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Abstract

Two-dimensional (2D) materials are single or few-layered structures with a thickness of
only a few atoms possessing extraordinary electronic and mechanical properties. 2D
materials have a crystal lattice structure with weak interlayer interactions, resulting in low
frictional forces between the layers. Even a single layer of 2D material can reduce friction
efficiently due to the inert and atomically smooth nature of the top layer. There are
numerous ways through which 2D materials can be prepared, but the chemical vapor
deposition (CVD) method is highly used due to its capability to produce large-size flakes
and mass production. 2D materials such as transition metal dichalcogenides (TMDs) have
attained specific attention due to their remarkable thermal and mechanical properties and
layer-dependent band gap. Molybdenum disulfide (MoS>) is the representative TMD as it
has been used as a solid lubricant for decades due to its extraordinary lubrication properties
at high temperatures and in a vacuum; however, there are other TMDs that can provide
better tribological properties than MoS: such as tungsten disulfide (WS>). WS> provides a
better coefficient of friction (COF), high thermal and chemical stability, good load-carrying
capacity, and is also naturally abundant similar to MoS.. In the present study, the
tribological behavior of the CVD-grown WS, monolayer was investigated at the nanoscale

using atomic force microscopy (AFM).

Structural defects in CVD-grown WS> monolayers are ubiquitous and cannot be avoided.
Defects can be classified as point defects (zero-dimensional), line defects (one-
dimensional), and surface defects (two-dimensional). Point defects such as sulfur (S)
vacancies are common in CVD-grown WS, monolayers, as the S vacancy has the lowest
formation energy. The tribological behavior of the CVD-grown WS> monolayers in the
presence of point defects was investigated using AFM under ambient conditions. AFM

experiments were performed within the interior and near the edge of the WS> monolayers.
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Higher load-carrying capacity was observed within the interior as compared to near the
edge of the WS, monolayer. The variation in the concentration of S vacancies in the WS>
monolayer was found to be the main reason for the varying wear behavior within the
interior and near the edge. The non-uniform distribution of S vacancies was estimated using

Raman and photoluminescence (PL) spectroscopy.

WS> monolayers can be used as a solid lubricant in tribological applications for the long
run; however, the possibility of the formation of wrinkles over time cannot be neglected.
Wrinkles are generally formed due to the strain relaxation, which is accumulated during
CVD growth due to the difference in the thermal expansion coefficient between the WS>
monolayer and the SiO, substrate. The nanoscale tribological behavior of the aged WS>
monolayer in the presence of wrinkles and the effect of change in surface chemistry was
investigated using AFM. Lower load-carrying capacity (~ ten-fold reduction) was observed
in the presence of wrinkles than the freshly grown WS> monolayers due to the stress
concentration near the wrinkles. Interestingly, higher COF was also observed in the aged
sample in a wrinkle-free area. XPS of the aged sample shows the formation of tungsten

oxides over the surface with time, which is known to increase friction.

Based on the atomic arrangement, the WS> monolayer can exist in phases such as 1H, 1T,
and 1T’ phases. These phases have distinct mechanical and optoelectronic properties. The
frictional behavior of 1H and 1T’ phases was investigated using AFM in ambient
conditions. AFM measurements reveal a significant friction contrast between the two
phases, with the 1H phase displaying higher friction (~ 52%) than the 1T’ phase due to the
distinct lattice structures and higher binding and interlayer surface energy barrier of the 1H
phase. Surprisingly, under repeated scanning at constant stress, the friction of the 1H phase
gradually decreases, eventually matching the lower friction values of the 1T’ phase. It was

observed that the phase transformation is irreversible and is strongly dependent on contact
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stresses and is accelerated as the contact stress is increased by increasing the applied normal

load.

In summary, the present study investigates the nanoscale tribological behavior of CVD-

grown WS, monolayers using AFM under ambient conditions for tribological applications.
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Figure 5.2 (a) AFM topographic image (13 pm x 13 um) of the CVD-grown WS;
monolayer, and (b) the line profile showing the thickness around 1 nm [97]. The abrupt

change in the height near the edge is possible due to the edge overshoot artifact [98].....72

Figure 5.3 (a) Friction force vs. applied normal load measured on the CVD-grown WS>
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of experiment region. (d) Zoomed-out friction channel image showing experiment region,
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Figure 6.3 (a) Low magnification AFM topographic image and (b) friction force map of
the aged WS> monolayer shows wrinkles. (c¢) Higher magnification AFM topographic
image of a wrinkle shows height profile in the inset, (d) corresponding friction force map
of the wrinkle shows higher friction on the wrinkle. A friction loop across the wrinkle is
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is mentioned in the inset); wear can be observed initiating near wrinkles. ....................... 92

Figure 6.6 Topographic image of the perpendicular and parallel wrinkle at low and high
normal loads in (a), (b), (d), and (e). (c¢) and (f) show topographic line profile across
wrinkles (red and blue color lines in topographic images) at two different normal loads
revealing wear of perpendicular wrinkle and flattening of the wrinkle oriented parallel to

SIAING AIT@CLION. ..eeutieiiieiiieeie ettt ettt ettt e et e esbeessaeebeesabeenseennnas 93

Figure 6.7 (a) Friction vs. normal load shows a jump in the friction at a lower normal load
of ~ 150 nN for perpendicular wrinkle, whereas no such sudden jump is observed for

parallel wrinkle. Zoomed-out friction force map of the experimental area (white color

XXiii



dashed square) showing (b) perpendicular winkle with the worn region where friction
contrast is much brighter and (c) parallel wrinkle with uniform friction contrast due to lack
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regions of five random locations (B1 to B5 and D1 to D5). (d) PL spectra of the bright and
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