivity of picoNewton and spatial nanometric resolution AFM
provides a powerful platform for observation of intermolecular forces at level of
single molecule and imaging topographical view [81]. Nanoindentation is best
method for testing mechanical characteristics of materials that has been used for
both graphene and TMDCs.
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Figure 2.8: (A) SEM image of suspended graphene over holes (B) Non-contact

mode topographical image of graphene flake over hole (C) Schematic setup for

nanoindentation (D) Fractured topographical image after maximum indentation
Copyright (2008) Science [§]

This route for indenting suspended 2D materials using AFM tip as nano-
indenter for measurement of mechanical properties was first introduced by Lee et

al, they suspended monolayer graphene for this study as shown above [8].

AFM is not limited to image topography with high resolution for solid surfaces,
it has ability to measure the F-D curves as illustrated below. These curves provide
useful information about mechanical features of material like: elasticity, Young’s
modulus, hardness, adhesion and breaking strength [8][75]. And use of these force
curves has extended in numerous application of science in the area of material

engineering, biology and surface science [39].
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Figure 2.9: Force-deflection curves for monolayer and bilayer MoS,
Copyright (2011) ACS [75]

In this thesis, F-D curves measurement for 2D materials will be done by sus-
pending them over holy substrate (SiO5) and AFM probe will apply force at the

center of suspending region as shown below.

Position sensitive detector (PSD) L S
aser Source

. Suspended 2D Material .

Si

Figure 2.10: AFM based nanoindentation schematic
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2.3.4 Analysis of F-D curves using Continuum Mechanics
Model

Continuum mechanics model for suspended TMDCs sheets or flakes over circu-
lar holes is comprised of relationship between the force which is being applied
at center of suspended crystal and corresponding deformation in flake. There-
fore, suspending flake over circular hole considered as isotropic elastic flake and
is tightly attached to substrate along with its perimeter and will be treated as
clamped flake having some pretension values because of Van der Waals interac-
tion between flake and substrate. Force versus deflection relationship considering
suspended circular flake or nanosheet facing point force load exactly at center
can be explained as Model 1: [12][21][82][83].

Am E?Pt3 7
F=_—"+ " 2D E*P 167 2.1
3(1_02)R25+(00 m)o+ | RQ](S (2.15)

Here, F is applied load or point force acting at center, ¢ is subsequent indentation
depth or deflection from center of suspended flake against applied force, E2” is
in-plane modulus, thickness of flake is t, radius of underlying hole is R, 02? is
already present tension in membrane, q known as dimensionless constant [22]

evaluated by using defined Poisson’s ration v of crystal following this formula;

1
©1.05—0.150v — 0.1602

q (2.16)

In continuum mechanics formula, first term is linked with bending behavior of
thick suspended flakes with specific bending rigidity (F~d) and mostly valid when
thicker flakes need to be indent (thickness should be > 15 nm) [21] [84]. For
thicker flakes, bending rigidity dominates (because of having its cubic depen-
dence on thickness t3) on other two terms that are going to be linear under high
deformations even [12][20][85][86][87].

Second term is linear (F~d) part that illustrates the contribution coming from
stretching of 2D flakes associated with pretensioning response (02”) and valid
under small applied loads (proportional to thickness) [8]. It is crucial to note

the existence of 02” in TMDCs suspended flakes that arises due to interaction
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between underlying substrate and transferred flake.
F = (63"7)6 (2.17)

And finally the third term is associated with nonlinear stiffening (F~§%) of sus-
pended flakes because of tension that is induced by deflection.
3

F= [EQD%](S?’ (2.18)
This term dominates under high applied force and large deflection of suspending
flakes and relies only on Young’s modulus as well as geometrical factors. So,
summing up all the contribution we have model which governs mostly mechanical
behavior of plate instead of membrane or nanosheet can be used to characterize

elastic response and provides comprehensive estimation of o2P.
F= kbending(S + Kpretension(s + Kstretchin953 (219)

If thickness of suspending crystal or nanosheet is less than 15 nm [84] and very
low as compare to radius of underlying hole, there comes transition from plate
to membrane regime. Because thin flakes show forces versus indentation traces
highly nonlinear in the beginning ignoring thick plate behaviour. Therefore, first
term in main equation that corresponds to bending rigidity behaviour of plates
becomes invalid [8][88][89][90].

Thus, summing the total contribution of mechanical pre-tension in flake (linear
behavior for small loads) and large-displacement expression (non linear under high
loads) for thin TMDCs flakes can be written as Model 2:

3

F = (02Pm)6 + [EQD%]&”’ (2.20)
Applied load gets balanced by pretension in suspended flake and varies linearly
with the vertical deflection [22]. Under small loads they are characterized via
liner relationship of force and indentation and that force changes linearly against
displacement. And when load is increased and increment in indentation depth ¢ it
is ruled by stiffness of crystal with cubic relationship and in-plane value of elastic
deformation dominates. This happens when applied load is heavy enough and

stress becomes significantly greater against pretension of flake, the F-D relation
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tends to follow cubic relationship. This part will be taken into analysis of layers
stiffness during applied force cycle that makes force deflection F(§) nonlinear

[12][75] as shown in figure above illustrating two distinct parts.
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Figure 2.11: Loading curve showing linear and cubic regimes under different forces
Copyright ACS (2011) [75]

Obtained F-D curves data will be fitted by using above continuum formula
comprises of linear and cubic terms utilizing least square tool for fitting of curve
considering E*’ and o2 like free parameters. And in order to compare 2D
elastic features against bulk counterparts, in-plane modulus E?, pretension o2”
will be divided against thickness of suspended TMDCs flakes to have normal or

volumetric Young’s modulus (E3P) and prestress respectively [8][82][91] .

So keeping in view both above expressions for thick and thin suspended flakes,
one can conclude there will be transition form linear to non-linear regime for force
curve traces when thickness of flakes gets decreased. There is vital difference
between these two models, so thin flakes act as suspending membranes (here one
neglects bending rigidity and tension dominates) while on other hand thick flakes
consider as plate like behaviour (dominated factor is bending rigidity and tension
gets negligible) and this transition is perfectly visible in the F-D curve traces for

mica in the figure below [20].
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Figure 2.12: FD Curves for mica showing non-linear behave for 2-6 layer while
12 layers showing linear trend under applied load
Reproduced with Copyright Nano Research (2012) [20]

Here, thin flakes (2-6 layers) depict non-linear traces under applied force and
can be explained by model 2 while 12 layers can not be explained using same
model as bending rigidity value is so high therefore shows linear trace in response
to applied load. To explain this, one should take bending rigidity into consider-

ation for calculation of Young’s modulus and pretension.

2.3.4.1 Measurement of Breaking Stress and Strength of Suspended
Flakes

As point load theory produces stress singularity at center of suspended 2D flake,
it is pivotal to consider indenter geometry to quantify maximum stress coming

from indenter tip. Maximum value of tensile stress that corresponds with fracture
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strength of each flake suspending over circular hole and indented through spher-
ical shape indenter can be analyzed through linear elastic response of suspended
flake. And one can know and measure fracture or breaking strength (o2P) of
2D suspended flakes. As force reaches to breaking point, then suspended crystal
collapses. Therefore during nanoindentation testing with spherical shape inden-
ter maximum stress value for circular and linearly elastic sheet as a function of

maximum point force can be illustrate as: [23][82][92][93].

|E, .. E*P

2D max

o =y | —— 2.21
m 4m Ry ( )

2D and F,qe are maximum stress on central part of flake (right under

Here, o7,

AFM tip) and fracture or breaking force respectively, R is AFM probe’s radius
and is known quantity from sellers and even one can measure it through SEM
images of AFM probes and E?” is 2D elastic modulus. Thus, breaking stress
for suspended flake can be figured out by acquiring maximum force which can
break 2D flake during indentation. Considering maximum stress value for 2D
materials, this has linear relationship with maximum strain value. That breaking

or maximum strain formula is,

0.2D

en = 235 (2.22)

Finally, same like Young’s modulus and prestress one can have 3D breaking
strength by dividing maximum breaking strength against the thickness of cor-

responding flake.

In general, 2D flakes will be suspend over holes and through sharp AFM probe
load will be exerted in the center of suspending region resulting in subsequent de-
flection of flake. Segmented Position sensitive photodetector (PSD) is responsible

for collecting laser light deflected from cantilever after indentation.
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Figure 2.13: AFM nanoindentation block diagram
Reproduced and Copyright ACS (2014) [75]

As a result of controlled indentation AFM software gives raw data that can be
process further in MATLAB and origin to calculate in plane 2D elastic modulus
E?P and pretension 02 values. We will use above mentioned least square fitting
model to fit our F-D curves for the calculation of Young’s Modulus, pretension

values of suspended flakes further in this thesis in next chapters.
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Chapter 3

Experimental Protocols

This chapter mainly focuses on experimental parameters and techniques that
were used to carried out the research as well as comprises of comprehensive ex-
planation of synthesis of materials, routes to prepare samples and methodology

for performing experiments.

3.1 Instrumental description

AFM equipment that we used for testing both electrical and nanomechanical
features of atomically thin materials is commercially available. All of experi-
mentation in this thesis performed in UNAM Microscopy Lab, Bilkent University
Ankara Turkey. Commercially available Asylum atomic force microscope (AFM
model MFP-3D Asylum research equipped with vibration controller and isolation
system) have various functions to work on. We used KPFM and Nanoindenta-
tion modes of AFM for our atomically thin material’s characterization. Variety
of other supporting equipments are also used available at Strongly Correlated
Materials Lab UNAM and AFM setup is shown in the figure below.
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Figure 3.1: Asylum AFM setup at UNAM

3.2 Experimentation for KPFM

KPFM, a nanoscale characterization technique which has ability to image the
material surface contact potentials at nanoscale by high sensitivity along with
lateral resolution. This technique has lengthy range of applications for character-
izing electric/electronic features of metals, semiconductors as well as insulating
materials [35]. However, this requires deep attention for measuring process and
preparation of good sample with pure contacts. So sample preparation for KPFM
comprises of below written steps along with other experimental tools introduc-

tion.

3.2.1 AFM Probes for KPFM

For KPFM measurement, conductive tips has to be used. The AFM probes
for our studies were Arrow FMR-10 AFM probes (spring constant 2.8 N/m and

resonance frequency 75 kHz from Nano world), these were coated with aluminum
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but detector side only. So to make them conductive, we coated them using
precision etching coating system (PECS) present in UNAM with Gold (20 nm)

and Chromium (5nm) at slow deposition rate to make these probes conductive.

Figure 3.2: SEM images of KPFM probes

e Calibration of AFM Probes For KPFM, one need to calibrate the tip
before using it and should know its work function value regardless if it is
new or old as it can have some contamination, some residues or hydrocar-
bons some adsorbed molecules which may alter the work function of tip.
Usually, AFM tip is calibrated against a surface having known value of work

function.

As gold (Au) work function is 5.1 eV defined in literature, so we took
SiO4 substrate coated with 200 nm Au through thermal evaporation and
measured its contact potential difference (CPD) map against AFM tip
using KPFM. Through CPD, we calibrated our work function of tips as

M.Baghdad et al., used gold as a reference material in his work [58].

After evaluating CPD between two surfaces, we used following formula to

define the work function value of our AFM probe.

‘/::pd - (¢tip - qbsample)/e (31)

3.2.2 Sample Preparation for KPFM Measurements

For electrical contact potential measurement using KPFM needs grounding con-

nection and good sample preparation as follows. First of all we selected chemical
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vapor deposition (CVD) grown V5,03 flake using optical microscope at SCM lab
UNAM. Then we took indium and melted it upto melting point (157 °C) and
after that using micro manipulator with sharp needle setup we placed indium
contact on V503. After placing indium connection to Vo035 flake we used silver
epoxy for attaching an external electrical wire and placed it in ambient to get dry.
Then we placed our sample on AFM stage and grounded it with another electrical
wire coming out of AFM holder together with wire attached to V,O3 flake. After
establishing pure connections, we performed KPFM measurements over it using
Asylum MFP-3D AFM microscope scanning kelvin probe microscopy (SKPM)

mode to map CPD profile (schematic shown below).

3.3 Mapping of Surface Contact Potential Dif-
ference (CPD) using KPFM

Below figure explains the schematic of the KPFM mechanism. Electrical wire
is bonded with conductive silver epoxy and have direct connection with crys-
tal through indium contact, while KPFM probe is suspended exactly on top at
the device to interact with surface for inquiring both topography and contact

potential difference (CPD).

37



Photodiode (PSD)

—— AC Deflection
—%-l— Laser Diode ! 7 3
Lock- Lock:
)
1
M Con Con

CVD grown V,0;

i

Au/In Contact

Sapphire Substrate

——— Grounding

Figure 3.3: Schematic of Asylum KPFM setup

After preparing sample and calibration of AFM tip we imaged our prepared
sample using dual pass amplitude modulation(AM) technique in KPFM. In the
first mode, AFM probe worked to yield topographic features using tapping mode.
Here during this mode, cantilever of probe gets excited near the value of resonance
frequency along free amplitude right before tip gets closer to sample surface and
feedback parameter is adjusted by set point amplitude for topography of a crystal.
Then in second mode AFM probe lifts upto pre-defined certain height (AH=10-50
nm) in spectroscopic way for surface potential measurements. We changed this
height difference from sample to sample. During this, potential feedback setup is

responsible for surface potential scans.
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CPD Scan trace

AH=Height

Figure 3.4: Sketch map for KPFM scanning process
Reproduced with Copyright (2016) ACS [35]

We provided an AC voltage of 3V to AFM probe and we did all our measure-
ments in ambient environment. For these measurements, tip-sample electrostatic
talk is minimized at every point on surface using bias voltages, this voltage later

produces difference in work function between metallic probe and scanned sample
[94].

In simple sense and wording usually in KPFM, AFM probe and surface of
sample has different value of work function and upon electrical connection there
occurs charge flow between them as Fermi levels tends to equalize, this is known
as contact potential difference (also called CPD) as briefly explained in chapter
2.

AFM probe is biased through ac/dc voltages values (as schematic shows
above). One lock-in amplifier attached with setup measures force component
(detail in 2nd chapter) value with frequency (w) of provided ac bias. Meanwhile
on same moment, a feedback loop alters dc voltages values untill measured value
of force becomes zero. Then, direct bias applied value becomes equal to mea-
sured surface potential (CPD) and we calculated work function of sample using

this expression.

‘/cpd - (thip - d)sample)/e (32)
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3.4 Sample Preparation for Nanoindentation

To measure mechanical properties of TMDCs experimentally, one should fabricate
suspended structure. These suspended structures could be of various shapes like,
trenches, holes and some bridge type fabrication [78][95][96]. Our fabrication
process comprises of several steps as mentioned below. We used holes on SiO,
surface while following some experimental protocols to suspend our ultrathin

flakes for nanoindentation.

3.4.1 Cleaned Holey Substrate Preparation via Focused
Ion Beam (FIB)

To suspend our 2D ultrathin flakes over holes we tried several experiments to
fabricate array of holes on SiO, wafer using FIB. FIB is extremely valuable gadget
in nanopatterning, nanoscale welding and nanoscale fabrication of devices by
creating various patterns. We used FIB technique present in UNAM for the
purpose of drilling nanometric scale diameter holes. This FIB uses Gallium ion
source for bombardment of ions. We used SiO, wafer as our target substrate,
as this substrate is insulator so before exposing it to FIB we coated it with
conductive polymer PEDOT:PSS using spin coater (rate: 2000 rpm) in order to

avoid from charging in FIB.

Without coating with conductive polymer, we observed some shift in beam and
it deformed the shape of our holes as well. We draw a pattern of holes with exact
diameter 1 ym and depth more than 500 nm. The current value we used was
48-93 pA as using higher current will take less time for drilling but deforms the
shape of holes from circular to ellipse or deformed holes. Below we have showed

SEM pictures of our FIB drilled holes using serial milling technique.
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Figure 3.5: FIB drilled holes SEM images

3.4.2 Isolation or Fabrication of Ultrathin TMDCs

In the past, different fabrication techniques are used to isolate TMDCs thin flakes.
Selection of suitable isolation method heavily relies on application area of related
flake. As these fabrication techniques are different in yielding size, quality, thick-
ness and texture of flakes. So we used following routes to get ultrathin flakes for

mechanical nanoindentation according to feasibility.

3.4.2.1 Chemical Vapor Deposition (CVD) Synthesis of Niobium
Disulfide (NbS,)

CVD is promising and time-honored route to grow large area ultrathin TMDCs
flakes that are hard to exfoliate. This is bottom up strategy where 2D TMDCs
flakes are synthesized using their constituent precursors by thermal process. Dur-
ing CVD solid material gets deposit from the vapor via chemical reaction that

occurs in vicinity of heated substrate.

NbS, flakes were grown using ambient chemical vapor deposition route on a
c-cut sapphire substrate. Before growth, we washed sapphire substrates using
acetone, isopropanol, water and dried them using N gas. Niobium pentoxide
(Nb2Oj) powder, crushed salt (NaCl) and Sulfur (S) were used as a growth pre-
cursors and mixed them (NbyO5 and NaCl) together using mortar. We used NaCl
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to reduce the melting point of (NbsOj) and aid the growth process. After we put
this crushed mixture in an alumina boat and placed sapphire substrate facing
down inside the boat (at very close distance to precursor) we also put Sulfur
in another alumina boat. We placed NbyOs; and NaCl mixture boat in central
heating zone downstream from sulfur boat (sulfur melts around 115 °C so it was
placed upstream from center at low temperature region inside the tube) in inner

glass tube (as shown in figure).

Ar/H, Gas Flow Ar/H, Gas Flow

Figure 3.6: NbS, CVD growth setup

After sealing chamber, argon gas (flow rate of 499 sccm) was purged for 6
minutes to remove air inside the tube. After 6 minutes, we turned on the heater
and set argon flow rate around 20 sccm and waited for temperature to reach at
785 °C. After achieving desired temperature, we set Ar/H, flow rate 100/12 sccm
and then held there for 10-15 minutes (growth time). After that, Hy was stopped
and set argon flow at 20 sccm and opened the chamber to cool it upto room

temperature.

e Wet Transfer Method

We spin coated C-cut sapphire substrate having NbS, flakes with
Poly(methyl methacrylate) PMMA 495 (A4) using 1300 rpm. Then we
heated the substrate at 180 °C for 180 seconds. Afterwards, for 20 minutes
we dipped the substrate in buffered oxide etch (BOE) to release PMMA
film having CVD grown flakes from sapphire substrate. Then PMMA film
was released in water through wedge transfer technique and picked up using
PDMS stamp. Then we dissolved this film in acetone for 15-20 minutes to
transfer NbSy flakes successfully. Finally, desired flake was transferred on

FIB drilled holes using PDMS dry transfer technique as discussed below.
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3.4.2.2 Exfoliation

For obtaining 2D flakes, previously discussed route was bottom-up approach, i.e.,
flakes were synthesized using related precursors and close chamber. This route
is known as top-down approach or mechanical exfoliation to isolate 2D flakes
form parent bulk layered source. TMDCs depict powerful intra-layer bonding of
metal and chalcogenide atoms but feeble inter-layer connection bonding among
neighboring chalcogenide atoms planes [97]. TMDCs use wan der Waals stacking
to compile MX, material’s mono layer that consist of transition metal atom (M)
which is sandwiched by two other chalcogen atoms (X). Flakes of TMDCs are easy
to cleave along layer plane because of weak forces called van der Waals existing
between adjacent layers same like graphite. Individual mono layer or few layers
are able to be isolated from bulk through micromechanical cleavage method or

scotch tape which is used for obtaining graphene flakes from graphite [98].

We obtained bulk crystals from HQ Graphene (the Netherlands) except NbS,
(as we did CVD growth mentioned above) and exfoliated using Nitto blue tape
over Polydimethylsiloxane (PDMS) stamps for the transfer. Nitto adhesive tape
is much convenient and reliable for exfoliation of 2D materials. The selection of
tape is crucial as some tapes can contaminate 2D flakes or sometimes can break
it into very small parts. Some of the 2D flakes images on PDMS are below and

resulted images after dry transfer are shown in next section.

Figure 3.7: Optical images of 2H-TaS, exfoliated flakes on PDMS stamp (Scale
bar is 10 pm)

e Dry Transfer Method Although direct exfoliation on prepatterend mi-

crowells is usable to place 2D crystal over holes randomly, but finding good
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and suitable crystal is rare as well as adhesion traces will contaminate the
sample and may contaminate AFM probe used in measurement. Therefore,
one should use all-dry transfer route using polymer named Polydimethyl-
siloxane (PDMS) rather to use adhesive tape. For dry transfer technique,
we did direct exfoliation of TaSs and other 2D flakes over PDMS stamp and
peeled off PDMS stamp rapidly and checked exfoliation yield under optical
microscope. Optical inspection shows direct exfoliation over PDMS yielded
many crystals, as an interesting thin isolated crystal is found we trans-
ferred it over FIB drilled holes using homemade transfer setup in SCM Lab
UNAM. The flake is transferred to holy SiO,wafer having various patches
of circular holes with 1 pym diameter and 500 nm depth just by pressing
PDMS stamp against SiO, substrate and slowly peeling that stamp off. It
will favor transfer of crystals from PDMS to holes over SiO, wafer surface
as adhesion of wafer to flake is larger than to PDMS and that facilitates

easy transfer.

(a) ___Microscope
Stamping stage ’ Long workingdistance
\ objective

(x.y.2) f

| /
Glas‘s slide /m (x.y,2)
\Mmc stamp

(b)

FIB Drilleq Hols

SCM Lab Setup

—

SiO, Wafei SiO, Wafer

Figure 3.8: (a) Deterministic dry transfer method setup (b) procedure using

PDMS viscoelastic stamp, inset shows SCM Lab dry transfer setup

Some of the 2D flakes transferred over holes using dry transfer technique

are shown below.
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Figure 3.9: 2H-TaS, 2D flakes transferred over FIB drilled holes (Scale bar is 10
fm)

3.5 Calibration of AFM Probes and Deflection

Sensitivity

3.5.1 AFM Probes

It is crucial that suspended flakes spring constant should be closer to spring
constant of AFM Probes. If tip used is too much stiff versus sample measured,
then tip will not deflect at appropriate detectable amount. If AFM probe is too
soft, then flakes will appear to be hard and rigid giving no meaningful information
from measurement. As 2H-TaSs is hard material and other materials we analyzed
they were thick so we used Tap300Al-G AFM probes bought from Budget Sensors
with resonance frequency value 300 kHz and nominal force constant of 40 N/m .
Tap300Al-G probes, has sufficient value of force sensitivity for nano-indentation
as well as stiff enough for indenting and breaking of suspended flakes. This probe
with radius less than 10 nm and 125 pm long cantilever was designed for force
modulation experiments. It has 30 nm aluminum reflex coating towards detector

side to enhance reflectivity of laser light.
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Figure 3.10: High resolution SEM images of nanoindentation probes

As spring constant of our probes is 40 N/m and this was calibrated also prior

to indentation testing.

3.5.2 Calibration of AFM Probe’s Spring Constant

Before calculation of F-D curves on need to calibrate spring constant for AFM
cantilever and deflection or lever sensitivity or position sensitive detector cali-
bration in order to acquire quantitative force measurements, true deflection and
actual units. For spring constant calibration of AFM probes, we used built-in
thermal method in Asylum AFM.

3.5.2.1 Deflection Sensitivity or PSD Calibration [Inverse Optical
Lever Sensitivity (InvOLS)]

Deflection of AFM cantilever is detected through segmented position sensitive
photodetector (PSD), this value is calculated in volts (Jyons). To have deflec-
tion of AFM cantilever in nm, PSD should be calibrated and this calibration is
done through cantilever deformation against hard surface so that lever deform as
compare to surface, for this purpose we deformed our cantilever on clean SiO,

surface. Then we noted direct correspondence between PSD measured voltages
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and deflection of AFM cantilever. This is called as inverse optical lever sensitivity
(InvOLS) [99] explained as:

dZ nm
InvOLS = =222 — 3.3
o d(svolts V ( )

where, (d,015) is change in voltage values over PSD because of cantilever deflec-

tion.

3.5.2.2 Thermal Tunning Method for Calibration of Spring Constant

Determining spring constant using thermal method is three steps operation:

e Correction of virtual deflection that outcomes in AFM hardware sys-
tem. This is mechanical coupling between cantilever deflection with upward
movement of AFM piezo along Z-axis. This coupling comes from a concept
how light aligned over cantilever when it travels via z-piezo range. This
incorrect value yields minute slope in force curve as mechanical path may
not be fully perfect. It should be corrected for accurate measurement and

precise estimation for spring constant.
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Figure 3.11: Deflection versus piezo distance curve (for correction of virtual de-
flection) while AFM tip is in air
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e Calibration of deflection sensitivity by considering relationship be-
tween volts value analyzed when laser moves over detector (volts) and true
deflection of cantilever (nm). Inverse of this sensitivity value will be taken
for proper unit calculation and known as InvOLS. Also, in AFM we use
optical lever comprises of laser, a cantilever and photodiode and one should
convert photodetector voltages to real units. After correcting virtual de-
flection for force distance curves we brought AFM cantilever close to hard

SiOs surface and deformed there.
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Figure 3.12: Deflection versus piezo distance curve while AFM tip is in hard

contact with surface

InvOLS value is extracted from inverse value of slope of sample surface
and AFM tip contact part. InvOLS basically describe an amount of PSD

response (Volts) per cantilever deflection (nm)

e Collection of thermal spectrum by withdrawing of AFM probe and
finding its resonant frequency and then afterwards through thermal fit one
can have spring constant calibration. After having InvOLS, we withdraw
AFM tip from surface and collected thermal spectrum of cantilever. This

method records thermal fluctuations of AFM cantilever using diode laser
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and tries to find frequency for main resonance of cantilever. During this pro-
cess, thermal vibrations related to cantilever beam were recoded and AFM
software plotted data by analyzing power spectrum of these thermal fluctu-
ations. Then acquired spectrum (particularly resonant frequency peak) was
fitted by simple harmonic oscillator fitting to evaluate spring constant. We
found perfect analogy with reported resonant frequency as well as spring

constant (mostly between 37-44 N/m) by AFM probes manufacturers.

mmmm Raw Data
=  SHO Fit

Intensity (a.u.)

270 | 280 | 290
Resonant Frequency (kHz)

Figure 3.13: Thermal spectrum showing vertical deflection of cantilever and sim-

ple harmonic oscillator (SHO) fitting to resonant frequency peak

3.6 AFM Imaging and Nanoindentation

After locating our target flakes lying over circular hole, Asylum AFM operated
in ambient at room temperature/pressure will act as nanoindentor. First, we
obtained topographical features of our samples at nanometer resolution using AC

air mode of Asylum AFM. We used AFM tapping mode to image topography
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and surface morphologies as scanning through contact mode may damage the
samples, for instance, suspended parts and tip degradation too. Also, scanning
via tapping mode helps in finding indentation spot accurately [8]. The other
advantage of using tapping mode for topography was to preserve and save tip
radius from more degradation as radius is supreme contributor in the estimation

of breaking strength of flakes.

During scanning, we observed thermal drift and we continued scanning the
images for more than 1 hour until we get stable image. To avoid thermal drift
we scanned a dummy sample under AFM for more than one hour before actual
sample and that proved useful for us. After getting topographic scan we waited
for few minutes in order to belittle thermal drift of AFM piezo actuators [8]. As
thermal drift causes unwanted motion of AFM probe because of thermal contrac-
tion and expansion of piezo actuators in AFM. After this, we stopped scanning
and changed AC mode to contact mode. Then, with help of this topographical
image we chose suitable and good looking region (defects/wrinkle free, tears and

contamination) containing our crystal for indentation purpose.

Also, we confirmed through topographical information that our suspended
flake adhere with walls of holes upto several nanometers because of van der Waals

interactions. After locating our hole

3.6.1 AFM Tip-Sample Interaction Steps

The process of indenting the our crystal comprises of distinct steps and AFM tip
followed these strictly for accurate measurement. Firstly, at position 1 AFM tip
is away from surface (means no interaction between them: constant deflection).
Position 2 shows critical distance and AFM probe experiences the attractive force
which snaps it to surface and deflection drops suddenly to negative value making
(Zpiezo=0). At position 3, by further piezo scanner’s extension, tip will deform the
crystal surface while bending itself because of reaction force. This extension cycle
lasts untill deflection attained predefined setpoint (point that defines maximum

deformation in material). After this setpoint, retraction cycle will start, here
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scanner start moving back by releasing strain in crystal. There comes a kink in
curve during retraction, it appears because of adhesion between crystal and AFM
tip while detaching and tip will leave surface hardly as one can observe attraction

to surface at 5 number position [100].
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Figure 3.14: AFM force distance curve regimes
Copyright ACS (2015)

3.6.2 Nanoindentation

Next, after the scanning finished in tapping mode, we changed the mode to
contact and AFM probe positioned at center of suspended flake over hole and
gradually moved downward, getting controlled stretching for flake. And indented

there to check subsequent deformation.

Figure 3.15: Tip positioned in the center for Nanoindentation
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This subsequent deflection means suspended flake’s deflection right from cen-
ter where load is acting. During indentation, piezo scanner push stage towards
cantilever with controlled speed and that Z,.., displacement speed was controlled
at 100 nm/s to get hysteresis free loading and unloading curves as well as to avoid
possible damage of tip or suspended flakes. We repeated the loading cycles at
one hole with increasing force upto rupture of suspending flake, then we reversed
the load.

We indented our suspended flakes with force ranges (minimum 300nN-
mechanical failure of flake occurs) and measured their elastic features. Mechanism

of indenting is shown below in figures;

(PSD)

Position sensitive detector (PSD)

Laser Diode Laser Diode

‘~£ﬂﬂ;_'r T

O S v E—

Indented 2D Sheet
Suspended 2D Sheet lum

lpm Si

Si AZ,|

Figure 3.16: Schematic illustration of Nanoindentation method, deflection of
AFM probe when pushing down over suspended 2D material. Indentation

is measured using equation mentioned below.

When tip is in physical contact with crystal then elastic deformation 9, deflec-
tion in cantilever (AZ,) and scanning piezotube displacement (AZ,) are explained
below through equation that shows relationship between applied load and related

deformation or deflection of suspended 2D material [85][101].
§=AZ, — AZ, (3.4)

Applied force on suspended flakes is directly related with cantilever deflection by
Hook’s Law.

F=K,.AZ. (3.5)
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Here, K, is spring constant (40 N/m) for cantilever being used in experiment.
The nanoindentation of crystals lying over circular holes using AFM probe is
convenient way to analyze elastic features and fracture nature of these ultrathin
materials as nanoindentation avoids non-uniformity in strain as well as breaking
near edges which is caused because of uniaxial stretch. Therefore, this technique
of indenting ultrathin materials such as graphene and TMDCs has been used
much [102].

After mechanical fracture and extracting our data sets, we scanned fracture

area again to observe shape or fracture of flake.
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Chapter 4

Results and Discussion

Nanoelectrically we performed KPFM to evaluate work function using surface
potential variation on indium contacted CVD grown V,03 ultrathin flakes. In
nanomechanical context, we calculated elastic features of metallic TMDCs Like:
2H-TaS,, 3R-NbS,, 1T-TaTey and 1T-NbTe, flakes having different thickness
freely suspended over holes with 1 um diameter using nanoindentation bend-
ing tests. During mechanical bending tests we performed experiment with AFM

probe, and our measurements simultaneously allowed us to note in plane elas-

2D
o

tic modulus (E2P), pretension (02P), prestress, 3D Young’s modulus (E*”) and
maximum value of breaking strength (a,QﬂD/ *P) for metallic TMDCs. Prior to
measurements and systematic analysis of both KPFM and nano-indentation, we
performed several characterizations to know about scientific features of materials

used. Detailed explanation is as mentioned below.
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4.1 Identification/Characterization of ultrathin

flakes

4.1.1 Optical Microscopy

As easiest technique for imaging sample is use of optical microscopy before further
processing. Vanadium Sesquioxide VO3 and metallic TMDCs flakes are able to
be identified using simple optical/light microscope in our SCM lab. We used
optical microscope company name Carl Zeiss present in SCM Lab having digital
camera mounted on top of microscope to locate transferred samples over holes.
Below are some optical images of metallic TMDCs and V203 images are shown

under section 4.2.1.

(a)

N 1T-TaTe,

Figure 4.1: Optical microscope images (a) 3R-NbS, (b) 2H-TaS, (c¢) 1T-NbTe;
(d) 1T-TaTe, crystals transferred over FIB drilled holes using viscoelastic stamp

technique
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4.1.2 Raman Spectroscopy

in 1928, C.V. Raman discovered Raman effect and got Nobel prize in 1930. Nowa-
days, Raman scattering effect is crucial characterization technique. We character-
ized 2D metallic ultrathin flakes using Raman spectroscopic setup to know about
their chemical identification. Raman spectroscopy is used to observe vibrational,
rotational, and other low-frequency modes in a system using monochromatic light
source such as laser (visible or near-infrared). Raman uses laser because it is
very intense beam of nearly monochromatic light that can interact with sample
molecules. Usually the frequency of the emitted light is same as compare to

frequency of incident light.

A laser beam is used to irradiate a spot on sample under investigation. The
scattered radiations produced by the Raman effect contain information about
energies of molecular vibrations and rotations and these depends on particular
atoms or ions that comprise the molecule, chemical bonds connect them. During
irradiation, the spectrum of the scattered radiation is measured at some angle
(often 90 degree) with a suitable spectrometer. Those emitted radiation fall into

three categories,

e Stokes scattering
e Anti-stokes scattering

e Rayleigh scattering
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Figure 4.2: Schematic illustration of (a) Rayleigh (b) Stokes (c) anti-Stokes Ra-
man scattering
Reproduced [103]

Raman spectrum comprises of intensity axis (photon counts) against Raman shift
(em™!). Raman shift indicates energy (or frequency) difference value between
incident photon and scattered photon. We used Raman spectroscopy at UNAM
under ambient environment using 50X objective and 532 nm laser light to collect
Raman spectra for 2H-TaS,, 3R-NbS,, 1T-TaTey, 1'T-NbTey and V503 ultrathin
flakes to confirm their chemical identity and our spectrum matched perfectly with

the literature as shown below respectively.

In below figure we have shown Raman spectra that we collected for each ma-
terial. Raman modes labelled with dashed lines matching with literature for
2H-TaS, [104], 1T-TaTe,, 1T-NbTe, [105] and 3R-NbS, [106]. As mentioned in
third chapter we did CVD growth of NbS, and its Raman spectrum is similar to
3R-NbS, spectrum reported in the literature.
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Figure 4.3: Raman profiles of metallic (a) 3R-NbSy (b) 2H-TaS, (c) 1T-TaTe,
(d) 1T-NbTe, ultrathin flakes

Below we showed Raman profiles of V503 insulating (as grow on sapphire) and
metallic phases (after transferring on silicon dioxide substrate) with dashed lines
indicating the modes matching with literature. These Raman profiles indicate

the phases shown in phases stability diagram shown in second chapter.
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Figure 4.4: Raman profiles of VoO3 phases
Reproduced with Copyright Phys. Rev. B (2019)

4.2 Atomic Force Microscopy (AFM) Experi-

ments

KPFM and nano-indentation experiments on atomically ultrathin materials were
performed using MFP-3D Asylum AFM. Detailed explanation of both experi-

ments and comprehensive results analysis is illustrated below.
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4.2.1 Measurement of Work Function of V303 using
KPFM

Prior to work function calculation of V5,03 flakes one should need calibration
of AFM probes, for that we followed previously mentioned sample preparation
technique. We proposed implementation of an alternative route for work function
calibration of AFM tip for KPFM measurement using PECS evaporated (PE)
Au on SiO5 surface as reference material with well known work function value.
We opted this method instead of often used material highly oriented pyrolytic
graphite (HOPG).
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Figure 4.5: CPD maps [(a) and (c)] and CPD profile distribution measured from
CPD maps of Au surface [(b) and (d)]

60



Implementation and usage of this developed protocol gives acquisition of cor-
rect and reproducible values of work functions as depicted below (two different
Au surfaces are shown with almost same CPD values) and shows some particles
and sign of contamination which may come from environment and during sample

preparation.

In used protocol, as mentioned in detail in second chapter compensation bias
voltages value was applied to probe and resultantly work function of probe was

calculated as KPFM produces a CPD and expressed as,

‘/cpd = (qbtip r ¢sample)/e (41)

(btip = e‘/cpd Zin (bsample (42)

Using profile of CPD variation on surface of Au we got average CPD value -0.148
V and used this value and literature defined Au’s work function value (5.1) [107]
to calculate work function of AFM probe using above relation and found probe’s

work function as 4.95 eV.

Then considering calibrated work function values of Au (4.95 ¢V) we calculated
work function for atomically thin V5,03 flakes using CPD values of it. We again
used same sample preparation technique and dual-pas KPFM mode as mentioned

in previous chapters to map CPD of V5,03 flakes and found it around 4.91 eV.

Below we have optical image of device and first pass AFM topographical image

with height profiles shown in third image.
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Figure 4.6: (a) Optical image of V5,03 flake with Au contact and silver epoxy
connection (b) AFM topographical image (¢) AFM height profiles from previous

image

After topographical image and profiles here we have shown second pass CPD
map of V5,03 flake with CPD profiles. CPD profiles showing almost no variation
in surface potential taken from different places (different height regions as shown
in previous image). Average CPD value we found from the map is 0.04 V and cal-
ibrated work function of AFM probe 4.95 eV we used below formula to calculate
work function for V5,03 flake which came 4.91 eV.

¢sample = ¢tip - e‘/cpd (43)
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Figure 4.7: (a) CPD map of V5,03 flake (b) CPD profiles from previous different

region in image

There might be small error margin in work function values of V5,03 as we per-
formed KPFM experiments in ambient. And we have literature evidences about
performing KPFM in ambient may influenced by humidity, surface dipole layer,
static surface charges, water layer adsorption and unavoidable contamination and
all these factors tend to effect resolution and surface potential profile [108] [109]
[110].

4.2.2 Measurement of Mechanical Properties of Various

Ultrathin 2D Materials via F-D Curves

During mechanical nanoindentation tests, a point force is applied on suspended
flake while simultaneously subsequent deformation is noted. Assessment of me-
chanical features of atomically thin TMDCs flakes comprises of nano-indentation
testing, data analysis through MATLAB and origin Lab software. Brief descrip-

tion is as follow,
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4.2.2.1 Nanoindentation Testing

The technique to do nanomechanical characterization through AFM nanoinden-
tation obey force-distance manner fitted through least square method explained
in detail in second chapter. First, we performed hard strike on SiO, substrate
using AFM contact mode to get lever sensitivity (InvOLS) which later on we used
to calculate spring constant of AFM cantilever. All the steps of calibration and
relevant significant information is briefly mentioned in chapter 3. using thermal
method, calibration of AFM probes gave us spring constant value perfectly in the

range of provided by sellers.

Photodetector (PSD) Laser,Diode

Deflection of Probe

Figure 4.8: (a) AFM probe striking against SiOs

4.2.2.2 Analysis of Elastic Modulus and Pretension in Suspended 2D
Flakes

After doing sensitive calibration of AFM probe and finding related spring con-

stant via thermal tunning technique, we placed our sample for measurement.
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Sample preparation is briefly explained in chapter 3, here some of related images
(optical image, AC mode AFM topographical image with related height profiles)

are placed.

(a) (b) (©)

HeightRetrace [nm

107

|

8.13 nm

Figure 4.9: (a) 2H-TaS, optical image with scale bar 10 pum (b) related topography
(c) height profiles

We performed series of nano-indentation experiments on 2H-TaS,, 3R-NbS,,
1T-TaTe, and 1T-NbTe, having different thicknesses. After setting our sample
we traced the topography using tapping mode as shown in picture above, after we
chose suitable hole region without any crack and wrinkle and scanned it unless
we got thermal drift free image as shown below. We applied steadily increasing

force upto breaking point of the 2D flakes.
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Figure 4.10: (a) 2H-TaS, flake zoomed-in topographic image suspended over hole

showing strong clamped behaviour (b) schematic before and (c¢) after indentation

Deflection of the suspended sheet was estimated using this calculation,
0=AZ,—- AZ, (4.4)

Then using obtained deflection and spring constant values, we estimated E?” and

02D by least square fitting of below equation to related force-indentation curves.

3 3

F = 3(14_”—%5 + (03P 7)6 + [E2D%]53 (4.5)

As most of our suspended flakes of 2H-TaSs were ultrathin and thickness is much

less compare to radius of FIB drilled holes. Therefore, bending rigidity term

became invalid so expression comprises of stretching of flake along with non-
linear stiffness will be taken into consideration,

3

F = (02Pm)6 + [EZD%]&” (4.6)

Comprehensive explanation of this model is illustrated in literature review part

chapter 2. Before evaluating and data processing using above mentioned equa-

tion, for correct force-indentation curves it is crucial to finalize zero displacement
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and force point (ZDP) accurately. At this point, applied force and resulted dis-
placement both are zero. During nanoindentation tests, AFM probe remained
fixed after placing into holder, while sample on XY piezoelectric scanner plate
moves towards tip. We chose origin, after extrapolating linear force-indentation
dependence way before contact of tip and sample until this line crosses curved
region and defined this point as ZDP [111]. It is highly crucial to determine
ZDP for indentation tests as 2-5 nm deviation or inaccuracy from exact ZDP
lead 20 % error in resulted in-plane modulus (E?P) [95]. We used Poisson’s ratio
0.27 (defined in literature) for 2H-TaS, and 500 nm radius of the hole for our

nanoindentation tests.
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Figure 4.11: (a) Force versus indentation of 2H-TaS, sheets with fitting (red
crosses show breaking point of sheets that gives breaking stress) (b) log graph

showing liner and cubic region at lower and higher loads respectively

To validate nanoindentation test with contact model above figure illustrates
main 5 representative indentation curves for 2H-TaS,; acquired with thickness
range as 3.56 - 10.80 nm. All our experimental data agreed well with the related
fitted curves (fitting parameter R? Value is around 0.998 for all curves) demon-
strate perfect reliability of mechanical model and valid data analysis. Using this
model, curves show linear path and less deformation under lower force values
while notably follows cubic trend when force gets larger. [Also explained through

log-log graph]
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For 2H-TaS,, we used ramping mode (Force vs Deflection) of AFM and in-
dented around 30 thin suspended sheets having different thickness values to ac-
quire a reasonable estimation of mechanical characteristics. Corresponding in-
plane elastic modulus and pretension values were obtained using contact model
equation. To compare our findings with other TMDCs we converted these in-
plane values to volumetric/conventional (3D) values. We achieved this, by divid-

ing them against thickness of observed flakes [22].

First, we analyzed pretension (02P) in N/m and prestress (¢3”) in GPa (by

o
dividing pretension against thickness) in 2H-TaS, suspended flakes using contin-
uum mechanics formula mentioned above. Major contribution in the assessment
of these values, comes from second term in the formula. Pretension o2 is in-
dependent against thickness and values range between 0.5-2.5 N/m. 2P graph
depicts no relation between measured values and thickness. Also, prestress graph

is shown in fig (b).

(a) (b)

0.5

Pretension (N/m)
S
|
—
—o—

—o—i

Thickness (nm)

Pre-stress (GPa)

0.0

-0.5

Thickness (nm)

20

Figure 4.12: (a) 2D pretension (b) prestress of 2H — T'aS, flakes

Also, prestress arises from mechanical exfoliation and PDMS stamp transfer
technique. During this procedure, when PDMS and 2D flakes press together it
results lateral expansion of PDMS stamp (because of its softness) [112] that will
stretch 2D flakes upto certain extent. While upon peeling PDMS stamp off lead
to induce some positive pretension in 2D flakes which were already stretched and

adhere to SiOy surface through van der Waals forces. Moreover, pretension in
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flakes can be decreased using vacuum annealing method [113].

Secondly, we measured in-plane (E*”) and volumetric elastic/Young’s mod-
ulus (E*P) of 2H-TaS, suspended flakes having different thickness range, and we
found in-plane modulus increases linearly versus thickness while volumetric mod-
ulus shows thickness independence like other TMDCs reported in literature so

far.
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Figure 4.13: Elastic properties of 2H-TaS, flakes: (a) In-plane modulus (b) bulk

Young’s modulus against thickness

If E3P of a material shows no dependency on thickness, then E?” should mani-
fest linearly increasing trend versus thickness of flake [23] [114] and we have same
trend in our E*P /E3P values. We found interlayer sliding (coming from van der
Waals forces between flake and substrate) causes to soften resulted modulus for
layered materials [22]. Because of this interlayer sliding effect, E3 value would

decrease as thickness increased.

But our results like other TMDCs provide an indication of interlayer sliding
saturation that causes Young’s modulus to be independent of layer thickness like
other 2D materials [21]]22][23][75]. Also, our suspended flakes are clamped tightly
with edges of FIB drilled holes indicates no sliding on substrate that suppresses
interlayer sliding too. We summarized E3P values for suspended 2H-TaS, flakes
with different thickness and average Young’s modulus value is 114+14 and this

value is slightly lower when comparing with measured semiconductor TMDCs.
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4.2.2.3 Tensile or Breaking Strength

To enable commercial applications of our suspended materials in strain based and
flexible electronics, we determined maximum breaking strength under force. As
mentioned in previous sections, breaking strength of 2D flakes can be investigated
by increasing applied force untill mechanical failure (fracture or rupture) occurs.

Our nano-indentation tests lies in the limit of small indenter defined through
Ttip

<1(0.018 for our case) and using concept of linear elastic membrane theory

maximum stress applied at center of suspended flake can be totalized by:

F E2D
2D e 4.7
Um 47TRt7;p ( )

We extracted maximum strength pointed at central region of suspending 2D
sheets utilizing above expression for linearly elastic circular flake under sharp
spherical indenter as applied force reaches to breaking point suspended flake col-
lapses that indicates mechanical failure. Fracture of our suspended flakes occurred
in the middle of suspending region (as shown in picture) where AFM probe ap-
plied maximum loading force (around 1100 nN) instead of edge of suspended

material. Also, we showed complete steps of AFM tip and suspended flakes.
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Figure 4.14: (a) AFM image of 2H-TaS, flake after fracture in center (b) F-D

curve steps explanation

As radius of AFM tip is dominant contributor towards calculation of breaking
stress and strength. In our studies, we used Tap300Al-g AFM probes with spring
constant 40 N/m and radius 10 nm reported by manufacturer. But way before
nano-indentation we performed hard strike of AFM probes on SiO, surface to
calibrate deflection sensitivity and scanned dummy sample to minimize thermal
drift of AFM piezo actuators. These two steps may degrade the tip radius and
increase it from 10 nm to unknown values. So, keeping importance of radius of
tip in our consideration, we took high resolution SEM images of AFM probes
before and after nano-indentation tests to know about wear and degradation of

tip radius as shown below.
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Figure 4.15: (a) Before indentation pristine tip radius 10 nm (b) after indentation

image shows broadening in radius

Through high resolution SEM images, we found significant degradation and
broadening of radius from 10 nm to 18+2 nm. This much broadening renders
maximum 2D breaking stress between 50 and 350 N/m against increasing thick-
ness values. This 2D finding lead us to calculate 3D breaking strength just by
diving in-pane breaking strength by the thickness of corresponding 2D flakes

@)

Before Indentation

(b)

After Indentation

[03P=(02P) /(thickness)] and both results are depicted below.
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Figure 4.16: (a) Before indentation pristine tip radius 10 nm (b) after indentation

image shows broadening in radius
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2D breaking stress follows linearly increasing trend versus thickness of flake
same like in-plane modulus whereas breaking strength is thickness independent
and average value is 12.6 + 2.6 GPa which is 11% of bulk modulus. This 11%
means, 11% maximum strain value when considering stress-strain linear relation-

ship given below.
o= F3Pe¢ (4.8)

We also measured other metallic TMDCs ultrathin flakes (shown below) to com-

pare their elastic responses under nano-indentation testing.

1T-NbTe2 1T-TaTe2

Figure 4.17: Optical microscope images of (a) 3R-NbSy (b) 1T-NbTey (c) 1T-
TaTey ultrathin flakes (Scale bar is 10 pm)

Same methodology and AFM tips were used to indent these metallic TMDCs’s
flakes as well. We measured number of samples for each material to verify the
confirm mechanical properties. Same like 2H-TaS; we recorded their elastic re-
sponse using continuum model mechanics. Only difference comes in Poisson’s
ratio of materials which we took from literature and verified them using ab-initio
calculations. Poisson’s ratio values used for these metallic TMDCs are as: 2H-
TaSs 0.27 3R-NbS, 0.27, 1T-NbTes 0.11 and 1T-TaTe; 0.10 [115]. Below we have

shown comparison of mechanical features of all four metallic materials.
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Figure 4.18: Comparison of Young’s modulus and breaking strength of metallic
TMDCs’s

Above we compared Young’s modulus and breaking strength of the metallic
TMDCs. Breaking strength was calculated using 4.7 equation as a function of
applied load force and particularly radius of AFM tip and using equation 4.8 we
calculated nominal strain % values as shown in table 4.1. But this formalism is
coming from linear mechanics and we considered suspended material is in linear
stress-strain regime. Whereas Lee et al., stated elastic response of suspended
sheets must be in non-linear regime as magnitude of strain under AFM tip is
reasonably high that indicates consideration of non-linear regime for calculation
of intrinsic breaking strength [8]. To calculate intrinsic breaking strength (ul-
timate strain) at breaking force, stress-strain response of metallic TMDCs can
be consider as large area isotropic membrane under effect of uniaxial stress (as
local stress mainly concentrated in the area right under indenter tip) and can be

written as
0 = Ee+ Dé (4.9)

where o known as second Piola-Kirchhoff stress value, € is Lagrangian strain and

D is 3" order elastic modulus [8]. Using maximum breaking strength response
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one can calculate D, as
2
D= "I (4.10)
Then using relationship of D, ultimate intrinsic strain is,
E
n =55 (4.11)
Now after plugging in the values of D (calculated from breaking strength re-
sponse) and E (calculated from in-plane modulus of F-D curve) we measured ul-
timate strain for metallic TMDCs. 2H-TaS,, 1T-TaTe,, 3R-NbS, and 1T-NbTe,
showed 0.22; 0.21, 0.20 and 0.25 respectively which are higher than all reported
2D materials and comparable to graphene (0.25). These comprehensive calcu-
lation of ultimate strain values provide an insight into ultimate strength of a
material, for example intrinsic strength’s theoretical limit for brittle materials is
om ~ E3P/9. And we calculated ratio of Young’s modulus to breaking strength

for all four materials is approximately 8.
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Figure 4.19: Comparison of ultimate strain values and ratio of E3” to breaking
strength of metallic TMDCs’s
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Below in table we showed comparison between elastic features of 2D materi-
als reported so far and measured in this study. Our metallic TMDCs showed
relatively lower Young’s modulus than most of the materials in literature but
surprisingly maximum nominal strain (calculated by assuming stress and strain
linear relationship, c=FEe) values for our materials are significantly higher than
all materials and comparable to graphene. This much nominal strain values su-
perior to mostly aforementioned results are an indication that ultrathin metallic

TMDCs are convenient to use in future flexible electronics devices.
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Material E*’ (GPa) | 0,, (GPa) | Strain (%) | References
1 | Graphene (monolayer) | 1000+100 130 13 8]
2 NbTe, (multilayer) 23.6+1.6 2.9£0.3 12 This Work
3 TaS; (multilayer) 114+14 12.6+2.6 11 This work
4 TaTe, (multilayer) 69+7 7.2 10 This work
5 NbS, (multilayer) 49.443 5.0 10 This Work
6 hBN (1-9 layers) 86114 7244 8 [114]
7 MoS, (monolayer) 270+100 2244 8 [75]
8 WS, (monolayer) 272 N/A N/A [22]
9 WSe, (multilayer) 167+6.7 124 7.3 [23]
10 GaTe (10 nm) 24.6+16 2 7 [88]
11 | Ti3CyT, (monolayer) 333430 17.3£1.6 5.1 [111]
12 GaSe (10 nm) 81.9412.7 4 5 88]
13 GaS (10 nm) 173+15 8 45 88]

Table 4.1: Table 1 summarizes comparison of elastic properties of 2D materials
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Chapter 5

Conclusion and Future Work

To summarize our work, we demonstrated KPFM and Nano-indentation experi-
ments on ultrathin materials using Asylum AFM. Using dual pass KPFM mode,
we first measured the CPD map between Au coated tip and Au surface and used
this map to calibrate work function of tip that came 4.95 eV matches nearly with
literature. Then by using this calibrated tip we measured CPD map between
tip and CVD grown V5,03 flakes and found work function 4.91 eV for V5,03 first
time which may have small error margin as we performed KPFM measurements
in ambient. This Knowledge of work function values will help in electrical de-
vice performance and will provide essential concept to chose appropriate metal

electrode contacts with closer work function value to V,0s5.

As mechanical characteristics of 2D ultrathin membranes got numerous atten-
tion recently. So, by using nano-indentation we indented PDMS based exfoliated
metallic TMDCs suspending over FIB drilled holes upto their mechanical failure
to check their modulus, strength and stability under stress and applied force.
For this purpose, we experimentally indented metallic suspended flakes with dif-
ferent thickness especially wide range of indentation experiments were done on
2H-TaS,. For metallic TMDCs, we found linearly increasing in-plane modulus
against thickness while Young’s modulus found to be completely thickness inde-

pendent. This thickness independent behaviour indicates saturation of interlayer
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sliding, this sliding causes modulus to change with thickness. The Young’s mod-
ulus for multilayer metallic TMDCs is as: 2H-TaSs is 114414 GPa, 1T-TaTe,
is 70 + 14 GPa, 3R-NbS, is 49.4 + 3 GPa and lastly 1T-NbTe, is 23.6+1.6
GPa. Our obtained Young’s modulus values for metallic TMDCs are relatively
lower as compare to reported values for semiconducting TMDCs. Other than
Young’s modulus, we analyzed breaking strength, ultimate/breaking strain val-
ues (which are greater than all 2D materials except graphene) of these materials
as well. Fracture failure tests revealed that metallic 2H-TaS,, 1T-TaTe,, 3R-
NbSy and 1T-NbTey can withstand 12.64+2.6 GPa, 7.184+0.40 GPa, 5.0£1.5 GPa
and 2.9+0.3 stress respectively and corresponding to 11%, 10 %, 10% and 12
% respectively maximum strain before breaking. Also, we found intrinsic strain
values considering stress-strain relationship in non-linear regime because of high
strain magnitude right under sharp AFM tip and values for intrinsic strain are as,
2H-TaS, 0.22, 1T-TaTey 0.21, 3R-NbSs 0.20 and 1T-NbTey 0.25. These linearly
and nonlinearly measured strain values for metallic TMDCs are way larger than
semiconducting TMDCs and comparable to graphene which makes them favor-
able contestants for flexible electronics, nanoscale devices especially as a contact
materials with other TMDCs.

As elasticity is considered as basic mechanical hallmark of 2D materials and
it is pivotal for their usage in commercial strain engineering applications. And
mechanical properties are essential determinants for strain-induced engineering of
2D materials and play vital roles in designing of 2D flexible devices [21][116][117].
Strain engineering proved to be promising mechanism to modulate electronic and
optical properties [118], materials we analyzed they can be use in strain-induced
based devices, piezoresistive/piezoelectric devices and in nanoelectromechanical

systems (NEMSs) because of their extraordinary metallic features measured.
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