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Fig. 4.20. Variation of friction force as a function of normal force under different temperature
(50 °C, 75 °C, and 100 °C) for single-layer h-BN, MoS; and graphene. The sliding speed was

set to 375 nm/s. The error bars correspond to one standard deviation.............cccccceevveverinnen. 110
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ABSTRACT

Two-dimensional (2D) materials such as single-layer hexagonal boron nitride (h-BN),
molybdenum disulfide (Mo0S>), and graphene have great potential for use as protective and solid
lubricant coating layers for nanoscale devices. These coating layers are used to primarily reduce
surface damage and friction generated at contacting interfaces between mechanical moving parts,
which is the main source of energy dissipation and severe damage in the systems. Therefore,
comprehensive understanding of surface damage characteristics and frictional behaviors of single

layer h-BN, MoS;, and graphene is essential.

In this work, surface damage characteristics of these single-layer materials were systematically
investigated using atomic force microscopy (AFM)-based progressive force and constant force
scratch tests. The adhesion strengths to substrate of these atomically thin materials were carefully
evaluated based on their critical forces determined using progressive force scratch test. The
evolutions of surface damages with respect to normal force were further investigated using
constant force scratch test. The results show that single-layer h-BN, MoS;, and graphene strongly
adhered to the substrate, which may in turn significantly improve their tribological performances.
Furthermore, the defect formation induced by scratch test was found to differently affect the
topography and friction force of these atomically thin materials, prior to the failure, which
indicates their distinctive surface damage characteristics. Interestingly, the residual strains
commonly observed at scratched areas may suggest the scratch tests-induced in-plane compressive
strains were dominant over tensile strains, thereby leading to the buckling formation of these
atomically thin materials mostly in front of the scratching tip and eventually failure with sufficient
strains. These behaviors could be considered as the general failure mechanism of these atomically

thin materials due to scratch test. As the number of layer increased, the tribological performance
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of atomically thin h-BN, MoS2, and graphene were found to significantly improve because of the

increase in adhesion strength to the substrate and decrease in surface damage and friction force.

Friction characteristics of these single-layer materials were further investigated under various
conditions using friction force microscopy (FFM). The low friction characteristics of these single-
layer materials could be clearly observed from their normal force-dependent friction results, and
by fitting to Hertz-plus-offset model the interfacial shear strengths could be further estimated. We
also found the logarithmic increase in friction with increasing sliding speed, and based on the
thermally activated Prandtl-Tomlinson model, some fundamental parameters which governed
nanoscale friction such as the effective energy barrier and the effective shape of the interaction
potential could be determined. In addition, friction was found to generally increase with increasing
relative humidity, which was attributed to the water diffusion-induced increase in puckering effect
on frictional behaviors of these single-layer materials as relative humidity increased. Furthermore,
friction of the thermally annealed single-layer materials was found to be significantly lower than

those of the as-exfoliated ones.

Overall, these findings in this work, including distinctive surface damage characteristics or
general failure mechanism of atomically thin h-BN, MoSz, and graphene would be useful for the
design of effective and reliable nanoscale protective and solid lubricant coating layers based on
these materials. In addition, the results also suggest that these single-layer materials used as coating
layers should be operated under dry environment and reasonably low speed to achieve low friction
and prolong the lifetime of devices. The simple thermal annealing could be useful for many
practical applications such as stabilization, packaging, and storage of the nanoscale devices-based

on these single-layer materials.

Key works: Atomic force microscopy, graphene, h-BN, MoS,, nanoscale tribology.
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Chapter 1

Introduction

1.1 Background and Motivation

Layered materials such as hexagonal boron nitride (h-BN), molybdenum disulfide (MoS>), and
graphite are conventionally used as solid lubricants for number of critical engineering applications
based on their low friction characteristics. Single sheet of h-BN or graphene is one atom thick,
which consists of sp?-bonded hexagonal honeycomb arrangement of alternating boron and nitride
atoms or carbon atoms, respectively, as depicted in Figs. 1.1 (a) and (c).%? While a single sheet of
MoS: is three atoms thick with one layer of molybdenum atoms surrounded by two layers of sulfur
atoms bonded by the strong covalent bond, as shown in Fig. 1.1 (b).2 These single sheets h-BN,
MoS>, and graphene were connected in their bulk form by the relatively weak Van der Waals
forces. This characteristically weak interlayer bonding in the structure was found to be responsible

for the remarkably low shear strength at the contacting interface of these layered materials.*®

Fig. 1.1 Schematic structure of atomically thin (a) h-BN, * (b) Mo0S2,® and (c) graphene.?



Interestingly, based on this weak bonding between adjacent layers in the structures, single-layer
h-BN, MoS,, and graphene could be exfoliated from their bulk forms, and have been extensively
studied due to their notable material properties. For instance, superior mechanical properties of
these atomically thin materials were reported, in which the in-plane elastic moduli of single-layer
h-BN, MoS; and graphene were determined to be about 865 GPa,® 270 GPa,” and 1000 GPa,®
respectively. Atomically thin h-BN, MoS; and graphene also exhibited an outstanding thermal
stability up to more than 1,000 °C>1° as well as phenomenal oxidation resistance.**"*2 In addition,
low friction characteristics of these atomically thin materials were observed from the literature
with the friction coefficients estimated ranging from 0.001 to 0.1, which clearly demonstrated their

ability to effectively reduce friction generated at the contacting interfaces.4%’

Apart from material properties, the sub-nanometer thickness of single-layer h-BN, MoS; and
graphene have made these materials of considerable interest for high-performance nano-scale
systems devices, where the spacing between mechanical parts was extremely miniaturized.
Therefore, based on the atomic thickness and aforementioned outstanding material properties,
atomically thin h-BN, MoS: and graphene have been proposed as a protective and solid lubricant
coating layers for micro- and nano-electromechanical systems (MEMS and NEMS) devices.*
Where these coating layers are primarily used to improve tribological performances including
friction force reduction, wear protection and surface damage resistance at the contacting interfaces
of the mechanical moving part in the systems. Therefore, to prolong the lifetime of high-
performance mechanical systems, investigations of the nanoscale surface damage characteristics
and frictional behaviors of these atomically thin materials as the protective and solid lubricant

coating layers are essential.



In this regard, several studies have been conducted to investigate the nanoscale tribological
performances of atomically thin h-BN, MoS,, and graphene. Although these studies generally
demonstrated the great potential of these atomically thin materials in significantly reducing friction
force and surface damage in mechanical systems, the nanoscale surface damage characteristics and
frictional behaviors of these atomically thin materials have not been fully explored. Particularly,
considering adhesion strengths to the underlying substrates of these atomically thin materials
significantly affect their tribological performances, in which strong adhesion strengths often
effectively enhance their performances as protective and solid lubricant coating layers. However,
determination and characterization of adhesion strength to substrate of these atomically thin
materials remain challenged. In addition, surface damages, such as defect formation or plastic
deformation, of these atomically thin material may be induced during contact sliding, which could
significantly degrade their durability. However, comprehensive understanding of the surface
damage characteristics and failure mechanisms of these atomically thin materials induced by
contact sliding is still lacking. Furthermore, although intensive efforts have been made to study
friction characteristics of single-layer h-BN, MoS;, and graphene, number of factors, which could
considerably affect their nanoscale frictional behaviors, has not been fully investigated. The
motivation of this research is to gain better understanding of nanoscale surface damage and friction
characteristics atomically thin h-BN, MoS», and graphene. Such understanding is essential to
further elucidate the implementation of these atomically thin materials as nanoscale protective and

solid lubricant coating layers.



1.2 Objectives of the Research

In this research, the objective is to gain better understanding of nanoscale surface damage and
friction characteristics of atomically thin h-BN, MoS>, and graphene. To do so, several AFM-based
scratch tests and friction force microscopy (FFM) measurements under various conditions were
systematically conducted on these atomically thin materials. Particularly, adhesion strengths to
substrate of these atomically thin materials were carefully evaluated based on their critical forces
determined using progressive force scratch test. The evolutions of surface damages of single-layer
h-BN, MoS., and graphene with respect to normal force were further investigated using constant
force scratch test. In addition, the effect of various conditions including normal force, sliding speed,
relative humidity and thermal annealing, on frictional behaviors of these atomically thin materials

were carefully investigated using FFM.

1.3 Organization of the Research

Following the introductory remarks of this chapter, Chapter 2 presents the literature review
about the use of atomically thin h-BN, MoS», and graphene as the protective and solid lubricant
coating layers along with their surface damage phenomena at nanoscale. The frictional behaviors
of these atomically thin materials associated with nanoscale friction laws is also presented in
Chapter 2. In addition, the experimental methods to quantify the nanoscale surface damage and
friction force of single- and a few-layer h-BN, MoS>, and graphene are included. Fig. 1.2 shows

the objective and scope of this research.

The highlight of this research is the comprehensive investigation of the nanoscale surface
damage characteristics of atomically thin h-BN, MoS, and graphene, as presented in Chapter 3.
In this chapter, the adhesion strength to substrate of these atomically thin materials were carefully

obtained. The evolutions of surface damage of single-layer h-BN, MoS2, and graphene with respect
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to normal force, ranging from elastic deformation to plastic deformation along with defect
formation, and eventually to total failure when the applied normal force reached to the critical
force, were also clearly observed. The surface damages induced by scratch test differently affected
the topography, friction force, as well as crystalline quality of these atomically thin materials, those
distinct surface damage characteristics are carefully presented in this chapter. In addition, the

general failure mechanism of single-layer h-BN, MoS», and graphene is proposed.

Chapter 4 presents the investigation of frictional behaviors of single-layer h-BN, MoS,, and
graphene under various conditions. Effects of normal force, tip shape, sliding speed, relative
humidity, and thermal annealing on friction force characteristics of these single-materials using
FFM measurements are carefully presented in this chapter. Essentially, these single-layer materials
all exhibited the low friction force characteristics. Despite the simplicity of the tribological system
consisting single-layer material physically deposited on substrate, its frictional behaviors were
found to be significantly affected by those number of aforementioned factors. Particularly, the
effect of surface slope on friction force fluctuation, and the friction force variation with respect to
normal force obtained from the sharp tip and flat-ended tip are carefully presented. By continue
using the sharp tip for FFM measurements, the dependences of friction force of these single-layer
materials on sliding speed, relative humidity, and thermal annealing are also included in this
chapter. The speed-dependent friction characteristics suggest the effect of thermal activation on
sliding friction of these single-layer materials. While the dependences of friction force on relative
humidity and thermal annealing highlight the importance role of the water interaction and frictional

behaviors of these single-layer materials.

Chapter 5 presents the major conclusions of this research along with a few recommendations

of future works. Despite significant amount of work on tribological properties of atomically thin



h-BN, MoSz, and graphene has been done in this research, to realize the huge potential of these
atomically thin materials for use as nanoscale protective and solid lubricant coating layers,
interesting and importance works remain. Most importantly, future works should focus on the
optimization of the large-scale synthesis of these atomically thin materials by using these
tribological characteristics of high quality atomically thin materials presented in this research as

references.

2D materials: Single-layer h-BN, MoS,, and graphene

| |
Surface damage
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Understanding surface damage Understanding frictional

Friction characteristics
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» Evolution of surface damage and sliding speed
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2D materials as nanoscale protective and solid lubricant
coating layers

Fig. 1.2 Objective and scope of this research



Chapter 2

Tribology of 2D materials: Literature review

Tribology is the multidisciplinary study of friction, lubrication, and wear, which often occur at
the interfaces between mechanical moving parts in the systems. Friction and wear are the primary
sources of energy dissipation and severe mechanical damage, which were proved to have a huge
impact on the economy.!® Therefore, with an aim to effectively improve energy conservation,
comprehensive understating corelated tribological phenomena is essential for most mechanical
devices. In this regard, protective and solid lubricant coating layers have been developed to
improve the tribological performances of mechanical devices including surface damage resistance,

friction reduction, which resulting in extending lifetime of devices.

With the development of the micro- and nanoscale technology in recent decades, the mechanical
components in micro- and nano-electromechanical system (MEMS and NEMS) devices tend to
stick together because of large surface forces. Such “stiction” behaviors have posed several
tribological problems that may primarily slow the development of MEMS and NEMS divices.?%%
2D materials, such as single- and a few-layer h-BN, MoS., and graphene, with the atomically thin
thickness and remarkable material properties have a great potential for use as protective and solid
lubricant coating layers for nanoscale devices.?? Considering the fundamental difference between
the macroscale tribology and micro/nanoscale tribology, in which the macroscale lubricant often
depends on the formation of liquid or solid interfaces where the lubricant slides against itself, while
the micro/nanoscale tribology most likely depends on surface interactions at the original
interfaces.?! Therefore, comprehensive understanding of tribological principles applicable to
micro- and nanoscale devices, or nanotribology, of these atomically thin materials is essential. To

prolong the lifetime of high-performance nanoscale mechanical systems, extensive efforts have



been made to investigate the wear resistance, surface damage characteristic, friction reduction of
these atomically thin h-BN, MoS,, and graphene. In the following section, the review of nanoscale

tribological characteristics of atomically thin materials is presented.

2.1 Synthesis of 2D materials

The first successful separation of single- and a few-layer graphene from graphite was done
using mechanical exfoliation method by Novoselov et al. in 2004.2 Since then, this simple yet
effective method has enabled fabrication of many other atomically thin materials such as h-BN,?3
MoS2,2* and so on with high crystalline quality, which led to number of exciting discoveries
regarding to their fundamental materials properties. In mechanical exfoliation process, graphene
layers were repeatedly peeled off using the adhesive tape, and were then transferred to the desire
substrate by gently pressing the tape with a few atomically thin materials against the substrate
surface. Atomically thin materials were completely deposited to the substrate when the adhesion
of these atomically thin materials to substrate was stronger than that between the layers of these
materials. Although the mechanical exfoliation method could yield high quality structure of these
atomically thin materials, the low production efficiency of this method makes it only suitable for
fundamental study of these materials. Modification of mechanical exfoliation method, such as
intercalation-assisted exfoliation??® or liquid-based exfoliation,?”?® have also been developed.
Although the synthesized products were found to have some amount of contamination in the
structure, these methods were demonstrated to have a good potential for large-scale production of

atomically thin materials.

In addition to the exfoliation method, thermal chemical vapor deposition (CVD) techniques
were also able to synthesize large-scale atomically thin materials. In the CVD process, number of
factors such as materials sources, gas precursors, time, pressure, temperature, and contaminations

8



could significantly affect to the growth of these atomically thin materials. The optimized CVD-
growth conditions should produce the materials that have large-scale, atomically thin, and high
crystalline quality. These following CVD procedures were found to be able to synthesize the
relatively good quality single-layer h-BN,?® MoS,,*® and graphene.3! The CVD synthesis of
atomically thin h-BN was done in the quartz tube, the Cu foil (25 um thick) used as substrate was
placed in the center of the furnace and heated at 600 °C in Ar/H2 (500 sccm) gas flow for about 20
min. Then, the temperature was gradually increased to 1000 °C in 40 min. For the growth of
atomically thin h-BN, the ammonia borane (NHs-BH3) was carried to the reaction region by Ar/H:
(200 sccm) gas flow. After the growth time of about 30-60 min, the temperature was quickly
dropped down to room temperature. In the CVD-growth process of single-layer MoS», crucibles
containing MoOs and sulfur powder were placed in the center of the furnace and in the upstream
zone in the quartz tube, and the target substrates were placed face down with the crucible
containing MoOsz. While the quartz tube was pumped down to a pressure of about 60 mTorr, high-
purity N2 gas was flowed to clean O2. The N2 (100 sccm) gas was then flowed when the furnace
was gradually heated to 400 °C with the pressure was about 700 mTorr. For the growth of single-
layer MoS;, the pressure was reduced to the atmospheric level using a N2 (10 sccm) gas flow, and
the temperature in the furnace was then increased in the range of about 800 °C to 900 °C for 5 min
before cooling to room temperature. As for CVD-growth single-layer graphene, the contamination
in the quartz tube furnace was cleaned by the Hz (8 sccm) gas flow with the temperature of about
1000 °C. The CHg4 (24 sccm) was then flowed for about 30 mins at 1000 °C to generate a carbon
source. Power and input gases were then turned off, except for Hz, while the temperature was
dropped to room temperature for the growth of graphene. After growth, these atomically thin

materials were transfer to desire substrate using wet transfer process.® Although large-scale



atomically thin materials could be synthesized by CVD methods, their crystalline qualities were
often found to be relatively lower than that of mechanical exfoliated ones.3%3® Nonetheless, among
many other techniques, such as epitaxial growth,3*3 laser thinning,*-° physical vapor deposition
(PVD),*4! CVD methods were proposed to be the most promising for large-scale growth of

atomically thin materials.*?

2.1 Wear resistance and surface damage characteristics of 2D materials

The remarkable mechanical properties of atomically thin h-BN, MoS», and graphene could
probably be the one of the major reasons that attracted tremendous interests for use in various
nanoscale applications. Therefore, intensive efforts have been made to study the mechanical
characteristics of these atomically thin materials. For example, the in-plane elastic stiffness, out-
of-plane bending stiffness of single-layer h-BN, MoS,, and graphene were studied theoretically or
experimentally. The breaking strength of these single-layer materials were also determined by
using the AFM-based nano indentation measurements. Some of these mechanical properties are
summarized in Table 2.1. In addition, it was found that the amount of defect in structure of
graphene could significantly deteriorate its mechanical strength.*3#” This behavior was similar to
proposed effect of defects and grain boundaries on mechanical behaviors of single-layer h-
BN.2%4849 OQverall, these studies clearly demonstrated the superior in-plane elastic stiffness, and
large out-of-plane flexibility of these atomically thin materials, which make them ideally suited

for many nanoscale applications such as protective and solid lubricant coating layers.*®
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Table 2.1. Summary of mechanical properties of layered materials h-BN, MoS2, and graphene

) ) ) ) Measurements | Sample preparation
Material Mechanical properties Unit Value Reference
method method
In-plane elastic modulus (Ci1) GPa 811.0 ) ) _
i Inelastic X-ray Single-crystalline
Out-of-plane elastic modulus (Css) | GPa 27.0 _ Bosak et al.>®
scattering bulk h-BN
Shear modulus (Caa) GPa 7.7
h-BN _
In-plane elastic modulus GPa 780.0 )
_ DFT calculation _ Wu et al.>
Bending rigidity eV 1.0 Single-layer h-BN
Breaking strength GPa 70.5 AFM indentation Falin et al.®
In-plane elastic modulus (Cz1) GPa 238.0 _ _ _
i Hybrid DFT Single-crystalline Peelaers et
Out-of-plane elastic modulus (Cazs) GPa 57.0 _
calculation bulk MoS; al.%?
Shear modulus (Ca4) GPa 18.0
MoS; : .
In-plane elastic modulus GPa 270.0 _ _ Bertolazzi et
i AFM indentation )
Breaking strength GPa 23.0 Single-layer MoS; al.’
Bending rigidity eV 9.6 Calculation Jiang et al.>
In-plane elastic modulus (Cz1) GPa 1109.0 _ _ _
i Inelastic X-ray Single-crystalline
Out-of-plane elastic modulus (Css) | GPa 38.7 _ _ Bosak et al.>*
scattering graphite
Shear modulus (C44) GPa 5.0
Graphene : : :
In-plane elastic modulus GPa 1000.0 AFM indentation _ Leeetal.®
_ i Single-layer
Bending rigidity eV 1.4 Calculation Luetal®
: : _ graphene :
Breaking strength GPa 125.0 AFM indentation Falin et al.®
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Fig. 2.1. (a) Schematic image and microstructural evidence of the toughening mechanisms in
the ceramic matrix including (b) nanoplatelet pull-out, (c¢) crack branching, (d) crack
bridging, and (e) crack blunting.%¢

Although the application of atomically thin h-BN as nanoscale protective coating layers is the
ongoing interest, studies have demonstrated the h-BN nanotube (BNNT)>%° and nanoplatelet
(BNNP)®® as the reinforced components composite materials. For example, the toughness and wear
resistance of SisN4 nanocomposite was found to be significantly enhanced with a small amount of
BNNP in the structure.®® The results show that the BNNPs with 2 vol.% could enhance the fracture
toughness (~ 24.7 %), and tribological properties (~ 26.7 %) of the nanocomposite materials with
the toughening mechanisms were proposed to be the combination of the pull-out, crack bridging,
branching, and blunting mechanisms as depicted in Fig. 2.1. A relatively small amount of
nanosheet h-BN additive in water was also found to significantly reduce friction force and amount
of wear generated at the contacting interfaces between SiC ball and Si wafer.®! Furthermore, study
on tribological characteristics of cubic-BN (c-BN), amorphous-BN, and h-BN demonstrated that,
although these materials are generally good as solid lubricant, the tribological performance of h-

BN thin films was found to be relatively poorer than those of c-BN and a-BN.%? This behavior was
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reasoned to be due to h-BN had weaker adhesion strength to the substrate than those of c-BN and
a-BN. This studies clearly show the importance effect of adhesion strength to substrate of these

layered materials on their tribological performance.

In addition to h-BN, MoS: has been the most commonly used solid lubricant coating layers in
number of critical applications in macro scale.®*% In the vacuum environments, sputtered MoS;
thin films exhibited friction coefficients from 0.005 to 0.5, and the wear rate of about 107
mm3/Nm.%57 However, in humid environments, their wear resistances dropped by the factor of
about 10-103, and friction coefficients increased to 0.15-0.3.% The higher friction of MoS; thin
films in humid air was found to be due to the reaction between the moisture and oxygen in the

environment with these dangling or unsaturated bonds at the edges of these basal planes.5®

1253 N SiOs

16.13 uN ¢
1
17.94 uNy

19.74 uN
21.54 uN

1.um

Fig. 2.2. Topographic images of SiO2 substrate and multilayer graphene (~ 4.5 nm thickness)
after scratch tests under various normal forces. The normal forces were noted in the

images.5°

Among these atomically thin materials, tribological properties of atomically thin graphene have
been mostly studied. Particularly, surface damage protection and wear characteristics of atomically
thin graphene prepared by mechanical exfoliation method,®®"* epitaxial method,’®"? chemical
vapor deposition (CVD),*>"*" and thermal decomposition method,’® have been investigated. The

results demonstrated the good surface damage protected provided by multi-layer graphene

13



deposited on SiO> substrate, as shown in Fig. 2.2, in which after scratch test under given normal
force, multilayer graphene was found to be likely intact, while SiO2 substrate were significantly
damaged.®® The remarkable wear resistance of CVD-grown atomically thin graphene was also
found, as shown in Fig. 2.3, single-layer graphene could last for 6,500 sliding cycles, and multi-
layer graphene (3-4 layers) could survive for 47,000 sliding cycles under high contact pressure of
about 0.5 GPa in hydrogen atmosphere.” In addition, wear resistance and surface damage
protection of graphene was found to be highly sensitive to the environmental conditions, in which
the CVVD-grown atomically thin graphene could endure for much longer number of cycles sliding

in hydrogen atmosphere than in nitrogen atmosphere.

Steel vs steel in hydrogen atmosphere
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Fig. 2.3. (a) Coefficient of friction and (b) wear rate for steel against steel sliding tribo-pairs
in absence of graphene and in presence of single layer and few-layer graphene in hydrogen

environment.”

Although these studies generally demonstrated the great potential of 2D materials in
significantly reducing friction and wear in mechanical systems, the nano-scale tribological
performance and surface damage characteristics of atomically thin h-BN, MoS, and graphene
have not been clearly explored. Particularly, considering that the adhesion strengths to the
underlying substrates of the atomically thin films significantly affect their tribological performance,
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however determination and characterization of adhesion strength to substrate of these atomically
thin films remains challenged. For instance, adhesion strength to substrate of exfoliated graphene
with various number of layers was previously studied based on the critical force determined from
progressive force scratch test by Shin et al.”® Progressive force scratch test is often recognized as
the standard method to characterize the adhesion strength to substrate of thin films based on the
critical force. However, as shown in Fig. 2.4, Shin et al.”® found that the critical forces of
atomically thin graphene were significantly scattered, even with the same number of layer, due to
the complex correlation between the atomically thin materials and their critical forces. Considering
the significant effect of adhesion strength to substrate of the atomically thin films on their
tribological performances, an accurate and reliable determination of the critical forces is

considerably needed.
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Fig. 2.4. Normal force and lateral force with respect to time on single layer (a and b) and
bilayer (c) graphene. (d) Normal displacement of probe versus time of the sample in (c). All

the scratched specimens were exfoliated and pristine graphene.”™
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Fig. 2.5. 3D topographic AFM images of atomically thin graphene obtained using contact
mode under increasing normal force: (a) 10 nN, (b) 195 nN, and (c) 391 nN. (d) cross-
sectional height profiles taken from the images in (a), (b), and (c) demonstrating the negative
strain of atomically thin graphene (expansion upon shear and compression). () Schematic

illustrating the dynamic wrinkling mechanism of atomically thin materials.’’

In addition to the adhesion strength to substrate, investigating on surface damage characteristics
of atomically thin h-BN, MoS,, and graphene has just been begun. Recent study demonstrated an
interesting finding of mechanical response of a few-layer h-BN, MoS,, and graphene to the
simultaneous shear and compression by AFM.’” Due to the contact scanning under normal force
of about 100 nN, the vertical expansion of these atomically thin materials were observed as shown

in Fig. 2.5 (a-d). Based on Fig. 2.5 (e), this expansion was proposed due to the combination of
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shear and compressive stresses-induced wrinkle formation of the topmost layers at the areas in
front of the moving tip, and the original structures of these atomically thin materials were then
restored after the tip passed these areas. Furthermore, failure of atomically thin graphene with
plastic deformation of the underlying substrates induced by scratch test was observed from both

experiments,%"178 and computational simulations,’"® as shown in Figs. 2.6 and 2.7, respectively.

Height (nm)

Height (nm)

Distance (um) Distance (um)

Fig. 2.6. Scratching graphene with (a-c) line scratching and (d-f) areas scratching. (a and d)
Topographic and (b and e) phase images of scratches areas. (c and f) Cross-sectional height
profiles obtained from the corresponding topographic images. In panel a, the normal force
was gradually increased from 1.41 mN to 17.48 mN (line 1% to line 12t") and in panel d, the
normal force was gradually increased from 1.41 mN to 11.45 mN (area 1%t to area 6™), with

respect to the increasing noted number.%°
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Fig. 2.7. Scratching single-layer graphene with (a-c) amorphous and (d-f) smooth tips. At low
normal forces the Pt substrates deform elastically, the lateral forces FL are low and show
clearly visible stick—slip (a, d). When substrates deform plastically under the intact graphene
layer, the lateral forces increase and the stick—slip pattern disappears (b, €). Single-layer

graphene rupture causes strong plastic deformation and formation of wear tracks (c, f).”
From the simulation results, single-layer graphene was found to be intact under relative low
normal force, the underlying Pt substrate of single-layer graphene was then plastically deformed
as the normal force increased, and single-layer graphene eventually facture under sufficient normal
force.” The similar behavior of atomically thin graphene after scratch test was also experimentally
observed, in which these scratched graphene was claimed to be plastically deformed with SiO;
substrate, prior to the failure of graphene.®® In addition, the combination of experiment and
simulation works demonstrated that graphene could be damaged relatively easy when it was
scratched at the edge of graphene.”* Although the plastic deformation was observed at scratched
areas of atomically thin graphene, defect formation of atomically thin graphene at the scratched
areas were not fully characterized. It should be noted that the significant degradation of mechanical
strength of graphene were previously observed due to the appearance of defect in structure of

graphene.*’ Therefore, tribological performance of atomically thin graphene could be significantly
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affected by defect formation and surface damage due to the close correlation between mechanical
strength and tribological performance. Furthermore, despite atomically thin h-BN and MoS; were
also proposed to have a great potential as a protective and solid lubricant coating layers, compared
to atomically thin graphene, understanding of their adhesion strength to substrate as well as surface
damage characteristics is still very limited. Hence, to implement these atomically thin h-BN, MoS;,
and graphene for the protective and solid lubricant coating layers, their surface damage and defects

formation induced by scratch test should be well characterized.

2.2 Friction force characteristics of 2D materials

Apart from the wear resistance and surface damage characteristics of atomically thin h-BN,
MoS,, and graphene, numerous studies have also been conducted to investigate frictional
behaviors of these atomically thin materials using friction force microscopy (FFM). FFM could be
considered as one of the most powerful tools to study friction characteristics of these atomically
thin materials.?! For example, from the study of CVD-growth single-layer h-BN on Cu,® the
representative friction loops obtained from bare Cu surface and CVD-growth single-layer h-BN
on Cu substrate as shown in Fig. 2.8 (a) clearly demonstrated the significant different friction force
between Cu and single-layer h-BN. Fig. 2.8 (b) presents the plot of friction force as a function of
normal force of these materials, which further indicated that C\VVD-grown single-layer h-BN could
effectively reduce friction force of Cu substrate more than 40 times. Friction force of these
mechanical exfoliated single-layer MoS; and graphene was also quantitatively obtained using FFM
measurements with Si tip, and the results were shown in Fig. 2.8 (c).8! These results revealed the
relatively different load-dependent friction characteristics of these single-layers materials, which
was proposed due to their differences in adhesion force and mechanical responses during FFM

measurements. In addition, Fig. 2.8 (d) shows friction force variation with normal force of thermal
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decomposited single- and bi-layer graphene obtained in ultra-high vacuum environments.'® Based
on FFM measurements, these studies clearly demonstrated low friction characteristics of

atomically thin h-BN, MoSz, and graphene. 168082
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Fig. 2.8. (a) Friction loop and (b) load-dependent friction of the bare Cu substrate and single-
layer h-BN growth on Cu.? (c) Friction force variation of mechanical exfoliated single-layer
MoS2 and graphene with respective to normal force.?! (d) Friction force variation of thermal
decomposition single- and bi-layer graphene with respect to normal force.'® In panel a, the
normal force was 40 nN. In panel a and c, friction force measurements were conducted in
ambient condition using Si tip. In panel d, friction force was obtained in ultra-high vacuum

environment.
In addition, friction force of these atomically thin materials was found strongly dependent on
the number of layers.'®838 Particularly, the thickness-dependent friction force of single- and a

few-layer h-BN, MoS;, graphene, and NbSe2 was clearly shown in Fig. 2.9 (a), in which friction
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force increased as the number of layers decreased, with the largest friction force being measured
from single-layer materials. The out-of-plane deformation of the atomically thin materials in front
of AFM tip during contact sliding, referred as “puckering effect”, was found to be responsible for
this dependence of fiction on number of layers, which was proposed as the general frictional
properties of atomically thin materials.® In addition, thickness-dependent friction characteristics
of these atomically thin materials were found to be significantly affected by the adhesion strength
to the substrate and surface morphology.®8 For example, suspended graphene or atomically thin
graphene were loosely bonded to the relatively rough substrate such as SiOg, friction force of
graphene increased as the number of layer decreased, whereas when graphene were strongly
bonded to the atomically flat substrates, such as mica, h-BN, or bulk-like graphene, friction was
not significantly changed as the number of layers changed. These behaviors clearly highlighted
the important role of the adhesion and mechanical confinement to the underlying substrate on

friction force characteristics of these atomically thin materials.

The effect of interactions between atomically thin materials and the underlying substrate on
their friction force characteristics was further investigated. For example, friction of mechanical
exfoliated graphene on SiO2 substrate and CVD-growth graphene on Ni (111) substrate was
compared.®” From the results, shear strength of graphene on SiO2 was found to be four times larger
than that of graphene on Ni (111). This reduction of shear strength of graphene on Ni (111) was
concluded to be a combined result of the lower roughness and the commensurate interface of the
graphene-Ni (111) system. This result led to the stronger bonding between graphene and Ni (111),
which could significantly suppress puckering of graphene. Furthermore, the anisotropic friction of
graphene has been recently found, as shown in Fig. 2.10 (a), although no significant variation could

be observed from the topographic image of single-layer graphene, three different friction force

21



areas, or domains, could be clearly observed from the FFM images and the corresponding friction
loop.% From Fig. 2.10 (b-c), the appearance of these different friction domains was proposed due
to ripples-induced anisotropic puckering of graphene. It was found that such ripples were formed
by the inhomogeneous interaction of graphene with the underlying SiO; substrate, and its effect
on anisotropic friction of graphene could be mitigated by increasing normal force. Such anisotropic
friction force induced by the inhomogeneous interaction with the underlying substrate could also

be expected to be observed on other atomically thin materials.
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Fig. 2.9. (a) Thickness-dependent friction of atomically thin graphene, MoSz, NbSe2, and h-
BN obtained using FFM measurements. (b) Schematic illustrating the puckering effect, in
which the adhesion to the sliding AFM tip induced out-of-plane deformation of atomically
thin graphene, resulting in the increased contact area and friction. (¢) Thickness-dependent
friction of atomically thin materials using FEM simulation. In panel a, the out-of-plane
deformation was indicated by the color scale. In panel a and c, friction force was normalized
by the value obtained for single-layer materials. The inset in ¢ depicted the local out-of-plane
deformation of the atomically thin materials around the contact areas for sliding over a

single-layer and four-layer material .83
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Fig. 2.10. (a) Topographic and FFM images of single-layer graphene on SiO2 substrate along
with friction loop. Schematic illustrating the (b) three ripple domains, (c) the relative angle
between the ripple lines and scan direction, and (d) the puckering effect during the tip
scanning across the surface of graphene under low and high normal force. In panel b, the
forward scan direction was indicated by the red dashed arrow, and the back dashed line

indicates the location where the friction loop was taken.®®

In addition to the effect of substrate, friction force characteristics of these atomically thin
materials were found to be highly affected by surface modification, including laser treatment,®°
fluorination,®®® hydrogenation,®>** and oxidation.??% For example, friction of single- and a few
layer MoS, were recently found to be significantly increased after laser treatment in ambient
conditions under various laser powers. As shown in Fig. 2.11 (b), friction of single- and bi-layer
MoS: locally increased at the laser treated areas, particularly at laser treated areas under 5 mwW and

10 mW. This behavior was proposed to be due to the laser-induced particle formation on top
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surface of atomically thin MoS; after laser treatment as can be clearly seen on Fig. 2.11 (a).
Although the origin of these particles was not clearly identified, its effect on friction force
characteristics of atomically thin MoS; is considerable, especially when laser from Raman was not
only commonly used to characterize,®8 but also to fabricate these atomically thin materials.3%3’

Therefore caution should be made when exposing these atomically thin materials to any focused

laser, which could induce thermal heating to the surfaces.

—~
O
~

~5)

(a) Laser power: 1 mW 5 mwW 10 mW Laser power: 1 mW 5 mwW

.~ Particle

— s A —~
] o S
g 2 e
o p g 3
c e E
8 g =
'gm 10 0 - 54 — - 4
= 2 2 2 I
e | , s 5;LM.__ 2 \w\r\m x fsn A
) £\ 0|8 o [ ————— o ANV AN ANV
g YT T :E,‘{ 2 WV WY 2 11\7['

s, 0 ot e 0 JALNY 2 L) . 4 . 4 1
T % 1 2°0 1 20 1 0 1 20 1 2 1 2

Scan length (um) Scan length (um)
b} 5}
g g
oy =
o o 7

Increasein
friction force
10 110 10 z 4
] N 5% oA 2
- 5t 5 s (1= ——————————— ] ™ = 0
5" ‘ i i | o ‘_‘\__ 282 Y gy 2
2o ’ ) 0 b AT VINA, ] o s v w s ‘ . % ‘
0 1 20 1 20 1
Scan length (um) : Scan length (um)

Fig. 2.11. (a) Topographic and (b) FFM images of single- and bi-layer MoS2 obtained by
intermittent contact and contact mode, respectively, after laser treatment with 1 mW, 5 mw,
and 10 mW for 60 s. The res dashed lines indicate the locations where the cross-sectional

height profiles and friction loop were taken.

In addition to the laser treatment, friction force of fluorinated single-layer graphene (FG) was
found to larger (from 4-9 times higher) than that of pristine single-layer graphene as shown in Figs.
2.12 (a) and (b).%%%% The enhancement friction force of FG was reasoned to be due to the
fluorination-induced increase in out-of-plane stiffness,® from Fig. 2.12 (b), or increase in
corrugation of the interfacial potential originated from the strong local charge concentrated at
fluorine sites.® Furthermore, by using the conductive AFM lithography, the local nanoscale

hydrogenation and oxidation of single-layer graphene under ambient condition could be
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achieved. From the results, friction force of hydrogenated graphene and oxidized graphene were
found to be about four times and eight times, respectively, larger than that of pristine graphene.
The increase in friction of hydrogenated graphene was proposed to be due to the increase in atomic
roughness, while adhesion and rigidity were not the dominant reasons.®® Interestingly, by using
the mechanical cleaning method with contact mode of AFM,® friction force of graphene and
hydrogenated graphene were found to be similar with each other after the surface contamination
were significantly removed.®* Overall, these studies generally demonstrated that friction force of
various functionalized single-layer graphene were larger than that of pristine single-layer graphene.
Considering those aforementioned factors, such as substrate effect and surface modification, were
found to significantly affect friction characteristics of single-layer graphene, similar studies on

frictional behaviors of single-layer h-BN and MoS; are obviously ongoing interests.
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In addition to the dry frictional behaviors of these atomically thin materials, friction force
between flow of water molecules with surface of single-layer h-BN, MoS;, and graphene was also
investigated based on the molecular dynamic simulation. %1% The friction coefficients for water
on surface of single-layer MoS>, graphene, and h-BN shown in Figs. 2.13 (a) and (b), respectively,
defined as the ratio between friction force parallel to the surface per unit area, and were obtained
by the plateau value of friction coefficient for a long times.® Friction coefficients for water on
surface of single-layer h-BN, MoS,, and graphene were estimated to be about 30.0 x 10* Ns/m?,
17.8 x10* Ns/m®, and 9.6 x 10* Ns/m?, respectively. And the corresponding slip lengths of water
on surface of single-layer h-BN, MoS;, and graphene were also determined to be about 1.8 nm,
3.3 nm, and 10.4 nm, respectively. The estimated water slippage on surface of single-layer h-BN,
MoSz, and graphene indicate the surface hydrophobicity with low friction coefficients of these

single-layer materials.
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Chapter 3

Surface damage characteristic of 2D materials

To prolong lifetime of nanoscale mechanical systems, investigations of the tribological
performance and surface damage characteristics of 2D materials, including atomically thin h-BN,
MoSz, and graphene as the protective and solid lubricant coating layers are essential. Several
studies were conducted to assess nano-scale wear resistance and surface damage protection of
atomically thin h-BN,%*®1 M0S,,292 and graphene.38%717279 Although these studies generally
demonstrated the potential of these atomically thin materials in significantly reducing friction and
wear in mechanical systems, their nanoscale tribological performance and surface damage
characteristics have not been clearly explored. Considering adhesion strengths to the underlying
substrates of the atomically thin materials significantly affect their tribological performances,
however determination of adhesion strength to substrate of these atomically thin materials remains
challenged. In addition, surface damage characteristics of these atomically thin materials have not
been fully characterized. Hence, to implement atomically thin h-BN, MoSz, and graphene for the
protective and solid lubricant coating layers, comprehensive understanding of their adhesion

strength to substrate as well as surface damage characteristics is crucial.

In this chapter, adhesion strengths to substrate and surface damage characteristics of atomically
thin h-BN, MoS> and graphene were systematically investigated using progressive and constant
force scratch tests. The scratch tests were all performed in the AFM system using diamond tip with
an aim to provide more accurate force measurements. Scratched areas were carefully examined by
AFM and Raman spectroscopy measurements. Based on these observations, surface damage of

atomically thin h-BN, MoS; and graphene induced by scratch tests were clearly observed.
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3.1 Experimental section

Single- and a few-layer h-BN, MoS;, and graphene were mechanically exfoliated from the high-
quality single crystalline h-BN (HQ Graphene), MoS> (SPI Supplies) and graphite (NGs),
respectively. The atomically thin materials were then deposited onto silicon (Si) wafer capped by
a thermally grown SiO; layer with 300 nm thickness. Optical microscopy (VK-X200, Keyence),
AFM (MFP-3D, Asylum Research), and Raman spectroscopy (Alpha300R, Witec) were then
employed to carefully examine the topography and thickness of the atomically thin materials, prior
to the scratch tests. Particularly, the atomically thin materials (single- and a few-layer) were firstly
located using the optical microscopy. Their topographic images were then obtained from the
intermittent contact mode of AFM using Si probes with nominal spring constant of 2 N/m (AC240,
Olympus). Thickness of atomically thin materials was determined based on the cross-sectional
height profiles obtained from topographic images. To further confirm the number of layers, Raman
spectroscopy measurements were performed using an excitation laser wavelength of 532 nm.
Raman spectra was collected through a 100x objective (NA ~ 0.9) with a laser spot size of about
720 nm and the spectra resolution was set to be about 1.4 cm™ (1800 lines/mm grating). In addition,
the laser power was kept below 0.5 mW with an acquisition time of 10 sec during Raman
measurement to eliminate the laser-induced thermal effect'®® and particle formation® on these

atomically thin materials.

After careful preparation and characterization of atomically thin h-BN, MoS> and graphene,
their tribological performances were systematically investigated using AFM-based scratch tests
including progressive force scratch test, constant force scratch test. The nano-crystalline diamond
tip (NaDiaProbes, Advanced Diamond Technologies), with a tip radius of about 40 nm, was used

in both progressive force and constant force scratch tests. For the quantitative force measurements
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using AFM, the cantilevers were calibrated in both normal*®* and lateral®-% directions. Based on
the force calibration results, normal spring constant and lateral sensitivity of diamond probe used
for scratch tests were about 45 N/m and 0.02 mV/nN, respectively. In addition, sliding speed of

diamond tip was set to 500 nm/s for both scratch tests.

In the progressive force scratch test, single-layer h-BN, MoS; and graphene were scratched
under a progressive normal force for one single scratch line with the scratch distance of 2 um. First,
the diamond tip was brought into contact with these single-layer materials under relatively low
normal force of 400 nN to keep the tip stable on the specimen surface.” Once this contact was
established, the specimen was scratched under normal force progressively increased from 400 nN
up to 4,000 nN to find the critical force of the specimen. The critical force was defined as the
normal force, where the atomically thin materials were totally torn-off and the substrate was
exposed.” The critical force was determined from 3-5 sets of progressive force scratch test. To
further determine the effect of number of layers on adhesion strength to substrate of these
atomically thin materials, the progressive force scratch tests were performed with bi-layer, tri-

layer, and multi-layer h-BN, MoS; and graphene.

In constant force scratch test, single-layer h-BN, MoS; and graphene were scratched at defined
areas of 1 um x 1 um under constant normal force. At each area, theses single-layer materials were
scratched under given normal force ranging from 500 nN to 5,000 nN to observe the evolution of
surface damage characteristics of single-layer materials with respect to normal force. An area
scratching was selected in this test with an aim to facilitate the observation of scratched area using
AFM and Raman spectroscopy measurements. Adhesion force between AFM tip and materials

were carefully monitored during all scratch tests. Furthermore, the contact pressure between the
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AFM tip and SiO> substrate was estimated by the Derjaguin-Muller-Toporov (DMT) contact

model for the attractive forces that were predominant outside of the contact area.*

To clearly observe the topography and frictional behaviors of scratched areas, the intermittent-
contact and contact modes of AFM were carefully conducted after scratch tests. In intermittent
contact imaging, the relatively sharp Si tips (SuperSharpSilicon, Nanosensors) with the nominal
tip radius of about 2 nm were used. FFM images of these single-layer materials were obtained
from the contact mode of AFM using compliant Si tip (LFMR, Nanosensors) with a nominal spring
constant of 0.2 N/m. The normal force was set to be 0.5 nN in the contact mode imaging to observe
frictional behavior of the scratched areas without further introducing undesirable surface damage
to the single-layer materials. In addition to the AFM measurements, after the constant force scratch
tests, with an aim to further investigate the surface damage characteristics of single-layer h-BN,
MoS; and graphene, the scratched areas were characterized using Raman intensity mapping.
Raman intensity mapping image was obtained by scanning across these single-layer materials with
the laser step size of about 230 nm and acquisition time of about 0.5 sec to 1.0 sec for each
spectrum. All experiments, including AFM and Raman spectroscopy measurements, were

conducted in ambient conditions (25°C, 30% RH).

3.2 Thickness determination of 2D materials

Fig. 3.1 (a) shows optical microscopy images of single- and a few-layers h-BN, MoS; and
graphene on the SiO; substrate. The locations of single-layer MoS; and graphene could be clearly
identified based on their relatively strong thickness-dependent optical contrast. While single-layer
h-BN were relatively difficult to observe by optical microscopy due to their low optical contrast
on SiO; substrate.®® As the number of layers increased, the optical contrasts of these atomically
thin materials were increased, and single-layer h-BN could be randomly located nearby those
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thicker ones. Topographic images of the atomically thin materials obtained from the intermittent-
contact mode as shown in Fig. 3.1 (b) clearly demonstrate the relatively clean surface of these
materials. Furthermore, based on the cross-sectional height profiles, thickness of single-layer h-

BN, MoS;, and graphene was determined to be about 0.38 nm, 0.86 nm, and 0.43 nm, respectively.
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layer h-BN, MoS2, and graphene. The topographic images were obtained from the
intermittent contact mode of AFM. In panel b, the cross-sectional profiles are included and

the red dashed lines indicate the location where the cross-sectional profile are taken.
Thickness of single- and a few-layer h-BN, MoS», and graphene with respect to number of
layers as shown in Fig. 3.2 (a), clearly demonstrates the linear dependence between thickness and
number of layers. The interlayer spacing values of h-BN, MoS;, and graphene were estimated to
be about 0.35 nm, 0.64 nm and 0.37 nm, respectively, which are consistent with theoretical values
of these layered materials. Furthermore, Fig. 3.2 (b) show the variation of surface roughness values

of h-BN, MoS; and graphene with respect to the number of layers. Surface roughness values were

31



determined from AFM topographic images obtained at five different locations witha 1 um x 1 um
scanning area. Surface roughness of single-layer h-BN, MoS,, and graphene was determined to be
about 0.16 nm, 0.14 nm, and 0.15 nm, which clearly show the atomically flat surfaces of these
single-layer materials used in this work. In addition, the surface roughness of these single-layer
materials were found to be closed to that of SiO2 substrate (~ 0.17 nm), suggesting the good
flexibility and conformity of these single-layer materials to underlying substrate. Furthermore, as
the number of layers increased, the surface roughness of these atomically thin materials was found
to be generally decreased. This behavior is likely due to the increasing of bending rigidity of these
atomically thin materials as their number of layer increase, which lead to less dominant effect of
the substrate roughness to the morphology of the atomically thin materials. Overall, the variation
of thickness and surface roughness of single- and a few-layer h-BN, MoS;, and graphene with

respect to number of layer clearly revealed the atomically thin and flat surface of these materials.
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Fig. 3.3. Raman spectra of single- and a few layer h-BN, MoS2, and graphene. Frequency of
the characteristic peak of single layer h-BN, MoS, and graphene are denoted as dashed lines

for comparison. Raman 2D peaks of graphene were fitted using Lorentzian function.
Thickness of single- and a few-layer h-BN, MoSz, and graphene were further examined by
Raman spectroscopy with a 532 nm excitation source at room temperature. Fig. 3.3 shows the
Raman spectra of atomically thin h-BN, MoS, and graphene, which clearly demonstrate the
dependence of their Raman characteristic peaks on thickness. Particularly, Raman spectra of
single-layer h-BN show relatively weak Ezq characteristic peak (~ 1367 cm™), arising from the in-
plane vibration of B-N atoms.®® As number of layers increased, the intensity of Eay peak
significantly increased and its frequency decreased (redshifted), which agree with previous study.%
In the case of atomically thin MoS,, their Raman spectra shows two Raman characteristic peaks,
E3, peak and Aiq peak, which are associated with the in-plane vibration of Mo-S atoms and the
out-of-plane vibration of the S atoms, respectively.®” As the number layer decreased from bulk to
single layer, the frequency of E21g peak increased (blueshifted) while that of Aig peak decreased
(redshifted), which is also consistent with the other study.®” As for atomically thin graphene, two
Raman characteristic peaks including G peak (~ 1580 cm™) and 2D peak (~ 2670 cm™) can be
clearly observed from the Raman spectra. Among G peak and 2D peak, which are resulted from

the in-plane vibration of the sp? carbon atoms and a two-phonon double resonance Raman process,
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respectively, 2D peak was used to identify the number of graphene layer.*® In particular, single-
layer graphene shows a sharp and symmetric 2D peak which can be fitted by only one Lorentzian
peak, as the thickness increased, 2D peak becomes broader and increased in its frequency
(blueshifted), for instance, 2D peak of bi-layer graphene splits into four Lorentzian peaks,®® and

that of graphite clearly consisting of two Lorentzian peaks.’

3.3 Adhesion strength to substrate of single-layer materials

After characterization of the thickness of the atomically thin h-BN, MoS;, and graphene using
AFM and Raman spectroscopy, the adhesion strength to substrate of these atomically thin
materials were evaluated based on their critical force determined from the progressive force scratch
test. In this test, single-layer h-BN, MoS> and graphene were scratched by the diamond tip under
normal force progressively increased from 400 nN to 4,000 nN. The critical force was defined as
the normal force, where the atomically thin film was torn-off and the underlying substrate was
exposed. The large critical force indicates that the atomically thin film is strongly adhered to
substrate. However, accurate and reliable determination of critical force of atomically thin films

from scratch test has been remained a challenge.’®1%®

In this work, by carefully matching the lateral force variation with respect to normal force
during progressive force scratch test with the topographic and friction force microscopy (FFM)
images of scratched areas, the critical force and surface damage of single-layer h-BN, MoS;, and
graphene were clearly characterized. In particular, the lateral force variation with respect to normal
force during progressive force scratch test was monitored as shown in Fig. 3.4 (a), the failure of
atomically thin materials under given normal force was indicated by an abruptly increase of lateral
force. Furthermore, scratch tracks of the atomically thin materials were clearly observed based on
the topographic and FFM images of the scratched areas as depicted in Figs. 3.4 (b) and (c),
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respectively. Topographic images of scratched areas were obtained using the relatively sharp
silicon AFM tip with the nominated tip radius around 2 nm, which is roughly 20 times smaller
than that of the AFM diamond tip used for scratch tests, hence topography of scratched areas could
be clearly observed. In addition, FFM images from only the forward scan were included for clarify,
where the darker contrast indicates lower friction and brighter contrast indicates larger friction.
Since friction force the SiO> substrate is significantly larger than those of atomically thin materials,
therefore the failure of atomically thin materials could also be observed from FFM images. Based
on these observations, the critical forces of single-layer h-BN, MoS, and graphene were
determined to be ~ 900 + 200 nN, ~ 1,300 £ 150 nN, and ~ 3,300 nN + 200 nN, respectively, which
are corresponding to the contact pressure of about 7.57 GPa, 8.51 GPa, and 11.52 GPa, respectively.
The contact pressure was estimated by the Derjaguin-Muller-Toporov (DMT) contact model, in
which the attractive forces between AFM tip and SiO> substrate were predominant outside of the
contact area.’’® Considering the compressive strength of thermally grown amorphous SiO:
substrate is about 0.69 ~ 1.38 GPa,'% these estimated critical contact pressures clearly demonstrate
the significant improvement of the load carrying capacity of the SiO2 substrate provided by single-
layer h-BN, MoS,, and graphene. Furthermore, among these single-layer materials, the results also
suggest that single-layer graphene has the largest critical force, followed by single-layer MoS; and
h-BN, which indicates that single-layer graphene may have stronger adhesion strength to substrate
than those of single-layer MoS> and h-BN. Considering that the critical forces of these atomically
thin materials could be strongly influenced by their mechanical properties.” In particular, the
breaking strengths of single-layer h-BN, MoS;, and graphene were reported about 23 N/m,® 15
N/m,” and 42 N/m,® respectively. The significantly lower mechanical strengths of single-layer h-

BN and MoS», compared to single-layer graphene, could be responsible for the less mechanical
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stability induced by scratch test.'’® Therefore, single-layer h-BN and MoS; were found to be
relatively easily deformed, while single-layer graphene could effectively endure more normal
force. Even though single-layer h-BN and MoS: are generally good as solid lubricant, these

relatively weak adhesion strengths to substrate could significantly degrade their tribological

performances.
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Fig. 3.4. Progressive force scratch test results of single-layer (from left to right) h-BN, MoSz,
and graphene. (a) Lateral force variation with respect to normal force during progressive
force scratch tests. The normal force was progressively increased from 400 nN to 4000 nN
with a scratch distance of 2 um. (b) FFM images (forward scans), and (c) topographic images
of scratch tracks from single-layer h-BN, MoSz and graphene after progressive force scratch
tests. Critical force of single-layer materials were determined by the abruptly change in
lateral force during scratch test, where the failure of these single-layer materials occurred
and the substrate was exposed.

From the topographic images of scratch tracks as shown in Fig. 3.4 (c), single-layer h-BN and
MoS: were torn-off along with the expose of substrate, shortly after scratch tracks were formed on

top surface of these materials. Furthermore, as shown in the corresponding FFM images, shortly
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prior to the failure of single-layer h-BN and MoS;, the scratch tracks exhibited an increase in
friction which indicates a certain amount of defect was probably formed at scratch tracks.
Interestingly, in the case of single-layer graphene specimen, based on the topographic image of
the scratch tracks as shown in Fig. 3.4 (c), a height decrease at scratch tracks with increasing
normal force was observed, prior to the failure. While the corresponding FFM image from Fig. 3.4
(b) shows that the scratch tracks of graphene could maintain its low frictional behavior, until the
failure occurred. This behavior indicates that the underlying SiO2 substrate could be plastically
deformed due to scratch test, and by owing the superior mechanical strength, single-layer graphene
was able to cover that deformed substrate up until its failure point. The out-of-plane bending of
atomically thin materials induced by scratch test is likely responsible for the deformation of the
underlying substrate. Particularly, bending modulus of single-layer h-BN, MoS; and graphene
were reported to be about 0.95 eV, 9.61 eV,* and 1.40 eV, respectively. The relatively large
out-of-plane bending modulus of single-layer MoS: could be responsible for no significant plastic
deformation of substrate was observed at scratch tracks of single-layer MoS,. Furthermore,
although owing low out-of-plane bending modulus, the plastic deformation of the substrate was
not clearly observed at the scratch tracks of single-layer h-BN. In this case, due to the relatively
low mechanical strength and highly sensitive to the shear stress of single-layer h-BN, the plastic
deformation of substrate might occur either simultaneously with or shortly before the failure of the

specimen.

Based on the critical force determined from progressive force scratch test, the adhesion strength
to substrate of single-layer h-BN, MoS», and graphene were evaluated. The results show that these
atomically thin materials were strongly adhered to their substrates, which in-turn significantly

improve the load carrying capacity of the substrate. Furthermore, the effect of surface damage on
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topography and friction force of these atomically thin materials were found to be relatively
different from each other. In addition, although the plastic deformation of substrate beneath single-
layer graphene after scratch tests was commonly observed in previous studies, the defect formation
of graphene at scratch track have not been clearly investigated.5®’ Therefore, due to their
distinctive surface damage behaviors toward the failure induced by scratch tests, further
understanding surface damage characteristics of single-layer h-BN, MoS, and graphene is

essential to properly implement these layered materials as the nanoscale protective coating layers.

3.4 Surface damage characteristic of single-layer materials

After progressive force scratch tests, surface damage characteristics of single-layer h-BN, MoSy,
and graphene were further investigated using constant force scratch test. In this test, with an aim
to observe the evolution of surface damage of single-layer materials with respect to normal force,
diamond tip was also employed to scratch a defined area of 1 um x 1 yum on the surface of these
single-layer materials under given normal forces. The scratched areas were then carefully

characterized by AFM and Raman spectroscopy measurements.

3.4.1 Surface damage characteristics of single-layer h-BN

Topographic and FFM images along with the cross-sectional profiles and friction loops,
obtained at scratched areas of single-layer h-BN under various normal forces are shown in Figs.
3.5 (a) and (b), respectively. Based on these AFM images, no significant change in topography
and friction was observed at the scratched area under 500 nN normal force. As the normal force
increased to 800 nN, although no significant change was observed from topographic image, a few
spikes with higher friction force were locally observed along the scratch direction at the FFM
image, which indicates that a few surface defects were likely formed at the scratched area. This
surface defects were also observed only from the FFM image of the scratched area under 1,200
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nN normal force. Furthermore, a few local failures of single-layer h-BN specimen were clearly
observed from both topographic and FFM images, where the atomically thin specimen was torn-
off and substrate was exposed, leading to a significant friction increase at the failure areas. Finally,
single-layer h-BN was totally failed under 1,500 nN normal force (~8.91 GPa contact pressure),
where the specimen was torn-off after a few scratches. Furthermore, shortly before the failure of
the materials, a small height decrease of about 0.3 nm was observed at the scratched area, while
its friction force was not significantly changed. This behavior is likely attributed to the plastic
deformation of the underlying SiO substrates, while single-layer h-BN remained unfractured for

a few scratches.

Surface damage characteristic of scratched areas were further investigated using Raman
spectroscopy. Figs. 3.6 (a), (b), and (c), respectively shows the topographic, LFM images and the
corresponding Raman intensity mapping image of Ezq peak (~ 1,370 cm™) of single-layer h-BN
specimen after scratch test under various normal forces ranging from 500 nN to 1,200 nN. As
shown in Figs. 3.6 (a) and (b), the defect formation and failure of single-layer h-BN can be
observed from topographic and FFM images at the scratched areas. While no significant change
was observed from the Exg peak intensity image at those areas, the result suggests that the Eo>g peak
intensity may not be affected by the defects. This result is similar to the behavior of G peak
obtained from defective graphene, where its intensity was not significantly influenced by the
defect.!! It should be noted that Exq peak of h-BN and G peak of graphene are all originated from
the Exg phonon mode, which is the in-plane vibrational mode of B-N atoms and C atoms,

respectively.®®
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Fig. 3.5. High resolution (a) topographic and (b) FFM (forward scan) images of single layer
h-BN after a constant force scratch test under 500 nN; 800 nN; 1,200 nN; and 1,500 nN
normal force. Single-layer h-BN was scratched under a constant normal force at area of 1
pm x 1 um as indicated by white dashed square in panel a and b. The cross-sectional profiles
and friction loops are included in panel a and b, which demonstrate the change in friction
and topography of single layer h-BN due to the constant force scratch test.

Figs. 3.6 (d) and (e) show Raman spectra and Ezq peak frequency obtained at the scratched areas
with respect to the normal force, respectively. The result shows that the E>q peak frequency,
obtained at the scratched areas, shifted to higher frequency (blueshifted) by a relatively small
amount ranging from 0.3 cm™ to 0.8 cm™* compared to that of Ez4 peak obtained at the as-exfoliated
specimen. In general, compressive strain often produces phonon hardening and tensile strain
produces phonon softening, which in turn resulting in blueshift and redshift of the corresponding
Raman mode.?° Therefore, the observed blueshift of Exq peak is likely attributed to the in-plane

compressive strain at the scratched areas induced by the scratch tests. Interestingly, although no
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significant change was observed from both topographic and FFM images of scratched area under
500 nN normal force, the Raman spectrum obtained from this area also shows a blueshift ~ 0.8
cm of Epq peak, which indicates that these is a certain degree of compressive strain within the
layer. Furthermore, as the normal force increased from 500 nN to 1,200 nN, the blueshift of Exg
peak at those scratched areas were not significantly increased, which implies that the degree of
compressive strain at those scratched areas was similar to each other. We speculate that the degree
of strain at the scratched areas should be increased as the normal force increased during scratch
test, however, due to the defect formation and local failure of the atomically thin specimen, which
may effectively relax the accumulated strain in the layer. The defect formation on the surface of
scratched single-layer h-BN might be originated from its pure mechanical failure including broken
bond generated by the local penetration of AFM tip, or formation of tetrahedron with three B atoms
in the plane due to the out-of-plane deformation of N atom during scratch test. The broken bond
and tetrahedron defects in single-layer h-BN were predicted to have the lowest formation energy,
which are 4.4 eV and 4.3 eV, respectively, while that of Stone-Wales defects was found to be the
largest one, around 8.8 eV.'*2 That could be the reason why Stone-Wales defects in h-BN have not

been experimentally observed.*®
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Fig. 3.6. (a) Topographic image, (b) FFM image (forward scan), and (c) Raman mapping
image with the G peak intensity of single layer h-BN after a constant force scratch test under
various normal force ranging from 500 nN to 1200 nN. (d) Raman spectra and (e) summary
of frequency of G peak of scratched single-layer h-BN with respect to normal force. Single-
layer h-BN was scratched under a constant normal force at the area of 1 pum x 1 um as
indicated by white dashed square in panel a. The Raman spectra were fitted using Lorentzian
function and the frequency of G peak from as-exfoliated single-layer h-BN are also denoted
as dashed lines for comparison in the panel d and e. Error bar represents one standard

deviation.
3.4.2 Surface damage characteristics of single-layer MoS:

Figs. 3.7 (a) and (b) show topographic and FFM images of single-layer MoS; after constant
force scratch test under various normal force, respectively. As can be seen that no significant
damage was observed from both topographic and FFM images at scratched area under 1,000 nN
normal force. As the normal force increased to 1,500 nN, based on the FFM image, a few spikes

with higher friction were locally observed at scratched area, while no significant change was found
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from the topographic image. This behavior indicates that a few defects were likely formed at the
surface of scratched area and resulted in increasing friction force at those areas. Furthermore,
surface roughness and friction force of single-layer MoS: specimen was found to be significantly
increased at the scratched area under 2,000 nN normal force, although the specimen at scratched
areas was not torn-off and the substrate was not exposed yet. Therefore, the observed surface
roughness and friction increase was likely due to the significant amount of defect formation on top
surface of single-layer MoS; as the normal force increased. In addition, failure of single-layer
MoS: specimen was found at the end of the scratched area under 2,000 nN normal force, where
the thin film was torn-off and the substrate was clearly exposed. This interesting observation
suggests the maximum normal force that single-layer MoS> can possibility endure is about 2,000
nN normal force (~ 9.78 GPa contact pressure), prior to the failure. As clearly shown in the
topographic and FFM images, single-layer MoS; was found to be immediately failed under 2,500

nN normal force.
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Fig. 3.7. High resolution (a) topographic and (b) FFM (forward scan) images of single layer
MoS: after a constant force scratch test under 1,000 nN, 1,500 nN, 2,000 nN, and 2,500 nN
normal force. Single-layer MoSz was scratched under a constant normal force at the area of
1 pum x 1 ym as indicated by white dashed square in panel a and b. Cross-sectional height
profiles and friction loops are included in panel a and b, which demonstrate the change in

friction and topography of single layer MoS: due to the constant force scratch test.

Figs. 3.8 (a-d) shows topographic image, FFM image and the corresponding Raman intensity
mapping of E21g peak and A1 peak images of single-layer MoS; after scratch tests under 2,000 nN
normal force. Based on the topographic and FFM images, defect formation on the surface of
specimen was clearly observed. Furthermore, Raman intensity images of E;, peak and Aig peak
clearly show the darker contrast at the scratched areas compared to the unscratched areas. This
result indicates that the intensities of Ezlg peak and Aiq peak at the scratched areas were lower than
those at the unscratched areas. Particularly, by comparing the Raman peaks intensity with respect
to the normal force as shown in Fig. 3.8 (f), intensities of E21g peak and Aig peak were found to be
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abruptly decreased after scratch test under 2,000 nN normal force. In addition to the intensity,
Raman spectra and frequency of Raman peaks obtained the scratched areas under various normal
force were shown in Figs. 3.8 (e) and (g), respectively. The results clearly show the blueshift of

both E21g peak and Aiq peak obtained at the scratched area under 2,000 nN normal force, compared

to the frequency of Raman peaks obtained at the unscratched area. The observed intensity decrease
and blueshift of the E21g peak and Aig peak is likely attributed to the in-plane and out-of-plane
compressive strains, respectively, at scratched areas under 2,000 nN normal force.%”14 In contrast,
the intensity and frequency of Raman peaks obtained at the scratched areas under 1,000 nN and
1,500 nN normal force were not significantly changed, which indicates that the degree of

compressive strain in the layer was relatively small after scratch tests.

The crystalline quality of single-layer MoS; after scratch test was further characterized by
Raman spectroscopy based on the frequency separation between E21g peak and Aig peak, Ak, and
the full width at half maximum (FWHM) of E3, peak.®**® The value of Ak and E;, peak FWHM
were obtained from Raman spectra as shown in Figs. 3.8 (g) and 3.9, respectively. The value of
Ak of single-layer MoS; after scratch test under 1,000 nN and 1,500 nN normal force were found
to be about 18.8 cm™ and 18.7 cm™, respectively, which is closed to that of as-exfoliated specimen
(~ 18.7 cm™). Furthermore, the Ezlg peak FWHM of single-layer MoS; after scratch test under
1,000 nN and 1,500 nN normal force were found to be around 3.30 cm™ and 3.32 cm™, respectively,
which also agree with that of as-exfoliated specimen (~ 3.34 cm™). Those results indicate that
single-layer MoS> was able to sustain good crystalline quality after scratch test under 1,000 nN
and 1,500 nN normal force. However, the value of Ak and E21g peak FWHM of single-layer MoS>
specimen after scratch test under 2,000 nN normal force were determined to be about 19.3 cm™

and 3.81 cm™, respectively, which are significantly larger than those of as-exfoliated specimen.
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This result further suggests that the crystalline quality of single-layer MoS; specimen after scratch
test under 2,000 nN normal force was significantly degraded,®** which is likely due to the

significant amount of surface defect formation after scratch test.
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Fig. 3.8. (a) Topographic image, (b) FFM image (forward scan), and Raman mapping images
with (c) E%g and (d) Aig peaks intensity of single layer MoS: after a constant force scratch
test under 2,000 nN normal force. () Raman spectra, and summary of (f) intensity, and (g)
frequency of E%g and Aig peaks of scratched single-layer MoS:z with respect to normal force.
Single-layer MoS: was scratched under a constant normal force at the area of 1 pm x 1 um
as indicated by white dashed square in panel a. Raman spectra were fitted using Gaussian
function. In panel ¢, f, and g, the frequency and intensity of the E%g and Aig peaks from the

as-exfoliated single layer MoS: are also denoted as dashed lines for comparison. Error bar

represents one standard deviation.
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Fig. 3.9. The Raman E%g peak FWHM of scratched single-layer MoSz with respect to normal
force. The E%g peak FWHM from the as-exfoliated single layer MoS: is denoted as dashed

lines for comparison. Error bar represents one standard.

In general, surface defect of atomically thin MoS; could occur from different surface treatment
conditions including particle adsorption on top surface of MoS> due to high laser power
treatment,®® oxygen chemical adsorption at crack sites of single-layer MoS, due to high
temperature annealing,'*® and wrinkle formation on top surface of multi-layer MoS: due to the
combination of compressive stress and shear.”” The defect that was formed at scratched areas in
our case is likely attributed to the wrinkle formation on top surface of single-layer MoS». Due to
the large contact pressure during scratch test, single-layer MoS, was compressed and the top
surfaces in the area beneath the tip become wrinkled as the tip scratched across the surface,
resulting in surface roughness and friction force increase of the scratched areas. The wrinkle
formation on the surface of single-layer MoS; is similar to what was observed in the case of few-
layer MoS..”” However, based on the study of Barboza et al, it should be noted that such wrinkle
formation was proposed to be observed only in the case of few-layer MoSz,”” where the layer-
substrate interactions were insignificant. And therefore, wrinkle formation on the surface of single-
layer MoS; was not observed within their relatively small normal force, ranging from 10 nN to

391 nN. In our work, due to the large interaction between single-layer MoS> and substrate, wrinkle
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formation was only observed at the scratched areas under normal force of at least 1,500 nN (~ 8.91
GPa contact pressure).

Furthermore, the oxidation of single-layer MoS: was also put into consideration due to the
possibility of high temperature generated at the contacting interface between AFM tip and single-
layer materials during scratch test. This high temperature could lead to the formation of Mo-O
bonding at the scratched areas due to the oxygen chemical adsorption at crack sites of single-layer
MoS; at high temperature.'*® However, based on the Raman spectra obtained from the scratched
areas, the oxidation of MoS: is not likely occur due to the lack of the Raman peak at around 820
cm, which is often referred as the Raman signature of oxidized MoS2.%"%8 In addition, Haiyan
Nan et al.'®® recently observed the strong photoluminescence (PL) enhancement of single-layer
MoS: at the defects formed during the thermal annealing with high temperature. In that work, they
demonstrated that the oxygen chemical adsorption at defect sites, which is resulted in Mo-O
bonding, is the main reason for the significant enhancement of both PL A- and B-excitons at defect
sites of single-layer MoS,. From the PL spectra of single-layer MoS,, the strong A exciton (~ 1.84
eV) and the weaker B exciton (~ 1.98 eV) arise from the direct transition at the K and K’ point in
the Brillouin zone, respectively.?” Fig. 3.10 (a) shows the PL A-exciton intensity mapping of
single-layer MoS; after scratch tests under 2,000 nN normal force. Based on the different contrast
form inside and outside of the scratched areas in the PL image, the decrease in intensity clearly
observed from the scratched areas under 2,000 nN normal force. Furthermore, the PL spectra
obtained at scratched areas under various normal force as shown in Fig. 3.10 (b) demonstrates the
gradually decreasing in PL intensity of A- and B-excitons of scratched single-layer MoS; with the

increasing normal force. The significant PL decrease indicate the absence of Mo-O bonding
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induced by chemically adsorbed oxygen at scratched areas, hence single-layer MoS, might be not

oxidized during the scratch test.
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Fig. 3.10. (a) Photoluminescence (PL) intensity image of single layer MoS: after constant

force scratch test under 2,000 nN normal force. (b) PL spectra of scratched single-layer MoS:
with respect to normal force. In panel b, the energy of the A exciton of as-exfoliated single

layer MoS:2 was noted as dashed line for comparison.

3.4.3 Surface damage characteristics of single-layer graphene

Figs. 3.11 (a) and (b) show the topographic and FFM images of single-layer graphene after
constant force scratch test under various normal force, respectively. Based on the AFM images,
no significant change was observed at the scratched area under normal force of 1,000 nN. A height
decrease of about 1.0 nm was observed from the topographic image of scratched area under 3,000
nN normal force. As the normal force increased from 4,000 nN to 5,000 nN, the height gradually
decreased from 1.5 nm to 1.6 nm, respectively, prior to the failure. While no significant change in
frictional behavior was observed at any scratched areas. These behaviors indicate that the
underlying substrate was plastically deformed due to large contact pressure induced by scratch test,
and the degree of plastic deformation increased as the normal force increased. The maintained low

friction force at the scratched areas shows that single-layer graphene could endure the scratch test
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and cover the plastically deformed substrate, up to 5,000 nN normal force (~ 13.21 GPa contact
pressure). The results clearly demonstrate the remarkable load carrying capacity of single-layer
graphene. Furthermore, the plastic deformation of substrate and following by failure of single-
layer graphene under sufficient contact pressure was also consistent with the results from

progressive force scratch test of atomically thin graphene.
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Fig. 3.11. High resolution (a) topographic and (b) FFM (forward scan) images of single layer
graphene after a constant force scratch test under (from left to right) 1,000 nN, 3,000 nN,
4,000 nN, and 5,000 nN normal force. Single-layer graphene was scratched under a constant
normal force at the area of 1 um x 1 um as indicated by white dashed square in panel a and
b. Cross-sectional height profile and friction loop are included in panel a and b, which
demonstrate the change in friction and topography of single-layer graphene due to the

constant force scratch test.
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Figs. 3.12 (a) and (b) show the topographic images, FFM images and the corresponding Raman
intensity mapping of D peak and 2D peak images of single-layer graphene after constant force
scratch test under various normal force ranging from 800 nN to 2,400 nN and from 3,000 nN to
5,000 nN, respectively. D peak (~ 1350 cm™) corresponds to the breathing mode of six-atoms rings
and is only activated by the defects.®® Although no defect is required for the activation of 2D peak
of single-layer graphene, 2D peak intensity was also found to be strongly influenced by the
defects.!'® Hence, based on D peak and 2D peak of single-layer graphene after scratch test, the
defect formation could be clearly observed. As shown in the AFM images, topography of single-
layer graphene started to change due to the plastic deformation of substrate after scratch test under
1,400 nN normal force (~ 8.72 GPa contact pressure). As the normal force increased, the degree
of plastic deformation of substrate increase, which in turn greatly affects to the topography of
single-layer graphene. In contrast, no significant change in friction force of scratched areas were
observed. The corresponding Raman intensity mapping images of D peak and 2D peak of single-
layer graphene after scratched areas various normal forces are shown in Figs. 3.12 (a) and (b).
Based on difference in contrast from the Raman intensity image of D peak and 2D peak, in which
the brighter (darker) contrast indicates the higher (lower) intensity, defect formation in single-layer
graphene could be clearly identified. According to these Raman intensity images, a relatively large
amount of defect was observed from the edge of single-layer graphene, as expected.®® Furthermore,
no significant change was observed from the scratched areas under 800 nN normal force, which
suggests the absence of a significant amount of defect at those areas. The increase in intensity of
D peak and decrease in intensity of 2D peak were clearly observed at scratched areas under normal
force ranging from 2,200 nN to 5,000 nN, which indicates that the defect was formed at those

scratched areas.
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Fig. 3.12. Topographic image, FFM image (forward scan), and Raman mapping images with
the D and 2D peaks intensity of single layer graphene after a constant force scratch test under
various normal force ranging (a) from 800 nN to 2,400 nN and (b) from 3,000 nN to 5,000
nN. Single-layer graphene were scratched under a constant normal force at the area of 1 pm

x 1 um as indicated by white dashed square in panel a and b.

The variation of intensity of D peak and 2D peak with respect to the normal force as shown in
Fig. 3.13 (c), clearly shows that, as the normal force increased, the intensity of D peak increased
and the intensity of 2D peak increased. The result further suggests that as the normal force
increased, the amount of defect formed at scratched area of single-layer graphene increased, prior
to the failure. It should be noted that the relatively high intensity of D peak observed at the
scratched areas under 5,000 nN is likely attributed to the defects at the edges of single-layer

graphene, which were formed by the failure of the materials.

Furthermore, with an aim to roughly estimate the defect density at the scratched areas, the

Tuinstra-Koenig relation was employed:*°

Lp = [2.4x10°° nm3]-24-(Ip/le)
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, Where Lp is the distance between point-like defects and A is Raman excitation wave length (~ 532
nm).120121 At the scratched areas under 2,200 nN and 4,000 nN normal force, the intensity ratio
In/lc was determined to be about 0.45 and 0.48, respectively. Hence, based on the Tuinstra-Koenig
relation, the distance between defects formed at the scratched areas under 2,200 nN and 4,000 nN
normal force were estimated to be about 42.22 nm and 40.82 nm, respectively. This result suggests
that as the normal force increased, the density of the defect at the scratched area was increased.
Although the defect formation was observed at the tested area, according to the previous studies,
these estimated values of Lp also indicate that scratched areas have a relatively low defect density
(Lo > 10 nm).*%122 Considering that frictional behaviors of the atomically thin materials are
presumably sensitive to surface defects, where friction increases with increasing defect formation
like the case of atomically thin h-BN and MoSy, the relatively low defect density at the scratched
single-layer graphene could be responsible for no significant change in friction was observed, even

right before the failure occurred.

Raman spectra of G peak and 2D peak obtained at scratched areas under various normal force,
as shown in Fig. 3.13 (a), clearly demonstrate the blueshift G peak at those scratched areas, while
the frequency of 2D peak was not significantly changed. The blueshift of G peak is likely attributed
to the in-plane compressive strain of single-layer graphene at scratched areas.'?® Furthermore,
based on the variation of G peak frequency with respect to normal force at the scratched areas as
depicted in Fig. 3.13 (b), the degree of blueshifted G peak generally increased with increasing
normal force, which suggests the in-plane compressive strain at scratched areas generally increased
as the normal force increased. Interestingly, at scratched areas under 800 nN normal force, G peak
blueshifted by about 1.6 cm™. This result indicates a certain amount of compressive strain at that

scratched area, although no significant change in topography and friction was observed.
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Fig. 3.13. (a) Raman spectra, and summary of (a) frequency and (c) intensity of G, and 2D
peaks of scratched single-layer graphene with respect with respect to normal force. The
Raman spectra in panel a were fitted using Lorentzian function. The frequency and the
intensity of the D, G and 2D peaks from the as-exfoliated single layer graphene are also
denoted as dashed lines for comparison in the panel a, b, and c. Error bar represents one
standard deviation.

Based on the Raman study of disorder graphite, a three-stage classification of disorder along an
amorphization trajectory ranging from graphite to tetrahedral amorphous carbon (ta-C) was
proposed, including: (1) graphite to nano-crystalline graphite; (2) nano-crystalline graphite to
amorphous carbon (a-C, ~ 20 % sp?); and (3) a-C to ta-C (> 85 % sp®).1?* In this study of single-
layer graphene, based on the Raman spectra of D peak and G peak obtained at the scratched areas

with respect to normal force, only stage 1 is likely the most relevant.!?? In this stage, which is the
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transformation from single-crystalline graphene to nanocrystalline graphene due to scratch test
under 4,000 nN normal force, the evolution of Raman spectrum are as follow:?1%* (1) D peak
appeared and the intensity ratio Ip/lc increased; (2) G peak frequency increased (blueshifted) from
1584.11 cm™ to 1587.23 cm't; and (3) there was no dispersion of G peak. It is well established that
pristine single-crystalline graphene is claimed to be the strongest material, however, defective
nano-crystalline graphene is proposed to have a significant degradation in its mechanical
toughness and strength.*” Therefore, the degradation in mechanical properties of single-layer
graphene specimen due to defect formation could potentially affect its tribological performance as
a protective and solid lubricant coating layers. For instance, with the large amount of the pre-
existing defects at the edges, this could be the reason why the single-layer graphene at the edge
area was found to be easily failed under a much smaller normal force (~ 2 orders of magnitude

smaller), compared to the case of graphene at the interior area.”

Based on the constant force scratch test results, surface damage characteristics of single-layer
h-BN, MoS,, and graphene were systematically investigated. The evolution of surface damage of
these single-layer materials can be defined as the multi-stage layer removal process, which may
be initiated from: (i) the elastic deformation to (ii) the plastic deformation of the single-layer
material-substrate system along with the defect formation and propagation within the structure of
single-layer materials and finally to (iii) the total removal of the single-layer materials and expose
of the substrate. At stage (i), the single-layer materials remained intact with no significant defect
formation after scratch test under relatively small normal force. Therefore, at this stage, these
single-layer materials could provide their best tribological performance for very long period of
time. Stage (ii) was initiated when the defects were significantly formed along with the plastic

deformation of the substrate at scratched areas as the normal force increased. Although the failure
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of the single-layer materials may not occur at this stage yet, however, the topography, friction
force as well as the crystalline quality and mechanical strengths of single-layer h-BN, MoS; and
graphene were permanently and differently affected due to their own types of defect, leading to

the potential degradation of their tribological performances.

The observed residual compressive strains at scratched areas could further indicate the failure
mechanisms at stage (iii) of single-layer h-BN, MoS>, and graphene during scratch test. In general,
compressive strain and the tensile strain could occur simultaneously during the scratch test due to
the friction force between the scratching tip and the surface of single-layer materials. Particularly,
the compressive strains and tensile strains were originated from the pushing force in front of the
tip, and from the pulling force behind the tip, respectively, regardless the scratching direction of
the tip. The schematic of the scratched atomically thin specimen is shown in the Fig. 3.14, where
the single-layer materials was compressed at the buckling region in front of the tip, while was
simultaneously stretched at the area behind of the tip. The dominance of the compression or tension
acted on the atomically thin materials during scratch test would strongly affect their mechanical
instability, and therefore their failure mechanisms. Recently, single-layer graphene have been
proposed to exhibit a highly asymmetry in strain induced mechanical instability, where the critical
compressive strains for buckling instability have been found to be significantly smaller than the
critical tensile strains for facture. In particular, the buckling formation was found just under about
10 % compressive strain, whereas the tensile strain for fracture was determined about 2%.%> And
such a highly asymmetry in strain induced mechanical instability is expected for most of 2D
materials from single to a few number of layers.'?® This observation indicates that these single-
layer materials are extremely unstable against compressive strains. Based on the blueshift of the

Raman characteristic peaks observed at the scratched areas of single-layer h-BN, MoS; and

56



graphene, compared to the tensile strain, the compressive strains induced by the scratch test is
likely to be more dominant. Under compression, two types of mechanical instabilities would be
induced, which are buckling and fracture. In particular, the compressive trains will first induce
buckling preempting fracture under relatively small normal force, and then, the compressive
strains increased with increasing normal force, the atoms bonds in the materials were further
compressed and eventually rupture.’®!? Which could be considered as the failure mechanism of

single-layer h-BN, MoS; and graphene induced by scratch test.

(a) () pefects/ Buckle
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® > e > // )
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strain strain materials
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Fig. 3.14. Schematic illustrating the buckling region in front of the sliding AFM tip from (a)

side view and (b) plane view during scratch test.

3.5 Effect of number of layers on surface damage characteristics

It was proposed that thicker graphene could provide better tribological performance than the
thinner one.®® However, the mechanism of this enhancement of tribological performance of
graphene have not been clearly explained. Therefore, the effect of number of layer on tribological
performance of atomically thin h-BN, MoSz and graphene was further investigated. Considering
that the adhesion strengths to the substrates of these atomically thin materials would significantly

affect their tribological performances, hence the progressive force scratch test was further
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conducted on bi-layer, tri-layer, and multi-layer h-BN, MoS, and graphene with an aim to

investigate the effect of number of layers on their adhesion strengths to substrate.

3.5.1 Adhesion strength to the substrate of multi-layer

The lateral force variation with respect normal force during progressive force scratch test, and
the corresponding topographic and FFM images of scratch tracks of atomically thin h-BN, MoSa,
and graphene were shown in Figs. 3.15 (a-c), 3.16 (a-c), and 3.17 (a-c), respectively. By matching
those images like the case of single-layer materials, the critical forces of these atomically thin h-
BN, MoS; and graphene were determined and summarized with respect to number of layer as
demonstrated in Fig. 3.18 (a). It should be noted that, the critical forces of single-layer materials
were also included in Fig. 3.18 (a) for comparison. The result clearly shows that as number of
layers of h-BN, MoS,, and graphene increased, the critical force of these atomically thin materials
generally increased. This result indicates that the adhesion strength to substrate of single- and a
few-layer h-BN, MoS; and graphene generally increased with the increasing number of layers.
This behavior may be attributed to the van der Waals interactions of the substrate with not only its
nearest layer, but also other above layers as shown in Fig. 3.18 (c), hence the bonding of atomically

thin materials to underlying substrate increased as the number of layers increased.

58



2L -h-BN 3L—-h-BN 6L — h-BN

—_
QO

~

=3

8 8
f —— Scratch #3 Scratch #3 —— Scratch #3
w S t —Scratch #2 Scratch #2 —— Scratch #2
- —— Scratch #1 —— Scratch #1 —— Scratch #1
L st 4} 4
58 .
- <«— Failure
0 1 i L 1 0 i i 1
0 04 2 3 %, 3 ‘It
| |
| Scratch distance '
(b) ® >
Scratch #3 ot
efects
Scratch #2
Scratch #1 -
1 it~ u : E— N> = 2
(c) 4 £
Failure
Failure
- .. - _—
(d)
Scratch
direction

L kmmmm

F, =500 nN
1omm:n®mwmm4v 10 10 10

5 15fF =1,000 0N 18 F,.= 1,000 0N 15FF =20000N
StF,=700n 5!"N=1,500nN|l ]L 5 F,=1400nN 5} F,=2500nN M
0 ] 0 o oph p

|
o

Friction force (nNN)
(=]

IF,,= 1050 nN s[F,=1.7000N s Eu= 240000 s
10 Jgu{r\a;:b{}mﬂw 10 10 10

-15 -15 -15 -15
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 038 1.0 00 02 04 06 08 1.0

Scan length (um)

(e)

= F.=1.0000N 2 E =100 12 F, = 2000 nN
10 10 \:-’\W’\"”\,./\/‘\/Wﬂn 10 LAAA AN 10 p—r——r e —
I3 3 slF = glF =1400nn]~1.0nm 3 ~06nm £ _o5000n
E "[f, =700pN =~ am f\"/_m L —— ey
£ 6 6 6 6
= =
o, e F, = 1,700 gN F =2400nN FN-; 3700 nN
% s F 1,050 nN : N :
=1,050n ?
21 2 2 2
0 0 0 0
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 10

Scan length (um)

59



Fig. 3.15. Progressive force scratch test results of bi-, tri-, and multi-layer h-BN. (a) Lateral
force variation with respect to normal force during progressive force scratch tests. (b) FFM
images (forward scans), and (c) topographic images of scratch tracks after progressive force
scratch tests. High resolution (d) FFM images (forward scans) and (e) topographic images of
scratch tracks formed at single- and multi-layer h-BN after progressive force scratch tests.
In panel b, the scratch distance of about 2 um was also noted. In panel b and c, scale bars:
500 nm. Friction loops and cross-sectional profiles are included in panel d and e, respectively.
Red dashed lines indicate the location and the corresponding normal force during scratch

test, where friction loops and cross-sectional profile are taken.
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Fig. 3.16. Progressive force scratch test results of bi-, tri-, and multi-layer MoS:. (a) Lateral

force variation with respect to normal force during progressive force scratch tests. (b) FFM

images (forward scans), and (c) topographic images of scratch tracks after progressive force

scratch tests. High resolution (d) FFM images (forward scans) and (e) topographic images of

scratch tracks formed at single- and a multi-layer MoS: after progressive force scratch tests.

In panel b, the scratch distance of about 2 um was also noted. In panel b and c, scale bars:

500 nm. Friction loops and cross-sectional profiles are included in panel d and e, respectively.

Red dashed lines indicate the location and the corresponding normal force during scratch

test, where friction loops and cross-sectional profile are taken.
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Fig. 3.17. Progressive force scratch test results of bi-, tri-, and multi-layer graphene. (a)
Lateral force variation with respect to normal force during progressive force scratch tests.
(b) FFM images (forward scans), and (c) topographic images of scratch tracks after
progressive force scratch tests. High resolution (d) FFM images (forward scans) and (e)
topographic images of scratch tracks formed at single- and multi-layer graphene after
progressive force scratch tests. In panel b, the scratch distance of about 2 um was also noted.
In panel b and c, scale bars: 500 nm. Friction loops and cross-sectional profiles are included
in panel d and e, respectively. Red dashed lines indicate the location and the corresponding

normal force during scratch test, where friction loops and cross-sectional profile are taken.

The high resolution topographic and FFM images of scratch tracks on single- and a few-layer
h-BN, MoSz and graphene were shown in Figs. 3.15 (d, e), 3.16 (d, e), and 3.17 (d, ), respectively.
The topographic images clearly show the failure of single- and a few-layer h-BN and MoS> along
with the expose of SiO> substrates shortly after the formation of scratch tracks on top surface of
these atomically thin materials. Furthermore, shortly prior to the failure of the atomically thin h-
BN and MoSy, the friction increase was also clearly observed at the scratch tracks, which is likely
attributed to the defect formation on the surface of these atomically thin materials. Interestingly,
defect formation at scratch tracks affected differently to topography of atomically thin h-BN and
MoSz, shortly prior to the failure of the materials. For instance, based on the topographic image of
scratch tracks formed in the surface of tri-layer h-BN under 1,400 nN normal force as shown in
Fig. 3.15 (e), a height decrease of about 1 nm was clearly observed at the first scratch track. While
in case of atomically thin MoS,, a height increase of about 2.1 nm were observed from the second
scratch track formed in the surface of tri-layer MoS; under 3,000 nN normal force, as shown in
Fig. 3.16 (e). In the case of atomically thin graphene, based on the topographic images as shown
in Fig. 3.17 (e), a height decrease at scratch tracks with increasing normal force was observed,

prior to the failure. For instance, single-layer graphene exhibited a height decrease of about 0.9
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nm and 1.1 nm under 2,400 nN and 3,000 nN normal force, respectively, prior to the failure.
Interestingly, the corresponding FFM images from Fig. 3.17 (d) show that the scratch tracks of
graphene could maintain its low frictional behavior, until the failure occurred. The height decrease
observed at scratch tracks on single- and a few-layer h-BN and graphene is likely attributed to the
plastic deformation of the underlying SiO> substrate. By owing the relatively low out-of-plane
bending modulus, atomically thin h-BN and graphene was out-of-plane deformed during scratch
test, which resulting in the deformation of the underlying substrate. However, due to the relatively
low mechanical strength, surface of single- and a few-layer h-BN was found to be damaged almost
simultaneously with the deformation of the substrate. The surface damaged of atomically thin h-
BN may cause friction increase at the scratch tracks, shortly prior to the failure. In contrast, single-
and a few-layer graphene was able to endure the plastically deformed substrate prior to the failure,
without any significant change in friction of scratch tracks. This great endurance of atomically thin
graphene during scratch test may be inherited from its superior mechanical strength. In the case of
single- and a few-layer MoS>, due to the relatively large out-of-plane bending stiffness which are
many times larger than those of atomically thin h-BN and graphene, atomically thin MoS; were
not significantly out-of-plane deformed during scratch tests, hence no significant plastic
deformation of the underlying substrate was found at scratch tracks. Instead of that, the height
increased observed at scratch tracks is likely attributed to the wrinkle formation at the top surface
of atomically thin MoS; during scratch test, which leads to the friction increase at the scratch tracks,
prior to the failure. The occurrence of wrinkle formation or plastic deformation at scratch tracks
of atomically thin h-BN, MoS», and graphene and their effects on topography and friction at those
areas, prior to the failure of these atomically thin materials are consistent with what were observed

from single-layer materials.
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Furthermore, considering Fq as the normal force required to induce surface damages including
wrinkle formation and plastic deformation at scratch tracks of single- and a few-layer h-BN, MoSy,
and graphene during progressive force scratch tests. Due to the significant effect of these surface
damages induced by scratch tests on the topography, friction force, as well as mechanical strengths
of these atomically thin materials at scratched areas, the determination of Fq is as important as that
of critical force (Fc). The variation of Fg with respect to number of layers of h-BN, MoS», and
graphene as summarized in Fig. 3.18 (d) clearly shows that the value of Fq generally increased
with the increasing number of layers. This increase in value of Fq indicates that as the number of
layer increased, the occurrence of surface damages at scratch tracks was likely to be more delayed.
As it is reported for layered material subject to an indentation test, the thicker the specimen is, the
harder it is to deform,®” which is likely attributed to the increasing of bending modulus with the
increasing of number of layer. Therefore, as the number of layers of h-BN and graphene increased,
the normal force required to induced plastic deformation of the SiO; substrate increased. In the
case of atomically thin MoS;, while out-of-plane bending of MoS; induced by scratch test was not
predominant due to its relatively large bending stiffness, the top layer was probably
wrinkled/folded at scratch tracks due to the scratching tip overcoming the binding energy between
the top layer and its below layers or substrate. As it was observed that the thicker the atomically
thin MoS, was, the more delayed occurrence of wrinkle formation at scratch tracks would
generally be, which suggests that the binding energy between the top layer and its below layers
may increase with increasing number of underlying layers. This behavior is in agreement with
previous study,*?” which proposed that the amount of energy needed to peel off the top layer
significantly increased as the number of underlying layer increased due to the enhanced interlayer

binding energy that the top layer received when the material became thicker. From the progressive
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scratch test results of h-BN, MoS, and graphene, as the number of layer increased, not only the
adhesion strength to substrates of these atomically thin materials increased but also the surface

damages induced by scratch tests were also delayed.
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gradually increased as the number of layers increased. The error bar in panel a and b
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3.5.2 Surface damage characteristics of multi-layer

The constant force scratch test on h-BN, MoS,, and graphene with various number of layer were
also conducted. Topographic and FFM images of scratched areas on tri- and multi-layer h-BN,
MoS: and graphene under various normal force from Fig. 3.19 (d) clearly show that, compared to
what were observed from scratched areas of single-layer materials, surface damages including
wrinkle formation and plastic deformation were effectively reduced as the number of layer
increased. For instance, under 1,500 nN normal force, while single-layer h-BN was found to be
torn-off after a few scratches, while no significant damages were observed at scratched area of tri-
layer h-BN. Under 2,500 nN normal force, although single-layer MoS; was immediately failed,
just a few wrinkles were locally formed at scratched areas of tri-layer MoS. In the case of tri-layer
graphene after scratch test under 3,000 nN normal force, a height decrease of about 0.5 nm were
observed at scratched area, while a height decrease of 1 nm was previously found at scratched area
of single-layer graphene under same normal force. The result indicates that the degree of plastic

deformation of substrate at scratched area of tri-layer graphene was significantly reduced.
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Fig. 3.19. High resolution topographic and FFM (forward scan) images of tri-layer (a) h-BN,
(b) MoSz, and (c) graphene after a constant force scratch test under various normal force.
The atomically thin materials were scratched under a constant normal force at the area of 1
pm x 1 um as indicated by white dashed square. The cross-sectional height profile and

friction loop are also included in the images
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3.5.3 Frictional behaviors during scratch tests.

Friction force variation during constant force scratch test with respect to number of layers of h-
BN, MoS», and graphene, as plotted in Fig. 3.20 (a), clearly show thickness-dependent friction of
these atomically thin materials. Under the same normal force, as the number of layer decreased,
friction force was found to be increased, and the largest friction was measured at single-layer
materials. The dependence of friction force on number of layers has been considered as one of a
few general frictional behaviors of these layered materials,®® which is because of the out-of-plane
deformation, or “puckering effect”, of the top layers in front of AFM tip during contact sliding.
Interestingly, this thickness-dependent friction of atomically thin materials was reserved during
scratch test under extremely large normal force in this work with the complicated factors including
deformation of substrate and surface damages might all significantly affect to the friction force
measurements, while these factors was likely eliminated by using very small normal force (~1 nN
with tip radius of about 10 nm) from the study of Lee et al.® Furthermore, based on the variation
of friction force with respect to normal force, two distinct frictional behaviors, including linear
and non-linear dependence of friction force on normal force, were clearly observed. In particular,
single-, bi-, and tri-layer graphene, as well as bi- and tri-layer h-BN exhibited the non-linear
dependence of friction force on normal force. While friction force of atomically thin MoS;
(regardless number of layers), single- and multi-layer h-BN, and multi-layer graphene clearly
demonstrates a linear relationship with normal force. Based on the topographic images of these
atomically thin materials after scratch tests as shown in Fig. 3.20 (b), we found that the linear and
non-linear dependence of friction force on normal force is closely related to the deformation of the
underlying SiO. substrate due to scratch test. For instance, the underlying SiO2 substrates at

scratched areas of atomically thin MoS: (regardless number of layers), as well as multi-layer h-
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BN and graphene were not plastically deformed after scratch tests. While plastic deformation of
SiO2 substrate can be clearly observed at scratched areas of single-, bi-, and tri-layer graphene, as

well as bi- and tri-layer h-BN based on the height decrease at those areas.
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Fig. 3.20. Variation of friction force of single- and a few-layer h-BN, MoSz, and graphene
during constant force scratch tests. The friction data was fitted by linear and exponential
relationships with normal force. Error bar in panel a corresponds to one standard deviation.
(b) AFM topographic images of tri- and multi-layer h-BN, MoSz, and graphene after
constant force scratch test. In panel b, the topographic images were obtained from the
intermittent contact mode of AFM. Cross-sectional profiles are included and the red dashed
lines indicate the location where the cross-sectional profile are taken. These atomically thin
materials were scratched under a constant normal force at the area of 1 um x 1 pm as
indicated by white dashed square in panel b.
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The close correlation between the plastically deformed SiO2 substrate at scratched areas of
atomically thin materials and their non-linear dependence of friction force on normal force may
suggest that the deformation of the underlying substrate could introduce additional friction force
to AFM tip during scratch tests. This additional friction force is likely attributed to shear force
required to plow the underlying SiO» substrate at scratched areas. As it has been reported in the

128 \which also

recent study of friction characteristics between silica probe and micelles layers,
observed an additional friction force due to the deformation of the micelles layers, resulting in the
nonlinear dependence of friction on normal force. As the number of layers increased, the
deformation of SiO> substrate at scratched areas was effectively reduced, hence friction force of

multi-layer materials during scratch tests remained linearly proportional to normal force as clearly

shown in Fig. 3.20 (a).

Based on progressive and constant force scratch tests on atomically thin h-BN, MoS,, and
graphene with various number of layers, the results clearly show that not only the adhesion strength
to substrate of atomically thin materials increased with increasing number of layers, but also the
occurrence and the degree of surface damages, such as wrinkle formation and plastic deformation,
induced by scratch tests were found to be more delayed as the materials was thicker. Furthermore,
as the number of layers increased, friction force during scratch test was found to be decreased. The
improvement of adhesion strength to substrate, surface damage resistance as well as friction force
of atomically thin h-BN, MoS>, and graphene as the number of layer increased indicates that the
tribological performance of these atomically thin materials could be effectively enhanced by
simply increasing the thickness of materials. However, considering that the material properties of
atomically thin h-BN, MoS;, and graphene could drastically change with their thicknesses, for

instance the desirable electrical properties were often found from the thinnest ones. While in the
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miniaturized nanoscale systems, apart from the primary surface damage resistance application,
these atomically thin-based coating layers could be employed for other purposed regarding to their
material properties. Therefore, optimizing the choice of the thickness of these atomically thin
materials as protective and solid lubricant coating layers while maintaining the beneficial

combination of material properties from that choice is essential.

3.6 Summary

In summary, this work presents a systematical investigation of surface damage resistance of
atomically thin h-BN, MoS>, and graphene using AFM-based scratch tests including progressive
force and constant force scratch tests. Adhesion strength to substrate of single- and a few-layer h-
BN, MoS, and graphene were evaluated based on their critical forces obtained from the
progressive force scratch test. The results suggest that these atomically thin films were strongly
adhered to their substrates, which in-turn significantly improve the load carrying capacity of the
underlying substrate. Furthermore, single-layer graphene was found to have stronger adhesion

strength to substrate than that of single-layer h-BN and MoS..

Surface damage characteristics of single-layer h-BN, MoSz, and graphene were further
investigated using the constant force scratch tests. The results suggest the evolution of surface
damage of these atomically thin materials under three different ranges of normal force with respect
to their load carrying capacities. At relatively low normal force, no significant change in
topography and friction force was observed at scratched areas, which indicates scratch test induced
pure elastic deformation to the intact atomically thin materials. As normal force increased, defect
formations along with plastic deformations of the underlying substrate at scratched areas were
observed. At this stage, although the atomically thin materials were not failed yet, their topography,
friction force, as well as crystalline quality and mechanical strengths were permanently affected,
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which may in turn significantly degrade their tribological performance. As the normal force finally
reached to the critical force for failure, the atomically thin materials were torn-off, and the
substrates were exposed. The residual in-plane compressive strain observed from the scratched
areas of single-layer h-BN, MoS; and graphene could further shed the light on the determination
of the failure mechanism of these atomically thin materials. The compressive strain-induced
buckling formation in front of AFM tip was likely to be the primary source of mechanical
instability of these atomically thin films during scratch tests. As the compressive strain increased,

the atom bonds in materials were further compressed, and eventually rupture.

In addition, based on the results obtained from progressive force scratch test, the adhesion
strength to the substrate as well as surface damage resistance of atomically thin h-BN, MoS;, and
graphene were found to be generally enhanced as the number of layers increased. Furthermore,
from the constant scratch test results, the degree of surface damages as well as friction force of
atomically thin h-BN, MoSz, and graphene were generally decreased with increasing number of
layers. Therefore, the tribological performances of these atomically thin materials could be

effectively improved by simply increasing number of layers.
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Chapter 4
Friction characteristic of 2D materials

Layered materials such as bulk h-BN, MoS», and graphite are conventionally used as solid
lubricants for number of critical engineering applications based on their low friction characteristics.
The characteristically weak interlayer bonding in the structure was found to be responsible for the
remarkably low shear strength at the contacting interface of these layered materials.*®° In addition,
2D materials such as single-layer h-BN, MoS,, and graphene have been proposed to have a great
potential for use as nanoscale protective and solid lubricant coating layers. These solid lubricant
coating layers are used to primarily reduce friction force generated at the contacting interface
between mechanical moving parts in the system, which is one of the major sources of energy
dissipation and possibly severe damage to the nano-scale device. Therefore, comprehensive

understanding of nanoscale frictional behaviors of these single-layers materials is essential.

In this chapter, friction characteristics of single-layer h-BN, MoS, and graphene were
systematically investigated using friction force microscopy (FFM) measurements under various
test conditions such as normal force and sliding speed, and environmental conditions such as
relative humidity and thermal annealing. From the FFM measurement results, the dependence of
topography, normal force, sliding speed, relative humidity, and thermal annealing on frictional
behaviors of these single-layer materials was clearly observed. These observations are useful not
only for comprehensive fundamental understating of their nanoscale friction characteristics, but
also for design of the reliable nanoscale protective and solid lubricant coating layers based on these

single-layer materials.
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4.1 Experimental section

Atomically thin h-BN, MoS>, and graphene were deposited onto Si substrate capped by 300 nm
of thermally grown SiO2 using mechanical exfoliated method. Preparation and thickness
characterization of these atomically thin materials are similar to the procedure presented in section
3.1. Particularly, atomically thin materials were located using optical microscopy (VK-X200,
Keyence) and their topographic images were then obtained from the intermittent contact mode of
AFM (MFP-3D, Asylum Research) using Si tips (AC240, Olympus). Based on the cross-sectional
height profiles from these topographic images, thickness of single-layer h-BN, MoS;, and
graphene were carefully determined. Furthermore, to confirm the thickness of these single-layer
materials, Raman spectroscopy (Alpha300R, Witec) measurements were also conducted with a
532 nm excitation laser wavelength and a 100x objective (NA ~ 0.9). In Raman spectroscopy
measurements, to avoid surface damage induced by thermal effect,%1% laser power was keep well

below 0.5 mW.

After characterization of thickness of these single-layer materials, their friction characteristics
were systematically investigated using FFM measurements under various test conditions such as
normal force and sliding speed, and environmental conditions such as relative humidity and
thermal annealing. In FFM measurements, ultra-nanocrystalline diamond tip (NaDiaProbes,
Advanced Diamond Technologies) with tip radius of about 40 nm was scanned across the surfaces
of these single-layer materials using contact mode of AFM. For the quantitative force
measurements using AFM, normal*® and lateral®® force calibrations were carefully performed
prior to FFM measurements. The calibration results showed that the normal spring constant and
lateral force sensitivity of the diamond tip use for FFM measurements were about 0.15 N/m and

1.04 mV/nN, respectively.
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The effects of test conditions including normal force and sliding speed on friction of these
single-layer materials were parametrically investigated in the ambient conditions (25 °C, 30 %
RH). Particularly, the normal force was varied in the range from 1 nN to 50 nN with sliding speed
was set to 375 nm/s. The sliding speed was then varied in the range of 10 nm/s — 3,000 nm/s with
normal force was set to 1 nN, 5 nN, and 7 nN. It should be noted that the maximum normal force
(50 nN) selected in this work was relatively small to reduce the possibility of inducing surface
damage during FFM measurements, and the minimum normal force used was as small as possible,
which depends on the adhesion force between tip and these single-layer materials. In addition,
considering the scan length of about 300 nm in FFM measurements, the maximum sliding speed

(3,000 nm/s) was selected to obtain reliable friction force data.

The effect of environmental conditions such as relative humidity, thermal annealing, and
temperature on frictional behaviors of single-layer h-BN, MoS,, and graphene were further
investigated. Particularly, the humidity-dependent friction of these single-layer materials was
characterized in the humidity cell (Humidity Sensing Cell, Asylum Research) at different relative
humidity. To control the relative humidity, a gas mixture consists of dry nitrogen gas and nitrogen
gas bubbled through the flask of water was continuously flew into the humidity cell. By adjusting
the gas ratio of a mixture using two rotameters, the relative humidity in the cell could be well
controlled in the range between 5 % and 75 %. The relative humidity was initially lowered to 5 %
and then slowly increased to 75 % with the interval time of 2 hours. Effect of temperature,
including thermal annealing process, on friction characteristics of these single-layer materials was
then investigated using the temperature-controlled stage (Polyheater, Asylum Research). In the
thermal annealing process, temperature was gradually increased from room temperature (~ 25 °C)

to 100 °C with the temperature rate of about 25 °C / 2h, the temperature was then keep at 100 °C
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for 2h before the cooling-down process naturally initiated. For comparison, FFM measurements
of these single-layers materials were conducted before and after the thermal annealing process. In
addition, frictional behaviors of these single-layer materials under various temperatures including
50 °C, 75 °C, and 100 °C, were also observed. It should be noted that the effect of test conditions
and environmental conditions on friction force of single-layer h-BN, MoSz, and graphene were
investigated on different sets of materials to ensure the accurate observation of each effect.
Furthermore, considering the adhesion forces between tip and these single-layer materials could
significantly affect their frictional behaviors, the variations of adhesion force before and after FFM

measurements were carefully monitored.

4.2 Thickness characterization of single-layer materials

Topographic images of atomically thin h-BN, MoS> and graphene on SiO> substrate obtained
from the intermittent-contact mode, as shown in Fig. 4.1 (a), clearly demonstrate the relatively
clean surface of these materials. Furthermore, based on the cross-sectional height profiles,
thickness of single-layer h-BN, MoS>, and graphene was determined to be about 0.47 nm, 0.71 nm,
and 0.53 nm, respectively. These estimated thicknesses are in good agreement with those of single-

layer h-BN, MoS:, and graphene reported from previous studies.?%29130

These single-layer materials were further examined by Raman spectroscopy with a 532 nm
excitation source at room temperature. Based on the Raman spectra of single-layer h-BN, MoS>
and graphene as shown in Fig. 4.1 (b) clearly revealed the dependence of their Raman
characteristic peaks on thickness, which are also consistent with other studies.®®*® Particularly,
Raman spectra of single-layer h-BN show relatively weak Ezq characteristic peak (~ 1367 cm™),
arising from the in-plane vibration of B-N atoms.* In the case of single-layer MoS,, their Raman
spectra shows two Raman characteristic peaks, Ef}g peak (~ 385 cm™) and Aiq peak (~ 403 cm™),
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which are associated with the in-plane vibration of Mo-S atoms and the out-of-plane vibration of
the S atoms, respectively.®” As for the single-layer graphene, two Raman characteristic peaks
including G peak (~ 1580 cm™) and sharp and symmetric 2D peak (~ 2670 cm™) can be clearly
observed from the Raman spectra.®®
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Fig. 4.1. (a) AFM topographic images and (b) Raman spectra of single-layer h-BN, MoS:2 and
graphene. Topographic images were obtained from intermittent contact mode of AFM, the
cross-sectional profiles are included in panels a. Red-dashed lines indicate the locations
where the cross-sectional profiles are taken. In panels b, frequency of the characteristic

Raman peaks of single-layer h-BN, MoS:, and graphene are denoted as dashed lines.
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4.3 Effect of test conditions: normal force and sliding speed

4.3.1 Effect of topography

Fig. 4.2 (a) shows the representative example of friction loops obtained from single-layer h-BN,
MoSz, and graphene under normal force of 5 nN and 50 nN. A typical friction loop consists of
trace and retrace friction profiles, which are obtained by sliding the AFM tip over sample in the
forward and backward directions, respectively. From friction loop, friction value that fluctuated
from its average value (dashed line) was considered as the friction fluctuation. According to Fig.
4.2 (a), a significant increase in friction fluctuation of single-layer h-BN, MoS>, and graphene was
clearly observed as the normal force increased from 5 nN to 50 nN. The variation of friction
fluctuation with respect to normal force as shown in Fig. 4.2 (b) also demonstrated that as the

normal force increased friction fluctuation of these single-layer materials significantly increased.
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Fig. 4.2. (a) Friction loops consisting of friction forces measured in both trace (forward
scanning) and retrace (backward scanning) directions of single-layer h-BN, MoS2, and
graphene, under 5 nN and 50 nN normal force. (b) Variation of friction force fluctuation in
friction loop with respect to normal force.
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In addition, topographic and FFM images of single-layer h-BN, MoS;, and graphene obtained
simultaneously under various normal force were presented in Figs. 4.3 (a, b), 4.4 (a, b), and 4.5 (a,
b), respectively, along with the cross-sectional height profiles and friction loops. FFM images
clearly show the local friction force variation of these single-layer materials along with the strong
correlation between topography and friction force. It should be noted that these cross-sectional
height profiles and friction loops were obtained from topographic and FFM images, respectively,
at the same location to accurately evaluate the effect of surface slope on the friction force
measurements of these single-layer materials. In the cross-sectional height profiles, the shapes of
height trace and retrace profiles were found to be consistent with each other, which indicates the
artifacts produced during contact scanning were likely negligible. The surface slope variation was
further estimated by taking the derivative of the above cross-sectional height profiles single-layer
h-BN, MoS,, and graphene as shown in Figs. 4.3 (d), 4.4 (d), and 4.5 (d) respectively, along with
the smoothed profiles depicted as black-dashed lines. By comparing the surface slope variation
and friction force variation under same normal force, it can be clearly seen that the friction force
increased and decreased closely with the increase and decrease in surface slope of the topography,
respectively. Particularly, when comparing the measured friction force retrace with the surface
slopes obtained under same normal force, friction force was high at the edge with positive slope
and low at the edge with negative slope. As normal force increased, the difference between the
local highest and lowest friction force significantly increased, which indicates that the fluctuation
observed at the friction loop of these single-layer materials may be due to the local variation in

their friction force.
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Fig. 4.3. (a) Topographic and (b) FFM images of single-layer h-BN obtained simultaneously
from the contact mode of AFM under normal force of 20 nN and 50 nN. (c) Cross-sectional
height profiles, (d) derivative cross-sectional height profile, (e) friction loops and (f) half
subtracted friction are also included. The red dashed lines indicate the locations where the

cross-sectional height profiles, height derivatives and friction loops were taken.

80



MoS,, Fy = 20 nN MoS,, Fy = 50 nN

----Trace
06 — Retrace

Height
nm)
> o

—

Height
derivative 2

Friction
force (nN)
h o o N

|
[¥5]
=]
'
on
=]

o
=
T

]

=
T

(f) —— Trace (T)—— Retrace (R)
2 : : 4 : :
="'z‘ — (T-R)2 —(T-R)2
c £ Ir
= 1
= WWWWW W\“\NWWW
c 2 2
L o
bl D | 1 ‘1 | 1
100 150 200 250 100 150 200 250
Scan length (nm) Scan length (nm)

Fig. 4.4. (a) Topographic and (b) FFM images of single-layer MoS: obtained simultaneously
from the contact mode of AFM under normal force of 20 nN and 50 nN. (c) Cross-sectional
height profiles, (d) derivative cross-sectional height profile, (e) friction loops and (f) half
subtracted friction are also included. The red dashed lines indicate the locations where the

cross-sectional height profiles, height derivatives and friction loops were taken.
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Fig. 4.5. (a) Topographic and (b) FFM images of single-layer graphene obtained
simultaneously from the contact mode of AFM under normal force of 20 nN, and 50 nN. (c)
Cross-sectional height profiles, (d) derivative cross-sectional height, (e) friction loops and (f)
half subtracted friction are also included. The red dashed lines indicate the locations where
the cross-sectional height profiles, height derivatives and friction loops were taken.

Considering these dominant frictional mechanisms at micro- and nano-scale, including
adhesive, ratchet, and plowing. The adhesive friction mechanism could not explain these observed
local variations in friction force of these single-layer materials. The ratchet mechanism described
the influence of local slope on friction force measurement, that is when the tip encounter a given

slope of the topography and a friction force may be required for the tip to climb against it, which
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resulting in friction locally increased at that point. In addition, considering the remarkable surface
damage resistance of single-layer h-BN, MoSz, and graphene, their surface damages may be not
significant because of the relatively small normal force (up to 50 nN) used in FFM measurements,
therefore the contribution of plowing friction on the local variation in friction was likely negligible.
Hence, the local variation in friction force of these single-layer materials was due to likely
attributed to the ratchet mechanism, when the tip ascending the leading edge, the surface slope was
positive and friction increased; and when the tip descending the trailing edge, the surface slope
was negative and friction decreased as depicted in Fig. 4.6 (a). Particularly, when an AFM tip
sliding over an asperity making an angle ¢ with the horizontal plane under constant normal force
Fn, the slope of asperity causes a friction force varied with respect to normal force and slope of
topography as Fr ~ tan o - Fn. Therefore, the AFM tip may experience an increase and decrease
in friction when climbing up and down, respectively, an asperity of given slope, and this transition
in friction corresponding to transition in slope is proportional to normal force, which may explain
the increase in friction fluctuation with increasing normal force as observed from 4.2 (a) and (b).
In addition to the slope effect, it was proposed that due to the ‘collision’ effect, the magnitude of
the increase in friction measured when the tip climbed up an asperity was found to be larger than
the magnitude of the decrease in friction measured when the tip climbed down a similar asperity.*3
As a results, the effect of topography on friction measured by FFM could not be eliminated by the
subtraction of trace and retrace friction profiles, which is consistent with the friction force data
(half of subtraction of trace and retrace) presented in Figs. 4.3, 4.4, and 4.5 (f). Although, in general,
these effects of topography on friction force measured by FFM have been well established, such
frictional behaviors have not been observed from single-layer h-BN, MoS;, and graphene.

Therefore, this observation of topography-induced contributions to friction force of these single
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materials could be useful when attempting to predict and interpret their frictional behaviors in the
systems with various topographical characteristics. For example, step edges at the surface of these
atomically thin materials could induce a considerable increase in friction force and even wear when
the tip traversed up these steps, as previously found by other studies.”***? Although number of
mechanisms have been proposed to explain these observations, the significant change in slope and

the mechanical impact of AFM tip with these steps could also strongly influence these behaviors.
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Fig. 4.6. (a) Schematic diagram of the scanning (a) sharp tip and (b) flat-ended tip on surface
of single-layer materials with these relevant force vectors. Due to the local slope of
topography, normal force (Fn) causes a component of the lateral force. In panel a and b,

SEM images of the nano-crystalline diamond tips were also included.

In the case of FFM measurements of these single-layer materials using the flat-ended diamond
tip as shown in Fig. 4.6 (b), the effect of surface slope on friction force was found to be
significantly different. The representative example of friction loops obtained from single-layer h-

BN, MoS,, and graphene under normal force of -100 nN and 50 nN using flat-ended tip, and the
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variation of friction fluctuation in friction loop with respect to normal force of these single-layer
materials were presented in Fig. 4.7 (a) and (b), respectively. The results clearly demonstrated the
increase in friction fluctuation as normal force increased, which indicated that the surface slope
still affected the friction force measurements with the flat-ended tip. However, the degree of
increase in friction fluctuation with respect to normal force using flat-ended tip was found to be

relatively smaller than that using sharp tip.
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Fig. 4.7. (a) Friction loops consisting of friction forces measured in both trace (forward
scanning) and retrace (backward scanning) directions of single-layer h-BN, MoS2, and
graphene, under -100 nN and 50 nN normal force. Variation of friction fluctuation in friction

loop with respect to normal force. The error bar corresponds to one standard deviation.

In addition, by using the flat-ended tip, topographic and FFM images of single-layer h-BN,
MoS,, and graphene obtained simultaneously under various normal force were presented in Figs.
4.8 (a, b), 4.9 (a, b), and 4.10 (a, b), respectively, along with the cross-sectional height profiles and

friction loops. Based on the cross-sectional height profile, the curvature of the surface or the
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surface roughness of these single-layer materials recorded by the flat-ended tip was found to be
smaller than that obtained by sharp tip. Comparing with the actual surface roughness of these
single-layer materials, the significantly large contact area of flat-ended tip made it simultaneously
slide over multiple asperities rather than sliding up and down an individual asperity like the case
of sharp tip. Therefore, the surface roughness obtained by flat-ended tip was reasonably smaller
than that obtained by sharp tip. Since the cross-sectional height profile was relatively smooth, the
surface slope variation was also not significant as shown in the derivative of the corresponding
height profiles, from Figs. 4.8 (d), 4.9 (d), and 4.10 (d). Although the surface slope was not
significantly observed, the friction force fluctuation of these single-layer materials was found to
be slightly increased with increasing normal force, which indicates that surface slope still affected
the friction force measurements, although its influence on friction force was relatively weak. The
observed effect surface slope on friction could be due to the effective contact areas in front of the
tip, however this surface slope effect was effectively reduced most likely due to its relatively large
contact area behind, which hindered the torsion of the cantilever beam when tip ascended or
descended the local surface slope. Based on the friction force fluctuation with respect to local slope
variation, the effects of topography on nanoscale friction force of these single-layer materials were

clearly observed, which were also in agreement with the ratchet mechanism of friction.
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Fig. 4.8. (a) Topographic and (b) FFM images of single-layer h-BN obtained simultaneously
from the contact mode of AFM under normal force of - 100 nN, - 50 nN, and 50 nN. (c) Cross-
sectional height profiles, (d) derivative cross-sectional height profile and, (e) friction loops
and (f) half subtracted friction are also included. Red dashed lines indicate the locations
where cross-sectional height profiles, height derivatives and friction loops were taken.
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Fig. 4.9. (a) Topographic and (b) FFM images of single-layer MoS: obtained simultaneously
from the contact mode of AFM under normal force of - 100 nN, - 50 nN, and 50 nN. (c) Cross-
sectional height profiles, (d) derivative cross-sectional height profile and, (e) friction loops
and (f) half subtracted friction are also included. Red dashed lines indicate the locations

where cross-sectional height profiles, height derivatives and friction loops were taken.
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Fig. 4.10. (a) Topographic and (b) FFM images of single-layer graphene obtained
simultaneously from the contact mode of AFM under normal force of - 100 nN, - 50 nN, and
50 nN. (c) Cross-sectional height profiles, (d) derivative cross-sectional height profile, (e)
friction loops and (f) half subtracted friction are also included. Red dashed lines indicate the
locations where the cross-sectional height profiles, height derivatives and friction loops were

taken.
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4.3.2 Effect of normal force

In addition to the friction force fluctuation, based on the friction loop, the variation of friction
force of single-layer h-BN, MoS,, and graphene with respect to normal force was shown in Fig.
4.11 (a). From the results, friction force of these single-layer materials increased from 0.16 nN to
2.22 nN as the normal force increased from 1 nN to 50 nN, which generally demonstrated their
low friction force characteristics. In addition, the normal force-dependent friction of single-layer
h-BN, MoS», and graphene was found to be slightly different from each other. Particularly, as the
normal force increased from 1 nN to 50 nN, single-layer MoS; exhibited a slightly larger degree
of increase in friction (from 0.16 nN to 2.22 nN) than those of single-layer h-BN (from 0.18 nN to
2.11 nN) and graphene (from 0.34 nN to 2.09 nN). This behavior could be attributed to the
difference in mechanical properties of these single-layer materials. For example, friction of
fluorinated graphene was recently found to be larger than that of pristine graphene, and the larger
out-of-plane bending stiffness of fluorinated graphene was proposed to be the major reason for
this enhancement in friction.*® The out-of-plane bending stiffness of single-layer h-BN, MoS;, and
graphene was previously determined to be about 0.95 eV, 9.61 eV, 1.40 eV, respectively,
therefore the larger bending stiffness of single-layer MoS; could be responsible for its larger
degree of increase in friction. Fig. 4.11 (b) shows adhesion force between AFM tip and these
single-layer materials acquired before and after FFM measurement. The average adhesion force of
single-layer h-BN, MoS; and graphene was estimated to be about 4.6 nN, 4.7 nN, and 5.3 nN,
respectively. From this result, a slightly larger adhesion force of single-layer graphene could be
responsible for its larger friction obtained under relatively low normal force, which is agree with
previous study.®! In addition, the change in adhesion force between AFM tip and these single-layer

materials obtained before and after FFM measurements was found to be well below 5 %, which
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suggests that the tip wear during FFM measurements could be negligible. Overall, the normal
force-dependent friction characteristics of single-layer h-BN, MoS,, and graphene demonstrated
the influence of adhesion characteristics and mechanical properties on their frictional behaviors,
in which friction obtained under low normal force was more affected by adhesion, and as the
normal force further increased the effect of mechanical properties on friction became more
dominant. Such understanding is important when using these single-layer materials as the coating
layers for nanoscale devices operated under various contact pressure conditions, such as at low
contact pressure situation (e.g. shunt switch)**® large adhesion force may cause stiction problem
in the system, whereas at high contact pressure situation (e.g. anti-wear)*® large bending stiffness-
induced large friction force may deteriorate the lifetime of the nanoscale protective coating layers

and eventually cause the severe damage in the system.
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Fig. 4.11. (a) Variation of friction force as a function of normal force of single layer h-BN,
MoS:2 and graphene. (b) Variation of adhesion force between tip and single-layer h-BN, MoSz,
and graphene obtained before and after FFM measurements. In panel a, friction force data

were fitted to Hertz-plus-offset (HPO) model using Eq. 4.1. The error bar corresponds to one
standard deviation.
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Furthermore, the variation of friction force of single-layer h-BN, MoS;, and graphene as a
function of normal force as shown in Fig. 4.11 (a) clearly demonstrated the nonlinear dependence
between friction force and normal force, as predicted by several continuum models of the elastic
contact in the single asperity regime.***13 With an aim to determine the interfacial shear strength
of these single-layer materials, which is the stress required to slide the diamond tip across the
surface of these single-layer materials, the normal force-dependent friction was fit to the modified
theory of Derjaguin-Muller-Toporov (DMT) and Maugis, also referred as the Hertz-plus-offset

(HPO) model:13":138

2 2
R 2
Fr = A =t (2) (Fy + Fx = Fogs)’ (4.1)
In Eq. 4.1, Fs is the friction force, 7 is the interfacial shear strength, R is the radius of the tip, K
is the effective elastic modulus of the contact, F is the normal force, Fa is the adhesion force, and
Forr is the constant offset caused by adhesion and |Foff| should be lower than the adhesion force.

The effective elastic modulus of the contact was expressed as:

-1

K zi(ﬂJrﬂ) (4.2)

4\ E Es

where v and E; is the Poisson’s ratio and elastic modulus of the AFM tip, and vs and Es is the
Poisson’s ratio and elastic modulus of the atomically thin materials. The Poisson’s ratio and elastic
modulus of the AFM nanocrystalline diamond tip used for the calculation were 0.2 and 463 GPa,**°
respectively, with the tip radius was estimated to be about 40 nm by using the electron scanning
microscopy (SEM). The Poisson’s ratio of atomically thin h-BN, MoS; and graphene used for the
calculation were about 0.20,*° 0.27,” and 0.17,% respectively. And the elastic modulus of
atomically thin h-BN, MoS; and graphene were selected to be about 27 GPa,*® 57 GPa,> and 25

GPa,**! respectively. It should be noted that the out-of-plane elastic moduli of bulk h-BN, MoS,,
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and bi-layer graphene was used due to the lack of knowledge of the out-of-plane elastic moduli of

these single-layer materials.

Interfacial shear strengths of single-layer h-BN, MoS>, and graphene was estimated to be about
46.4 + 1.4 MPa, 74.5 £ 3.3 MPa, and 51.8 = 1.0 MPa, respectively. The shear strength for diamond
tip sliding against single-layer MoS> was slightly larger than the case of single-layer h-BN and
graphene, which is in agreement with the observed larger degree of increase in friction with
increasing normal force of single-layer MoS; than those of single-layer h-BN and graphene. In
literature, shear strength between SizNs tip and single-layer graphene were recently estimated to
be about 23.6 MPa by the work of Deng et al,®? whereas interfacial shear strengths of single-layer
h-BN and MoS: have not been fully discovered yet. The interfacial shear strength of single-layer
graphene estimated in this work was about two times larger than that found by Deng et al,®? which
could be due to the different tip materials used in FFM measurements. The availability of C-C
bonding with sp? configuration in the structure of the nanocrystalline diamond tip may offer the
commensurate contact between tip and graphene,*3® whereas Si-N bonding in SisN4 tip may cause
the incommensurate contact with graphene. For the given contact area, the commensurate contact
often exhibited larger friction force, and hence, larger interfacial shear strength than the case of
incommensurate contact.1*> Macroscale interfacial shear strengths of thin film MoS2, and graphite
were also determined to be about 25-33 MPa,'*® and 17.6 MPa,'** respectively, while
understanding of the interfacial shear strength of thin film h-BN remains very limited. The
estimated interfacial shear strengths of these single-layer materials were found to be relatively
larger than those of their bulk forms. The difference could be attributed to the puckering effects
on frictional behaviors of these atomically thin materials, which was proposed as one of the major

reasons for increase in friction as the number of layers decreased. In addition, these elastic
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constants used for estimating the interfacial shear strengths were belong to bulk h-BN, MoS,, and
bi-layer graphene, which are expectedly larger than those of their single-layer materials, therefore,
the interfacial shear strengths of single-layer h-BN, MoS», and graphene could be relatively
overestimated. Nonetheless, these estimated interfacial shear strengths of single-layer h-BN, MoSy,

and graphene clearly demonstrate the low friction characteristics of these single-layer materials.

The variation of friction force of single-layer h-BN, MoS;, and graphene with respect to normal
force obtained using flat-ended tip was shown in Fig. 4.12 (a). The adhesion force between the tip
and these single-layer materials determined before and after FFM measurements was also
presented in Fig. 4.12 (b), which show the averaged adhesion force of single-layer h-BN, MoSo,
and graphene was estimated to be about 154.2 nN, 152.3 nN, and 157 nN, respectively, along with
the adhesion force change before and after FFM measurements was found to be smaller than 2 %.
The adhesion force of these single-layer materials with the flat-ended tip was significantly larger
than those sharp tip, which is likely due to the large contact area of flat-ended tip. In addition, the
nonlinear dependence between friction force and normal force of these single-layer materials was
clearly observed. Furthermore, friction force of single-layer h-BN, MoS;, and graphene increased
from 1.7 nN to 9.8 nN as the normal force increased from -130 nN to 100 nN, which clearly show
the low friction force characteristics of these single-layer materials. Interestingly, the increase in
friction force of these single-layer materials with increasing normal force was found to be different
with each other, and different with what was observed from the case of sharp tip. Particularly,
among three single-layer materials, MoS> exhibited the largest friction force, while graphene
exhibited the smallest friction force, and friction force of could be found in the between of those
of single-layer MoS; and graphene across the range of normal force from -130 nN to 100 nN.

Furthermore, the degree of increase in friction of single-layer h-BN with increasing normal force
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was found to be larger than those of single layer MoS; and graphene. For instance, by roughly
fitting the linear part of friction force of these single-layer materials in the range of normal force
from -50 nN to 100 nN, friction coefficients of single-layer h-BN, MoS,, and graphene were
estimated to be about 0.024, 0.019, 0.014, respectively. The larger friction of single-layer MoS; or
the smaller friction of single-layer graphene could be understood based on their different bending
stiffness as previously discussed. However, it is not clearly why the degree of increase in friction
force with increasing normal force, or friction coefficient, of single-layer h-BN was slightly larger

than those of single-layer MoS; and graphene.
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Fig. 4.12. (a) Variation of friction force as a function of normal force of single layer h-BN,
MoS:2 and graphene obtained using flat-ended tip. (b) Variation of adhesion between tip and
single-layer h-BN, MoSz2, and graphene obtained before and after FFM measurements. The

error bar corresponds to one standard deviation.

After careful characterization the correlation between normal force and friction force of single-
layer h-BN, MoSz, and graphene using two different tip shapes. The effect of sliding speed and
environmental conditions on friction force characteristics of these single-layer materials were
further investigated. The sharp diamond tip was used due to the availability of theoretical models

related to its shape for interpreting the friction data.
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4.3.3 Effect of sliding speed

Friction force of single-layer h-BN, MoS», and graphene with respect to sliding speed for
different normal forces was shown in Fig. 4.13, which clearly demonstrates their speed-dependent
friction characteristics. Particularly, based on the results, friction force of single-layer h-BN, MoSy,
and graphene was found to increase with the increasing sliding speed. The results also show that,
after roughly logarithmically increasing with sliding speed, friction force single-layer graphene
under 1 nN normal force, or friction force of single-layer MoS; under 5 nN and 7 nN normal force
reach to the certain values when the sliding speeds were larger than 1,000 nm/s. These behaviors
are consistent with the prediction of the thermally activated Prandtl-Tomlinson (PTT) model,}%
which suggested that friction force increased with the increasing sliding speed and decreasing

temperature due to the thermal energy.
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Fig. 4.13. (a) Variation of friction force as a function of sliding speed for single layer h-BN,
MoS:2 and graphene under various normal forces. Friction force data was fitted to the

thermally activated Prandtl-Tomlinson (PTT) model using Eq. 4.3. Error bar corresponds

to one standard deviation.

The thermally activated Prandtl-Tomlinson (PTT) model,**> which described the relationship

between friction force and sliding speed as:

1

3/2 _ Vo Vol Ff
BT (Fc — Ff) 12 = ln;—;;ln (1 _F_)’ (43)

c
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In Eq. 4.3, B is the parameter that depends on the shape of the interaction potential, kg is
Boltzmann’s constant, T is the temperature, F¢ is the friction force at zero temperature, and vo is
the characteristic speed. Based on PTT model, two different regimes of friction force as a function
of sliding speed could be clearly observed, one is the roughly logarithmic increase of friction force
with speed when the sliding speed increases up to the critical speed, and the other one is the plateau
of friction force when the sliding speed is larger than the critical speed. The above observed sliding
speed of about 1,000 nm/s could be considered as the critical speed for friction force of single-
layer graphene under 1 nN normal force, and MoS: under 5 nN and 7 nN normal force, to reach
their plateau regimes, while the critical speed of other cases could not be experimentally observed
within the range of sliding speed used in this work. Although this speed-dependent friction
characteristic has been often observed on different materials such as mica, 446 NaCl (100),'4” Au
(111),148149 and graphite (0001),**° however, such observation on single-layer h-BN, MoSz, and

graphene have not been fully achieved yet.

Hence, to gain better fundamental understanding of the frictional behaviors of these single-layer
materials, their speed-dependent friction in Fig. 4.13 was further fit to the PPT model using Eqg.
4.3 with 3, F¢, and vo as free parameters. S is the parameter determined by the shape of the lateral
interaction potential and is closely related to the rate of increase of friction with sliding speed. F¢
is the friction force at 0 K which is also the friction value at the plateau regime, and vo is the
characteristic speed. Based on the fitting results, within the range of sliding speed used in FFM
measurements, from 10 nm/s to 3,000 nm/s, friction of these single-layer materials could follow
the low speed trend very well, which is the logarithmic increase of friction with sliding speed. The
fitting also shows that the friction force of single-layer h-BN under 1 nN, 5 nN, and 7 nN normal

force could reach to the plateau regime with the critical speed of about 4,000 nm/s, which is similar
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to the case of single-layer MoS, under 1 nN normal force. While, the critical speed for friction
force of single-layer graphene under normal force of 5 nN and 7 nN to reach the plateau is predicted
to be in the range 10,000 nm/s to 20,000 nm/s. Although the influence of normal force on critical
speed of these single-layer materials was not clearly observed, the critical speed of single-layer
MoS; were found to be relatively smaller than those of single-layer h-BN, and graphene.
According to the PTT model, this result suggests that the sliding friction of AFM tip on surface of
single-layer h-BN and graphene could be thermally assisted for larger range of speed than the case

of single-layer MoS;.

In addition, effects of normal force on the parameters f and F. of single-layer h-BN, MoS>, and
graphene were shown in Figs. 4.14 (a) and (c) respectively, which clearly show that g and F
generally increased as the normal force increased. As previously discussed, f is the rate (or slope)
of increase in friction with sliding speed, and F¢ is friction force at the plateau regime. As the
normal force increased, the increase in F¢ could be expected because of the increase in number of
contacting atoms,! while the increase in p was proposed to be due to the more corrugated
interaction potential with increasing normal force.* Particularly, by assuming the interaction
potential has a sinusoidal shape, the corrugation of the interaction potential or the effective

interaction potential barrier, Eo, could be determined based on its relationship Fc as:4°

aF,

Eo=% (4.4),

with the parameter fSsin:

3 /Fe
Bsin = 27;\/\/; (4-5)1

where a is the lattice constant. Lattice constants of single-layer h-BN, MoSz, and graphene used
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for calculation were about 0.25 nm, 0.32 nm, and 0.25 nm respectively. The corrugation amplitude

of the interaction potential, Eo, was estimated using Eq. 4.4 as shown in Fig. 4.14 (d).
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Fig. 4.14. Plot of (a) B, (b) Bsin, (C) Fc, and Eo as a function of normal force. # is the parameter
related to the shape of the lateral interaction potential that govern the rate of increase of
friction with sliding speed at low speeds. F. is friction force at 0 K. # and F. are the results
of fitting the sliding speed-dependent friction of single-layer h-BN, MoS2, and graphene to
PTT model using Eq. 4.3. Assuming the lateral interaction potential exhibit a sinusoidal
shape, in which the shape-related parameter fsin and the corrugation amplitude of the

interaction potential Eq are estimated using Eqgs. 4.4 and 4.5, respectively.
The results show that as the normal force increased, the corrugation amplitude of the interaction
potential increased. The more corrugated interaction potential was, for a given sliding speed, the

more time would be needed to overcome the energy barrier, as the results, the thermal activation
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could have stronger influence in the sliding process of atoms leading to the increase in f with
increasing normal force.*. Furthermore, with the assumption the interaction potential of single-
layer h-BN, MoS>, and graphene have the sinusoidal shapes, the parameter fsin was obtained using
Eqg. 4.5, and Fig. 4.14 (b) shows the variation of Ssin With respect to normal force. By comparing
the measured value g with the calculated value fsin, insight into the shape of the interaction
potential of these single-layer materials could be achieved. The results show that fSsin of single-
layer h-BN gradually increased with normal force, which is similar to the behavior of its . While,
Psin Of single-layer MoS; and graphene were found to increase less rapidly with normal force than
the case of their . These observations clearly suggest that the shape of effective interaction
potential of single-layer h-BN was more closed to the sinusoidal shape than those of single-layer
MoS; and graphene. This finding is important when attempting to understand the fundamental
frictional behaviors of these atomically thin materials based on PTT model. For example, with an
aim to simplify the contacting interfaces of single-layer MoS; and graphene, an act of assuming
the sinusoidal shape of the interaction potential without considering the real shape of the
interaction potential may lead to the results that are essentially different from the actual friction

characteristics of these single-layer materials.

Furthermore, from the practical point of view, the speed-dependent friction of single-layer h-
BN, MoS; and graphene could further provide useful information of their surface characteristics.
For example, based on the dependence between friction force and sliding speed, the surface
wettability of these single-layer materials could be characterized. It was found that the partially
hydrophilic surface exhibited a logarithmic decrease of friction with increasing speed, and the
partially hydrophobic surface showed a logarithmic increase of friction with increasing speed.*?

Hence, according to the logarithmic increase in friction of single-layer h-BN, MoS>, and graphene
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with increasing sliding speed, surface hydrophobicity of these single-layer materials could be
clearly observed. This observation is consistent with these other studies, which recently proved

154 and graphene®® by using the water

the surface hydrophobicity of single-layer h-BN,'** MoS;,
contact angle (WCA) measurements. As nanoscale protective and solid lubricant coating layers,
these single-layer layer materials with the surface hydrophobicity could help to reduce the effect
of water condensation at the contacting interfaces. Apart from the surface wettability, considering
wear rate and shear stress of these atomically thin materials could be increased with increasing
sliding speed,'*® therefore, the speed-dependent friction characteristics of single-layer h-BN, MoS;,
and graphene found in this work suggest that the sliding speed of the mechanical moving part
coated by these single-layer materials should be reasonably small to reduce the friction generated

at the contacting interfaces, and eventually to save the energy and enhance the lifetime of the

nanoscale devices.

4.4 Effect of environmental conditions

4.4.1 Effect of relative humidity

The effect of humidity on friction characteristics of single-layer h-BN, MoS, and graphene was
further investigated by conducting FFM measurements under various relative humidity, ranging
from 5 % to 75 %. The humidity-dependent friction force of these single-layer materials with
respect to normal force and sliding speed was shown in Figs. 4.15 (a) and (b), respectively. The
friction results shown in Fig. 4.15 (a), the sliding speed was set to 375 nm/s and the normal force
was varied in the range from -1 nN to 50 nN. The negative normal forces correspond to the
adhesive regime of tip and surface of materials. While friction results shown in Fig. 4.15 (b), the
normal force was set to 7 nN and the sliding speed was varied in the range from 10 nm/s to 3,000

nm/s.
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Fig. 4.15. Variation of friction as a function of (a) normal force and (b) sliding speed under
different relative humidity (5% RH, 25% RH, 45% Rh and 75% RH) for single-layer h-BN,
MoS2 and graphene. In panel a, the sliding speed was set to 375 nm/s and the friction force
data was fitted to HPO model using Eqg. 4.1. In panel b, the normal force was set to 7 nN and
friction force data were fitted to PTT model using Eq. 4.3. The error bar corresponds to one

standard deviation.

The results show that under given normal force and sliding speed, friction force of these single-
layer materials was found to increase with increasing relative humidity, despite having the
hydrophobic surfaces based on their speed-dependent friction characteristics found in this work or
from the WCA measurements reported in the literature. Fig. 4.15 (a) shows the non-linear
dependence between normal force and friction force of these single-layer materials under various
relative humidity, and the degree of friction force increased with increasing normal force was also
found to generally increase, as the relative humidity increased. In addition, interfacial shear
strengths of these single-layer materials were also estimated by fitting the normal force-dependent

friction to HPO model using Eq. 4.1 as shown in Fig. 4.16 (a). The results clearly show the
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interfacial shear strengths of single-layer h-BN, MoS», and graphene generally increased with

increasing relative humidity.

Furthermore, Fig. 4.15 (b) clearly shows the logarithmic increase in friction of single-layer h-
BN, MoSz, and graphene with increasing sliding speed, and such speed-dependent friction
characteristics were observed at all different relative humidity. From the results, only the critical
speed of single-layer MoS> were experimentally observed within the range of sliding speed used
in this work, which was found in the range from 1,000 nm/s to 2,000 nm/s. The speed-dependent
friction of these single-layer materials were further fitted to the PTT model using Eq. 4.3. Based
on the fitting results, the critical speed of single-layer h-BN and graphene were predicted to be in
the range of about 8,000 nm/s-10,000 nm/s and 4,000 nm/s-9,000 nm/s, respectively. This fitting
result also showed that critical speed of single-layer MoS; was smaller than those of single-layer
h-BN and graphene. In addition, no significant change in critical speed of these single-layer
materials with respect to relative humidity was clearly observed. In contrast, as shown in Figs.
4.16 (b) and (c), these parameters Fc and 3, respectively, of single-layer h-BN, MoS,, and graphene
were found to increase with increasing relative humidity, which indicated that the friction at
plateau regime and the rate of increase in friction with sliding speed of these single-layer materials
increased with increasing relative humidity. Furthermore, considering the proportional
relationship between Fc and Eo (Eq. 4.4), this increase in F¢c and  implies increase in corrugation

of the interaction potential of these single-layer materials with increasing relative humidity.
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Fig. 4.16. Variation of (a) interfacial shear strength, (b) F¢, and (c) g as a function of relative
humidity for single-layer h-BN, MoS2, and graphene. Interfacial shear strength was
estimated by fitting the normal force-dependent friction data to the HPO model using 4.1. F
and g were estimated by fitting the sliding speed-dependent friction data to the PTT model
using Eq. 4.3. The dashed line is the guide to eye.

Early research demonstrated that friction force of graphite was high in dry or vacuum
environments, while low in humid environment, these behaviors were proposed to be as the results
of adsorbed layers of vapors, such as water, at the sliding interfaces.®> MoS,, despite having a
very similar lamellar structure, demonstrated the completely different humidity-dependent friction
characteristics with those of graphite. Particularly, friction force of MoS: was found increased with
increasing humidity, while remained low in vacuum environments. The interaction of water
between planes of MoS; during contact sliding was found to be responsible for this behavior.'%®

These observations of the environment-dependent friction of graphite and MoS; clearly
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highlighted the important and different role of water interactions in friction characteristics of these
layered materials. However, the understanding of these water interactions in nanoscale friction
characteristics of single-layer materials is still very limited.*>® Assuming that a water layer could
be possibly formed on top surface of single-layer h-BN, MoS;, and graphene at certain threshold
relative humidity, the capillary force at the interface between tip and surface of these single-layer
materials due to the formation of water meniscus could significantly affect the friction force
measurements. The adhesion force between single-layer h-BN, MoSz, and graphene with AFM tip
were carefully monitored before and after FFM measurements under various relative humidity as
shown in Fig. 4.17. The results show that no significant change in adhesion force was observed at
different relative humidity. In addition, from Fig. 4.15 (b) the logarithmic increase in friction with
increasing speed of these single-layer materials was consistently observed across the range of
relative humidity. Hence, based on these observations, the water adsorption on the top surface of
these single-layer materials was not likely occurred and the capillary force may be not responsible

for the observed increase in friction force of these single-layer materials with increasing relative

humidity.
h-BN MoS, Graphene
8 8 8
—
=
E st 8l 6F
O]
5
[i=s
c 4t a4t 41
RS
n
0]
S ol 2t 2t
<
0 = = 0 BN g = 0 A /i N = =
Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After
5% RH 25%RH 45%RH 75%RH 5% RH 25%RH 45%RH 75%RH 5% RH 25% RH 45%RH 75%RH

Fig. 4.17. Variation of adhesion forces between AFM tip and the single-layer h-BN, MoS2
and graphene materials obtained before and after friction force measurement under various

relative humidity.
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Fig. 4.18. (a) Topographic images of single-layer h-BN, MoS:z and graphene after FFM under
75% RH. (b) Estimated thickness of single-layer materials before and after FFM
measurements. (c) Schematic of the water diffusion into the interface between the atomically
thin material and its underlying substrate. The topographic images were obtained from the
intermittent —contact mode AFM, the cross-sectional profiles are included in panels a. The

red-dashed lines indicate the location where the cross-sectional profiles are taken.
Topographic images of single-layer h-BN, MoS2, and graphene after FFM measurements at 75 %

RH were obtained as shown in Fig. 4.18 (a) along with the cross-section height profiles. Based on
the cross-sectional height profile, thickness of single-layer h-BN, MoSz, and graphene were
determined to be about 0.88 + 0.04 nm, 1.04 + 0.07 nm, and 0.88 + 0.07 nm, respectively. By
comparing the thicknesses of these single-layer materials obtained after mechanical exfoliation at
about 30 % RH with those obtained again after FFM measurement at 75 % RH, as presented in
Fig. 4.18 (b), a significant increase in thickness of these single-layer materials after exposing to
humid environment could be clearly observed. This behavior could be because of water diffusion
at the interface between these single-layer materials and their underlying SiO- substrates, which
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was recently found by several studies.'®%-1%? Particularly, these studies demonstrated that water
molecules could diffuse into the interface between single-layer graphene and SiO; substrate at
humid environment and form an ice-like water adlayer leading to an increase in thickness of these
single-layer materials, as shown in Fig. 4.18 (c).1%%16! And a few particles were randomly observed
from the topographic images of single-layer MoS: and graphene, which were suggested as the
formation of the water droplets on SiO. substrate through the water diffusion process.'®® In
addition, the mechanical properties of multi-layer graphene were found to be significantly affected
by relative humidity. Particularly, the loss tangent, closely related to the internal damping, of
multi-layer graphene significantly decreased with increasing relative humidity, which was
proposed due to the formation of the ice-like water adlayers at the interface between graphene and
SiO; substrate.®! Considering the close relationship between mechanical and frictional properties
of these single-layer materials, therefore the formation of ice-like water adlayers could also affect
their frictional behaviors. In fact, the presence of the ice-like water adlayers at the interface
between single-layer materials and their underlying SiO- substrates could expectedly increase the
distance, and as a result, decrease the adhesion strength between layer and substrate, which could
significantly affect friction characteristics of these single-layer materials.®*2® Particularly, as the
adhesion strength to the substrate decreased, these single-layer materials are more easily to snap
in the sliding tip and locally pucker, leading to the increasing of friction.®® Based on these
observations from literature, we hypothesize that the humidity-dependent friction of single-layer
h-BN, MoS, and graphene is due to the water diffusion at the interface between these single-layer
materials and their underlying SiO> substrates, which lead to the decrease in adhesion strength to
substrate of these single-layer materials, and eventually the puckering effect can have a stronger

influence in their frictional behaviors.
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4.4.2 Effect of thermal annealing

The effect of thermal annealing on friction force of single-layer h-BN, MoSz, and graphene
were further investigated. Friction force of these single-layer materials were measured after
mechanical exfoliation in ambient conditions (25 °C, 30 % RH), as a function of normal force and
sliding speed. These single-layer materials then went through the thermal annealing process as
described in Experimental Section. To avoid the possibility that water could diffuse back into the
interface between these single-layer materials and their underlying substrates after thermal
annealing, FFM measurements of these thermally annealed single-layer materials were conducted
once the temperature reach to room temperature, with the relative humidity of about 30 %. Friction
force of single-layer h-BN, MoS», and graphene, obtained before and after thermal annealing
process, as a function of normal force and sliding speed was shown in Figs. 4.19 (a) and (b),
respectively. The results clearly show that the friction force of single-layer h-BN, MoS;, and
graphene, under given normal force and sliding speed, was effectively reduced after the thermal
annealing process. Particularly, the normal force-dependent friction force of these single-layer
materials from Fig. 4.19 (a) clearly demonstrated the degree of increase in friction with increasing
normal force of these single-layer materials significantly decreased after thermal annealing. By
fitting these friction to the HPO model using Eqg. 4.1, the interfacial shear strengths of single-layer
h-BN, MoSz and graphene obtained after thermally annealed were estimated to be about 27.1 MPa,
59.3 MPa, and 22.3 MPa, respectively, which decreased of about 25.4 %, 33.0 %, and 36.7 %
compared with those before thermal annealing, respectively. In addition, based on the speed-
dependent friction of single-layer h-BN, MoS», and graphene obtained before and after thermal
annealing as shown in Fig. 4.19 (b), the rate of increase friction with increasing sliding speed, p,

and the friction force at 0 K, F¢, of these single-layer materials also generally decreased after
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thermal annealing. The observed friction decrease after thermal annealing could be attributed to
the water diffused out of the interfaces between these single-layer materials and their underlying
substrate. It should be noted that the effect of thermal annealing on friction characteristics of
single-layer h-BN, MoS», and graphene were investigated using separately prepared set of
materials under ambient conditions. Therefore, a small amount of water molecule could be

inevitably trapped between these single-layer materials and their substrate.
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Fig. 4.19. Variation of friction force as a function of (a) normal force and (b) sliding speed
for single-layer h-BN, MoS:2 and graphene, before and after thermal annealing process. In
panel a and b, friction force data was fitted to the HPO model using Eq. 4.1 and the PTT

model using Eqg. 4.3, respectively. The error bar corresponds to one standard deviation.
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4.4.3 Effect of temperature

Friction force of single-layer h-BN, MoS>, and graphene at given temperature, such as 50 °C,
75 °C, and 100 °C was also determined as shown in Fig. 4.20. However, unlike the effect of relative
humidity on friction force with clear trend was observed, temperature-dependent friction force of
these single-layer materials was found to be significantly scattered, even with the same material
the under different normal force, the temperature affected its friction differently. The effect of
temperature on phonon frequencies, and the effect of strain induced by the mismatch of the thermal
expansion coefficients between single-layer materials and their underlying substrates on the
phonon dispersion should be carefully characterized when the temperature of single-layer
materials deposited on substrates was changed.®® Since the complex effect of temperature on the
phononic behaviors of single-layer h-BN, MoS., and graphene, therefore the dependence of their
frictional behaviors on temperature is also expected to be complicated.'® However, due to the
importance for fundamental understanding and practical application of these single-layer materials,

their temperature-dependent friction characteristics should be further explored.

h-BN MoS, Graphene
4 s 50°C s 50°C 4 + 50°C
E A 75°C a 75°C 4 75°C
S a3 100°C 4 v 100°C ; al v 100°C
(]
o % }
S 2 2| . 2+
c
=) H it H
£ I ot T I : '
47 3';“ -
- i
0 L L L L L L 0 L L L L L L Oji L L L L L
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Normal force (nN)

Fig. 4.20. Variation of friction force as a function of normal force under different
temperature (50 °C, 75 °C, and 100 °C) for single-layer h-BN, MoS2 and graphene. The

sliding speed was set to 375 nm/s. The error bars correspond to one standard deviation.
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4.5 Summary

In summary, friction characteristics of single-layer h-BN, MoS;, and graphene were
systematically investigated using FFM measurements under various conditions. From the results,
the contributions of topography, normal force, sliding speed, relative humidity, and thermal
annealing to frictional behaviors of these single-layer materials were clearly observed. Particularly,
it was found that the topography-induced friction fluctuation in friction loops, and this friction
fluctuation increased with increasing normal force. In addition, the effect of topography on friction
of these single-layer materials could not be eliminated by the subtraction of trace and retrace
friction profiles. Furthermore, based on ratchet mechanism, the effect of surface slope on friction
force measurements was found to be dominant when the radius of tip was relatively small
compared with the surface roughness, therefore this topography-induced contribution on friction
of these single-layer materials was effectively reduced when the flat-ended tip with significantly

large contact area was used in FFM measurement.

Low friction characteristics of these single-layer materials were observed from the normal
force-dependent friction results, based on which their interfacial shear strengths was also estimated
using HPO model. The differences in adhesion characteristics and mechanical properties was
found to be responsible for different degree of increase in friction with normal force of these single-
layer materials. From the speed-dependent friction results, the logarithmic increase in friction with
sliding speed of single-layer h-BN, MoS;, and graphene were clearly observed. The degree of
increase in friction with sliding speed was also found to generally increase as normal force
increased. In addition, based on the PTT model, we found that the effective shape of the interaction
potential of single-layer h-BN was more similar to the sinusoidal shape than those of single-layer

MoS; and graphene. Furthermore, for the application as nanoscale protective and solid lubricant
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coating layers, the increase in friction with sliding speed suggests that these single-layer materials
should be operated at reasonably low speed to primarily reduce the friction generated at contacting

interfaces.

The effects of environmental conditions such as relative humidity and thermal annealing on
friction characteristics of single-layer h-BN, MoS», and graphene were also investigated. From the
humidity-dependent friction results, friction force of these single-layer materials generally
increased with increasing relative humidity, while no significant change in adhesion force across
the range of relative humidity was clearly observed. As relative humidity increased, the water
molecules increasingly diffuse into the interface of single-layer h-BN, MoSz, and graphene with
their underlying substrates, leading to decrease in adhesion strength to the substrate of these single-
layer materials, as a result the influence of puckering effect on frictional behaviors of these single-
layer materials increased. This behavior was proposed as the main mechanism for humidity-
dependent friction characteristics of these single-layer materials. The effect of thermal annealing
on friction of single-layer h-BN, MoS>, and graphene was also observed, the results clearly showed
the significant decrease in friction of these single-layer materials after being thermally annealed.
The water molecules could be effective diffused out of the interface between these single-layer
materials and their substrate because of the thermal annealing process, which is likely responsible
for the decrease in friction of the thermally annealed materials. The effects of relative humidity
and thermal annealing on friction characteristics of single-layer h-BN, MoS,, and graphene clearly
highlighted the important role of water interactions on frictional behaviors of these single-layer
materials. The humidity-dependent friction results suggest that these single-layer materials as the
protective and solid lubricant coating layers for nanoscale devices should be operated in dry

conditions to prolong the lifetime of systems. In addition, the simple thermal annealing process
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could improve the frictional behaviors of these single-layer materials by reducing the amount of
water molecules trapped at the interface. Hence, this thermal annealing process could be used for
many practical applications such as stabilization, packaging, and storage of the nanoscale devices-

based on these single-layer materials.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions of the Research

Atomically thin materials, such as single- and a few-layer h-BN, MoS>, and graphene, have
been demonstrated to have a great potential as protective and solid lubricant coating layers for
nanoscale devices. These coating layers are often used to improve the tribological performance
including surface damage resistance, friction force reduction, at the contacting interfaces between
these mechanical moving parts in the systems. Therefore, to prolong the lifetime of the high-
performance nanoscale mechanical systems, the tribological characteristics of atomically thin h-
BN, MoS,, and graphene should be fully understood. In this research, the surface damage and
friction force characteristics of atomically thin h-BN, MoS», and graphene were systematically
investigated using several AFM-based approaches as presented in the previous chapters. Based on

these observations, the following conclusions were drawn:

1. Adhesion strength to substrate of the coating layers could be considered as one of the most
important factors that greatly influence the tribological performance of the coating layers, in which
the stronger the coating layers adhere to the substrate, the better their tribological performances
could be. Hence, the adhesion strength to substrate of single- and a few-layer h-BN, MoS;, and
graphene were carefully evaluated based on their critical forces obtained from the progressive
force scratch test. The results suggested that these atomically thin films were strongly adhered to
their substrates, which in-turn significantly improve the load carrying capacity of the underlying
substrate. In addition, single-layer graphene was found to have stronger adhesion strength to
substrate than those of single-layer h-BN and MoSz. Furthermore, as the number of layer increased,

not only the critical force of these atomically thin materials generally increased, but also their
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surface damage resistance was significantly enhanced, which clearly indicated that the tribological
performance of atomically thin h-BN, MoS», and graphene could be effectively enhanced by

reasonably using the thicker coating layers.

2. Surface damage characteristics of single-layer h-BN, MoS», and graphene were further
investigated using the constant force scratch tests. In the constant force scratch test, these single-
layer materials were scratched at the defined areas under given normal force, and the scratched
areas were then carefully examined using AFM and Raman spectroscopy measurements. Based on
the results, the evolutions of surface damage of single-layer h-BN, MoSz, and graphene with
respect to normal force were clearly observed. In general, the surface damage of these single-layer
materials could be defined as the layer removal process, which is initiated from the (i) elastic
deformation of the thin film/substrate system under relatively low normal force, to the (ii) defect
formation or plastic deformation and propagation in the thin film structure as the normal force
increased, and to the (iii) total removal of the thin film when the critical force was reached. The
three-stage surface damage characteristics of single-layer h-BN, MoS, and graphene were found
be strongly dependent on their own normal force carrying capacities. In stage (i), these single-layer
materials were found to be intact after scratch test under relatively low normal force with no
significant defect or plastic deformation was found. Under these condition of normal force, these
single-layer materials were expected to offer their best tribological performance in a very long
period of time. However, it should be noted that the compressive strains were found to be likely
accumulated in the lattice structure of single-layer h-BN and graphene, which could potentially
alter their strain-related material properties. In stage (ii), as the normal force increased, defect
formation and plastic deformation were found at the scratched areas of these single-layer materials.

Although these thin films were not torn-off and the substrate were not exposed yet, the topography,
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friction force, as well as crystalline quality and mechanical strengths of these single-layer materials
were permanently affected, which may in turn significantly degrade their tribological
performances. In stage (iii), as the normal force reached to the critical force of single-layer h-BN,
MoS, and graphene, these single-layer materials were found to be totally failed with the exposure
of the substrate. The commonly observed residual compressive strains at the scratched areas could
further shed the light on the determination of the failure mechanism of these single-layer materials.
The residual strains observed at scratched areas may suggest the scratch tests-induced in-plane
compressive strains were dominant over tensile strains, thereby leading to the buckling formation
of these atomically thin materials mostly in front of the scratching tip and eventually failure with
sufficient strains. These behaviors could be considered as the general failure mechanism of these

atomically thin materials due to scratch test.

3. As the number of layer increased, the tribological performances of atomically thin h-BN,
MoSz, and graphene were found to be significantly increased. The adhesion strengths to the
substrate, surface damage resistance, and friction force reductions of these atomically thin
materials were effectively improved with the increasing number of layers. There observations
clearly indicated that the tribological performances of these nanoscale protective and solid
lubricant coating layers based on these atomically thin materials could be effectively enhanced by

reasonably using the thicker coating layers.

4. Friction characteristics of single-layer h-BN, MoSz, and graphene were further investigated
using FFM measurements under various conditions without introducing any notable surface
damage to these single-layer materials. These conditions were applied in the FFM measurements
to investigate the fundamental friction characteristics of single-layer h-BN, MoS>, and graphene

as a function of normal force, sliding speed, and environmental conditions. Based on the FFM
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measurement results obtained using sharp diamond tip, friction force fluctuation of these single-
layer materials was found to significantly increase with increasing normal force. While, the friction
force fluctuation of these single-layer materials were considerably reduced when the using the flat-
ended tip in FFM measurements. These behaviors were likely attributed to the effect of surface
slope on nanoscale friction force measurements, in which the friction force increased or decreased,
proportionally with normal force, when the tip ascended or descended the surface slope,
respectively, such behaviors were known as the ratchet mechanisms of friction. Based on ratchet
mechanism, the effect of surface slope on friction force measurements was found to be dominant
when the radius of tip was relatively small compared with the surface roughness, therefore the
effect of surface slope on friction force of these single-layer materials effectively reduced when

the flat-ended tip with significantly large contact area was used in FFM measurement.

5. The variations of friction force as a function of normal force obtained using both sharp tip
and flat-ended tip clearly demonstrated the low friction force characteristics of single-layer h-BN,
MoS, and graphene. The nonlinear dependence of friction force on normal force of these single-
layer materials was also clearly observed. In addition, the normal force-dependent friction of these
single-layer materials was found to be slightly different from each other, such differences could
be attributed to the difference in adhesion force between tip and surface of materials and the

difference in mechanical responses of these single-layer materials during contact sliding.

6. Speed-dependent friction characteristics of single-layer h-BN, MoS», and graphene were
further investigated. The results clearly demonstrated the strong dependence of friction of these
single-layer materials on sliding speed. Particularly, friction force obtained under relatively slow
speed was found to roughly logarithmically increase with speed, while as the speed used for FFM

measurements larger than the threshold speed value, or critical speed, the friction force of these
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single-layer materials was found to be independent with speed. These behaviors were likely
attributed to the effect of thermal activation on the motion of the sliding tip on relatively flat
surface, as previously described by PTT model. By fitting the speed-dependent friction force of
these single-layer materials to the PTT model, some fundamental parameters such as the critical
friction force and the amplitude of the potential energy profile of single-layer h-BN, MoS2, and
graphene could also be estimated. These parameters could give some insight of the sliding friction
characteristics of these single-layer materials. In addition, the observed speed-dependent friction
characteristics of single-layer h-BN, MoS, and graphene also indicated the surface hydrophobicity

of these single-layer materials.

7. The effect of environmental conditions on friction of these single-layer h-BN, MoS; and
graphene further demonstrated the strong dependence between their friction force and relative
humidity. Particularly, friction force was found to be increased with increasing relative humidity,
while adhesion force was not significantly changed across the range of the relative humidity. The
water diffusion into the interface between these single-layer materials and underlying substrate
was proposed to be responsible for this behavior. Hence, as water effectively diffused out of the
interface between single-layer materials and substrates after thermal annealing process, friction
was significantly decreased. These observations clearly highlighted the importance role of water
interactions on frictional behaviors of these single-layer materials. The increase in friction, and
possibly decrease in adhesion strength to the underlying substrates, of these single-layer materials
with increasing relative humidity could significantly affect their tribological performances. Hence,
the nanoscale protective and solid lubricant coating layers based on these single-layer materials

should be operated in dry environments to prolong the lifetime of nanoscale devices.
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5.2 Recommendations for future work

Overall, the distinctive surface damage characteristics, the general failure mechanism, and
several factors that could strongly influence friction characteristics of atomically thin h-BN, MoSa,
and graphene were systematically found in this research. These findings would be useful for the
design of effective and reliable nanoscale protective and solid lubricant coating layers based on
these materials. Although significant amount of work on tribological properties of these atomically
thin materials has been done in this work, some interesting and important future research topics
still remain to further implement these atomically thin materials as protective and solid lubricant

coating layers for nanoscale devices, which will be described in following sections:

1. To elucidate the implementation of the atomically thin h-BN, MoS», and graphene as a
protective and solid lubricant coating layers for high-performance nanoscale devices, their
qualifications of tribological stability are crucial and should be well established. Generally, the
tribological stability of these atomically thin materials can be defined as the ability to endure
normal force over a long period of time during contact sliding while maintaining their beneficial
lubrication. The observation of how long these atomically thin materials will last under various
conditions would be useful for the practical design of these nanoscale protective and solid lubricant

based on these atomically thin materials.

2. Based on the surface damage characteristics of atomically thin h-BN, MoS,, and graphene
found in this research, each material exhibited different surface damage behavior, prior to the total
failure. Particularly, although single-layer graphene could endure significant amount of normal
force during scratch tests, the underlying substrate was found to be easily deformed. While,
although single-layer MoS: exhibited relatively less endurance than the case of graphene, MoS>
could prevent the underlying substrate from plastic deformation more effective than graphene.
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These observations imply that the effective nanoscale protective and solid lubricant coating layers
could not be made of by merely one particular material. With the emergence of the heterostructure
structure by stacking these atomically thin materials vertically, the tribological performance of the
nanoscale protective and solid lubricant coating layers could be further optimized by combining
the advantages and eliminating the disadvantages of tribological performance of these component

atomically thin materials.

3. Single- and a few-layer h-BN, MoS,, and graphene used in this research were all prepared
using the mechanical exfoliation methods, which could be consider as the simplest method for
producing atomically thin materials. Although mechanical exfoliation method could produce
atomically thin materials with remarkably high quality such as clean surface and defect free, which
leading to numerous exciting discoveries regarding their remarkable material properties, this
method is significantly limited when the large production efficiency and large material area were
needed. Therefore, to commercially implement these atomically thin materials as nanoscale
protective and solid lubricant coating layers, other fabrication methods which could effectively
overcome these aforementioned limitations of mechanical exfoliation method are inevitable.
Several promising approaches, including lithium intercalated-assisted exfoliation, liquid
exfoliation, physical vapor deposition, chemical vapor deposition, thermal annealing, laser
thinning and plasma, have been proposed. Among these techniques, chemical vapor deposition
growth method was found to be the most promising technique to produce large-scale production
of these atomically thin materials. Therefore, by using the mechanical exfoliated materials as the
references, comprehensive investigating the tribological performances of CVD-grown atomically
thin h-BN, MoS;, and graphene would be the essential step to further elucidate the implementation

of these atomically thin materials as the nanoscale protective and solid lubricant coating layers.
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