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Two-dimensional (2D) layered materials with atomic- to nano-scale thickness have a wide variety 
of applications, one of which is as a solid lubricant. These materials have intrinsically low friction 
and good anti-wear properties, and thus are promising for a variety of emerging nanoscale
technologies, but a fundamental understanding of their properties is not yet well-established. This 
dissertation seeks to address this from a nanoscopic point of view with atomistic simulations. First, 
through direct comparison of atomic-scale friction of monolayer graphene, monolayer MoS2, and 
a graphene/MoS2 heterostructure, we showed that graphene exhibits lower friction than MoS2,
graphene, and their heterostructure. The origin of this friction contrast was shown to be the 
difference in surface energy barrier height (i.e., magnitude of the surface potential energy) due to 
the higher dispersion contribution to the sliding barrier for MoS2. We then isolated and understood 
the role of tip apex structure on the quality (i.e., distortion and degree of symmetry) of the surface 
energy landscape. In this context, we showed how different patterns of friction anisotropy can arise 
due to changes in quality of the tip sample interfacial structure, an explanation that challenges 
previously proposed anisotropy mechanisms. Next, the effect of the elemental composition of 2D 
materials on single asperity friction was systematically explored by characterizing the friction and 
adhesion of MoS2, MoSe2, and MoTe2. We found that the presence of larger atoms within the lattice 
of a 2D material unexpectedly decreased friction. Our simulations and numerical analysis revealed 
that the lattice spacing, a parameter previously disregarded, significantly affected friction.
Specifically, a larger lattice spacing due to the larger chalcogen enabled the tip to slide more easily 
across correspondingly wider saddle points in the potential energy landscape, resulting in lower 
friction. Finally, we used simulations to correlate the dynamics of a sliding contact to its electrical 
conduction. Both current and lateral force exhibited fluctuations corresponding to the periodicity 
of the substrate lattice, i.e., stick-slip, and the lateral force increased during stick events while the 
current decreased exponentially. We attributed this inverse correlation between current and lateral 
force to sliding-induced variations in atom atom distances across the contact. Overall, the results 
of this dissertation contribute to establishing the framework of fundamental knowledge needed to 
design and optimize 2D materials for emerging applications.

 



Chapter 1: Tribology at Small Scales



2

1.1 Introduction

The most well-known example of lubrication engineering in ancient history is a painting that dates
back to 1880 BC. In this drawing a large statue is being pulled on a wooden stage by a series of 
slaves while someone in the middle of the painting is pouring a fluid (supposedly water or animal 
fat) to reduce friction between ground and wooden stage and facilitate transport of the statue. 
Following this example, several friction theorists and researchers (e.g. Aristotle and Pliny)
conducted studies on friction, although these investigations did not focus on friction alone.1

The earliest systematic and designed study of friction behavior was performed by Leonardo da 
Vinci in the 15th century. He reported the existence of both sliding and rolling friction, provided 
the first observation of friction-load dependence (i.e., friction enhances as normal load increases) 
and asserted that friction plays a vital role affecting the machinery efficiency. Almost two centuries 
after that important observation of friction-load dependence by Da Vinci, Guillaume Amontons 
conducted seminal research and proposed the relationships between load, area of contact, and 
sliding friction. His study constituted the first ever laws of dry friction, called 

, in which it states:

1. The friction force is directly proportional to the applied load.
2. The friction force is independent of the apparent area of contact.

L W ,
and W and F represent the applied load and friction force, respectively.2 A few decades after 

-person who correlated adhesion and friction.
He reported that friction can be originated from the force it takes to overcome adhesive forces or 
to breakdown adhesion. In 1785, Charles-Augustin Coulomb studied the kinetic friction of a wheel 
and proposed what is called the third law of friction nowadays:

3. Kinetic friction is independent of the sliding velocity. 

These three laws of friction established our principal understanding of friction at macroscale. 

In the mid-19th century, Bowden and Tabor published a series of insightful papers on the effects of 
mechanical properties, like hardness and shear strength, as well as adhesion, on the behavior of 
asperity junctions. They gave a physical explanation for the laws of friction which forms the basis
of what we now 

With their notable influence on an overwhelming number of natural and technical processes, 
friction, wear and lubrication are subjects worthy of intense scientific investigation. Despite their 
importance, studying individual aspects of these phenomena (which are influenced by a multitude 
of factors including the structural, mechanical, and chemical properties of the involved surfaces) in 
an isolated fashion has been a challenging endeavor. Nevertheless, with improved computational 
and experimental techniques, tribology (a term coined in the 1960s that describes the study of 
friction, wear and lubrication) is now an active field of inquiry, with research groups around the 
world working on understanding and utilizing its various aspects.3,4

Considering that a few percent of the gross domestic product of a developed nation is wasted on 
overcoming the negative impacts of friction and wear (in the form of direct loss of useful energy 
as well as replacement costs associated with machine components damaged by wear),5 a major goal 
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of tribology research involves the design and application of methods to minimize friction and wear 
at interfaces in relative motion. Therefore, significant effort is spent on (i) understanding the 
properties and improving the usefulness of existing lubricants and (ii) coming up with new ways 
of lubricating interfaces in a more effective fashion (e.g., by decreasing the coefficient of friction, 
reducing the wear rate and improving the lifetime of components). One approach to reaching these 
goals is through the study of tribology at very small length scales.

1.2 Nanotribology: The Atomic Origins of Tribological 
Phenomena

Tribological phenomena are complex, multidisciplinary, and multiscale. They depend on the 
variety of physical and chemical properties of the sliding surfaces including but not limited to 
surface structural (e.g., stiffness, topographical features), electrical, and thermal properties as well 
as environmental conditions such as temperature and sliding speed. Further, sliding surfaces, which 
seem smooth macroscopically, are consist of small-scale valleys and hills called asperities and these 
small-scale features add further complications to characterize the origin of tribological phenomena.
Hence characterization of tribological behavior (such as friction or wear rate) of an interface is a 
function of the system properties that vary with operational conditions. In such a complex scenario, 
understanding the mechanism underlying a tribological phenomenon at macroscale is extremely 
challenging. 
phenomena by decreasing the system size
of an interface) to improve the control and measurement of local conditions (see figure 1-1).

The invention of AFM6 enabled friction, for the first time, to be studied at the single asperity level, 
with the potential to provide fundamental physical information about this ubiquitous phenomenon. 
Researchers anticipated that, once the principal mechanisms had been identified in these 
nanometer-
technologically relevant, macroscopic systems.2 AFM measurements have been interpreted based 
on the pioneering studies of Prandtl7 and Tomlinson8 that led to the proposal of the first molecular 

for a single atom contact, the so-called Prandtl-
Tomlinson (PT) model.1,2 The invention of AFM in conjunction with the PT model facilitated 
research toward understanding of the atomic roots of friction. However, as an AFM probe sliding 
over a substrate,9 it produces nanocontacts that comprise at tens or hundreds of atoms at the 
interface. Consequently, AFMs measure the collective behavior of an ensemble of atoms rather 
than directly reflecting the behavior of an individual atom at the interface. In this context, molecular 
dynamics (MD) simulation, a tool developed to numerically investigate the dynamic evolution of 
atomistic systems, provided insight into the atomistic detail information of the tip-sample 
interfaces. Landman et al. study of friction using MD simulation to complement AFM was a 
breakthrough in nanotribology field.10 Since then, MD simulations have become an important tool 
in deciphering the origins of many tribological phenomena by providing detailed atomistic 
information about the buried interface between surfaces in relative motion. Both AFM and MD 
simulation are undoubtedly the main pillars of the nanotribology field and therefore will be 
described in more detail next. 



4

 

FIG. 1-1. To investigate the mechanism underlying tribological phenomena, the general approach in 
nanotribology is to decrease the system size down to the single asperity level to study the origin of the 
tribological phenomena using tools like AFM and MD simulations. Parts of the figure are taken from 11,12.

1.2 .1 Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful technique which has been widely used for analyzing 
local surface properties, such as height, adhesion, friction and magnetism, with a nanoscale probe.
Generally, the main components of an AFM (see figure 1-2) are: i) a highly flexible cantilever with 
a sharp tip, where the tip interacts with the sample during a measurement, ii) a laser that is focused 
on the cantilever and deflected onto a quartered photodiode and, iii) a scanner which facilitates the 
movement of cantilever and sample relative to each other in the x,y and, z directions.6

An AFM uses a cantilever with a very sharp tip to scan over a sample surface. As the tip approaches 
the surface, the close-range, attractive force between the surface and the tip causes the cantilever 
to deflect towards the surface. However, as the cantilever is brought even closer to the surface, such 
that the tip makes contact with it, increasingly repulsive force takes over and causes the cantilever 
to deflect away from the surface. A laser beam is used to detect cantilever deflections towards or
away from the surface. By reflecting an incident beam off the flat top of the cantilever, any 
cantilever deflection will cause slight changes in the direction of the reflected beam. A position-
sensitive photodiode can be used to track these changes. Thus, if an AFM tip passes over a raised 
surface feature, the resulting cantilever deflection (and the change in direction of reflected beam) 
is recorded by the photodiode. An AFM images the topography of a sample surface by scanning 
the cantilever over a region of interest. The raised and lowered features on the sample surface 
influence the deflection of the cantilever, and photodiode output voltage consequently. By using a 
feedback loop to control the height of the tip above the surface, thus maintaining constant laser 
position, the AFM can generate an accurate topographic map of the surface features.13
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FIG. 1-2. Illustration of AFM components. A micrometer-sized cantilever with sharp tip attached to it. Laser 
beam reflection from the top of the cantilever to a photodetector enables the AFM to measure local 
properties, such as height and friction with a probe. Figure is taken from 14.

 

Besides imaging the topography of a surface, AFM can also measure the adhesion (i.e., normal) 
force. In this context, forces that the tip feels before and after contact with the sample surface can 
be probed by recording the cantilever deflection as the tip approaches, contacts, and retracts from 
a surface, then plotting a force curve as a function of the approach-retract travel distance. Thus, this 
so-called force-distance curve records the adhesive and repulsive forces felt by the tip as it 
approaches and retracts from a point on the sample surface (see figure 1-3).15

FIG. 1-3. Schematic representing the force-distance curve taken using AFM tip. The AFM tip approaches 
the surface (A) till it snaps-in the surface due to the van der Waals interaction with sample (B). Then, the tip 
continues applying a constant and default force upon the surface leading to cantilever deflection (C). As pull-
off starts, the tip retracts while adhesive forces between sample and tip resist breaking the contact (D). These 



6

adhesive forces can be taken directly from the force-distance curve at the snap-off location (E) where tip 
breaks contact with sample. The tip withdraws and completely loses interaction with sample (F). Figure is 
taken from Ref. 15

AFM can also be used to measure the lateral force (i.e., friction) of a tip sliding on a substrate. 
While changes in the vertical deflection of the cantilever give topography and normal forces, 
variation of the lateral deflection generates the friction information between the tip and the sample. 
As shown in figure 1-4., during the scanning of the sample with the tip in both directions (often 
referred to trace and retrace), the cantilever twists in opposite directions, producing two 
photodetector output signals with opposite signs for each direction scanned. Subtracting the trace 
and retrace lateral signal gives the friction between the AFM tip and sample. This technique has 
been widely used for investigation of atomic-scale friction in several studies,9,16 18 some of which 
will be explained at the last part of this chapter.

FIG. 1-4. Concept of lateral force microscopy and friction measurements. (a) and (b) shows the effect of a 
feature in the surface (yellow region) with friction contrast on twisting of the cantilever in trace and retrace 
scanning directions. (c) The forward and reverse scan directions both show a change in friction over this 
feature; but the change is in the opposite direction (orange trace and green trace). (d) Subtracting the 
forward and reverse scans will represent the difference in the frictional response.

1.2.2 Molecular Dynamics Simulation

AFM experiments can reveal many new insights of tribological phenomena. However, AFM is not 
able to provide the atomistic detail information of the buried contact between the nanoscale tip and 
substrate and this limits the interpretation of observed phenomena. To fill this gap, complementary 
MD simulations have been introduced to provide a better understanding of the atomic-scale 
processes in the buried interface. MD simulation is a powerful modeling tool capable of capturing
the complex dynamics of phenomena at the interface. MD describes how positions, velocities, and 
orientations of molecules change over time, where atom trajectories are calculated by numerically
integrating coupled classical equations of motion s Second Law. Interatomic forces 
that enter these equations are typically from simplified mathematical expressions that give the 
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potential energy as a function of interatomic displacements. Numerical integration is performed to 
calculate particle velocities, and then each particle is moved through a distance equal to its 
calculated velocity multiplied by the simulation time step (see figure 1-5).

FIG. 1-5. Molecular dynamics simulation algorithm. The simulation starts by inputting the initial atomic 
positions as well as the interaction potential describing the interatomic energy/force of each pair of atoms. 
After calculating the total force atoms, acceleration and velocity of each atom can be calculated using the 

based on the obtained velocity. Figure taken from Ref. 19.

Molecular dynamics simulation has been employed to study all aspects of nanotribology including 
contact,20,21 adhesion,22,23 friction,24,25 and wear.26,27 The aim of these simulations was to mimic the 
AFM experimental setup as close as possible, to capture the tribological phenomena, and to provide 
atomistic insight into the fundamental mechanisms of the observed phenomena. 

Figure 1-6a illustrates a typical MD setup used for studying atomic scale friction and adhesion
consisting of a model tip with top part acting as rigid body, representing the apex of the AFM tip, 
and the sample. In order to keep the number of atoms at a minimum, the cantilever and much of 
the tip are not explicitly present but are taken into account by coupling the model tip to an 
interaction free particle (so-called virtual atom in figure 1-6a by a harmonic lateral spring
representing the cantilever. Usually, the bottommost atoms in the substrate are fixed and periodic 
boundary conditions (PBCs) are applied in lateral directions. The use of PBCs is considered as an 
approximation in MD simulation of atomic scale friction. In this case, the simulation box is 
surrounded by its replicas so that atoms that exit one side of the box remerge into the simulation 
through the opposite side of the simulation box. The strength of this approach is that it allows a 
finite number of atoms to model an infinite system.

A numerical thermostat is applied to the free and non-rigid atoms in the system to maintain 
temperature (NVT ensemble, i.e., constant number of atoms, volume and temperature). The number 
of atoms that can be modeled is limited, and so heat generated in the contact area that would be 
conducted away from the interface in the physical system must be removed numerically via the 
thermostat. During MD simulation, the tip first is brought in contact with the substrate and the 
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entire system is relaxed. Then, the AFM experiment is mimicked by applying a normal load on the 
tip (if there is any in experiment) and dragging the interaction free particle with the constant 
velocity. In the case of atomic scale friction test, the virtual atom moves laterally while the lateral 
forces on the interaction free particle are recorded. A typical lateral force output of an MD 
simulation is plotted in figure 1-6b. The adhesion force in the case of pull-off test can be obtained 
by recording the normal force on the tip as it is retracted from the substrate.

FIG. 1-6. (a) A representative setup of MD simulation employed in studying the atomic scale friction and 
adhesion. (b) Typical output of the lateral force (trace (blue) and retrace (red)) obtained from MD simulation 
of nanofriction.

1.3 Tribology of Two-dimensional Solid Lubricants

 

Liquid lubricants are typically what comes to mind when one thinks of lubrication in an industrial 
setting.3 It is indeed true that oils and greases are conventionally employed in many mechanical 
systems for lubrication purposes. Liquid lubrication provide robust reduction in friction and wear 
rate, are easily replenished and can be applied to a variety of surfaces in a straightforward manner. 
However, certain operating conditions strictly require the use of solid lubricants instead4. Solid 
lubricants are materials in the form of powder or thin film that, despite being in solid phase, can 
reduce friction and wear. The most common examples involve aerospace/space applications, where 
low temperatures preclude the use of liquid lubricants that simply become too viscous for effective 
lubrication or may even solidify.5,28 In fact, most of the technical progress involving solid lubricants 
was achieved in the second half of the 20th century, motivated by the advent of the space age. Other 
examples of applications for solid lubricants involve dry machining operations, where the use of 
solid lubricants on machine tools (mainly for wear reduction purposes) may significantly cut down 
on the cost of using large amounts of liquid lubricants, and also the food processing and textile 
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industries, where contamination by liquid lubricants may pose health hazards.29 In general, solid 
lubricants are suitable for many applications that operate in conditions too extreme for liquid 
lubrication.

At the nanoscale, solid lubricants have layered structure and can be categorized as nanomaterials.
Generally, nanomaterials can be classified by the number of their nanoscopic dimensions (D) as:
0D (e.g., nanoparticles and Fullerene (see figure 1-7)), 1D (e.g., nanotubes and nanowires), or 2D 
(e.g., very thin sheet of materials). 

 
FIG. 1-7. Dimensionality spectrum of carbon-based materials. (a) Top: atomistic structure of 0D Fullerene. 
Bottom: HRTEM image of Fullerene (inside red circle) trapped inside the cavity of a multiwall carbon 
nanotube. (b) Top: atomic structure of carbon nanotube which is a 1D structure. Bottom: STM image of 
single wall carbon nanotube. (c) Top: graphene monolayer structure. Bottom: Photograph (in normal white 
light) of multilayer graphene flake on SiO2/Si substrate. (d) Top: Graphite as bulk form of graphene. Bottom:
natural graphite. Figure is taken from Ref. 30.

2D materials such as graphene and molybdenum disulfide (MoS2) are layered materials having 
atomic- to nano-scale thickness with unique mechanical, thermal, and electronic properties.
Mechanically, these materials have extremely high in-plane stiffness combined with low bending 
rigidity and very low interlayer interaction governed by van der Waals forces.31,32 This unique 
combination of mechanical properties enables easy shearing of lamellae (leading to very low 
friction and good anti-wear properties) and obtaining a defect free 2D crystal monolayer using 
simple mechanical exfoliation with a scotch tape.33 Further, these materials offer different
electronic properties partially due to the presence or absence of natural band gap (graphene vs. 
transition metal dichalcogenides (TMDs)), and due to the variety of possible combinations of 
elements and phases, TMDs can be semiconductors (such as MoS2, WSe2), metals (such as 1T-
MoTe2) or superconductors (such as NbS2, NbSe2).34,35 These tunable mechanical and electronic 
properties, in addition to impressive tribological performance, make them promising material 
candidates for a wide variety of applications ranging from digital electronics to biosensing to 
energy harvesting and tribology. For tribological applications, these materials have been used as 
pure solid lubricants,36,37 constituent of composite coating,38,39 and additives in liquid lubricants40,41

to reduce friction, improve wear-prevention, and adhesion reduction.42 Among solid lubricants 
currently in use, graphene and MoS2 are the most widely used and well-known.
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s mechanical strength; its in-plane 
.43,44 Additionally, 

graphene has been shown to be impermeable with respect to different liquids45 and gases,44 an 
important feature for corrosion/oxidation-resistant coatings. Graphene and graphite also exhibit 
ultra-low friction, as measured between an AFM tip and a graphene or graphite substrate,18,24,37 or 
at graphene-graphene and graphite-graphite interfaces.46 48 Such studies have explored the 
dependence of friction on the number of graphene layers, chemical modification, 
environmental/operating conditions, and commensurability. These have revealed that friction 
decreases with increasing numbers of graphene layers18 and that this layer dependence is affected 
by a variety of factors, including out-of-plane stiffness18 and the structure of the interface,49 51 as 
well as graphene-substrate adhesion52,53. Graphene properties can be tuned with chemical 
modification, e.g., fluorination,54 56 hydrogenation,54 and oxidation.54 These modifications lead to 
significant friction enhancement,55,56 attributed to increased corrugation of the potential energy 
surface55 as well as an increase in the atomic-scale roughness.57 Graphene and graphite are also 
sensitive to environmental and operating conditions: friction varies with humidity 
nonmonotonically,58,59 increases with decreasing temperature,60,61 and increases with increasing 
speed.61,62 Lastly, the orientation of graphene relative to the scan direction of an AFM tip or of 
adjacent graphene sheets has a significant effect on friction.63 The lowest friction possible is 
achieved with incommensurate structures, leading to the observation of superlubricity64 66 for 
graphene sliding on graphene/graphite47,67 and on gold.68

Like graphene, MoS2 has anti-wear properties attributed in part to high effective in-
modulus (0.33 TPa in the case of freely suspended MoS2),69 and low intrinsic friction response. 
Friction of various materials sliding against MoS2 has been studied using AFM, and it has been 
shown that mechanically-exfoliated MoS2 exhibits layer-dependent friction similar to graphene18.
Like with graphene and graphite, the tribological behavior of MoS2 is also sensitive to the 
environment and testing conditions. In atmospheric conditions, adsorption of chemical compounds 
(H2O or O2) can disrupt the easy shearing properties of the lamellae, which increases friction.70

Also, grain boundaries of polycrystalline MoS2 can cause an oscillatory layer- dependent friction 
due to the absence and presence of polar grain boundaries with even and odd numbers of layers, 
respectively.71 In addition to environmental factors, temperatures above 350K can lead to a 
substantial reduction in friction72 and MoS2 friction increases with increasing speed.73 Lastly, MoS2

frictional anisotropy has been measured with a periodicity of 60°,74 76 resulting from linearly 
aligned structures along the crystallographic axis of the honeycomb lattice structure.76 This 
anisotropy has led to recent observations of superlubricity in MoS2-MoS2

77 and MoS2-Sb78 contacts. 

Generally, in the case of 2D materials, having the covalently bonded, dangling-bond-free lattice 
and weak van der Walls interlayer interaction, allow the integration of dissimilar 2D materials 
without the constraints of crystal lattice matching. This provides flexibility in assembling 2D 
materials together like in a LEGO game to fabricate a wide range of van der Waals 
heterostructures, thereby tuning the interface conditions and obtaining desired qualities.79 Recently, 
heterostructures of MoS2 and graphene have been developed, and their macroscale tribological 
behavior characterized. A ball-on-disk friction test showed that reduced graphene oxide 
(RGO)/MoS2 heterostructures, used as oil additives and also dispersed in ethanol, decreased friction 
and wear compared to the lubricant with either RGO or MoS2 alone.80 82 This improvement was 
attributed to the lattice mismatch between RGO and MoS2, as well as the contribution of adsorbed 
RGO/MoS2 structures to passivate the sliding interfaces, thereby reducing the wear rate.82 At atomic 
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scale, an analytical study of the interlayer friction of a graphene/MoS2 heterostructure revealed that 
the frictional energy for sliding graphene against MoS2 was an order of magnitude smaller than that 
of homogenous bilayers.83 This observation is in agreement with a combined Raman-based 
experimental/first-principles study of superlubricity at atomic scale in graphene/MoS2

heterostructures that showed the heterostructure had a lower interlayer lateral force constant than 
homogeneous bilayers.84

The above summary shows that 2D materials, especially graphene and MoS2, enable extremely low 
friction and that recent developments in heterostructure technology may enable further 
improvement. Besides intrinsic low friction and good anti-wear properties of 2D materials, they 
can contribute to achieving a regime of ultra- , which will be 
reviewed in the next section.

1.5 Birth of Superlubricity

Although there has been significant effort throughout history to reduce friction through improved 
lubricants, engineered surfaces, and optimized mechanical systems, the complex nature of the 
phenomenon has forced most of this work to be of an empirical nature. This is primarily due to the 
fact that friction is a complicated function of interface structure and chemistry, as well as 
environmental factors including temperature and humidity. Therefore, scientists have yet to 
develop a robust theoretical framework that can predict the frictional behavior of arbitrary sliding
interfaces from first principles. Despite the difficulties associated with the formation of such a 
theoretical framework, in the past few decades, researchers have found novel ways to significantly 
reduce friction under certain conditions.

Hirano85,86(and partially, Sokoloff87) opened up a new avenue of thinking in friction 
research by carefully considering the details of the phenomenon on the atomic scale. In particular, 
they theoretically predicted that there exists a physical state where friction can nearly vanish if the 
sliding interface consists of surfaces that are atomically flat, rigid, structurally incommensurate 
(i.e., non-matching), molecularly clean and weakly interacting. The mechanism underlying this 
state of ultra-low friction was that the lateral force experienced by almost every atom at the sliding 
interface would be systematically canceled out by the lateral force in the opposite direction 
associated with another atom, thereby resulting in negligible net friction force. This regime of ultra-
low friction was called superlubricity by Hirano.85 However, to avoid potentially confusing 
analogies with the underlying physical principles of phenomena such as superconductivity and 
superfluidity, Müser later proposed the term structural lubricity (or structural superlubricity), 
highlighting the fact that the state of ultra-low friction in the case of incommensurate surfaces is 
mainly caused by a structural mismatch. As will be discussed in this chapter, there are other 
mechanisms (i.e., other than structural such as thermolubricity) by which ultra-low friction can be 
achieved between surfaces at various length scales. As such, the term superlubricity is used here to 
describe any state of ultra-low friction (where, by widely accepted convention, the upper limit for 
the friction coefficient is taken to be 0.016), whereas structural superlubricity specifically refers to 
the scenario of structurally incommensurate surfaces introduced above.
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Among the various methods proposed for achieving ultra-low friction, structural superlubricity is 
considered to be one of the most promising. The scientific excitement surrounding structural 
superlubricity is in part due to the fact that the underlying physical principle is rather 
straightforward: Sliding at an interface formed by atomically flat, molecularly clean, weakly 
interacting, rigid surfaces with different lattice structures and/or incommensurate orientation 
should occur with vanishing friction. In other words, superlubric sliding at such interfaces is a direct 
result of their inherent geometry, which eliminates the need for exotic lubricants and/or elaborate 
in-situ methods to achieve a state of ultra-low friction. While the mechanics underlying the 
expectation of structural superlubricity at such well-defined interfaces are explained in a number 
of detailed articles,85,86,88,89 the main argument involves the fact that the lattice mismatch at 
structurally incommensurate interfaces causes the lateral force experienced by almost every atom 
in the interface to be negated by a corresponding atom, leading to a nearly vanishing net friction 
force. Conceptually, the effect of incommensurability involves the reduction of energy barriers 
against sliding. Structural superlubricity is fundamentally characterized by friction that depends 
sub-linearly on contact area (for details on how the shape of the contact determines the scaling of 
friction with contact area, please see the discussion on nano-island manipulation below). The sub-
linear dependence of friction force on contact area constitutes a definitive sign of structural 
superlubricity, and can be used instead of the more general definition of superlubricity that signifies 
friction coefficients lower than 0.01.

The theoretical work by Hirano and Shinjo predicted the occurrence of structural superlubricity as 
early as 1990,86 followed by significant hints of the phenomenon being captured in experiments 
performed using the surface force apparatus (SFA) at interfaces formed by mica90,91 and 
molybdenum disulfide (MoS2).92 However, the first clear, quantitative experimental evidence of 
structural superlubricity came in the mid- et al. showed using a custom 
atomic force microscope93 operating under dry nitrogen that the friction force between a graphite 
flake and an HOPG substrate depended strongly on the relative, in-plane orientation of the flake 
relative to the substrate.66,94 In particular, considerable friction was measured for relative 
orientations of the surfaces at multiples of about 60o, while the friction force measured at 
orientations even slightly different than these specific angles essentially vanished (figure 1-7). The 
results were explained within the framework of structural superlubricity: The specific orientations 
separated by 60o corresponded to commensurate structural configurations between the two surfaces 
(based on the six-fold symmetric, honeycomb structure of graphite), thus resulting in enhanced 
corrugations in the potential energy landscape and, as such, increased friction values. Other relative 
orientations resulted in an atomic-scale structural mismatch between the two surfaces, thus leading 
to a dramatic reduction of the potential energy corrugations and sliding with ultra-low friction. This 
trend was reproduced using atomistic simulations and simple 1-D models, which proved that the 
concept of canceling out of lateral forces on the atomic scale could explain the observed behavior.
95 97 It should be pointed out that later studies determined that the structurally superlubric state in 
the original set of experiments cannot be maintained over extended periods of time due to a torque-
induced rearrangement of the interface to commensurate configurations.98 Additionally, the 
stability of structural superlubricity for this particular material system has been theoretically studied 
as a function of sliding speed, sliding direction, temperature and load.99 Subsequently, experimental 
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work was performed to investigate the robustness of structural superlubricity against sliding 
distance: Feng et al. used scanning tunneling microscopy with high resolution at cryogenic 
temperatures to observe individual graphene nano-flakes on a graphene substrate transitioning 
between commensurate configurations and determined that sliding in the incommensurate state 
occurs across larger distances at lower temperatures.47 Finally, a reversible switch from superlubric 
sliding to a high friction state was recorded for nanoscale graphene flakes sliding on HOPG with 
increasing normal force, and attributed to out-of-plane deformation of the carbon atoms at the edge 
of the flake.100

FIG. 1-7. Friction force experienced by a graphite flake on an HOPG substrate, as a function of relative 
orientation designated by rotation angles around the axis normal to the substrate surface. Friction peaks 
around 0o and 60o correspond to commensurate configurations, while ultra-low friction values at other 
rotation angles correspond to structurally incommensurate orientations of the flake relative to the substrate, 
providing an elegant demonstration of the idea of structural superlubricity. Figure is taken from Ref. 66.

For several years following Dienwiebel et al.
little experimental evidence of structural superlubricity was published. The associated difficulties 
were two-fold: (i) the fact that the observation of structural superlubricity requires an interface 
formed by atomically flat surfaces, which severely limits the available options for materials, and 
(ii) the requirement of molecular cleanliness at the interface,96 which was, for a long time, thought 
to limit experiments to  ultra-high vacuum (UHV) or at least, dry nitrogen atmosphere. Experiments 
performed by Liu et al. in 2012 demonstrated an interesting approach to overcoming these two 
challenges.46 Specifically, a micro-manipulator was used to laterally displace/shear graphite flakes 
from lithographically fabricated, micrometer-scale mesas on an HOPG substrate, whereby rapid 
lateral retraction of the flake to its original position on the mesa was observed (via scanning electron 
microscopy (SEM) under high vacuum and optical microscopy under ambient conditions) upon 
releasing the micro- figure 1-8). As the lateral forces 
associated with this self-retraction motion101 due to a tendency to minimize free surface energy can 
be estimated with well-known parameters,46 they set an upper limit for the friction encountered by 
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the graphite flake as it slides back to its original position. The results (in comparison with those 
obtained by Dienwiebel et al.66,94) suggest that the friction forces are well within the superlubric 
regime, signified by measured shear stresses (0.02 to 0.04 MPa), which are about three orders of 
magnitude lower than the shear strength measured between commensurate basal planes of HOPG 
(0.1 GPa). Moreover, it is observed that the self-retraction motion is strongly suppressed (i.e., the 
flakes get stuck) when the sheared graphite flake is rotated against the mesa by specific angles at 
multiples of 60o, suggesting the structural nature of the observed superlubricity, in accordance with 
the six-fold symmetry of HOPG. A multi-scale model of this system that integrated density 
functional theory (DFT) calculations of the energetics driving flake retraction and molecular-
dynamics simulations capturing the dynamic response of laterally-offset surfaces demonstrated that 
nanoscale roughness can affect self-retraction motion.102 Further studies on this peculiar 
experimental system with a high speed optical setup measured sliding speeds up to 25 m/s during 
self-retraction, demonstrating the robustness of superlubricity at high speeds.103 In the same work, 
a certain degree of temperature dependence was identified in the observed superlubric sliding. The 
fact that structural superlubricity is preserved under ambient conditions has been attributed to a
nano-eraser effect, whereby the edge of the retracting flake experiences out-of-plane deformation 
towards the underlying mesa during sliding, thus pushing contaminant molecules out of the way 
and preserving a molecularly clean interface.104,105

Studies performed by Koren et al. on a similar material system were able to quantify friction forces 
between graphite flakes and mesas, and confirmed their structurally superlubric nature.106 Further 
experiments revealed that superlubricity can be observed for graphite flake junctions assembled 
under ambient conditions.107 Moreover, in contrast to results obtained on nanoscale graphene flakes 
sliding on HOPG, the structural superlubricity of micrometer-scale graphite flakes does not appear 
to breakdown with an increase in normal force, up to pressures of about 1.70 MPa.108 Although 
these experiments were performed on HOPG, model-based studies have shown that self-retraction 
behavior can be expected for other 2D materials (including MoS2 and hexagonal boron nitride (h-
BN)109), followed by experiments quantitatively confirming superlubric behavior at homogenous 
junctions formed by MoS2 sheets under high vacuum.110 Additionally, following theoretical 
predictions,111 heterogeneous junctions of graphite and h-BN have been very recently found to 
exhibit micro-scale superlubricity, under ambient conditions and at sustained normal loads up to 
100 .112

Overall, these studies demonstrated that a superlubric state attributable to structural effects can be 
observed under ambient conditions and at the micrometer scale (as opposed to the typically 
investigated nanometer scale). Further, investigations performed on double-walled carbon 
nanotubes verified that structural superlubricity can be observed even at the macroscopic scale.113

In particular, friction forces recorded during the telescopic extension of the inner tube of a double-
walled carbon nanotube were found to be only in the range of a few nN (under ambient conditions 
and over pull-out lengths as long as a centimeter), which the authors attributed to the defect-free 
structure of the nanotubes and the geometric mismatch between the atomic structures of the inner 
and the outer tubes.
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FIG. 1-8. (a) Schematic illustrations of a graphite mesa being sheared by the the tip of a micro-manipulator, 
and the subsequent self-retraction motion when the sheared flake is released. L is the side length of the mesa, 
while x is the distance traveled by the sheared flake. These parameters are used to calculate the force with 
which the sheared flake retracts back to its original position to minimize free surface energy. (b) SEM images 
acquired during the experiments, corresponding to the schematic illustrations above. Figure is taken from 
Ref. 46.

Noncontact atomic force microscopy (NC-AFM) enables the study of structural superlubricity with 
very high spatial resolution, due to the atomic-scale imaging and force spectroscopy capabilities 
that it provides, combined with the fact that it can be used to laterally manipulate individual atoms 
and molecules on surfaces. As such, building on the methods established for molecular 
manipulation and related force measurements via NC-AFM,114 Kawai et al. successfully measured 
structurally superlubric sliding of graphene nanoribbons on the crystalline Au (111) surface under 
UHV conditions and at cryogenic temperatures.115 In particular, they showed (i) that the static 
friction force required to initiate sliding of graphene nanoribbons on Au (111) is below 100 pN for 
nanoribbons up to 22 nm in length (even lower than the static friction observed for, e.g., single 
atoms of Co on Cu (111))114 and (ii) that the static friction force per unit length drops with 
increasing nanoribbon length, essentially confirming that structurally superlubric sliding is taking 
place. To study further the atomic-scale dynamics of graphene nanoribbons sliding on Au (111), 
the authors attached the tip of their AFM probe to the end of individual nanoribbons and then 
dragged them laterally on the Au (111) surface at fixed tip-sample distances (figure 1-9(a,b)). The 
resonance frequency shifts experienced by the tuning fork in the NC-AFM system as a function of 
lateral sliding distance reveal a stick-slip type motion of the nanoribbon as it slides on the Au (111) 
surface. The measured frequency shift is periodically modulated in steps of 0.28 nm (figure 1-9c), 
a characteristic length arising from a particular configuration of the nanoribbon with respect to the 
underlying metal substrate. These experiments also indicate that local surface structure can affect 
superlubric sliding; specifically, the herringbone reconstruction of the Au (111) surface affects 
measured frequency shifts. Simulations complementing the experiments discussed here were 
performed in separate studies, suggesting that the short, 1D edges of the nanoribbons and not the 
2D bulk are the main contributors to the observed stick-slip friction;116 a somewhat related idea was 
discussed earlier for physisorbed islands sliding on crystalline substrates.117
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FIG. 1-9. (a) Illustration of an individual graphene nanoribbon being manipulated back and forth on an Au 
(111) substrate by the AFM tip attached at its end, at two different tip-sample distances of Z1 and Z2. (b)
Scanning tunneling microscopy images of an area on the sample surface, before and after manipulation of a 
6.28 nm long nanoribbon, demonstrating the ribbon is lifted off the surface at the end of the process. (c)
Resonance frequency shifts ( of the AFM
a tip-sample distance of 2 nm. The high frequency oscillations correspond to the stick-slip motion of the 
nanoribbon while the slight modulation of the signal toward the end of the forward scan is due to the 
herringbone reconstruction of Au (111). Figure is taken from Ref. 115.

While NC-AFM has been useful for the study of structural superlubricity, its manipulation 
capabilities are essentially limited to individual atoms and molecules and friction forces are not 
measured directly, but rather extracted from frequency shifts via analytical methods with certain 
assumptions. On the other hand, developing a comprehensive understanding of the main physical 
parameters that influence structurally superlubric sliding requires an experimental approach that 
allows the direct measurement of friction forces at sliding interfaces with varying size, shape and 
chemistry and under varying experimental conditions, including but not limited to temperature and 
the presence/absence of vacuum. Within this context, the method of nano-manipulation via 
conventional, contact-mode AFM has been employed for more than a decade with great success to 
study frictional phenomena at interfaces formed by metallic nano-islands on atomically smooth 
substrates such as HOPG.118 121 Specifically, Dietzel et al. demonstrated that both crystalline gold 
and amorphous antimony islands slide in a structurally superlubric fashion on HOPG under UHV, 
and that the friction forces scale sub-linearly with increasing contact area according to a power-
law.122 The substantial variety in scaling power (0.33 ± 0.15) experienced by individual gold islands 
was attributed to differences in the shape of the islands, where an island with perfectly straight 
edges would experience either a scaling power of 0 (in cases when it is in an incommensurate 
registry with the substrate) or 0.5 (in cases when it is in a pseudo-commensurate registry with the 
substrate which is expected to be a rare occurrence), and a perfectly round island would exhibit 
a scaling power of 0.25.122,123 As the sharpness of island circumferences varies greatly in the 
experiments, so do the observed scaling powers, although all fall within the ultra-low friction 
regime imposed by structural superlubricity (0 < ). Following the 2013 paper by Dietzel et 
al., Cihan et al. showed in 2016 that the occurrence of structural superlubricity at the gold HOPG 
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interface is not limited to the UHV environment, but can also be observed under ambient conditions 
in a consistent fashion (figure 1-10).120 This was the first quantitative confirmation of structural 
superlubricity under ambient conditions at an interface that did not involve carbon-based surfaces 
only46 and as such, paved the way toward robust, intrinsic lubrication schemes in nano- and micro-
scale electro-mechanical systems with moving components. Based on ab initio simulations 
employing DFT, the remarkable conservation of structural superlubricity under ambient conditions 
was attributed to steep energy barriers encountered by contaminant molecules trying to penetrate 
the gold HOPG interface, and the resulting preservation of molecular cleanliness.120 The fact that
gold does not oxidize under ambient conditions is critical in this process, as the crystalline, 
atomically flat and tight (separations on the order of 3 to 3.5 Å) interface between the islands and 
the HOPG substrate is kept intact over extended periods of time (at least several months), 
essentially acting as a microscopic hermetic seal. Further experiments by the same group have 
shown that structural superlubricity under ambient conditions is not limited to gold islands, but can 
be extended to other noble metals such as platinum.119 Moreover, these studies demonstrated the 
independence of the scaling factor relating friction to contact area from the chemical identity of the 
atoms forming the interface. While structural superlubricity at interfaces formed by different 
materials is now no longer restricted to UHV conditions, another limitation remains with respect to 
contact size and elasticity. Specifically, a number of theoretical studies involving elastic contacts 
have shown that structural superlubricity is expected to break down with increasing contact size, 
due to an Aubry-type transition124 associated with the nucleation of local, structurally 
commensurate regions at the interface caused by atomic-scale elastic deformations.125,126

Experimental confirmation of some of these predictions was recently published.78,127
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FIG. 1-10. (a) Friction forces recorded during nano-manipulation of gold islands on HOPG under ambient 
conditions, as a function of contact area. The friction is remarkably low, remaining below 1 nN for the great 
majority of manipulations, even for contact areas that approach the microscopic range. (b) Normalized 
friction forces plotted against number of gold atoms at the sliding interface. The values fall within the range 
of scaling powers ( ) relevant for structural superlubricity (0 to 0.5) and exhibit a mean scaling power of 
0.16. The scatter is due to the variability in the circumferential shape of the islands. Figure is taken from
Ref. 120.

The studies discussed above are certainly not the only observations of ultra-low friction in the 
literature that have been attributed to structural superlubricity. In a work published in 2015, 
researchers used a combination of carbon-based materials to achieve superlubric sliding at 
macroscopic length scales (with friction coefficients down to 0.004) and under dry nitrogen, 
whereby a diamond-like-carbon (DLC) surface was slid against a SiO2 substrate covered with 
patches of few-layer graphene and decorated with nanometer-sized diamond particles (i.e., 
nanodiamonds).128 With help from electron microscopy and molecular dynamics simulations, the 
mechanism behind the observed superlubricity was found to be the formation of nano-scrolls
(consisting of graphene patches wrapping around nanodiamonds), which act as miniature ball 
bearings between the sliding surfaces (figure 1-11). The researchers were subsequently able to 
achieve similar levels of superlubricity by using MoS2 flakes instead of graphene, whereby sulfur 
atoms in MoS2 facilitated the amorphization of nanodiamonds and the in-situ formation of onion-
like-carbon particles during sliding, which results in superlubric sliding.129 In a recent study, it was 
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shown that a composite film of amorphous carbon and onion-like-carbon particles also enables 
macroscale superlubricity.130 Moreover, superlubric sliding was achieved between a graphene-
coated silica (SiO2) micro-sphere of 8 hene as well as hexagonal boron nitride 
surfaces, at relatively high contact pressures of 1 GPa and up to relative humidity levels of 51%.
131 These experiments were complemented by further work in which it was shown that 
superlubricity can be obtained between an initially bare SiO2 surface and graphite by tribo-induced 
transfer of graphene flakes onto the SiO2.132 It should be mentioned that, while the authors of the 
works mentioned in this paragraph all attribute the observed superlubricity in their experiments to 
structural incommensurability between the contacting surfaces, direct, experimental confirmation 
of this hypothesis in accordance with established scaling laws is not possible, in contrast with, e.g., 
the nano-manipulation experiments discussed earlier.119,120

FIG. 1-11. (a) Illustration of the material system consisting of a DLC-coated slider on a SiO2 substrate 
decorated with graphene patches and nanodiamonds. (b) Friction coefficient as a function of number of 
cycles in sliding experiments performed on substrates covered with nanodiamonds only (brown), graphene 
patches only (green) or both graphene patches and nanodiamonds (blue). The inset highlights the low friction 
coefficient associated with superlubric behavior observed for the latter case. Figure is taken from Ref. 128.
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1.6 Summary and Thesis Outline

Overall, it is certainly an exciting time for researchers from various fields working on ultra-low 
friction. The rate of research progress is accelerating rapidly and the physical limitations that were 
once thought to confine superlubric behavior to extreme conditions (such as a pristine vacuum 
environment and the nanometer scale) are now being overcome. It is projected that further 
fundamental scientific discovery will ultimately enable technological advances, initially for 
mechanical systems on the nano- and micrometer scale, and then potentially on conventional
engineering length scales. Within this context, the application of superlubricity toward mechanical 
systems employed in space exploration (where energy is at a premium and mechanical failure due 
to friction-induced issues can be critical)133 emerges as a promising niche area. Once the promise 
of superlubricity is realized for such specialty cases, it is likely that the successes will lead to 
research focused on extending the application range of technological developments, ultimately 
enabling a sustainable state of ultra-low friction and transformative improvements in the efficiency 
of mechanical systems.

To contribute to this high-level goal, in this dissertation, we aim at applying atomistic simulations 
to understand the fundamental mechanisms underlying tribological phenomena at nanoscale 
interfaces. The research focuses on 2D materials, including graphene and MoS2. These are layered 
materials having atomic- to nano-scale thickness that play important roles in a variety of 
applications, one of which is as a solid lubricant that minimizes friction and wear.

In Chapters 2 and 3, we discuss results of studies aimed at understanding the friction mechanisms 
of 2D materials as solid lubricants under various conditions. Specifically, in Chapter 2, we make
direct comparisons between nanoscale friction on graphene and MoS2 and reveal the origin of the 
friction contrast among these materials. Chapter 3 describes a study of the role of contact quality 
in friction angular direction dependence (i.e., friction anisotropy) on MoS2. Chapter 4 contains the 
results of an investigation of the effect of substituting chalcogens from S to Se to Te on atomic 
scale friction of materials in the TMD family. Chapter 5 reports our efforts to combine conductive 
AFM (CAFM) and MD simulation approach which enabled us to identify correlations between 
electrical current and the stick-slip frictional behavior. Finally, Chapter 6 concludes with a 
summary of the results and key findings, suggestions for future research, and a perspective on the 
broader impact of this research.
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Chapter 2: Graphene vs. MoS2: Which One 
Has Lower Friction?
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2.1 Introduction

2D materials offer unique and intriguing possibilities for structural and mechanical applications 
thanks to their extreme mechanical properties, including large in-plane stiffness and low bending 
rigidity.31 Further, their weak interlayer van der Waals interactions enable easy lamellar shear and 
intrinsically low friction and adhesion.134 These materials thus have a unique combination of 
properties that enable them to exhibit ultra-low friction134 and wear.135 138 These features make 2D 
materials attractive as ultrathin solid-lubricant coatings and as additives for liquid
lubricants.18,37,128,134,139,140 For such applications, two of the most promising and frequently 
researched 2D materials are graphene and MoS2.32

Previous research (briefly reviewed in chapter 1) has shown that both graphene and MoS2 can 
exhibit low friction and wear, but the behavior is sensitive to various conditions. In some cases, 
both materials exhibit similar trends (e.g., friction decreasing as temperature increases and 
orientation dependence) and in others different trends (e.g., environment dependence). Two recent 
studies have compared nanoscale friction on monolayer graphene and MoS2 on SiO2 substrates. In 
one study, a silver nanowire had lower friction when sliding on MoS2 than for graphene.141 In 
another study, friction measured with a Si AFM tip showed that the magnitude of friction force was 
lower on MoS2, but friction increased with normal force less strongly on graphene.142 In the former 
study the difference was attributed to adhesion, but the latter study suggested puckering as the 
origin of the friction contrast. Importantly, in these studies, friction was recorded on the two 
materials in separate measurements, i.e., the experiments were performed sequentially.  

To summarize, studies to date have demonstrated that both graphene and MoS2 can exhibit 
extremely low friction, and recent developments in heterostructure synthesis and fabrication may 
enable further improvements. However, all previous nanoscale friction measurements on graphene, 
MoS2, and graphene/MoS2 heterostructures were performed only on one of those materials at a 
time, whereby the probe (e.g., an AFM tip) was slid against one material for some time period, then 
a different material. Therefore, the results could be affected by differences in parameters from 
experiment to experiment (e.g., tip size, morphology, and surface chemistry; sample preparation 
method and thus substrate surface chemistry; and environmental conditions, like humidity). The 
possibility of a significant change in the shape and/or the surface chemistry of the tip during an 
experiment is a particularly difficult challenge to address. While sequentially alternating from one 
sample to the other repeatedly is an effective approach, a more reliable approach is to directly 
compare the different substrate materials within a single AFM line scan. To accomplish this, here 
we produce graphene and MoS2 monolayers on a single Si/SiO2 substrate, establishing three
surfaces: graphene on SiO2, MoS2 on SiO2, and a heterostructure of MoS2 on graphene on SiO2, all 
accessible within the scan range of the AFM. Friction on these three surfaces is characterized using 
AFM and also by molecular dynamics (MD) simulations, complemented by density-functional 
theory (DFT) calculations of surface energies. The approach enables, for the first time, direct 
comparison between friction on graphene, MoS2, and a graphene/MoS2 heterostructure.
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2.2 Methods

Experiment: Experimental meas
Nanotribology Lab at University of Pennsylvania. Briefly, A Si/SiO2 sample with supported 
graphene and MoS2 monolayers and graphene/MoS2 heterostructures all simultaneously present 
was prepared based on the method discussed in the methods section. Optical images of the samples 
are shown in figures 2-1a and 2-1b. Atomic scale friction was measured using an Asylum MFP-3D 
AFM in contact mode with a diamond like carbon (DLC) coated silicon tip. The measurements 

environment with RH ~3%. A schematic of the experiment is shown in Figure 1c. The slow scan 
direction was disabled so the same line was continually scanned as the normal force was varied 
from 25 nN to almost -5 nN, with the negative value resulting from sliding in the adhesive regime. 
The load range corresponds to estimated normal pressures from 3.62 to 1.90 GPa calculated using 
the continuum mechanics-based Derjaguin-Müller-Toporov (DMT)143 model, which provides an 
approximation of the pressure in the absence of a specific model for 2D materials.

FIG. 2-1. (a), (b) Optical microscope images of the samples containing graphene, the graphene/MoS2

heterostructure, and MoS2 on Si/SiO2. (c) Schematic of the AFM experiment and (d) snapshot of the 
corresponding MD simulation. Optical microscope images are acquired from Johnsons group at University 
of Pennsylvania.
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MD Simulation: The MD model consisted of a graphene layer and an MoS2 layer supported 
partially by the silicon substrate and partially by the graphene (see figure 2-1d). To incorporate the 
compliance of the AFM cantilever, we coupled the model tip (2 nm radius) to an interaction-free
particle (virtual atom in figure 2-1d) via a harmonic spring (stiffness of 1.6 N/m) representing the 
cantilever.144 The substrate and the atoms at one end of the graphene and MoS2 sheets were fixed 
in place and the tip was treated as a rigid body. The potentials used for interactions within each 
material were AIREBO for graphene145 and REBO146 for MoS2. A Lennard Jones 6 12 potential 
was employed to describe all interactions between the materials. Parameters were chosen from 
literature (C-C,147 Mo-Mo,146 S-S,146 Si-Si,148 O-O149) and were combined using the Lorentz-
Berthelot mixing rule.150,151 Parameters calculated using the mixing rule are reported in table 2-1.

ant number of atoms, volume and 
temperature) ensemble using a Nosé Hoover thermostat152 (excluding the direction of sliding from 
the temperature calculation), consistent with previous simulations of atomic friction.153 155 The 
simulations were performed with the LAMMPS156 code and the atomic configurations were imaged 
using OVITO.157 During a simulation, the tip was first brought in contact with the substrate and the 

than 
0.05 Å. Then, friction tests were performed by displacing the virtual atom laterally with a constant 

orders of magnitude larger than that in the experiments due to the fs-scale time step in the 
simulations. While the speed gap between simulations and experiments can be addressed using 
simulations with parallelization in time,25 that approach was not viable here since the large model 
size required the available computational resources be used for spatial parallelization. Further, it 
has been shown that the same friction trends can be obtained using AFM and MD with very 
different sliding speeds.24,58 We therefore used this approach here. During each sliding simulation, 
the lateral force on the virtual atom was recorded. The lateral force exhibited stick-slip behavior in 
all cases and friction was calculated as the average of the peak lateral forces, i.e. static friction.158

Table. 2-1. Cross-element LJ parameters used in the MD simulations

Pair

C-Si 3.39 8.6

C-O 3.21 4.36

Si-Mo 3.79 4.22

O-Mo 3.61 2.14

O-S 3.08 13.7

C-Mo 3.8 1.39

C-S 3.22 7.53
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DFT calculation: Density-functional theory (DFT) calculations were performed 
lab at Dalhousie University. The calculations modeled the corrugation of the potential energy 
surface (PES) for methane sliding over graphene and MoS2 bilayers (figure 2-2a,b) and to calculate 
adhesion energies. Briefly, to generate the sliding PES, a single methane molecule was used to 
represent the AFM tip, similar to previous work.159 While this does not at all match the dimensions 
of the tips used in the MD simulations and experiments, the DFT calculations are limited to model 
tips of molecular dimensions. The resulting barriers should represent an upper bound to the 
corrugation of the PES, since incommensurability resulting from larger tips will tend to reduce this 
corrugation. Adsorption of the model methane tip on the surface was considered in two different 
configurations, shown in figure 2-2c,d. The methane was adsorbed on the equilibrium geometries 
of the graphene or MoS2 bilayers, using 3x3 supercells to prevent methane-methane self-
interactions. The horizontal coordinates of the methane molecule on the surface and the atomic 
positions of the graphene and MoS2 layers were kept fixed, while the vertical position of methane 
molecule was allowed to relax. A 6x6 uniform sampling of methane positions was used to explore 
the two-dimensional sliding PES. In addition, calculations of methane sliding along the long 
diagonal of the hexagonal unit cell (figure 2-2) were carried out for both bilayers. These sliding-
energy barriers have been shown to control friction in the low-temperature limit, according to the 
PT model and scale well with experimental nanoscale friction measurements.55,160

FIG. 2-2. Minimum-energy geometries obtained from the DFT calculations for methane adsorbed on bilayer 
graphene (a) and bilayer MoS2 (b). A methane molecule, with each of the two configurations shown in (c) 
and (d), was translated across the long diagonal of each unit cell to generate the sliding potential energy 
surfaces.

2.3 Results and discussion

The topography of a single region containing monolayer graphene, a heterostructure of MoS2 on
graphene, and monolayer MoS2, measured by AFM is shown in figure 2-3a. While some residual 
contamination can be seen, the heights of the various regions can be determined with respect to the 
substrate. The height profiles in figure 2-3c show that the thicknesses of the monolayers of 
graphene and MoS2 are 0.26±0.12 nm and 0.76±0.16 nm. The theoretical thickness of single-layer 
graphene and MoS2 are reported to be 0.35161 nm and 0.65162 nm.
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FIG. 2-3. (a) AFM topographic image of graphene, MoS2, and a graphene/MoS2 heterostructure on a Si/SiO2

substrate obtained using contact mode AFM, and (b) friction map corresponding to the topographic image. 
(c) Height and friction profiles corresponding to the white dashed line in (a) and (b) that indicate graphene 
and MoS2 are monolayers, and show a clear friction contrast between MoS2 and graphene. Figure is acquired 

at University of Pennsylvania.

Figure 2-3b shows the corresponding friction map, which indicates that friction is much higher on 
the SiO2 substrate than for any of the 2D materials, as expected. The friction profile in figure 2-3c
enables direct comparison between the 2D materials and shows that friction on both monolayer 
MoS2 and the heterostructure is larger than that on graphene. The same trend is seen in the 
simulations: friction is higher when the tip slides on MoS2 as compared to graphene (see figure 2-
4 for a representative friction trace from the MD simulation). Figure 2-4 also demonstrates the 
stick-slip friction observed in the simulations. Thus, we are confident we are measuring static 
friction behavior.
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FIG. 2-4. Friction trace during forward and backward scanning of the tip in MD simulation at 3nN load.

The load-dependence of friction for sliding on the three surfaces from experiment and simulation 
is shown in figure 2-5. In both experiment (figure 2-5a) and simulation (figure 2-5b), the friction 
force on monolayer graphene is significantly lower than on either monolayer MoS2 or the 
graphene/MoS2 heterostructure. At some loads, there is also higher friction force for MoS2 on SiO2

as compared to MoS2 on graphene. This difference is only statistically significant in the simulations 
at a load of 3 nN, and it is only observed in ca. 14% of the experimental measurements (with at 
least 10% friction difference).

FIG. 2-5. Friction as a function of load from (a) AFM and (b) MD. Friction on monolayer graphene is lower 
than on either monolayer MoS2 or the graphene/MoS2 heterostructure. The error bars in (b) represent the 
standard deviation of the measured friction force in the MD simulation. Part a of this figure is acquired from 

at University of Pennsylvania.
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Comparing the simulations to experiments, the average friction force at each load in the 
experiments is higher than the average peak friction force at that same load in simulations. This is 
likely due to the larger tip used in the experiment (9.6 nm vs. 2 nm radius in simulations), which
will result in a larger contact area and, in turn, greater friction.144 Also, although the trends are the 
same, the difference between MoS2 and graphene is greater in the simulations than in the 
experiments. This difference may be at least partially attributed to the presence of adsorbates in the 
experiments, which are not included in the model system. Such adsorbates are expected to increase 
friction by the same amount on both MoS2 and graphene, such that the relative difference between 
MoS2 and graphene is reduced in the experiments. 

Several mechanisms of nanoscale static friction134 might explain the friction contrast between the 
graphene and the two MoS2 surfaces, and each of these is evaluated here. First, friction can be 
affected by thermal activation via the contribution of thermal energy to overcome local energy 
barriers and enable slip.7 However, the main factors affecting this friction mechanism are speed 
and temperature, which are the same for all three surfaces. The relative crystallographic orientation 
of the graphene and MoS2 with respect to sliding direction can also affect the atomic scale friction 
in both experiments and simulation.134 However, the lateral force measurements was repeated for 
samples having different orientations relative to the sliding direction, yet the same friction trend as 
figure 2-5 was obtained from both orientations in AFM, as well as in the MD simulations.

Static friction can also be enhanced when material removal occurs, i.e. wear. The possibility of tip 
wear during the test was evaluated by comparing pre- and post-measurement transmission electron 
microscope (TEM) images of the tip and variation of friction and adhesion over time. TEM images 
showed that some change in the tip shape occurred during the test. However, analysis of the lateral 
force calibration images and contact mechanics models22,163 suggested that the observed wear likely 
occurred during lateral force calibration, such that the tip was unchanged during the friction 
measurements. This is further confirmed by the fact that the difference between the pre- and post-
test adhesion on each surface was less than the error associated with the adhesion measurement. 
Finally, capturing friction measurements of the three regions repeatedly in the same image, line 
after line, eliminated the possibility that friction differences seen were attributed to tip changes. 
The friction was consistent (with <3% standard error) at each normal load throughout the 
experiment. Moreover, no wear was observed in the MD simulations. Therefore, material removal 
cannot explain the friction contrast between the different materials.

Friction can also be affected by elastic deformation, i.e., the out-of-plane deformation causes 
bending and stretching in the lattices and acts to enhance static friction.18,164 A direct experimental 
evaluation of the local deformation is not possible without sub-angstrom resolution indentation.165

However, MD simulations provide detailed atomistic information of the buried contact between 
the AFM tip and substrate. The out-of-plane deformation was calculated as the vertical distance 
from the bottommost atom at the contact during sliding to the average of vertical position of the 
atoms outside of the contact region before sliding. As shown in figure 2-6, the out-of-plane 
deformation of the 2D materials increases with load, but there is no statistically significant 
difference between the deformation of the three surfaces. 
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FIG. 2-6. Out-of-plane deformation calculated from MD simulation. The error bars represent the standard 
deviation of the out-of-plane deformation measured during sliding on each surface.

We also investigated the possibility of the friction contrast being due to the difference in the surface 
roughness, which has been shown to enhance friction due to better interlocking of the atoms at the 
interface.49 Roughness was calculated in the AFM experiments from the height profile obtained 
while scanning (figure 2-7a). In MD simulations, the roughness was calculated based on the vertical 
movement of the tip during the sliding on each of the three surfaces (figure 2-7b). The results show 
a decrease of the RMS roughness with increasing load. However, comparing the three surfaces, no 
consistent trend was observed at all loads. The roughness in MD is much lower than that in 
experiment because the sample substrate roughness is not included in the simulation. Further, there 
may be differences due to the smaller tip radius and atomically smooth tip shape used in the MD 
simulations. However, there is no consistent difference in the root-mean-square (RMS) roughness 
of the three surfaces observed in either AFM or MD, which indicates that roughness is not a 
dominant mechanism determining friction contrast. 

FIG. 2-7. a) RMS roughness obtained from AFM measurements. Each data point is calculated from the 
height profile of a 500 nm scan line. No consistent trend was observed at all loads. b) RMS roughness 

r each surface in MD simulation. Part a of 
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Another important factor determining friction for nanoscale contacts is adhesion.166 This effect can 
be measured in both experiments and simulations as the maximum adhesive force experienced as 
the tip is pulled away from the surface. The pull-off force is shown in figure 2-8. The experimental 
adhesion data on each surface is the average of before and after friction measurement adhesion 
values.

FIG. 2-8. Pull-off (adhesion) force on all three surfaces for both MD simulations (a) and AFM (b). The error 
bars represent the standard deviation of the adhesion values obtained from multiple repeated pull-off tests.
Part b at University of Pennsylvania.

Although the magnitude of the adhesive force differs between experiment and simulation, which 
we attribute primarily to the different tip sizes, the work of adhesion values calculated using the 
DMT model are comparable (figure 2-9). For graphene, MoS2/graphene, and MoS2, the work of 
adhesion was 167 mJ/m2, 156 mJ/m2, and 162 mJ/m2, respectively in experiments, and 155 mJ/m2,
137 mJ/m2, and 140 mJ/m2, respectively in simulations. The adhesion force measured in experiment 
is much higher than simulations, which is attributed to the larger tip used in the experiment. 
However, the work of adhesion values calculated using the DMT model were comparable. 
Comparing graphene and MoS2, adhesion is larger for graphene as measured from both experiment 
and MD simulation, in agreement with previous measurements.142,167

This trend is also corroborated by binding energies calculated from DFT (table 2-2). The 
breakdown of these energies shows that the base-functional energy has a positive contribution to 
the adhesion, indicating no favorable electrostatics and significant non-bonded repulsion. All of the 
adhesion energy originates from the dispersion term and, although the dispersion contribution to 
the binding is higher for MoS2 than graphene, the total adhesion is weaker. This can be attributed 
to the larger atomic size of S, which would lead to greater repulsion for a similar methane-surface 
distance. DFT calculations were not performed for the heterostructure because the periodic 
boundary conditions would strain either the MoS2 or graphene due to their misaligned lattice 
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constants. Regardless, the adhesion difference between graphene and MoS2 in DFT, MD, and 
experiments is opposite to the trend observed for friction, so adhesion cannot explain the friction 
contrast.  

FIG. 2-9. Work of adhesion calculated for each of the three surfaces using the DMT model in both AFM 
experiment (using average adhesion values of both pre- and post-friction measurements) and MD simulation.

Table. 2-2. Total DFT adhesion energies for methane interacting with bilayers of graphene and MoS2, in 
two orientations. The results are also decomposed into base density-functional and XDM dispersion terms. 

Negative values indicate binding. Dalhousie 
University.

Surface

a) Configuration 1 (figure 2-2d) b) Configuration 2(figure 2-2c)

Total 
(meV)

Adhesion breakdown
Total 
(meV)

Adhesion breakdown
Base 

(meV)
Dispersion 

(meV)
Base 

(meV)
Dispersion 

(meV)
Graphene bilayer -125 20 -145 -103 10 -113

MoS2 bilayer -113 70 -183 -100 64 -164

The remaining factor is the tip-sample interaction energy. In the classical Prandtl-Tomlinson (PT)7,8

model, at zero temperature, static friction is directly proportional to the height of the energy barrier 
that the tip must overcome to slip forward, i.e., the corrugation of the interfacial potential energy 
surface.160 To quantify this for the three surfaces, we used quasi-static MD simulations in which an 
oxygen atom was used to raster scan over each surface and calculated the minimum energy at each 
lateral position. Figure 2-10 shows the complete potential energy surface (PES) for each region. 
The maximum energy barrier is much smaller for graphene than either MoS2 or the heterostructure 
(~16 meV smaller). Further, the heterostructure energy barrier is slightly smaller (2.4 meV smaller) 
than that of the MoS2. Since these simulations were based on an empirical potential, the energy 
barriers for MoS2 and graphene were also calculated using DFT. The methane molecule (in the
configuration shown in figures 2-2c) was translated diagonally over the three surfaces. DFT results 
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(figure 2-10d) for both methane configurations are consistent with the empirical model in terms of 
the relative differences between energy barriers for the graphene and MoS2 surfaces.

FIG. 2-10. (a) Potential energy surfaces (PES) for the three surfaces calculated using quasi-static 
simulations for (a) graphene, (b) the graphene/MoS2 heterostructure, and (c) MoS2. A cross-sectional energy 
profile corresponding to the dashed line on the contour plot is shown below each contour. (d) Relative energy 
barrier calculated using DFT for translation of methane along the long diagonal of the hexagonal unit cell 
of graphene and MoS2 bilayers. The x-axis represents the fractional displacement across the unit cell. 
Symbols correspond to the ab initio data; lines are guides for the eyes only. Part d of the figure was acquired
from Erin Dalhousie University.

Importantly, the energy trends found from empirical simulations of an oxygen atom and DFT 
calculations of methane are consistent with the friction observed in the MD simulations of an SiO2

tip and experiments with a DLC tip. In the case of an atom sliding over these barriers, one can 
expect the atom to slide over the saddle points with lower barriers leading to almost identical 
friction between these materials. However, during the AFM experiment or MD simulation, the tip 
apex consists of an ensemble of atoms in the buried contact some of which will necessarily move 
over energy barrier maxima. This suggests that energetic barriers to sliding explain the friction 
contrast between the three materials. Interestingly, we observe slightly higher adhesion between 
the tip and graphene compared with the adhesion between the tip and MoS2. However, the relative 
difference of the adhesion to these two surfaces in our AFM experiments and MD simulations (see
table 2-3) is small with respect to the relative friction contrast observed. Moreover, increased 
adhesion will increase contact area, according to most contact mechanics models, and it has been 
seen to increase the interfacial shear strength.168 In both cases, this would increase interfacial 
friction. We thus attribute the increased friction to the increased energy barrier, with adhesion 
making little difference.
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Table. 2-3. Comparison of the relative difference between friction and adhesion of MoS2 and graphene in 
MD simulation and AFM experiment.

Relative difference in friction 
(averaged over all loads) of 

MoS2 and graphene

Relative difference in work of 
adhesion of MoS2 and graphene

MD simulation 63% 8.67%
AFM experiment 15.87% 2.49%

Although the energy barriers were obtained from static calculations at 0 K, the barrier heights are 
expected to determine friction contrast at finite temperatures and speeds. According to the thermal 
PT model, the approximate relationship between friction ( ), temperature ( ), and speed ( ) is 

, where is the maximum friction at 0K, is a parameter determined by the 

shape of the potential, is the critical speed, above which friction 
starts to become speed-independent.144 The magnitude of is directly proportional to barrier 
height. The second term in the equation increases sub-linearly with barrier height due to the 
dependence of and on , thus the net effect of increasing barrier height will be larger friction 
at any temperature and speed.

Next, we consider why the energy barriers are different for these three surfaces. Comparing 
graphene and MoS2 energy barriers from DFT, the difference is due entirely to the dispersion 
contributions (see table 2-4). At the minimum-energy configurations, there is greater dispersion 
binding of the model tip to MoS2, which stems from the sulphur anions in MoS2 being more 
polarizable than carbon atoms in graphene. Coupled with the atomic corrugation of the MoS2

surface, which reduces the dispersion binding at the maximum-energy configuration, this leads to 
higher sliding barriers for MoS2 relative to graphene.109 The finding that friction contrast between 
MoS2 and graphene is due to sliding energy barriers also may explain the difference between our 
results and those from a previous study that showed friction is lower on MoS2 than graphene.141

Friction in that study was measured with a silver nanowire, and the nature of the interaction of 
silver with graphene or MoS2 is likely different from those we observe with non-metallic, non-
reactive materials. 

Table. 2-4. Total DFT potential energy barriers for sliding of methane over bilayers of graphene and 
MoS2, in two orientations. The results are also decomposed into base density-functional and XDM 
dispersion terms. Dalhousie university.

Surface

a) Configuration 1 (figure 2-2d) b) Configuration 2(figure 2-2c)

Total 
(meV)

Barrier decomposition
Total 
(meV)

Barrier decomposition
Base 

(meV)
Dispersion 

(meV)
Base 

(meV)
Dispersion 

(meV)
Graphene bilayer 11 -1.9 12.9 10.7 -3.3 14

MoS2 bilayer 23.8 -9.1 32.9 37.9 -17.4 55.3
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DFT calculations were not performed for the heterostructure as it would require introducing 
unphysical lattice strain as mentioned earlier. However, the energy barrier difference between the 
MoS2 and the heterostructure could be explained by the quasi-static MD simulations. Analysis of 
the relative contributions of the layers to the energy barrier, which consists entirely of van der 
Waals interactions in the MD simulation, showed that the contribution of the upper MoS2 layer was 
the same for the monolayer and the heterostructure (18.5±0.2 meV). However, the graphene layer 
in the heterostructure contributes 1.0 meV to the energy barrier, while the silicon substrate beneath 
the MoS2 monolayer contributes 3.1 meV. Therefore, the heterostructure has a slightly lower energy 
barrier because the graphene contribution is less than that of the silicon. This difference is small, 
which explains why the friction in dynamic simulations and in experiments, which is determined 
both by potential energy and thermally-driven hopping over energy barriers, is only sometimes 
observed to be smaller for the heterostructure. This interpretation is limited by the fact that the 
relative twist orientation of the MoS2 and graphene layers in the heterostructure was not known; 
further study is required to determine how strongly friction depends on this twist angle. 

2.4 Conclusions

In this study, we report a direct comparison of nanoscale static friction between a diamondlike 
carbon AFM tip and monolayer graphene, monolayer MoS2, and a graphene/MoS2 heterostructure, 
all supported on an Si/SiO2 substrate. Both experiments and MD simulations showed that MoS2

has higher friction than graphene across a wide range of normal loads. The friction measured for 
sliding on the graphene/MoS2 heterostructure was comparable to, but occasionally lower than, that 
for monolayer MoS2. The origin of the friction contrast between sliding on graphene vs. MoS2 was 
shown not to be scanning speed, tip change, roughness, adhesion, or other environmental factors. 
Instead, quasi-static simulations with an empirical potential, and with DFT calculations, 
demonstrated that the origin of the friction contrast is the difference in energy barriers to sliding on 
the two surfaces. The energy barrier difference between MoS2 and graphene is due to the higher 
dispersion contribution to the sliding barrier for MoS2, due to the higher polarizability of S atoms 
compared to C. The quasi-static MD simulations showed that the difference in friction between 
sliding on MoS2 and sliding on the heterostructure results from the dispersion contribution of the 
underlying material (graphene vs. silicon) to the energy barrier. These findings have implications 
for continued development and application of heterostructures with unique and potentially tunable 
properties.
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Chapter 3: Friction Anisotropy of MoS2:
Effect of Tip-Sample Contact Quality



36

3.1 Introduction

Most physical and mechanical properties of crystalline materials, including friction, are anisotropic 
to some degree due to the inherent crystallographic symmetry of the materials.75,169 171 Friction 
anisotropy specifically refers to the dependence of friction on the lateral sliding direction or on the 
relative crystallographic orientation between two sliding surfaces.172 One of the earliest 
investigations of friction anisotropy was performed by Hirano et al.91 in the early 1990s using a 
surface force apparatus to measure friction on mica. The observed six-fold symmetry of the friction 
force was explained by commensurability of the interface (substrate and slider structure match) that 
led to high friction, whereas incommensurability (non-matching) of the interface led to very low 
friction, i.e. superlubricity,64 which was at least three times smaller than the commensurate case. 
Commensurability of an interface, however, is not a necessary condition for friction anisotropy. In 
fact, studies using atomic force microscopy (AFM)6 to characterize friction at the single asperity 
level using a nanoscale probe or tip have reported significant friction anisotropy, where at least one 
of two sliding surfaces was non-crystalline.173,174 Friction anisotropy has also been observed 
between AFM tips and surfaces with tilted molecular groups such as lipid monolayers.172,175 177

Many AFM-based studies of friction anisotropy have focused on two dimensional (2D) materials, 
including graphene, MoS2 and hBN. Such studies have used two different approaches to measuring 
friction anisotropy: manipulating crystalline structures on a 2D material with an AFM probe in 
different directions, or putting the AFM probe in direct contact with the 2D material and scanning 
in different directions (which may or may not involve rotating the sample with respect to the tip). 
The first approach has been applied to nanostructures (MoO3 manipulated on MoS2,75 Au islands 
on MoS2,178 and carbon nanotubes on HOPG179) or mesas of multilayer 2D materials (graphite 
mesas on HOPG46 and graphite/hBN heterojunction mesas112). Mesa manipulation of MoS2 on 
MoS2 was also modeled using molecular dynamics (MD) simulations.74,180 In all these studies, the 
measured friction force exhibited six-fold symmetry, i.e., the friction patterns repeat every 60o,
revealing the hexagonal nature of the underlying lattice structure. 

The second approach to measuring friction anisotropy on 2D materials is to slide an AFM probe 
directly on a substrate. During the AFM measurements, the direction in which the end of the

owever, the tip apex 
actual path would slightly deviate with respect to scanning direction. In practice, probing friction 
in different angular scanning directions is difficult because most AFM setups are restricted to 
measuring lateral force only parallel to the scanning direction (i.e., perpendicular to the cantilever 
axis). Measuring friction anisotropy requires the ability to either rotate the sample with respect to 
the cantilever scanning direction (see figure 3-1a) via a specially designed stage as done, e.g., in 
Ref. 181, or a method to calibrate forces and pull the AFM tip along different scanning directions as 
done, e.g., in Ref. 182 (see figure 3-1b). In cases where the sample was rotated relative to the 
scanning direction, some studies reported 60o periodicity (i.e., six-fold symmetry), including 
measurements on monolayer graphene,183 185 while others63,76,186 188 observed 180o periodicity (i.e., 
two-fold symmetry). The latter was attributed to out-of-plane elastic deformation of the substrate 
resulting from oriented linear wrinkles (sometimes referred to as ripples) in the 2D material where 
scanning perpendicular to the wrinkles led to higher friction. In cases where the sample was fixed 
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and the AFM tip pulled in different directions, a six-fold symmetry with low friction along the 

zigzag direction (the direction) was observed on graphite.66,182

 

FIG. 3-1. Approaches to measuring friction anisotropy on 2D materials using an AFM probe directly on a 
substrate: (a) top view of the setup in which the AFM tip scanning direction is fixed while the sample is 
rotated and (b) top view of an AFM probe sliding in different angular directions on a fixed substrate. The x 
direction indicated is the conventional fast scanning direction for atomic friction measurements in the 
literature (i.e., perpendicular to the long axis of the cantilever).

To summarize, friction anisotropy on 2D materials has been the subject of many studies. However, 
the results and interpretation of those results have been inconsistent. While some studies reported 
60o periodicity that is proposed to originate from the six-fold rotational symmetry of the 2D 
material honeycomb lattice structure, others observed 180o periodicity and attributed it to oriented 
ripples in single- and multi-layer 2D materials. To understand the origins of these very different 
observations and interpretations, we investigated the friction anisotropy of MoS2 using 
complementary AFM experiments and MD simulations. MoS2 was chosen as the sample because 
it is a frequently studied member of the 2D material family with a variety of applications and, more 
specifically, because of its potential to provide ultralow friction as a next generation solid 
lubricant.189 The AFM experiments were performed on monolayer and bulk MoS2 in ultra-high 
vacuum (UHV), precluding multiple parameters that could affect friction in ambient conditions. 
Then, MD simulations enabled friction anisotropy to be characterized with the same material 
system using both possible measurement approaches, i.e., the tip sliding in different directions on 
a stationary sample or the sample rotating as the tip slides in one direction. We employed quasi-
static MD simulations to obtain the potential energy landscape between the tip and sample. This 
analysis revealed a previously unexplored factor that affects friction anisotropy in 2D materials, 
the quality  of the contact50,190 and its effect on the energy landscape of the interface that determines 
the strength of the interactions that resist motion at the nanoscale.
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3.2 Methods:

 

Experimental: All experimental AFM measurements were nanotribology 
laboratory in University of Pennsylvania using an RHK 750 AFM (RHK Technology, Troy, 
Michigan) in UHV conditions with vacuum pressure less than 8x10-10 Torr. Samples of freshly 
cleaved bulk MoS2 (SPI Supplies, West Chester, PA) and monolayer MoS2 were used. The 
monolayer samples were grown on a Si/SiO2 substrate through chemical vapor deposition (CVD) 
using an ammonia heptamolybdate precursor solution and sulfur pellet chalcogen source following 
the procedure described in Ref. 191.

Three AFM tips were used, one for each measurement set. Two of the tips were ultrananocrystalline 
diamond (UNCD) tips (Advanced Diamond Technologies, Romeoville, IL with tip radii 7 ± 1 and 
20 ± 3 nm) that scanned bulk and monolayer MoS2 respectively with normal spring constants of 
0.04±0.01 N/m and 0.04±0.015 N/m, respectively. A third tip was Si with native oxide coating 
(MikroMasch, Sofia, Bulgaria, tip radius 17 ± 3 nm) that scanned bulk MoS2 and had a normal 
spring constant of 0.27±0.05 N/m. All normal spring constant calibrations were done by thermal 
tune.192 Tip radii were calculated using blind tip reconstruction.193,194 Lateral and longitudinal forces 
were calibrated using the diamagnetic lateral force calibration method,195 scanning both 
perpendicular and parallel to the cantilever, respectively.  A vector sum of the lateral and 
longitudinal forces was used to calculate friction force when not scanning in parallel or 
perpendicular to cantilever axis and checked with the methods described in Ref. 182 and Ref. 196.

The experimental setup is illustrated schematically in figure 3-2a. Orientation-dependent friction 
measurements were obtained by changing the scanning direction with respect to the sample in 15o 
increments, with the relative surface orientation between the tip and sample remaining constant 
throughout. A 5 x 5 nm2 area was scanned. Lattice resolution was obtained for each scan; examples 
of atomic lattice-resolved stick slip are shown in figure 3-3. The lattice pattern appears to rotate as 
the x-axis of each image is along the angle of scanning for that image, i.e., the fast scan direction 
(see figure 3-3). Measurements were performed at zero applied load to prevent wear. No signs of 
wear were seen on the sample, and consistent pull-off force values before and after scanning suggest 
little change in tip structure as well.

MD simulation: The MD model consisted of an amorphous SiO2 tip apex sliding over monolayer 
1H-MoS2 on a crystalline silicon substrate (see figure 3-2b). The lateral compliance of the AFM 
cantilever in contact with sample was taken into account by coupling the model tip (2 nm radius) 
to a virtual atom (an interaction-free particle) through a harmonic lateral spring (stiffness of 3.2 
N/m in both lateral directions) representing the cantilever. The atoms in silicon substrate were fixed 
and the tip was treated as a rigid body. Periodic and fixed boundary conditions were applied in the 

time step of 1 fs to determine the positions, velocities, and accelerations of each atom at each 
simulation step. The interactions within the MoS2 were described by the Stillinger-Weber 
potential.197 A 6 12 Lennard Jones potential was employed to describe the interactions between 
the tip, MoS2 and silicon substrate with parameters reported in table 3-1. A Langevin thermostat 
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was applied to the free atoms in the system to maintain a temperature of 300 K. During each MD 
simulation, the tip first was brought in contact with the substrate and the entire system was relaxed 
for 0.5 ns. Then, a lateral force microscopy experiment was mimicked by applying a 6 nN normal 
load to the tip and displacing the virtual atom at a constant velocity of 2 m/s along the surface in 
different angular directions (with 0o scanning direction being along the zigzag direction as shown 
in figure 3-4a). Consistent with the experimental method, the total friction force was calculated by 
vectorially combining the lateral forces on the virtual atom as it scanned on MoS2.

In the simulations in which we followed the approach illustrated in Figure 3-1a, the sample (MoS2

monolayer and Si substrate) was rotated ranging from 0o and 360o with 10o increment while the tip 
scanning direction kept fixed (along the 0o scanning direction illustrated in figure 3-4a). Other 
simulation parameters (e.g., normal load, scanning speed, spring stiffnesses) were chosen similar 
to the previous approach. All the simulations were carried out using LAMMPS156.

FIG. 3-2. (a) Schematic of the AFM experimental setup in which an AFM tip was scanned in different angular 
directions. The relative force in the directions parallel and perpendicular to the cantilever axis were resolved 
and combined for a total friction force. (b) MD simulation snapshot mimicking the AFM experiment with a 
model tip apex coupled to a virtual atom by two lateral springs.
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FIG. 3-3. Lattice resolution is obtained at all experimental scanning angles for a UNCD tip on CVD 
monolayer MoS2. The lattice resolution images were used to determine the relative orientation between the 
AFM (i.e., the x direction indicated in Fig. 3-1b) and the crystallographic orientation of the sample, 
confirming that the low friction direction is along the zigzag direction of the lattice, and allowing us to 
directly compare experiment and simulation results. Experiments were performed in UHV at zero applied 
load. The lattice appears to rotate as the scanning direction is changed. The FFT of t
in the center, where the fast scan direction is purely in x for greater clarity, shows clear hexagonal symmetry 
and is used to determine a lattice spacing of 0.317 ± 0.04 nm, in agreement with the theoretical repeat unit 
distance for MoS2 of 0.316 nm. T at University of 
Pennsylvania.

Table. 3-1. Cross-element LJ parameters used in the MD simulations.

Pair

S-Si 0.01327 3.25

S-O 0.00656 3.17

Mo-Si 0.00422 3.79

Mo-O 0.00214 3.615
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FIG. 3-4. (a) Top view of the monolayer MoS2 in the simulations where the 30 and 60o scanning directions 
are identified, correspond to the armchair and zigzag crystallographic directions of the MoS2 lattice. (b) 
Representative experimental friction loops (scanning forward and backward) obtained from scanning the Si 
tip on bulk MoS2 in the 30 and 60o directions. The long axis of the cantilever points along the 90° direction. 
(c) Representative friction traces obtained from MD simulations of dragging the model tip along the 30 and 
60o directions. Part b of this figure is acquired from Carpic at University of 
Pennsylvania.

3.3 Results and discussion:

Figure 3-4b shows two representative friction loops from the AFM lateral force measurements on 
monolayer MoS2 corresponding to scanning in the 30o and 60o directions. It should be noted that, 
due to the rotational degree of freedom of the sample approach mechanism of the AFM used here198

the orientation of the scanning direction with respect to the crystallographic orientation of the MoS2

samples could not be controlled. Therefore, in all cases, we used the lattice resolution images to 
identify the crystal orientation, and rotate the experimental dataset accordingly (by an amount 
indicated in each relevant figure caption) so that the low friction direction (the zigzag direction) in 
both experiments and simulations are the same. The energy dissipated per scan cycle (i.e., area of 
the friction loop) in figure 3-4b is almost 11 times higher in the 30o scanning direction compared 
to the 60o direction. 

Representative friction traces from the MD simulations are shown in figure 3-4c. In both 
experiments and simulations, friction exhibits strong anisotropy, where multiple frictional 
characteristics (e.g., friction trace periodicity, peak or average friction force) vary with scanning 
direction (additional friction traces from the simulations are shown in figure 3-5). However, the 
major difference between the friction traces obtained by scanning in different directions is the 
magnitude of the friction, quantified here by the average friction force.
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FIG. 3-5. The lateral force on the tip atoms in (a) the 0o direction and (b) the 90o direction recorded from 
MD simulations as the tip scanned in different angular directions ranging from 0o to 60o with 10o steps.

Figure 3-6 summarizes the average friction for monolayer or bulk MoS2 measured with the 
scanning direction changed incrementally in steps of a few degrees (increments of 15o in 
experiments and 10o in simulations) without changing the relative orientation of the sample and 
cantilever. Note that we cannot quantitatively compare the results between simulation and 
experiment due to the differences in the tip material and size, and scanning velocity and load that 
affect the magnitude of the friction.199 However, friction consistently exhibits 180o periodicity (i.e.,
two-fold symmetry) in experiment and simulation and for both monolayer and bulk MoS2 samples. 
The anisotropy ratio (ratio of the maximum to the minimum friction) was calculated to be 4.1, 5.7,
and 3.6 for experimental monolayer, experimental bulk, and MD monolayer MoS2, respectively. 



43

 

FIG. 3-6. Friction anisotropy measured using AFM on (a) monolayer MoS2 with UNCD tip, and (b) bulk 
MoS2 with Si/SiO2 tip, as well as the (c) MD simulations of monolayer MoS2 with SiO2 model tip. The datasets 
in a and b were rotated 30 and 15° clockwise so that the experimental low friction axes approximately 
coincide with the low friction axis in the simulation. Dashed lines are guides for the eye only. Parts a and b
of this figure are at University of Pennsylvania.

Based on the crystal symmetry of the MoS2, a periodicity of 60° would have been expected, with 
low friction axes along the zigzag directions and high friction around the armchair axes.182,183 In 
the MD model, the 0o, 60o, and 120o scanning axes coincide with the zigzag crystallographic 
direction of MoS2 (see figure 3-4a). However, low friction was obtained in simulations of scanning 
along only one of the zigzag directions (i.e., 60o). As briefly discussed in the Introduction, several 
previous studies have reported friction anisotropy with 60o symmetry on 2D materials including 
graphene, HOPG179 and MoS2.75,178 In most of these studies (with a few exceptions that will be 
discussed later), a crystalline-crystalline interface was established by (i) using the AFM tip to 
manipulate a crystalline nanostructure (e.g., CNT on HOPG179, MoO3 on MoS2

75 and Au on 
MoS2

178) on a crystalline sample, (ii) using a tip or micromanipulator to shear a mesa (e.g. graphite 
mesa on HOPG46 and graphite/hBN heterojunction mesa112) at an incommensurate plane, or (iii) 
transferring of sample material to the tip (e.g. graphite transfer to a W tip66). Only the last case is 
possible in our experiments and simulations. In the AFM experiments, there was no indication of 
material transfer to the tip based on observation of negligible change in adhesion measured before 
and after the friction tests. In simulations, neither wear nor material transfer to the tip was observed. 
As well, commensurability between the tip and sample is unlikely. In experiments, the UNCD tips 
were comprised of multiple, randomly oriented 2-5 nm nanoscale grains with amorphous grain 
boundaries, and likely an enhanced degree of amorphous material compared to the bulk,200 which 
precludes the possibility of a commensurate, high symmetry interface between tip and substrate. 
Also, in the case of the Si tip (see figure 3-6b), the native oxide layer on the tip established an 
amorphous-crystalline interface. This was also the case in our simulations where the tip was 
amorphous. Therefore, the friction anisotropy observed in our study occurred for an 
incommensurate sliding contact.

In previous studies 63,66,76,182,186,187 in which the AFM tip itself was used to probe friction anisotropy 
of 2D materials, both six-fold66,182 and two-fold symmetric friction anisotropy63,76,186,187 have been 
observed. In studies where the sample was rotated with a fixed scanning direction, two-fold 
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symmetry was observed.63,76,185,187 The two-fold symmetry was attributed to the existence of in-
plane strain induced by topographic wrinkles formed due to the difference in thermal contraction 
of the substrate compared to the 2D material after deposition.37,201,202 However, the abovementioned 
studies did not provide AFM topographic evidence of the presence of these topographic wrinkles. 
Further, transmission electron microscopy (TEM),203,204 MD,205 and density functional theory 
(DFT)206 based investigations that captured wrinkles on monolayer MoS2 reported a typical wrinkle 
width to be around 10 nm.204 207 However, our experimental friction results were extracted from 
AFM images with scanning area of 5 nm x 5nm, which is much smaller than the expected size of 
possible wrinkles. Unlike CVD growth on metal substrates, wrinkles are not expected for the CVD 
growth used in this study, where MoS2 was deposited on Si. This was confirmed by larger area 
scans that showed no evidence of wrinkles (see figure 3-7a).  The lack of any wrinkle structure in 
the MD simulations was confirmed via height maps from MD simulations of monolayer MoS2 (see 
figure 3-7b). Lastly, intrinsic wrinkles induced by the substrate are not present in bulk MoS2, for 
which we also observed two-fold symmetry (see figure 3-6b). Therefore, the two-fold symmetry in 
our results is not due to the presence of structural features such as wrinkles on the sample. 

 

FIG. 3-7. Lack of evidence of any topographic wrinkles in the samples: (a) AFM topography image of the 
CVD MoS2 monolayer and (b) height map of the topmost S atoms in monolayer MoS2 in MD simulation. Part
a of this figure is y lab at University of Pennsylvania.

Another previously suggested explanation of two-fold symmetry observed on hBN is self-assembly 
of environmental adsorbates.186 It was proposed that adsorbates from the environment assemble 
into a highly regular superlattice of stripes with a period 4 6 nm. However, our AFM measurements 
were performed under UHV conditions. The sample was annealed under vacuum to drive off any 
adsorbates and then scanned without being exposed to air, minimizing the possibility of adsorbates 
on the sample. Further, the MD model was an ideal vacuum without adsorbate molecules. 
Therefore, the observed two-fold symmetry of friction anisotropy in our monolayer and bulk MoS2

cannot be attributed to the presence of an adsorbate superlattice on the substrate.

Another factor that can contribute to friction anisotropy is the energy landscape at the contact 
established between the tip and sample. In the classical Prandtl Tomlinson (PT) model,7,8 friction 
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at the atomic scale depends on the height of the surface energy barrier (affected by several 
parameters such as surface roughness109 and composition208) that the tip has to overcome to slide. 
Recent theoretical and experimental studies181,209,210 suggest that the interaction potential at the 
contact interface affects the configuration of anisotropic frictional forces. Therefore, if the potential 
energy landscape exhibits anisotropy, this could directly explain the observed friction trends.

To obtain the energy landscape for monolayer MoS2, we used quasi-static MD simulations. Briefly, 
a single atom (oxygen in this case) was used to probe the potential energy of the substrate by raster 
scanning over the sample and calculating the minimum potential energy at each lateral position. 
The resultant potential energy surface (PES) is shown in figure 3-8a. Probing the PES with a single 
atom reveals the ideal energy landscape of the MoS2 crystalline surface. Line traces along this 
landscape reflect the energy barriers that an atom would have to overcome when moving along 
different directions relative to the crystallographic structure of the surface. As shown in figure 3-
8b, the energy barriers along the zigzag directions (0o, 60o and 120o) are identical, indicating that 
the friction along these scanning directions should be the same, while friction along other directions 
would be larger since the energy barriers are higher (e.g., 30o in figure 3-8b). This energy landscape 

-fold friction anisotropy. 

In contrast to the single atom that is typically used to generate a PES, the tip-sample contact in an 
AFM experiment or MD simulation consists of tens or hundreds of atoms. Hence, the measured 
friction is a result of the collective behavior of an ensemble of atoms. To investigate the effect of 
this collective behavior, we replaced the single atom in the PES calculation with the model tip used 
for the friction simulations. At each lateral position of the tip, potential energy was calculated as a 
function of vertical position, and the minimum energy was extracted to create the PES. As shown 
in figure 3-8c, the PES obtained from the amorphous tip apex was distinctly different from the ideal 
PES probed with single atom, both quantitively and qualitatively. 
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FIG. 3-8. (a) PES obtained by raster scanning a single atom over the MoS2 substrate. (b) The corresponding 
energy profiles along the zigzag directions, 0o (black dashed line), 60o (blue dashed line), 120o (red dashed 
line), and the armchair directions, 30o (magenta dashed line), from the PES in (a). (c) PES of the tip-sample 
contact. (d) The corresponding energy profiles along the 0, 30, 60, and 120o directions (black, magenta, blue, 
and, red dashed lines) of the tip-sample PES in (c).

Representative energy barrier profiles extracted from the tip-sample PES are shown in figure 3-8d. 
Importantly, the barrier along the 60o direction is lower than the barriers in the 0o and 120o

directions, such that there is only one low friction axis, i.e., along the 60o direction. This is 
consistent with the two-fold symmetric friction anisotropy observed in our experiments and 
simulations, suggesting that the trends can be explained directly by anisotropy in the energy 
landscape of the tip-surface contact. In recent years, there has been growing evidence that friction 
at the atomic scale depends on the quality of the contact (the degree of tip-sample interaction) in 
addition to the quantity of the contact (the tip-sample contact area).50 Contact quality, which 
represents the strength of the total atomic interactions between the tip and sample, is a key factor 
affecting interfacial energy dissipation (and hence friction). For a given interface, the contact 
quality can change due to many factors during sliding, including relative orientation of the 
contacting surfaces.50,66,95,190,211 So, the presence of any tip, regardless of its crystallinity, would 
distort the inherent energy landscape of the substrate, leading to observation of two-fold symmetry. 
This is supported by additional simulations with a crystalline Si tip and experiments with a UNCD 
tip, both of which exhibit two-fold symmetry (see figure 3-9). However, further work is needed to 
determine the effects of different factors, such as possible sample defects, on the PES and friction 
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anisotropy pattern. An energy landscape with some degree of symmetry-breaking distortion can be 
expected to arise for any tip-sample contact. The only exceptions to this would be if the tip and 
sample establish a highly commensurate interface, for instance by transferring some of the sample 
material to the tip, as mentioned explicitly in Ref. 66 and might have been the case in Ref. 182, or by 
having an intrinsically commensurate structure (e.g. by being oriented such that the tip and sample 
lattice constants match by an integer ratio). To evaluate the potential effect of sample transfer to 
the tip, we simulated an MoS2 flake dragged along different angular directions on a stationary 
sample composed of MoS2 monolayer and Si substrate. The simulations exhibited six-fold friction 
symmetry (see figure 3-10), in contrast to the two-fold symmetry we found for any model or 
experimental tip.

 

FIG. 3-9. Polar plots of friction in (a) MD simulation as sliding a crystalline Si tip on MoS2 monolayer in 
different angular direction and in (b) AFM experiments scanning a UNCD tip on bulk MoS2. The datasets in 
a and b were rotated 60° counter-clockwise and 30° clockwise so that the low friction axes approximately 
coincide with the low friction axis in the simulation results of Figure 3-6. Part b of this figure is acquired 

at University of Pennsylvania.

 

FIG. 3-10. (a) MD simulation of sliding an MoS2 flake on an MoS2 monolayer in different sliding directions.  
Blue or yellow spheres represent S atoms and green or red spheres represent Mo atoms. (b) Friction polar 
plot where each angular position represents the sliding direction and the distance between each data point
and center represents the friction magnitude.
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As mentioned before, previous experimental studies measured two different kinds of friction 
anisotropy: anisotropy as a function of the relative rotation of the sample and tip with fixed scanning 
direction, or anisotropy as a function of the angle of scanning with respect to the sample with fixed 
relative tip/sample rotation. The simulations developed here enable both approaches to be tested 
with the same material system. A set of friction simulations was performed with the tip moving in 
the 0o scanning direction (i.e., along the x-direction illustrated in figure 3-11) and then with the 
sample (MoS2 on Si) rotated in increments of 10o while the tip orientation remained constant, as 
illustrated in figure 3-11. The friction polar plot shown in figure 3-12a exhibits six-fold symmetry, 
in sharp contrast to the two-fold symmetry observed in figure 3-6c that was obtained from 
simulations with a fixed sample and varying the tip scanning direction. 

 

FIG. 3-11. Top view of the MD simulation setup for measuring friction anisotropy by rotating the sample 
incrementally while the tip scanning direction (yellow arrow) is kept fixed.

To explain the observed friction anisotropy trend, we obtained the full-tip PES for each angular 
position of the sample. Figures 4b shows cross sectional energy profiles for 0o, 10o, and 50o

rotations angles and figures 4c-j show the full PES for angles between 0o and 70o. Interestingly, the 
change in the relative orientation of tip and substrate caused variation of the PES at each angular 
position of the sample. However, the PES exhibits 60o periodicity, i.e., the 0o and 60o energy 
surfaces are identical, as are those at 10° and 70°, leading to six-fold symmetric friction. In other 
words, when the sample is rotated, the friction a
crystallographic symmetry. This is because the configuration of the tip atoms at the interface is 
fixed and only the substrate (which has 60o rotational crystallographic symmetry) rotates, so there 
are a limited number of possible combinations for the tip-sample interface which is governed by 
the sample crystallographic symmetry.  So, as long as there are no other parameters affecting the 
anisotropy configurations, such as structural nano wrinkles,63,186 friction measured with the sample 
rotated 
crystallographic symmetry. Additional simulations of scanning in different angular directions on 
these rotated samples exhibited the same two-fold symmetric friction, with low friction consistently 
observed along the two directions corresponding to the zigzag axes on each sample.
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FIG. 3-12. (a) MD simulation results for friction as a function of sample rotational angle (setup illustrated 
in Figure 3-11), exhibiting six-fold symmetry, where dashed lines are guides to the eye only. (b) Cross-
sectional barrier profiles along scanning direction for the cases in which the sample was rotated 0o (black 
dashed line in (c)), 10o (red dashed line in (d)), and 50o (orange dashed line in (h)). (c-j) PES of the tip-
sample calculated every 10o for the sample rotated counterclockwise from 0o to 70o counterclockwise.

3.4 Conclusions:

In summary, we investigated the angular dependence of atomic friction for nanoscale tips sliding 
on monolayer and bulk MoS2 using AFM and MD simulations. By changing the scanning direction, 
we observed a two-fold symmetry in both experiments and simulations. Comparing our results with 
other studies that reported friction anisotropy with two-fold symmetry, we ruled out the possibility 
that the results could be explained by parallel topographical features like wrinkles. Instead, our
quasi-static calculations for the tip-sample PES showed that structure of the tip beaks the symmetry 
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of the crystal surface, providing a distorted, low-symmetry PES that explains the observed two-
fold symmetry in friction. Thus, we identified a previously unexplored factor affecting friction
anisotropy at atomic scale, the quality of the contact formed between tip and sample, which affected 
the interfacial energy landscape and consequently the friction. We used MD simulations to assess 
the friction anisotropy produced by rotating the sample with respect to the tip, as opposed to 
changing the scanning direction. For this type of rotation, the friction force was anisotropic with 
six-fold symmetry. This trend, consistent with the crystallographic symmetry of the underlying 
sample, was directly determined by the tip-sample interfacial energy landscape. These results 
emphasize the important role of the tip-sample interfacial structure in determining the PES and the 
degree of symmetry of friction. This research provides a better fundamental understanding of the 
nanotribology of 2D materials, thereby opening new possibilities for the design and control of nano-
mechanical systems involving these materials.
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Chapter 4: Effect of Chalcogen Variation on
Atomic Scale Friction of TMDs
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4.1 Introduction

Transition metal dichalcogenides (TMDs) are an emerging class of two-dimensional (2D) and 
layered materials offering superior structural and mechanical properties, including high in-plane 
stiffness combined with high bending flexibility.31 In contrast to graphene, the most well-known 
member of 2D materials family, TMDs have natural bandgaps and offer tunable electronic 
properties. Due to the variety of possible combinations of elements and phases, TMDs can be 
semiconductors (such as MoS2, WSe2), metals (such as 1T-MoTe2) or superconductors (such as 
NbS2, NbSe2).34,35 Moreover, similar to other members of the 2D materials family, TMDs have 
strong intralayer covalent bonding in combination with weak interlayer van der Waals interactions, 
which enable easy lamellar shear and low interfacial friction.189,212 Hence, TMDs exhibit a 
combination of atomic scale thickness with favorable/tunable mechanical and electronic properties 
in addition to impressive tribological performance. This makes them promising material candidates 
for a wide range of applications such as ultrathin flexible electronics, nano-photonics, energy 
harvesting devices, and applications requiring ultralow friction.35,189,213

A TMD consists of a monolayer of transition metal atoms sandwiched between two layers of 
chalcogen atoms (X-M-X), where M is a transition metal of group IV, group V, or group VI, and 
X represents a chalcogen such as S, Se, or Te.214 In tribology, MoS2 is the most widely investigated 
of the TMDs thanks to its success as a solid lubricant (particularly for demanding aerospace 
components), an additive for liquid lubricants, or constituent of composite coatings.189,215 At the 
nanoscale, MoS2 in both bulk and monolayer forms has been shown to exhibit exceptionally low 
friction and good antiwear properties under certain conditions.37,67,73,110,216,217 These studies of 2D
materials have also revealed several fascinating material properties, including layer-dependent 
friction (i.e., a decrease in friction with increasing number of layers),18,218 sensitivity to test 
environment and conditions such as humidity, velocity, and temperature,72,219 221 and a dependence
of friction on the lateral sliding direction or relative crystallographic orientation between two 
sliding surfaces (i.e., friction anisotropy).75,222

Compared to MoS2, the nanoscale tribological properties of other TMDs are less well-
characterized. Further, there have been very few studies comparing the frictional behavior of 
different TMDs. Varying the TMD composition (changing either M or X in MX2) leads to materials 
with the same physical structure but small differences in lattice parameter as well as very different 
electronic structure, interfacial interaction energy, and mechanical stiffness.31 These mechanical 
and electronic characteristics are also expected to influence TMD behavior during sliding, and a 
few recent studies have investigated this effect using atomic force microscopy (AFM). For 
example, AFM manipulation of MoO3 nanocrystals on bulk single crystalline TMDs showed that 
the interfacial shear strength between MoO3 and MoSe2 was greater than that between MoO3 and 
MoS2. This was unexpected because the MoO3/MoSe2 interface was less commensurate (which 
should correspond to lower shear strength) so the observation was attributed to a larger population 
of interfacial atoms being dragged along high energy pathways in the case of MoSe2.73 A recent 
paper compared the nanoscale friction of MoS2 vs WS2 and MoSe2 vs WSe2 (i.e., analyzing the 
effect of changing M in MX2 on friction).223 Their results revealed that friction varied dramatically 
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between these materials and the observed trend was attributed to the vertical interlayer force 
constant (i.e., elastic modulus). 

The above experimental results have been complemented by theoretical investigations of the 
differences between TMDs. Ab initio modeling of commensurate bilayer sliding between MoS2,
MoSe2, and MoTe2 sheets showed that increasing the chalcogen size (from S to Se to Te) led to 
higher energy barriers to sliding (hence higher friction) due to the increased Pauli repulsion in the 
system.224,225 However, if the TMD layers were rotated relative to each other, the resultant 
incommensurability greatly reduced the friction force.225 An increase of the energy barrier to sliding 
with increasing chalcogen size was also predicted using machine learning techniques for Mo- and 
W-based TMDs.226 There has been no experimental validation of these predictions so far. 

In this study, we investigated the effect of the chalcogen identity (S vs Se vs Te) on the 
nanotribological behavior of monolayer and bulk forms of MoS2, MoSe2, and MoTe2

(crystallographic structure and lattice constants shown in figures 4-1a and 4-1b) using AFM 
experiments and classical molecular dynamics (MD) simulations. Both experiments and 
simulations showed that friction decreases with increasing chalcogen size, such that friction for a 
nanoscale tip sliding on bulk or monolayer TMDs follows the trend MoS2 > MoSe2 > MoTe2. This 
result contrasts with prior ab initio based friction calculations for layer-on-layer sliding, so quasi-
static MD simulations and analytical modeling based on the Prandtl-Tomlinson theory were used 
to investigate the origin of the trend. It was found that the friction contrast stems from the 
interrelated effects of lattice constant and energy barrier. The results of this study demonstrate the 
significant effects of TMD composition and structure on atomic friction, and that this parameter 
should be considered in the design and control of nano-mechanical systems or other applications 
using these materials.
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FIG. 4-1. (a) Top and side views of a ball and stick model of single layer MoX2 (X: S, Se, Te) with hexagonal 
symmetry. (b) Lattice parameters for each TMD supercell.227 229 (c) Representative AFM friction loops 
(scanning forward and backward) obtained from an ultrananocrystalline diamond (UNCD) tip sliding on 
bulk MoS2 (black), MoSe2 (red), and MoTe2 (blue) along the fast scanning direction (i.e., perpendicular to 
the long axis of the cantilever). (d) Representative friction traces obtained from MD simulations of a model 
SiO2 tip sliding on monolayer MoS2 (black), MoSe2 (red), and MoTe2 (blue) along the zig-zag direction 
relative to the crystallographic lattice of the TMDs. Part c of this figure is 
nanotribology lab at University of Pennsylvania.

4.2 Methods:

 

Experimental:
Nanotribology Lab at University of Pennsylvania. Established methods were used to grow 
monolayer MoS2

191 and MoSe2
230 samples directly on 300 nm SiO2/Si wafers by chemical vapor 

deposition (CVD). For the growth of monolayer MoS2, a 1% sodium cholate solution is first spin 
coated at 4000 rpm for 60 s onto the SiO2/Si substrate. A droplet of a saturated solution of 
ammonium heptamolybdate (AHM) in deionized (DI) water is deposited onto one end of the 
substrate, providing the molybdenum precursor. The substrate is then placed in the center of a 1 in. 
CVD tube furnace, and 30 mg of solid sulfur is placed 10 cm upstream from the substrate. Growth 
occurs at atmospheric pressure in a flow of 400 sccm of nitrogen gas (99.999% purity). The furnace 
temperature is ramped to 750 °C at a rate of 70 °C min . While the Mo source and SiO2/Si growth 
substrate reach 750 °C, the maximum temperature of the sulfur pellet is 160 °C. After a 10 min 
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growth period, the furnace is opened, and the sample is rapidly cooled to room temperature in 1000 
sccm flowing nitrogen.  

The growth of monolayer MoSe2 was conducted using a similar process. For MoSe2, solid selenium 
is used instead of sulfur, which was put 8 cm upstream from the substrate. The growth temperature 
is set as 850 oC and the maximum temperature of selenium pellet is 270 oC. In addition, 25 sccm 
H2 gas (99.999% purity) is introduced once the furnace temperature reaches 850 oC. 

As reported, the high purity and quality, the monolayer thickness, and the expected hexagonal 
crystal structure of such samples was verified by Raman spectroscopy, optical microscopy, AFM, 
and in the case of MoS2, transmission electron microscopy.

2H Bulk MoS2 (SPI Supplies, West Chester, PA), MoSe2 (2D Semiconductors, Scottsdale, AZ), 
and MoTe2 (SPI Supplies, West Chester, PA) samples were cleaved in laboratory air using 
mechanical exfoliation and placed in the vacuum chamber within approximately 5 minutes of 
exfoliation. The sensitivity of TMDs to oxygen and water molecules after air exposure has been 
reported to increase by chalcogen size. However, we do not expect a significant degradation of 

vacuum chamber.231 All samples (i.e., monolayer and bulk) were annealed to 150 oC for 2 hours 
under vacuum upon introduction to the chamber.

Friction measurements. All experimental friction measurements were performed using an RHK 750 
AFM (RHK Tech, Troy, MI) at pressures <5x10-10 Torr. Three distinct sets of measurements were 
taken with three tips. UNCD tips (ADT, Romeoville, IL) with radii of 7 ± 1 and 20 ± 3 nm 
(measured by blind tip reconstruction), denoted as tips 1 and 2 herein, were used to characterize 
friction of monolayer and bulk sample a speed of 16 nm/s, respectively.193,194 Tip 3 (with radius 12 
± 4 nm) was used to investigate the speed dependence of friction forces on the monolayer MoS2

and MoSe2. Normal spring constants of 0.04 N/m, 0.04 N/m and 0.02 N/m were found for tips 1, 
2, and 3 respectively, calibrated with the thermal tune method.232 The lateral spring constants were 
calculated using the diamagnetic lateral force calibration method.195

Friction was calculated as half the difference in average friction between the forward and backward 
scan directions for all measurements. The atomic lattice was resolved with traditional raster 
scanning for each sample. To account for the friction anisotropy effect of our samples,222

orientation-dependent friction measurements were obtained by changing the scanning direction
with respect to the sample in 15o increments (in random order), with the relative surface orientation 
between the tip and sample remaining constant throughout. For friction measurements, a 5 x 5 nm2

area was scanned. Lattice resolution was obtained for each scan and the lattice pattern appears to 
rotate because the fast scan direction is always plotted along the horizontal direction of the rendered 
lateral force image. The normal and lateral components of friction calibrated through diamagnetic 
force calibration were vectorially combined to give a total friction force at each orientation and 
checked using the methods described in Ref.182 and Ref.196. Tips 1 and 2 were scanned in different 
angular directions along the atomic lattice and the average value of the friction force along all 
scanning directions for each sample was reported as friction here. Pre- and post-friction test pull-
off force measurements confirmed no significant change in adhesion indicating negligible tip apex 
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shape change occurred during the experiments. For all measurements, no wear, contamination, or 
oxidation were observed on the sample such as through variations in height or local friction force.

MD simulations. An amorphous SiO2 model tip apex with 2 nm radius slid over 1H MoS2, MoSe2,
and MoTe2 monolayers (crystallographic structure and lattice constants shown in figures 4-1a and 
4-1b) on crystalline silicon substrates. To mimic the lateral compliance associated with the AFM 
cantilever, probe, sample and probe-sample contact, the model tip was coupled to an interaction 
free particle (acting as cantilever) using a spring with 3.2 N/m stiffness in the two lateral directions. 
The boundary conditions were periodic in the lateral directions and fixed in the surface-normal 
direction. The positions of the atoms in the Si substrate were fixed and atoms in the SiO2 tip were 
treated as a rigid body during the simulation. The NVT ensemble (fixed number of atoms, volume, 
temperature) was applied to the remaining free and non-rigid atoms in the system using a Langevin 
thermostat, keeping the system temperature fixed at 300 K. The interatomic interactions within the 
MoS2, MoSe2, and MoTe2 were described by the Stillinger-Weber (SW) potential197 while the 
interactions between tip-sample and sample-substrate were modelled using the Lennard Jones 
potential (parameters reported in table 4-1). 

During the sliding simulations, a normal load of 6 nN was applied on the tip and the interaction 
free particle, i.e., cantilever, was moved laterally with constant speed of 2 m/s. To capture the effect 
of friction anisotropy in 2D materials and to mimic our experimental procedure, we dragged the tip 
in different directions relative to the crystallographic structure of the TMDs in 10o increments.222

The friction force for each test was calculated as the average of the lateral force on the virtual atom, 
and the friction force reported for each sample was the average over all scanning directions, as in 
experiments. All simulations were conducted using the LAMMPS156 package with a 1 fs time step. 
The atomic configurations were rendered using OVITO software.157

Table. 4-1. Cross-element LJ parameters used in the MD simulations.

Pair

S-Si 0.013 3.25

S-O 0.006 3.17

Mo-Si 0.004 3.79

Mo-O 0.002 3.61

Se-Si 0.018 3.57

Se-O 0.009 3.41

Te-Si 0.02 3.84

Te-O 0.01 3.47
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Numerical modeling. PTT model enabled investigation of atomic friction under almost all 
experimental conditions (some of which were inaccessible to MD simulations e.g., scanning 
velocity range of AFM experiment). The PTT model mimics an AFM experiment as follows: the 
AFM tip apex is represented by a single point mass (m) dragged by a spring at a constant speed (U) 
over a 2D sinusoidal potential energy landscape (reflecting the substrate-tip interaction) with 
amplitude and periodicity in the form of: 

(Equation 1)

An analytical equation has been derived according to the PTT model, where the friction force F at 

finite temperature and speed ( ) can be described by ,

where is the maximum static friction force at 0 K, is a parameter defining the shape of the 
potential, is a critical speed. Here, is the force at the moment 
of mechanical instability (and then slip) in the absence of thermal effects and, in the case of a 

sinusoidal potential energy landscape, is given by , where and are the amplitude and 

periodicity of the sinusoidal energy.160 The parameter is related to the curvature of potential 

energy landscape and, for a sinusoidal potential, is given by  .144 Lastly, the critical speed 

is the speed above which friction will saturate and no longer increase with increasing speed and is 

calculated as , where is the attempt frequency and is the effective stiffness. 

The above equation is valid as long as and . The stiffness accounts for 

overall stiffness of the cantilever, tip body and apex, and contact. 

Here we used the PTT model to investigate the effects of the energy barrier and sample lattice 
constant on friction. In the PTT model, the total interaction between a point mass (the tip) and
the substrate ( is approximated by combining a substrate corrugation potential, and the 

elastic potential between the tip and support (i.e., ). This potential model has been used 

previously to model MoS2 and graphite samples.233 236 The dynamics of the point mass is described 
by the Langevin equations composed of deterministic dynamics and stochastic processes:

(Equation 2)

(Equation 3)

where is the mass of the tip, is the viscous friction (or damping) coefficient taking into account 
the deterministic dynamics of the system, and is a thermal noise term (assuming no backward 
slip) satisfying the fluctuation dissipation relation (i.e., realizing the stochastic nature of the 
phenomenon). A fourth-order Runge Kutta (RK) algorithm was then used to solve the Langevin 
equations (with the procedure explained in Ref.144) and obtain the point mass trajectory and friction 
force (i.e., the force on the spring due to the tip displacement) as the it moves across the energy 
landscape. The 2D PTT model in this study was previously reported and solved numerically by 
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Dong, et al.144 PTT model calculations were performed with parameters chosen to reflect the 
physical experiments and MD simulations (all parameters are listed in the table 4-2).

Table 4-2. Parameters used in the PTT numerical analysis.

Parameter Value

Tip mass (m) 10-12 kg

Sliding speed (U) 1 um/s

Temperature (T) 300 K

Corrugation potential amplitude ( ) 175-475 meV

Damping coefficient ( ) 1.2x10-6 Hz

Timestep 10 ns

Stiffness (k) 1 N/m

Periods of stick-slip 20

4.3 Results and discussion:

Figure 4-1c shows three representative friction loops from the AFM lateral force measurements on 
bulk MoS2, MoSe2, and MoTe2. MoS2 has the highest friction and energy dissipation (i.e., enclosed 
area of the loop), followed by MoSe2 and then MoTe2. While stick-slip friction behavior can be 
seen clearly in the data for MoS2 and MoSe2, the friction loop for MoTe2 exhibits negligible energy 
dissipation and the friction patterns are consistent with the smooth sliding regime known as 
structural superlubricity.160 Representative lateral force traces from the MD simulations for MoS2,
MoSe2, and MoTe2 monolayers shown in figure 1d exhibit the same general friction trend as 
experiment: MoS2 > MoSe2 > MoTe2. To further confirm the generality of this trend and account 
for anisotropy, friction for both monolayer and bulk samples was measured while the scanning 
angular direction was varied in steps of 15o in experiments and 10o in simulations, keeping the 
relative orientation of tip and substrate constant. In both experiment and simulation, and 
consistently across all scanning directions, the MoS2 > MoSe2 > MoTe2 friction trend was captured 
on both monolayer and bulk TMDs (see figure 4-2).
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FIG. 4-2. Friction force vs scanning angle for (a) experimental monolayers at a speed of 16 nm/s, (b) 
experimental bulk at a speed of 16 nm/s, and (c) MD monolayers at a speed of 2 m/s. The friction force trend 
follows MoS2 > MoSe2 > MoTe2 for all cases. Note that the friction axis in (b) is logarithmic so that friction 
trend on all three surfaces can be captured despite their significant difference in scale. Parts a and b of this 
figure are at university of Pennsylvania.

 

Figure 4-3 shows the friction force averaged over all scanning directions for monolayer and bulk 
samples from AFM and MD. In both experiment and simulation, the average friction on monolayer 
and bulk MoS2 is larger than that on the MoSe2 and MoTe2 samples. In other words, friction 
increases with chalcogen size. It should be noted that we cannot quantitatively compare the friction 
between the bulk and monolayer samples due to the different tips used in the experiments, which 
have different radii (7 ± 1 for monolayer vs 20 ± 3 nm for bulk samples) and likely different atomic
structures at the end of the tip. Similarly, we cannot perform a quantitative comparison of the results 
between simulation and experiment due to differences in the tip material and size, scanning 
velocity, and load, all of which affect the magnitude of nanoscale friction.199

 

FIG. 4-3. Friction force for sliding of (a) a UNCD AFM tip on MoS2 and MoSe2 monolayers, (b) a UNCD 
AFM tip on bulk MoS2, MoSe2, and MoTe2, (c) and a SiO2 model tip on MoS2, MoSe2, and MoTe2 monolayers 
averaged over all angular scanning directions (see figure 4-2 for the polar plots of the friction measured in 
each direction). In (a), monolayer friction is only presented for MoS2 and MoSe2 because 1H MoTe2 samples 
were not available for testing. Parts a and b of this figure are at 
University of Pennsylvania.
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Our experiments and simulations on monolayer and bulk samples at different sliding speeds and 
measured in different sliding directions relative to the crystallographic orientation of the surfaces 
consistently showed that friction is highest on MoS2 and lowest on MoTe2.

This trend contrasts with the predictions of density functional theory (DFT) calculations and 
machine learning models for these materials.224 226 However, those calculations were for sliding 
between two TMD layers, as opposed to a tip sliding on a TMD sample as in our experiments and 
simulations. Therefore, the mechanisms proposed by previous calculations for intrinsic interlayer 
sliding of these materials do not necessarily apply to our case.

To understand the origin of the friction trend we observed, the possible mechanisms for energy 
dissipation known to affect nanoscale friction were evaluated using the simulations.134 First, friction 
at the atomic scale has been reported to increase with contact area.134,199 The contact area for each 
TMD was calculated from the MD simulations and the results showed that contact area increased 
with chalcogen size (see figure 4-4), opposite to the friction trend. Friction contrast between the 
TMDs can also arise from differences in out of plane deformation which causes bending and 
stretching of the lattice and acts to enhance static friction.18,164 An analysis of the out of plane 
deformation in the simulations revealed that TMD deformation increased with chalcogen size from 
S to Te (see figure 4-5), in agreement with the trends in the out of plane elastic constants reported 
by DFT calculations previously,237,238 but opposite our friction results. Lastly, we investigated the 
potential effect of contact quality50 for a subset of the MD simulations by extracting and analyzing 
the forces on tip atoms, but the results were again not consistent with the observed friction trend. 
Therefore, none of the abovementioned mechanisms can explain the observed friction trend. 

 

FIG. 4-4. Contact area calculated through MD simulations shows that the contact area increases as friction 
decreases, opposite to the friction trend.
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FIG. 4-5. Average of the out of plane deformation averaged over all scanning directions in MD simulation.

Atomic- 160,222,239 Our recent 
study demonstrated the importance of the tip structure in determining the potential energy surface 
(PES).222 Therefore, we calculated the PES using quasi-static simulations of the tip and the sample 
(as opposed to using a single atom probe as is sometimes done; similar to the PES obtained in 
Chapter 3). Figure 4-6a-c shows the tip-sample PES for MoS2, MoSe2, and MoTe2 surfaces. The 
maximum energy barriers (peak-to-valley energy) on these surfaces are 262, 313, and 335 meV 
respectively, so MoS2 < MoSe2 < MoTe2, again inconsistent with the friction trend.
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FIG. 4-6. Tip-sample PES for (a) MoS2, (b) MoSe2, and (c) MoTe2 exhibiting distorted symmetry due to the 
tip-sample convolution. The maximum energy barrier increases with chalcogen size, as reflected by the 
larger color contrast in the MoTe2 PES. The solid black lines indicate the center of mass of the tip sliding 
across the surface captured in the simulations every 0.1 picoseconds. The scanning direction is horizontal. 
The tip moves transverse to the scanning direction to avoid some of the highest energy sites and frequently 
crosses at saddle points in the PES (depicted by colored stars on each PES) during the slips. The tip trajectory 
is also affected by thermal vibration and the dynamics of the spring and elastic deformation of the sample. 
(d) Energy profiles crossing four different saddle points (such as those identified by the dashed lines in (a), 
(b), and (c)) on MoS2, MoSe2, and MoTe2.
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To directly correlate friction with the energetics of the surfaces, we projected the rigid model tip 
center of mass (COM) trajectory from the MD simulations onto the PES images in figure 4-6. The 
COM trajectory shows that the tip does not move directly along the direction of pulling but instead 
meanders across the surface, as previously reported for previous AFM experiments.181,240,241 This
behavior can be attributed to the spring compliance both along the axis of sliding and the axis 
perpendicular to sliding, which enables the tip to follow a lower energy path. In addition, high 
frequency fluctuations in response to both thermal noise and the varying tip-sample forces occur 
due to the dynamic responses of these springs. Calculation of the maximum potential energy value 
along the tip COM trajectory reveals that the tip must overcome an average effective energy barrier 
of 238.4±3.3 meV for MoS2, 227±11 meV for MoSe2, and 251±18 meV for MoTe2. Interestingly, 
this analysis reveals that the difference between the maximum energy barrier on MoTe2 is only 6% 
higher than that on MoS2, while the tip-sample PES indicated a 28% larger maximum energy barrier 
height for MoTe2 compared to MoS2. Regardless, the trend in energy barriers, even when calculated 
from the tip-

The trajectories in figure 4-6 suggest another explanation for the frictional behavior of these TMDs. 
As expected for stick-slip friction, the tip spends most of its time in low energy basins (inferred 
from higher density of trajectory datapoints in figure 4-6a-c) with quick slips across higher energy 
areas to reach another minimum. An animation of the time-evolution of th
on the PES and the corresponding lateral force clearly shows stick-slip sliding. To get from one 
energy minimum to another, the tip crosses at or close to saddle points in the energy profile 
(depicted in figure 4-6a-c), as opposed to traversing the energy maxima. Since MoTe2 has a larger 
lattice constant, it should have a gentler upward curvature at the saddle point in the direction 
orthogonal to the lowest energy pathway (see figure 4-6d). This gentler curvature effectively 
provides increased maneuverability, such that there is a higher probability for the tip to make it 
over the saddle point. For the narrower saddle point of MoS2, the tip is more likely to be turned 
back and require a greater buildup of lateral force. It is clear from the tip trajectories shown in 
figure 3 that the MoTe2 path is more erratic than the others, supporting the idea of greater tip 
maneuverability.

The above qualitative analysis of the MD simulations suggests that the difference between the 
friction on the three TMDs studied is attributable to both their lattice constants and energy barriers, 
where the larger lattice spacing of MoTe2 enables more lateral freedom to cross lower energy 
barriers. To generalize this trend, we turn to the simpler Prandtl-Tomlinson with thermal activation 
(PTT) model. Calculations were performed for a range of energies and lattice constants, with other 
model parameters chosen to be consistent with those commonly used in PTT model analyses 
(reported in table 4-2).144,242,243 Taking into account the stochastic nature of the atomic scale friction 
at room temperature, for each energy and lattice constant case, 15 calculations were performed and 
mean of the probability distribution function was fitted to these data to obtain the friction. Figure 
4-7a shows the friction map obtained from the PTT model at room temperature calculated across a 
range of energy barriers and lattice constants. This figure shows that friction increases with 
increasing energy barrier and with decreasing lattice constant. Energy and force magnitudes cannot 
be compared directly between the PTT model and MD simulations since the PTT model captures 
just one atom moving over a sinusoidal potential landscape, whereas the quasi-static MD showed



64

that the tip-substrate PES is much more complex. However, the quasi-static MD results also 
indicated that the energy barriers for the three TMDs studied here were similar, so the PTT model 
prediction that friction decreases with increasing lattice constant at a given energy is consistent 
with the MD and AFM friction trends.

The PTT model also enables the relative contributions of the energy barrier and lattice constant to 
be evaluated. Figures 4-7b and 4-7c show the friction force as a function of at constant and 
as a function of at constant . Interestingly, the effect of lattice constant is stronger for larger 
energy barriers, while the effect of energy barrier is more significant for smaller lattice constants. 
The effect of lattice constant can be understood in terms of the stiffness of the system, which is the 
combination of the spring constant and the slope of the derivative of the potential energy profile 
(i.e., force) at the point of slip.244,245 For larger lattice constants, the slope of the force profile 
(tangent to the sinusoidal profile) is smaller. Therefore, the total stiffness of the system is smaller, 
and the friction is lower. These results are consistent with the observation of lower friction in 
MoTe2 compared to MoS2 and MoSe2.

 

FIG. 4-7. (a) PTT model prediction of the effect of lattice constant and maximum energy barrier on atomic 
scale friction at room temperature. Friction as a function of (b) lattice constant, for five representative 
maximum energy barriers, and (c) maximum energy barrier, for five representative lattice constants. 
Complete list of parameters for the PTT model are provided in Table 4-2. The friction data are the mean of 
probability distribution function fitted to 15 PTT model calculations at each energy/lattice constant 
condition.

More generally, the findings demonstrate that lattice spacing is an important parameter that cannot 
be ignored in the understanding of nanoscale friction, particularly for surfaces with relatively high
energy barriers to sliding. In this context, it was recently shown in experiments that friction for an 
AFM tip sliding on monolayer graphene could be decreased dramatically by applying mechanical 
strain.246 This behavior was attributed to changes in the contact quality of the sliding interface. 
While contact quality certainly governed the observed friction trend in that work, our findings 
suggest that lattice spacing may also have contributed. Specifically, strain could increase the 
effective lattice spacing which would widen the saddle points on the PES, and therefore perhaps 
play a secondary role in reducing friction. Our findings are based on AFM-based experiments and 
simulations, and are drawn specifically for tip-TMD contacts. Given all the systematic differences 
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between tip-TMD and TMD-TMD contacts, the applicability of our findings to the interfacial 
TMD-TMD sliding case must be thoroughly evaluated in a separate study.

4.4 Conclusions:

We studied the effect of chalcogen substitution (S vs Se vs Te) on the frictional behavior of Mo-
based bulk and monolayer TMDs using AFM experiments and MD simulations. Consistently, in 
both experiment and simulation, and regardless of the sample thickness, the friction decreased with 
increasing chalcogen size (i.e., MoS2 > MoSe2 > MoTe2). This trend could not be explained by 
contact size, out of plane deformation, or maximum energy barriers. However, a detailed analysis 
of the tip-
saddle points rather than over the maximum energy barriers inherent to each surface. Comparing 
the three TMDs, the larger lattice spacing of MoTe2 corresponded to wider saddle points that then 
enabled easier maneuvering around the highest energy barriers which lessened the energetic penalty 
for overcoming barriers. We then investigated the interplay of energy barrier and lattice constant, 
a relatively unexplored factor, using a PTT model to approximate friction across a range of energies 
and lattice constants. The results demonstrated the determining role of the lattice constant in cases 
of similar surface energy barriers. 

This improved understanding of the dependence of friction on chalcogen size provides valuable 
information for utilizing the toolbox of TMD materials for various application ranging from flexible 
electronics to solid lubrication. Specifically, the lower friction observed for MoSe2 and even more 
so for MoTe2, as compared to the widely used MoS2, is promising and encourages further 
investigation of their tribological properties across a range of different environmental and testing 
conditions.
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Chapter 5: Insights into Dynamic Sliding 
Contacts from Conductive Atomic Force 

Microscopy
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5.1 Introduction

The study of metal-metal or other electrically conductive contacts has provided foundational 
knowledge contributing to development of many nanoscale technologies, including 
nanoelectromechanical switches.247,248 Electrically conductive contacts are also relevant to topics 
such as the mechanical behavior of materials249, evolution of the contact formed between two 
bodies as they are pressed together,250,251 and friction between sliding surfaces.252 254 Such 
phenomena are studied using AFM which enables spatial, mechanical, and electrical measurements 
though small, well-defined contacts formed between a nanoscale AFM probe and a substrate. The 
electrical behavior of these contacts can be studied using CAFM where a potential bias is applied 
between a conductive probe and substrate and the current flow through the contact is measured.255

Studies have shown that conduction across a contact is determined by its size,251,256 surface 
roughness252 and the materials of the contacting pair.256 Based on these relationships, electrical 
current is often used as an indirect parameter to examine and interpret the structure of a contact 
made between two bodies.

However, studies have shown that there are limitations to using conductivity to interpret contact 
properties.21 Several CAFM investigations have focused on the relationship between current
transfer and contact area, both of which should increase with pressure.20,253,257 However, some of 
these studies showed that, for very small contacts (~50 nm or less), the expected current contact
area relationship does not always hold true.258,259 One explanation for this lack of correlation is that 
trace contamination of the contact can inhibit conduction such that the magnitude of the electrical 
current does not reflect the size of the contact.259 Certain environmental conditions (e.g., ambient
conditions in which a water meniscus can form in the contact) can also break the correlation 
between current and contact area for nanoscale contacts.258 The relationship between current and 
contact area has been explored using simulations as well. Simulation based studies have shown that 
bond distance, e.g., shortening or lengthening of the distance between atoms in a contact, may be 
a significant contributing factor for electron transport.254,260 Finally, the mechanical properties of 
the substrate, specifically the stiffness of a substrate material, can impact the conduction of 
electrons through the contact.261 In general, previous studies have shown that the current flow 
through a nanoscale contact cannot be quantitatively correlated with contact area, except for a
general observation that increased contact area sometimes corresponds to increased current flow 
through the contact.

Beyond stationary contacts, CAFM has been used to study sliding contacts for dynamic properties 
such as friction. Specifically, there have been several CAFM studies where lateral force and current
were measured simultaneously on atomically ordered surfaces.253,254,262 In these experiments, both 
the current and lateral atomic lattice. 
Recently, such studies have shown that current can be used to detect defects in the surface lattice,262

changes in conduction modes or pathways on the surface,263 and stacking configuration of 
monolayers on the substrate.254,262 Although these studies suggest strong correlations between 
conduction and the dynamic structure of the contact, the exact nature of those correlations are just 
beginning to be explored.

In this study, we examine the current flow through the contact formed when a nanoscale tip slides 
on atomically well-defined surfaces using experiments and simulations. CAFM experiments of a 
highly-doped diamond tip sliding on a highly-oriented pyrolytic graphite (HOPG) surface are 
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performed. In these experiments, both the lateral force and current exhibit patterns that are
characteristic of atomic stick-slip on the hexagonal lattice structure of HOPG. Also, lateral force 
and current are found to be inversely correlated during stick events. Molecular dynamics (MD)
simulations of a simple copper-on-copper system reproduce similar trends, where the atomic stick-
slip patterns have the same periodicity as the current approximated from the electrochemical
potential of the atoms. The simulations are then used to explore the origins of the observed trend 
based on the number and positions of atoms in the contact during sliding. 

5.2 Methods:

Experiments. CAFM measurements were performed by Egberts Nanotribology Lab at University 
of Calgary. A schematic of the experimental setup is shown in figure 5-1a. The experiment was 
conducted using an ultra-high vacuum (UHV) AFM (RHK Technologies 7500VT) at room 
temperature at a pressure of < 1x10-9 Torr. A doped diamond coated cantilever (Nanosensors CDT-
CONTR) with a normal bending spring constant of 0.86 N/m and lateral spring constant of 10 N/m 
was used to obtain all experimental data presented in this manuscript. The normal bending and 
torsional spring constants for the cantilever were determined using the geometric method,264 where
the width, length and tip height of the cantilever were determined using optical microscopy and the 
thickness was determined using the resonance frequency of the cantilever acquired in vacuum. The 
conversion of volts measured by the photosensitive detector to distance was accomplished by 
measuring the slope of a normal force versus distance curve. Post-mortem images of the tip apex
were captured using a transmission electron microscope (Tecnai F20 TEM) and circular fits to 
traces of the tip profile indicated a radius of 43±5 nm at the lowest asperity where the tip-sample 
junction was formed. Other cantilevers were also tested, including doped diamond coated silicon, 
PtSi coated silicon, Au coated silicon, and Pt coated silicon tips in similar experiments. With these 
other tips, only partial data sets were obtained, e.g., just a few scan lines with conductivity 
measurements. However, in these incomplete data sets, similar observations in terms of the lateral 
force, current variation during atomic stick-slip, and I-V spectra were observed.

 

FIG. 5-1. (a) Schematic of the AFM experiment and (b) snapshot of the corresponding MD simulation setup. 
In (b), the compliance of the system is taken into account using a spring coupled the model tip through a 
virtual atom that represents the cantilever. Conduction was modeled by applying a voltage bias across the 
contact and approximating the resulting current, as discussed in the text.
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In all experiments, the substrate was a clean HOPG sample. This surface was prepared by 
mechanically cleaving the sample using scotch tape under ambient environmental conditions and
immediately transferring the sample into the fast entry lock of the vacuum chamber. Once the load 
lock was pumped to a pressure of < 1x10-7 Torr, the sample was heated at 120oC for 3 hours to 
remove any moisture or other contaminants. AFM topographic measurements were performed to 
verify the quality of the surface preparation and locate a flat atomic terrace of greater than 100x
100 nm2.

Simultaneous CAFM and friction measurements were enabled by pressing the tip into the surface, 
applying a potential difference across the tip-sample junction, and connecting a transimpedance
amplifier (FEMTO DLPCA-200) to measure the current flow through the tip-sample junction. First, 
I-V spectroscopy was performed to determine the resistance of the contact by sweeping the sample 
bias voltage from -2 to +2 V, while the cantilever tip was in contact with the sample at a given 
applied normal force. The contact resistance was then determined by fitting a line to the current-
voltage data in the range of -0.2V to +0.2V where the data was close to linear. The pull-off force 
was determined to be approximately 17 nN, and was constant throughout the subsequent series of 
experiments.

Following characterization of the contact resistance from IV spectroscopy, combined CAFM and 
friction force microscopy (FFM) were performed. In these experiments, the tip was slid against the 
HOPG substrate with a constant potential bias of 1 V while maintaining a constant normal force of 
approximately 150 nN. During atomic stick-slip measurements, the topographic feedback was 
maintained at a low value to ensure the normal force was constant over a single scan frame. The 
lateral force, current, normal force, and topographic signals were measured simultaneously during 
these sliding experiments.  

MD simulations. The MD simulations described a crystalline Cu (111)-terminated AFM tip apex 
sliding over an infinite slab of crystalline Cu (111), as illustrated in figure 6-1b. This model system 
was selected because the electrical transport and frictional properties of Cu (111) are well-
characterized265 267 and because its simplicity enabled the effects of individual parameters to be 
isolated and understood. The top apex was a truncated cone with the following dimensions: height 
2 nm; radius of the top circle of the truncated cone 1.7 nm; and radius of the bottom circle of the 
truncated cone 1.0 nm. The lateral compliance of the AFM cantilever in contact with the sample 
was taken into account by coupling the model tip to an interaction free particle through a harmonic
lateral spring (lateral stiffness of 3.2 N/m) representing the cantilever. The positions of the atoms 
in Cu substrate were fixed and the tip was treated as a rigid body. Dynamic simulations were run 
in the NVT ensemble (constant number of atoms, volume and temperature) using a Nosé-Hoover 
thermostat. The thermostat was applied to maintain the temperature of the system at 0.1 K. This 
artificially low temperature was used to minimize thermal noise so that subtle correlations between 
current and friction could be detected. Periodic and fixed boundary conditions were applied in the 
lateral and vertical directions, respectively. The tip-substrate interactions were described by the 
embedded-atom method (EAM).268 The equations of motion were integrated with a time step of 1 
fs and all simulations were carried out with the MD package LAMMPS.156

The simulations were performed in two stages: sliding of the tip along the surface to calculate 
lateral force and obtain atom trajectories; and electrical conduction calculations with atom positions
obtained from the sliding simulations. To model sliding friction, the tip first was brought in contact 
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with the substrate with a normal load of 3.5 nN and the entire system was relaxed for 0.2 ns. Then, 
the interaction free particle was moved with constant velocity of 2 m/s along the x-direction (

while the lateral force in the scanning direction was recorded. During sliding, the applied 
normal force was maintained at 3.5 nN while the vertical position of the tip was allowed to change. 
During these simulations, the atom positions were saved every 0.01 ns for use in the conduction 
calculations.

Electrical conduction was approximated using the EChemDID269 method to model the equilibration 
of external electrochemical potentials (voltage). First, the empirical potential used to describe tip-
substrate interactions was changed from EAM to ReaxFF with potential parameters reported in Ref. 
270. Next, the EChemDID method was used to model the equilibration of external electrochemical 
potentials (voltage). Briefly, this method applies an external voltage bias (to the topmost atoms of 
the tip and bottom-most atoms of the substrate in figure 5-1b to the reactive MD system. By 
equating the electrochemical potential of atoms in the system, the relative current (a unitless value 
that scales linearly with applied voltage) can be obtained from the
the continuity equation under the assumption of diffusive transport without including Joule heating
and electron migration effects. This technique has been successfully applied in several previous 
studies.260,271,272 Here, this method was applied to calculate current across the tip-substrate contact 
using atomic configurations taken from the sliding simulations.

5.3 Results and discussion:

 

Figure 6-2a shows a representative 10x10 nm2 lateral force image taken of the HOPG surface 
acquired in the UHV AFM. Fluctuations in the lateral force signal show clear lattice resolution that 
correspond to stick-slip friction with single slips of the diamond tip across the graphite lattice. The 
periodicity of the lattice was determined to be 2.5±0.1 Å from the two-dimensional fast Fourier 
transform (FFT) shown in the upper inset of figure 5-2a. The bottom inset of figure 5-2a illustrates 
the difference between the fast scan direction of the AFM and armchair direction of the graphene 
lattice is approximately 9o. Figure 5-2b shows the simultaneous measurement of tip-sample current. 
Fluctuations in the current image have a periodicity of 2.5±0.1 Å and a difference between the fast 
scan direction of the AFM and the armchair direction of the graphene lattice, as determined through 
the FFT shown in the upper inset of figure 5-2b. Thus, both the current and the lateral force have 
the same periodicity and rotation with respect to the fast scan direction of the AFM.
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FIG. 5-2. (a) Lateral force acquired over a 10x10 nm2 scan area on an HOPG surface. A hexagonal pattern 
is observed with periodicity corresponding to the spacing of the graphite lattice. (b) The simultaneously 
acquired current signal taken at 1 V. Fluctuations in the current signal match the periodicity of the atomic 
stick-slip seen in the lateral force image. Fourier transforms of the real-space images are shown in the insets 
on the top left for the lateral force and current images. This figure is acquired from Egberts Nanotribology
Lab at University of Calgary.

Figure 5-3a shows the variation of the lateral force along the horizontal line in figure 5-2a. The 
variation of the lateral force clearly exhibits stick-slip modulation. The periodicity of the stick-slip
pattern shown here does not correspond exactly to the lattice size of the HOPG because the fast-
scan direction of the AFM is not along the armchair direction of the graphite lattice. However,
using the known offset, stick-slip events corresponding to the AFM trajectory passing over the 
position of an atom in the lattice structure can be identified. Red shaded regions in figure 5-3
identify representative stick events where this is the case and the periodicity reflects the HOPG 
lattice. The average value of the lateral contact stiffness for these sticks was 12±4 N/m. For stick
events not highlighted in the figure, the tip did not directly traverse atomic positions, so the stick-
slip pattern does not exhibit the periodicity of the HOPG lattice. Figure 6-3b shows the current
signal variation along the same scan line as figure 5-3a. For all five stick events highlighted in red, 
as the lateral force increases the current decreases. 
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FIG. 5-3. (a) Lateral force line profile acquired along the black dashed line in figure 6-2a. (b) Current signal 
line profile acquired along the same line as (a), marked on figure 6-2b. Regions highlighted in red correspond 
to stick events where the tip trajectory traverses the position of an atom in the HOPG lattice. This figure is 
acquired from Egberts Nanotribology Lab at University of Calgary.

To confirm the inverse relationship between current and lateral force, approximately 30 stick events 
from figure 6-2 were analyzed. The results are shown in figure 5-4 where a clear trend of decreasing 
current with increasing lateral force is observed, despite the scatter in the data. This scatter 
originates from the variation in lateral force due to thermal fluctuations at room temperature, noise 
inherent to the instrument, and error associated with identifying the stick events corresponding to 
the tip traversing the position of an atom in the graphene lattice. The data can be fit to an exponential 
function of the form:

where is the measured current as a function of lateral force , is a scaling factor, is a 
decay constant, and is a current offset. Here, was found to be 23±7 nN, reflecting the rate of
decrease of current with increasing lateral force. The fit value of the current offset was 

=1.18±0.02 mA, corresponding to the magnitude of the current at the onset of a stick event.
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FIG. 5-4. Variation of the current with lateral force during stick events where the tip trajectory traversed an 
atomic position. The stick data was taken from 30 lattice sites in Figure 6-2 and the different stick events are 
identified by symbol shape and color. An exponential fit to all the data is shown as a dashed red line. This 
figure is acquired from Egberts Nanotribology Lab at University of Calgary.

To explore the origins of the current variation during stick-slip motion, MD simulations of a simple 
crystalline copper sliding contact were performed. Figure 6-5a shows the variation of the lateral 
force, demonstrating clear atomic stick-slip. Figure 5-5b shows the corresponding current signal. 
Similar to the experimental results, the simulated current has the same periodicity as the lateral 
force and the current decreases as lateral force increases during the stick events. To confirm the 
trends were independent of material, simulations were repeated with Cu (111) replaced by diamond 
(100). The same inverse relationship between friction and current during the stick events was 
observed, as shown in figure 5-6.

Current is plotted as a function of lateral force from the simulations in figure 6-5c, again illustrating 
a decrease of current with increasing lateral force (see figure 5-7 for another data set from 
simulations with different tip-substrate orientation). This data was fit to the exponential function in 
Equation 1 and the decay rate and current offset were found to be = 0.23±0.04 nN and =
6.349±0.002 a.u. The current offset in the experiment and simulation cannot be directly compared 
because of the arbitrary units of the simulations. However, considering the rate of change of current 
with lateral force, the simulation rate is two orders of magnitude smaller than that in the 
experiments. This reflects a faster rate of change of current with force and likely is attributable to 
the much larger lateral force range during stick events for the ideal, commensurate copper-copper 
model system. Regardless, the observation of decreasing current with increasing lateral force in 
both experiment and simulation, with samples having different electronic properties (i.e.,
semimetals and metal/diamond in experiments and simulations, respectively), indicates that the 
reported phenomenon is general and not material dependent.
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FIG. 5-5. (a) Lateral force and (b) current from MD simulations of copper sliding on copper. In the stick 
stage, the lateral force increases while the current decreases, as highlighted by blue shaded regions on the 
plot. (c) Variation of the current with lateral force determined from the stick events in (a) and (b). An 
exponential fit is shown in the blue dashed line.

 

FIG. 5-6. (a) Lateral force, (b) calculated current, and (c) tip vertical position from MD simulations of 
diamond (100) terminated tip sliding on diamond (100) with a scanning speed of 4 m/s and a normal load of 
0.4 nN. Lower tip vertical position corresponds to smaller atom-atom distance in the contact. Highlighted 
region represents a stick stage.
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FIG. 5-7. Current as a function of lateral force from simulations of the Cu (111) tip at different 
crystallographic orientations (rotation angles) relative to the Cu (111) substrate. The sliding direction in all 
the cases is along the direction on the sample.

The magnitude of friction measured using FFM is often correlated to contact area,273 where higher 
friction is associated with larger contact areas. Direct experimental observation of an increase in 
contact area during the stick phase of stick-slip motion has been observed in micron-sized 
contacts,274,275 as well as in nanoscale contacts211,276 attributed to contact aging. Based on these 
observations, it is possible that contact size is increasing during the stick events in our 
measurements. However, current is expected to increase with contact area in CAFM as well.251,257

So, if contact size were increasing, both lateral force and current should increase, which is not the 
case in our results in figures 5-3 to 5-7. Regardless, it is possible that contact area changes are 
contributing to the observed trends.

While direct measurement of contact area was not possible in our experimental setup, the real 
contact area could be calculated in the MD simulations. Here, the contact area was calculated by
counting the number of tip atoms in contact with the substrate using a maximum atom-atom 
distance criterion of 0.4 nm, consistent with the cut off distance used in the EChemDID current
calculation.260 The atomic contact area was then calculated by multiplying the number of contact 

where atom area was approximated as the area of a circle with the atomic 
radius of copper.21,277 Theoretically, the number of contact atoms could increase due to either an 
increase in the apparent size of the bottom of the tip (i.e. the perimeter length) or through structural 
changes that bring more atoms in the tip close enough to atoms in the substrate to be considered in 
contact. In our simulations, only the latter is possible because the tip is a rigid body. Figure 5-8a
shows the lateral force and current variation over one stick-slip event and the corresponding contact
area is shown in figure 5-8b. During the stick stage, where lateral force is inversely related to 
current in both experiments and simulations, there is no change in contact area. Therefore, the 
inverse trend cannot be explained by the contact area between the tip and sample as calculated from 
the MD simulations.
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FIG. 5-8. MD simulation analysis of a single stick event comparing (a) lateral force (black squares) and 
current (red triangles), (b) atomic contact area, and (c) the vertical position of the center of mass of the tip.

An alternative explanation for the inverse relationship between lateral force and current in the 
sticking phase is the atomic distance between the atoms in the tip and the substrate. Conduction is 
known to increase with decreasing atom-atom distance.254,260,267 Further, a recent CAFM 
measurements of graphene on Ru(0001) showed that conduction changed with the crystallographic 
alignment of atoms.254 That study reported increased topographic height and smaller current signal 
in regions where the graphene/Ru(0001) had HCP stacking and lower topographic height and larger 
current in regions where the graphene/Ru(0001) had FCC stacking. The result was investigated
using first principles calculations that showed that the trend could be attributable to be smaller 
atom-atom distance between the graphene and Ru(0001) substrate in the case of the HCP We tested 
if this concept might be applicable to sliding contact as well.

For stick-slip motion, if the distance between atoms across the interface decreases during a stick 
event, an increase in current would result. Since the sample surface and tip are rigid bodies in the 
MD simulation, all atoms in the contact are the same distance from the substrate at each instant. 
However, that distance can change as the tip slides, as shown in figure 6-8c. In this figure, higher 
vertical positions correspond to larger distances between tip atoms and substrate atoms across the 
sliding contact. We observe a monotonic increase in vertical position distance during the stick phase 
A similar trend was observed from simulations of sliding with two different tip-sample orientations 
(see figure 5-9).
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FIG. 5-9. MD simulation analysis of (a) lateral force, (b) current for commensurate relative tip-sample 
orientation angles of 0o(left) and 60o(right). and (c) vertical position of the tip center of mass for relative tip-
sample orientation angles of 0oand 60o (commensurate registry). Lower vertical positions in (c) correspond 
to smaller atom-atom distance in the contact.

To confirm the relationship between current and distance, the atom-atom distance calculation was 
repeated for all data from the MD simulations. As shown in figure 6-10, there is a monotonic 
decrease of current with vertical position. Although the magnitude of the change in position is 
small, first principles calculations have shown that atom-atom conductance decreases exponentially
with increasing distance between atoms.254,267 This trend is generally in agreement with an STM 
study of atomic scale Cu junctions in which conductance decayed exponentially with tip-sample 
distance.267 Therefore, the MD simulation results suggests that the origin of the current drop during 
the stick phase is an increase in tip-sample atomic distance and the corresponding conductance
decay.

 

FIG. 5-10. Current from the simulations as a function of tip vertical position where lower position 
corresponds to smaller atom-atom distance in the contact.
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The hypothesis that atom-atom distance explains the inverse current-lateral force trend during stick 
events is supported by subtle features observed in the simulations during the slip events.
Specifically, the simulated slip events exhibit transitions between FCC and HCP, characterized by 
shoulders in the lateral force profile265,278 as seen in figures 5-5a and 5-8a. This transition from FCC 
to HCP corresponds to sharp peaks in the current data in Figures 5-5b and 5-8a. During this 
transition, when the tip is in HCP registry with the substrate, there is a local increase in the size of 
the contact (figure 5-8b) and decrease in the vertical position of the tip (figure 5-8c). Therefore, 
both increasing contact area and decreasing atom-atom distance could contribute to the local 
increase in current at the FCC-HCP-FCC transition. Taken together, the correlations between 
atomic distance and lateral force during both the stick and the slip stages indicate that the concept
previously proposed for stationary contacts can be extended to stick-slip friction.

5.4 Conclusions:

Simultaneous FFM and CAFM experiments with atomic lattice resolution were performed on a 
HOPG substrate under UHV conditions. These measurements showed the same lattice periodicity
in both lateral force and current. MD simulations of a simple model system captured the FFM and 
CAFM experiment, where the current was approximated from the electronegativity of the atoms in 
the latter. In both experiments and simulations, an exponential decrease in the current during the 
stick phase was observed. Analysis of the contact area in the simulations indicated that the size of 
the contact does not change during the stick events where lateral force increases and current 
decreases. However, the simulations showed that tip-sample separation changed, corresponding to 
larger atom-atom distances across the contact and smaller current. The relationship between lateral 
force, atom-atom distance and current was further evaluated by analysis of FCC-HCP transitions 
during slip events. The results confirmed that changes in atom-atom distance can explain the 
observed variation in current during sliding. Although contact area change was necessarily limited 
in the simple model system, in practice, both contact size and atom-atom distance can affect current. 
We can infer from these results that an increase in tip-sample contact area will always result in an 
increase in tip-sample current. However, an increase in current measured during sliding does not 
necessarily mean that the tip-sample contact area has increased.
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Chapter 6: Summary and Future Work
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6.1 Summary

 

This research aimed to study the friction, adhesion and contact of 2D materials that play an 
important role in a variety of applications, including as solid lubricants that minimize friction and 
wear. We focused on two important groups of this class of 2D materials, graphene and TMDs,
which are recognized as the most promising candidates for the next generation solid lubricants in 
oil free systems. Since 2D materials have the highest surface to volume ratio among all classes of 
materials, understanding the interfacial properties of these materials can lead to the discovery of 
new approaches for tuning and improving their characteristics, thereby opening new avenues for 
production, assembly and application of these materials.

Initially, we addressed the fundamental question of which 2D material has lower friction among 
graphene and MoS2; this question had not been answered previously, despite extensive research on 
both materials. We characterized nanoscale friction of graphene, MoS2, and a graphene/MoS2

heterostructure at different normal loads in a single measurement, using AFM experiments and MD 
simulations with complementary DFT calculations. Graphene exhibited lower friction than MoS2

and the heterostructure across a wide range of normal loads in both AFM experiments and MD 
simulations. Also, the friction of the heterostructure was sometimes lower than that of the 
monolayer MoS2 friction. Through careful examination of the possible mechanisms of energy 
dissipation at the atomic scale including thermal activation, tip change, roughness, adhesion and 
elastic deformation the origin of the friction contrast between sliding on graphene versus MoS2

was identified as the energy barrier that the tip must overcome to slide over each surface. The 
energy barrier for graphene obtained from quasi-static MD simulations was much smaller than that 
of monolayer MoS2 and the heterostructure. Complementary DFT calculations confirmed this 
finding and the energy barrier breakdown revealed that the difference between MoS2 and graphene 
was mainly due to the higher dispersion contribution to the sliding barrier for MoS2 which stems
from the higher polarizability of sulfur atoms in MoS2 compared to carbon atoms in graphene.

We then focused on assessing the nanotribological properties of MoS2. Atomic-scale friction of
MoS2 and other 2D materials are known to depend on scanning direction. This friction anisotropy 
was previously thought to originate from the crystallographic rotational symmetry of 2D materials 
or from periodic nanoscale structural ripples in the sample. However, we identified another 
parameter affecting the friction anisotropy of 2D materials: the quality of the potential energy 
landscape at the interface established between the tip and sample. Friction anisotropy of MoS2 was
characterized at the nanoscale using AFM experiments and MD simulations by sliding the tip in 
different angular direction or rotating the sample while the scanning direction remained fixed. Both 
experiments and simulations showed similar anisotropic behavior with 180o periodicity when the 
tip slid in different directions, while a 60o periodicity was observed as sample was rotated in MD 
simulation. These trends were then explained by assessing the characteristics of the potential energy 
landscape of the contact formed between the tip and the substrate. This work highlighted the 
important role of the potential energy landscape at the contact interface in anisotropic frictional 
forces configuration and emphasized the importance of the tip structure in addition to the sample
structure in determining frictional behavior. 
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Next, we addressed the effect of chemical composition of 2D materials on atomic scale. Despite 
extensive research on the tribological properties of MoS2, the frictional characteristics of other 
members of the TMD family have remained relatively unexplored. Hence, to understand the effect 
of the chalcogen on the tribological behavior of these materials and gain broader general insights 
into the factors controlling friction at the nanoscale, we compared the friction force behavior for a 
nanoscale single asperity sliding on MoS2, MoSe2, and MoTe2 in both bulk and monolayer forms 
through a combination of atomic force microscopy experiments and molecular dynamics 
simulations. Experiments and simulations showed that, under otherwise identical conditions, MoS2

has the highest friction among these materials and MoTe2 has the lowest. Simulations 
complemented by theoretical analysis based on the Prandtl Tomlinson model revealed that the 
observed friction contrast between the TMDs was attributable to their lattice constants, which 
differed depending on the chalcogen. While the corrugation amplitudes of the energy landscapes 
are similar for all three materials, larger lattice constants permit the tip to slide more easily across 
correspondingly wider saddle points in the potential energy landscape. These results emphasize the 
critical role of the lattice constant, which can be the determining factor for frictional behavior at 
the nanoscale.

Lastly, friction in nanoscale contacts is determined by the size and structure of the interface that is 
hidden between the contacting bodies. One approach to investigating the origins of friction is to 
measure electrical conductivity as a proxy for contact size and structure. However, the relationships 
between contact, friction and conductivity are not fully understood, limiting the usefulness of such 
measurements for interpreting dynamic sliding properties. Here, AFM was used to simultaneously 
acquire lattice resolution images of the lateral force and current flow through the tip sample contact 
formed between a HOPG sample and a conductive diamond AFM probe to explore the underlying 
mechanisms and correlations between friction and conductivity. Both current and lateral force 
exhibited fluctuations corresponding to the periodicity of the HOPG lattice. Unexpectedly, while 
lateral force increased during stick events of atomic stick-slip, the current decreased exponentially. 
MD simulations of a simple model system reproduced these trends and showed that the origin of 
the inverse correlation between current and lateral force during atomic stick-slip was atom atom 
distance across the contact. The simulations further demonstrated transitions between 
crystallographic orientation during slip events were reflected in both lateral force and current. 
These results confirm that the correlation between conduction and atom atom distance previously 
proposed for stationary contacts can be extended to sliding contacts in the stick-slip regime.

6.2 Future Work

 

Despite the extensive research in this dissertation and in the literature on friction, adhesion, and 
electrical conduction of 2D materials interfaces at the nanoscale, there remain challenge and 
opportunities in several areas. Two of these areas are characterizing nanoscale friction on other 
members of the TMD family and resolving timescale challenges. First, our work in chapter 4 of 
this dissertation showed that TMD family members, such as MoSe2 and MoTe2, exhibit lower 
friction than MoS2 and therefore they can be promising candidates for the next generation solid 
lubricants. In this context, characterization of nanotribological behavior of TMD family members 
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like MoSe2, MoTe2, WSe2, and WTe2, as a function of load, velocity, and environmental conditions
is very important. Second, studies of tribological phenomena that couple experiments and 
simulations have been limited by the significant timescale gap between MD simulations and AFM 
experiments. Overcoming the time scale limitation associated with MD simulations will enable 
better matching to experiments such that the simulations and experiments can be used together to 
yield a fundamental understanding of nanoscale friction. Next, we briefly discuss possible research 
directions that may address these two needs.

6.2.1 Characterization of Nanotribological Properties of TMDs 
Other Than MoS2

 

Following the work done in chapters 2-4, it is important to further characterize the nanotribological 
behavior of TMD materials other than MoS2. First, it has been shown that TMDs such as MoSe2

and MoTe2 are air senisitive.231 However, the effect of air and humidity exposure on tribological 
properties of these materials has not been explore. Therefore, a study that involves complementary 
experiments and simulations should be designed to address this gap. 

Further, in chapter 4 we assessed the effect of chalcogen (X) variation in MX2 and proposed that 
an interplay between the lattice constant and sliding energy barrier is the mechanism underlying 
the friction contrast between MoS2, MoSe2, and MoTe2. In future research, a similar systematic 
study can be performed to understand the effect of the metal (M) element on the nanotribological 
properties of TMDs. This study can be performed on samples with Mo and W (from group VI 
metals), Nb (group V metal), and Hf (group IV metal) as metal element and S as chalcogen, using 
MD simulations with existing interatomic potentials.197

Another crucial aspect of nanotribological properties of TMD family (other than MoS2) is 
characterization of their friction at various temperatures. This is an important topic for a wide 
variety of systems benefitting from solid lubricants and operating in high temperature 
environments. Understanding friction behavior at different temperatures is also important in 
aerospace systems such as satellites that are exposed to temperatures ranging from a few hundred 
degrees Celsius down to near absolute zero and cannot have maintenance after they are lunched 
into orbit. In this context, complementary experiment and simulation should be performed to 
investigate friction temperature dependence in different environment such as ambient and UHV. 
Studying and understanding the mechanisms underlying temperature dependence of atomic friction
on TMDs is important for enhanced performance of many engineering systems as well as advancing 
our understanding of how friction occurs more generally.
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6.2.2 Application of accelerated simulation techniques to extend the 
timescale of simulations of tribology-related phenomena

 

MD simulation is a tool widely used to numerically investigate the dynamic evolution of atomistic 
systems in tribology24,25,217. However, MD simulations are computationally expensive since i) the 
dynamics of all atoms should be resolved (size issue), and ii) the timescale of the simulation is 
limited since the fastest vibrational motion (~fs) in the system should be captured (time issue). The 
size limitation has been overcome by spatial decomposition where volume of the simulated system 
is subdivided into many sub-volumes and each processor then calculates the forces between 
particles in one of the sub-volumes. To address the timescale issue via parallelization in time, 
parallel replica dynamics (PRD) was introduced in 1998 and successfully modelled some of the 
tribological phenomena25,279,280. For example, the time scale issue in MD led orders of magnitude 
sliding speed gap between AFM lateral force measurements and MD stick-slip simulation 
mimicking this process281. The time scalability of PRD is directly limited to the frequency of the 
events (i.e., slips or transitions) that are happening and their complexities. Parallel trajectory 
splicing (ParSplice), developed recently282, is an attempt to solve the challenge of simulating the 
evolution of materials over long time scales (~ms) for complex atomistic systems by the timewise 
parallelization of long trajectories. 

Future work can apply this new technique, for the first time, to phenomena such as frictional contact 
ageing at nanoscale interfaces, by reaching timescales that are not accessible to conventional MD 
simulations. Frictional ageing is the logarithmic enhancement of static friction with hold time. This
is an important concept for various applications, including earthquakes since the static friction of 
rocks grows logarithmically with time when they are held in stationary contact similar to frictional 
ageing at the single asperity level211,283. Overall, the utilization of ParSplice can provide atomistic 
detailed information about contact and friction on time scales that have not been reached before
and could have significant impact on understanding, predicting, and controlling the tribological 
phenomena.

6.3 Concluding Remarks

 

Overall, we studied the friction, adhesion, and contact of 2D materials at the nanoscale using MD-
based techniques. We performed a head-to-head comparison of atomic scale friction between 
graphene and MoS2, two most promising solid lubricants, and showed how the difference in height 
of the energy barrier tip should overcome during sliding caused the friction contrast between these 
materials. The height of the energy barriers in surface energy landscape is not the only parameter 
affecting the atomic scale friction. We showed that the quality and configuration of the energy 
landscape also affects atomic scale friction. In this context, we showed how the tip apex structure 
distorts the intrinsic energy landscape of the substrate leading to an unexpected two-fold friction 
anisotropy pattern. Further, we investigated how chalcogen variation affects the nanotribological 
behavior of MoS2, MoSe2, and MoTe2. We revealed an unexpected role of substrate lattice spacing 
in friction of 2D materials. co
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we employed the EChemDID package to characterize the electrical current and ECR directly from 
MD simulation. This enabled us to match and combine CAFM measurements of current flowing 
through the contact with atomistic simulations and provided valuable new insights into the 
correlations between structural, mechanical, and electrical properties at nanoscale contacts. 

This dissertation has: (i) provided insight into the important fundamental question of why different 
2D materials (graphene, MoS2, and graphene/MoS2 heterostructure in this case) exhibit distinct 
frictional properties; (ii) contributed significantly to the emerging field of 2D heterostructures from 
an unexplored tribology perspective; (iii) explained the strong friction anisotropy observed on 2D 
materials via a new mechanism, challenging the ripple hypothesis others have proposed; (iv)
provided new insight into how contact quality affects the strength of atomic interactions at the 
nanoscale; (v) emphasized the critical role of tip-sample interface structure in characterizing the 
properties of 2D materials; (vi) explained how changing the elemental composition and structure 
(i.e., the identity of the X atom in the MoX2 subclass of TMDs) affects nanoscale contact and 
friction; (vii) emphasized the critical role of the lattice constant which can be the determining factor 
for friction at the nanoscale; (viii) shed light on the mechanisms by which atomic structure can alter 
surface energetics to affect the properties of 2D materials; and (ix) revealed that the correlation 
between conduction and atom atom distance previously proposed for stationary contacts can be 
extended to sliding contacts in the stick-slip regime.

The aerospace and automotive industries already use 2D materials and 2D material-forming 
constituents in lubricants, but a lack of fundamental understanding restricts their design for harsher 
environments and applications demanding higher performance. This dissertation aimed to establish 
and quantify relationships that relate structure, processing, and properties of the contact interface
to its nanotribological behavior to ultimately enable rational design of components, devices, and 
systems with improved performance.
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