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Phase-dependent Friction on Exfoliated Transition Metal
Dichalcogenides Atomic Layers

Dooho Lee, Hochan Jeong, Hyunsoo Lee, Yong-Hyun Kim,* and Jeong Young Park*

The fundamental aspects of energy dissipation on 2-dimensional (2D) atomic
layers are extensively studied. Among various atomic layers, transition metal
dichalcogenides (TMDs) exists in several phases based on their lattice
structure, which give rise to the different phononic and electronic
contributions in energy dissipation. 2H and 1T’ (distorted 1T) phase MoS,
and MoTe, atomic layers exfoliated on mica substrate are obtained and
investigated their nanotribological properties with atomic force microscopy
(AFM)/ friction force microscopy (FFM). Surprisingly, 1T’ phase of both MoS,
and MoTe, exhibits ~10 times higher friction compared to 2H phase. With
density functional theory analyses, the friction increase is attributed to
enhanced electronic excitation, efficient phonon dissipation, and increased
potential energy surface barrier at the tip-sample interface. This study
suggests the intriguing possibility of tuning the friction of TMDs through
phase transition, which can lead to potential application in tunable

disulfide (MoS,), a representative TMD,
naturally exists in hexagonal semiconduct-
ing 2H phase, characterized by an indi-
rect bandgap of 1.2 eV. Conversely, the
monolayer form of MoS, is a semiconduc-
tor with a direct bandgap of 1.9 eV.}] Due
to its 2D structure and favorable electrical
properties, MoS, is increasingly being ex-
plored for applications in electronics, such
as thin film transistors, optoelectronic de-
vices, and flash memory.[*l Moreover, MoS,
is widely recognized as one of the most ex-
tensively used materials in various fields as
a solid lubricant,l’! with significant appli-
cations in the space industry.®l The phase
variation in MoS, gives rise to the distinct
phononic and electronic contributions, en-

tribological devices.

1. Introduction

At the atomic scale, the energy dissipation of friction at the sur-
face can be mediated by the phononic contribution (eventually in
the form of heat) and electronic contribution.!'] Extensive studies
have been conducted on friction phenomena in 2-dimensional
(2D) atomic layers.[?) Among various types of 2D atomic layers,
transition metal dichalcogenides (TMDs) have received signif-
icant attention. TMDs, with the general stoichiometry of MX,
(where M represents a transition metal and X denotes a chalco-
gen), exhibit unique properties. For instance, molybdenum
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abling the control and tunability of friction

forces. Consequently, this holds the poten-

tial to unlock new possibilities for control-

ling surface friction in challenging situa-

tions that demand precise regulation, such
as space and other delicate environments.

During the process of lithium intercalation, electron dona-
tion from lithium induces a phase transition of MoS, from
2H to trigonal 1T phase, which then relaxes to 1T’ (distorted
1T) phase.’] The 1T’ phase of MoS, persists after removal of
lithium, but since 1T°-MoS, is metastable and converts to 2H
phase by heating or aging,®! 2H and 1T’ phases coexist in
lithiated MoS,.! By immersing into butyllithium, Chhowalla
et al.®1% has successfully lithiated monolayer 2H-MoS, flakes,
which are mechanically exfoliated or grown by chemical vapor
deposition (CVD) on SiO, substrate, and confirmed the forma-
tion of mixed phase consisting of 2H and 1T". In previous studies
of Schumacher!'! and Scandella,!'?l MoS, synthesized by chemi-
cal exfoliation method™*! using butyllithium exhibited friction at
a similar level to mica. However, mechanically exfoliated MoS,
from bulk 2H phase or MoS, grown via CVD showed signifi-
cantly lower friction than mica.l'*]

Atomic force microscopy (AFM)/friction force microscopy
(FFM) is a powerful tool for the precise characterization of tri-
bological properties in 2D materials.['] Moreover, it enables the
simultaneous acquisition of topographical information, such as
layer thickness, providing comprehensive insight into the struc-
tural characteristics of the materials.l'®! We induced a phase tran-
sition in mechanically exfoliated MoS, through lithiation and
examined the phase-dependent tribological properties of mono-
layer to multilayer MoS, using AFM. Additionally, we investi-
gated the friction of mechanically exfoliated 2H and 1T” phase
MoTe,, which belongs to the group of TMDs. Since the 1T” phase
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of MoTe, is thermodynamically stable,'”] it can exist in high pu-
rity (99.9999%) bulk crystal, which can be further exfoliated into
thin 2D layers. Our results revealed that the 1T” phase of both
MoS, and MoTe, exhibited ~10 times higher friction than the
2H phase. These findings suggest that the phase dependence on
friction is not limited to the effect of lithiation, but rather induced
from the phase difference of TMDs. Density functional theory
(DFT) analyses demonstrated that the phase transition from 2H
to 1T” in TMDs leads to friction enhancement through enhanced
electronic excitation, increased phonon density of states (DOS)
overlap with the mica substrate, and an increased potential en-
ergy surface barrier. This study provides valuable insights into the
atomic-level characteristics of TMDs and contributes to a deeper
understanding of their fundamental properties.

2. Results and Discussion

2.1. Characterization of Lithiated MoS,

Most TMDs, including MoS,, naturally exist in the semiconduct-
ing 2H phase, characterized by a trigonal prismatic coordination.
Through electron donation from lithium, MoS, in the thermo-
dynamically stable 2H phase undergoes a phase transition to a
metastable metallic 1T phase with an octahedral structure. The
metastable 1T-MoS, improves stability by forming superlattice
structures and relaxes to 1T’ phase.['’>!8] Figure 1a,b illustrate
the structures of 2H-MoS, and 1T°-MoS,, respectively.

We investigated the phases of MoS, before and after lithiation,
distinguishing them based on their different structures and elec-
tronic properties. Figure 1c shows Raman spectra of pristine 2H-
MoS, and 1T°-MoS, on mica, excited by 633 nm laser. Both pris-
tine 2H and 1T"-MoS, exhibited main peaks of in-plane E',, at
381 cm™, out-of-plane A, at 406 cm™', and a longitudinal acous-
tic phonon peak of 2LA (M) at ~#455 cm "'’} The shoulder of A,
peak at 419 cm™! is a Raman-inactive B,, peak from two-phonon
scattering involving a longitudinal quasi-acoustic phonon and a
transverse optical phonon.'*»?°! In the Raman spectrum of 1T’-
MoS,, new peaks at 187 and 225 cm™! were detected, which
are consistent with the J peaks reported in previous studies on
Raman spectra of 1T"-MoS, using a 633 nm laser as an excita-
tion source.?!] These | peaks are attributed to the presence of
a superlattice structure.[®221 Photoluminescence (PL) spectra of
2H-MoS, and 1T’-MoS, excited by a 514 nm laser are shown in
Figure 1d. The PL peaks of 2H-MoS, at %675 nm (~1.84 eV) with
a shoulder at #630 nm (~1.97 eV) correspond to A and B direct
excitonic transitions at the K-point in the Brillouin zone.[119023]
The PL peak of 2H-MoS, was quenched after lithiation, indi-
cating the phase transition of MoS, into a metallic 1T phase
through lithiation.[%10.24

The phase composition of MoS, was further investigated with
XPS spectra (Figure S1, Supporting Information). The XPS spec-
tra of pristine 2H-MoS, exhibited sharp peaks at 229.3 and
232.5 eV, corresponding to Mo** 3ds,, and Mo** 3d;,, compo-
nents, along with peaks at 162.3 and 163.5 eV, corresponding
to 2~ 2p;, and S*~ 2p,, components, respectively.?*>**] In
the deconvoluted spectra of Mo 3d and S 2p orbitals for lithiated
MoS,, 1T-MoS, peaks were observed, showing binding energies
~1 eV lower than those of 2H-MoS,.12**?*] Friction images depict-
ing atomic stick-slip behavior in 2H and 1T°-MoS, are presented
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in Figure le f, respectively. By analyzing the Fast Fourier Trans-
forms (FFTs) of these images, we determined the lattice constants
of 2H-MoS, and 1T"-MoS, (Figure S2, Supporting Information).
The 2H-MoS, exhibited a periodicity of ~3.4 A, which closely
matches the lattice constant of a = 3.2 A.1?l Meanwhile, the 1T’-
MoS, demonstrated a periodicity of \/ga = 5.6 A, indicative of
the superlattice structure associated with the 1T’ phase.[2*?7]

2.2. Investigation of Tribological Properties of 2H and 1T’-MoS,
with AFM

We employed FFM to examine the nanoscale morphology and
tribology of 2H and 1T’-MoS,. Figure 2a,b shows AFM topog-
raphy and friction images of mechanically exfoliated pristine
monolayer 2H-MoS, (1H-MoS,). Line profiles of topography and
friction along the red lines in the AFM images are shown in
Figure 2c. The measured thickness of the exfoliated monolayer
2H-MoS, was 0.7-0.8 nm, showing good agreement with the the-
oretical value of 0.615 nm!?®! and previous reports of the mea-
sured height of 2H-MoS, on mica substrate.[?! In the line profile,
the friction values are normalized with the average measured fric-
tion value of mica in the same image. Water patches consisting
of 1-2 layers of water molecules are intercalated between MoS,
and mica, leading to an increase in the friction of MoS, over the
water.'¥l However, considering the significant difference in fric-
tion between 2H-MoS, and mica, the impact of this friction in-
crease is negligible, as seen in the line profile in Figure 2c.

The topography and friction images of the 1T°-MoS, mono-
layer are shown in Figure 2d,e, respectively. The height of the
monolayer 1T’-MoS, was 0.6-0.7 nm, which corresponds well
with previously reported heights of monolayer MoS,.*% No wa-
ter patches were observed at the 1T°-MoS, samples on mica sub-
strate. Interestingly, while pristine 2H-MoS, exhibited signifi-
cantly lower friction compared to mica, the friction of the mono-
layer 1T°-MoS, increased to a similar level with mica. At an ap-
plied load of 10 nN, the friction values of 2H and 1T-MoS, were
0.12 + 0.02 and 1.07 + 0.07, respectively, with normalization to
the value of mica. Surface roughness is known to be an important
factor in determining the friction of MoS,.?! Figure S3 (Sup-
porting Information) shows the root-mean-square (RMS) sur-
face roughness (R,) observed in the topography images of 2H
and 1T"-MoS, in the flat area, revealing similar values of surface
roughness and indicating that geometric features, such as sur-
face roughness, are not the dominant factor contributing to the
friction increase.

Contact mode AFM images of multilayer 2H and 1T°-MoS, un-
der an applied load of 10 nN are presented in Figure S4 (Support-
ing Information). Figure S4a (Supporting Information) shows
a scanned area containing bilayer to 80 nm-thick layers of 2H-
MoS, on mica. The contrast in the friction image of Figure S4b
(Supporting Information) allows the distinction of MoS, flakes
from the mica substrate, which corresponds well with the topo-
graphic image. Slight variations in the friction of 2H-MoS, were
observed depending on the presence of water patches interca-
lated between MoS, and mica or the thickness of the MoS, lay-
ers, which can be explained by the puckering effect.?2] Nonethe-
less, under any conditions, multilayer MoS, consistently exhib-
ited friction ~#10 times smaller than that of the mica substrate. In
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Figure 1. a) Trigonal prismatic (2H) and b) distorted octahedral (1T’) phase of MoS,. Semiconducting 2H phase can be changed into metallic 1T phase
by lithiation. For group 6 TMDs, unstable ideal 1T phase improves stability by forming superlattice structure of distorted 1T phase. c) Raman spectra,
and d) PL spectra of 2H-MoS,, and 1T°-MoS, on mica. Friction image showing atomic stick-slip of €) 2H-MoS,, and f) 1T’-MoS,.

the line profile shown in Figure S4c (Supporting Information),
2H-MoS, layers with a thickness of ~22 nm exhibited friction
value 0of 0.070 + 0.005, normalized with the average friction value
of mica.

In the topographic image of multilayer 1T°-MoS, and mica
substrate in Figure S4d (Supporting Information), wrinkles on
the surface of MoS, can be observed. These wrinkles originate
from the bulges formed during lithiation and do not reversibly
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shrink even after delithiation.[?! The measured height of those
wrinkles depended on the thickness of the MoS, layers. The
height of the largest wrinkle was ~55 nm for 80 nm-thick layers
of MoS,, and ~5 nm for 10 nm-thick layers of MoS,. Similar to
the monolayer case, if not for the high friction at the MoS, steps,
the multilayer 1T-MoS, would be difficult to distinguish from
the mica substrate in the AFM friction image of Figure S4e (Sup-
porting Information). The 6 nm-thick layers of 1T°-MoS, shown
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Figure 2. a) Topography and b) friction images (2 um X 2 pm) of single layer 2H-MoS,. c) Line profiles of height (top) and friction (bottom) along the
red lines in (a,b). Friction values are normalized with the value of mica. d) Topography and e) friction images (6.4 pm x 6.4 um) of single layer 1T"-MoS,.
f) Line profiles of height (top) and friction (bottom) along the red lines in d,e).

in Figure S4f (Supporting Information) exhibited a friction value
of 1.35 + 0.13, normalized with the friction of mica. The friction
of MoS, was measured while avoiding large wrinkles, as those
wrinkles exhibited extraordinarily high friction, due to the height
differences. The friction increase resulting from lithiation dis-
played a similar trend at various loads. Figure S5 (Supporting In-
formation) shows the friction plot as a function of the applied
load. In order to prevent surface damage, the applied load was
limited to 20 nN, as plastic deformation was observed at the edge
of MoS, atan applied load of 30 nN. As the applied load increased,
a sublinear increase in friction was observed for both mica and
1T°-MoS,. While exfoliated 2H-MoS, on mica demonstrated sig-
nificantly lower friction than mica under an applied load of 0-
20 nN in our previous report,*3] 1T’-MoS, consistently exhib-
ited friction on a scale similar to mica for applied loads up to
20 nN.

Friction and current of 1T"-MoS, were evaluated as a func-
tion of applied bias using conductive AFM (Figure S6, Sup-
porting Information). The applied bias resulted in a linear in-
crease in current without inducing any change in friction. This
observation supports the interpretation from previous reports
that friction in 1T"-MoS, is primarily dominated by phonon ex-
citation rather than electronic contributions involving electron-
hole pair creation.['l Force-distance spectroscopy of 1T’-MoS,
was conducted with AFM. Figure S7a (Supporting Informa-
tion) presents the adhesion and current of 1T"-MoS, as a func-
tion of applied bias. The adhesion of 1T"-MoS, exhibited min-
imal changes with applied bias, indicating little effect on fric-
tion. The adhesion of MoS, varied depending on the cantilevers
used for each AFM experiment, but MoS, consistently exhib-
ited similar adhesion values as mica, as shown in Figure S7b
(Supporting Information). This demonstrates that the friction
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change induced by lithiation is not affected by different effective
loads.

It is well-known that atomically thin sheets such as graphene
and MoS, exhibit a decreasing trend in friction with increasing
layer thickness on SiO, substrates, due to puckering effect.[?*33]
According to this study, weakly adherent SiO, substrates exhibit
a significant decrease in friction with increasing layer thickness.
However, in strongly adherent and atomically flat mica due to
its high surface energy, there was little or no observed friction
difference with respect to layer thickness.[>*!

2.3. Phase Dependence in Tribological Properties of MoTe,

In TMDs, MoTe, is known for its stable 1T phase. To investi-
gate the frictional properties of MoTe, and confirm that the fric-
tion change is induced by the phase transition and not solely
from lithiation, we exfoliated MoTe, flakes from both 2H and
1T°-MoTe, crystals onto a mica substrate. Exfoliated 2H and 1T’
MoTe, on mica were characterized before the friction measure-
ments. Figure S8a (Supporting Information) shows the Raman
spectra of 2H and 1T"-MoTe, exfoliated on mica, using a 514 nm
excitation laser. The Raman spectra of the 2H and 1T’ phases of
MoTe, exfoliated on mica showed characteristic peaks in good
agreement with the previous studies.*”) In-plane E',, peak at
235 cm™', out-of-plane A,, peak at 174 cm™, and out-of-plane
B',, peakat 291 cm™" were observed in the Raman spectra of 2H-
MoTe,. Successful exfoliation of 1T"-MoTe, flakes has also been
confirmed by the Ag Raman modes at 132, 166, and 255 cm™!
(shoulder of mica peak), and B, mode at 195 cm™".* The ad-
hesion forces of both phases of MoTe, were measured using
force-distance spectroscopy (Figure S8b, Supporting Informa-
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Figure 3. a) Topography and friction images (2 um x 3 um) of 2H-MoTe,. Line profiles of height (top) and normalized friction (bottom) along the red
lines in AFM images. b) Topography and friction images (1 um X 1.5 um) of 1T’-MoTe,. Line profiles of height (top) and normalized friction (bottom)
along the red lines in AFM images. c) Friction of 2H-MoTe, and mica as a function of applied load. d) Friction of 1T"-MoTe, and mica as a function of

applied load.

tion). Both phases of MoTe, exhibited similar adhesion forces
with mica, indicating that the effective load difference did not
affect the friction of MoTe,.

The tribological properties of 2H and 1T°-MoTe, on mica were
investigated using contact mode AFM. Figure 3a,b shows the
AFM topography and friction images of 2H and 1T°-MoTe,, with
the line profile along the red line in the image. An applied load
of 10 nN was used to obtain these images. In the friction image
of 2H-MoTe, with a thickness of ~6.9 nm, the shape of MoTe,
is distinguishable from mica, and the contrast matches well with
the topography, similar to MoS,. Intercalated water patches with
heights of ~0.4 nm were also observed in the AFM image of 2H-
MoTe,. On the other hand, the friction of ~8.1 nm-thick 1T’
MoTe, is almost equivalent to that of mica, except at the step
edges.

For 2H-MoTe,, the first layer on SiO, was ~0.9 nm thick,
followed by subsequent layers with a thickness of 0.7 nm.’]
For 1T"-MoTe,, the monolayer on SiO, exhibited a thickness of
0.82 nm.38 In our experiment, the observed thickness of 2H-
MoTe, was ~6.9 nm, indicating a flake consisting of #9 + 1 lay-
ers. For 1T-MoTe,, the thickness was 8.1 nm, suggesting a flake
composed of ~11 + 1 layers.

The friction of 2H and 1T°-MoTe, on mica as a function of
applied load is shown in Figure 3c,d. Both phases of MoTe, ex-
hibit a sublinear increase in friction as the applied load increases,
demonstrating similar frictional properties up to an applied load
of 20 nN. At an applied load of 10 nN, when normalized to the
friction value of mica, the friction values of 2H and 1T°-MoTe,
are 0.18 + 0.06 and 1.09 + 0.08, respectively. The friction char-
acteristics of the MoTe, flakes in our experiment, which have a
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thickness of ~10 layers, can be considered “bulk-like” since the
substrate effect is known to start diminishing from ~6 layers.!>")
2H-MoTe, is known to exhibit slightly lower friction than 2H-
MoS, at atomic scale,[) but it should be noted that the friction
values between MoS, and MoTe, in our experiment cannot be
quantitatively compared due to the different scanning conditions.
Experiments using a different tip showed similar observations
where 1T"-MoTe, showed much higher friction than 2H-MoTe,,
ruling out the potential effect of tip contamination (Figure S9,
Supporting Information). We note that our result is in contrast to
the earlier work on WS, [*!lwhere WS, in the 1T phase exhibits
lower friction then the 2H phase. Because the fluorination was
utilized to induce phase transition, this is a different case from
our studies where mechanically exfoliated MoTe, were used.

2.4. DFT Calculations of MoS, and MoTe,

To understand the difference in friction between the 2H and
1T’ phases, we performed DFT calculations for monolayer MoS,
and MoTe,. The optimized structures of 2H and 1T’ phases in
MoS, and MoTe, are shown in Figure S10 (Supporting Infor-
mation). 2H phase shows trigonal prismatic coordination with
the identical Mo-S (or Te) bond lengths. However, 1T phase
shows distorted octahedral coordination with different Mo-S (or
Te) bond lengths and Mo-Mo dimerization. From the electronic
band structures in Figure 4a,b, 2H-MoS, is a of 1.75 eV, and 1T"-
MoS, shows a small bandgap of 0.03 eV. Similarly, 2H-MoTe, is
semiconducting with a bandgap of 1.50 eV, while 1T"-MoTe, is
metallic with no bandgap (Figure 5a,b). Our calculated results
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Figure 4. Electronic band structures of a) 2H-MoS, and b) 1T'-MoS,. Fermi energy is set to 0 eV (green dotted line). Phonon density of states (DOS)
of ¢) 2H-MoS, and d) 1T'-MoS,. Potential energy surfaces of €) 2H-MoS, and f) 1T°-MoS,. The dotted lines indicate the scanning directions for the

maximum (black) and minimum (red) barriers.

are in good agreement with other reported calculations.[*?] As
frictional excitation could be initiated by small electronic excita-
tions at its early stage, the 2H phase may not allow such elec-
tronic excitations, due to its large bandgap. On the other hand,
the metallic 1T phases can significantly host electronic excita-
tions for the dissipation of frictional energy, such as electron-
hole pairs by excitation at a short time scale, which later turn
into phononic excitations, resulting in increased frictional force.
However, since the electron contribution effect associated with
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energy dissipation is likely minor considering the values of mea-
sured friction,!** we considered other factors affecting frictional
forces, such as phonons and potential energy barriers.

Lattice vibrational energy can be a main source for energy dis-
sipation in solid interfaces. Frictional force is closely related to
phonon dissipation and can be understood as phonon DOS in
2D materials.['**#] The phonon DOS’ of 2H and 1T-MoS, in
Figure 4c,d, are primarily distributed between 0 and 14 THz. In
details, however, the phonon DOS of 1T°-MoS, is quite different
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Figure 5. Electronic band structures of monolayer a) 2H-MoTe, and b) 1T°-MoTe,. Fermi energy is set to 0 eV (green dotted line). Projected phonon
density of states (DOS) of ¢) 2H-MoTe, and d) 1T’-MoTe, on mica substrate. Weak vdW interaction by the effect of the substrate shows a small DOS
protrusion below 1THz. Potential energy surfaces of ) 2H-MoTe, and f) 1T’-MoTe,. The dotted lines indicate the scanning directions for the maximum

(black) and minimum (red) barriers.

from 2H-MoS,, because all bond lengths and symmetry varied
from 2H phase to 1T’ phase. 2H-MoS, shows a large phonon gap
of 1.20 THz above 7.1 THz between acoustic and optical phonon
modes.

On the other hand, 1T"-MoS$, provide continuous phonon exci-
tation channels below 11 THz with a small gap of 0.65 THz above
11.1 THz. This phonon distribution can efficiently promote the
dissipation of frictional energy within the bulk monolayer of 1T’
MosS,. Since phonons can dissipate into the substrate, we con-
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sidered slab models of 2H/1T’-MoS, on a mica substrate (Figure
S11a,b, Supporting Information). The interlayer distance and
binding energy were 2.98 A and 0.158 eV (/MoS, unit) for 2H-
MoS, and 2.88 A and 0.157 eV for 1T°-MoS,. The binding energy
and interlayer distance were nearly similar in 2H/1T” phases. In
addition, there was minor phonon DOS protrusion below 1 THz
by the substrate (Figure S11c, Supporting Information), indicat-
ing that there were no chemical bonds between 2H/1T’-MoS,
and mica, but only weak vdW interactions. As a result, in the
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low-frequency region (especially below 4 THz), the 1T"-MoS, has
a higher phonon DOS than the 2H-MoS,, which suggests that
phonon in 1T-MoS, can be more efficiently dissipated toward
mica substrate via phonon DOS overlap.['*®! Similarly, for MoTe,
on mica, as shown in Figure 5, 2H-MoTe, exhibits a large phonon
gap of 1.1 THz over 5.3 THz, whereas 1T"-MoTe, shows a small
gap of 0.25 THz above 7.5 THz, as well as higher phonon DOS
below 4 THz than 2H-MoTe,. Not only does 1T’ phase exhibit sig-
nificant phonon DOS overlap with mica, but it also shows con-
tinuous phonon excitation channels with small phonon gap. It
means that 1T” phase has better phonon transport toward sub-
strate and more frictional energy dissipation compared to 2H
phase. Therefore, the phonon energy dissipation scenario also
supports why 1T phase has a larger frictional force than 2H
phase.

Lastly, we calculated the van der Waals (vdW) interactions of
the scanning tip on monolayer MoS,. In the classical Prandtl-
Tomlinson (PT) modell*] and related simulations,*®] it is well
known that frictional force at the atomic scale is proportional to
the height of the potential energy surface barrier. This is because
the high energy barrier prevents the tip from easily slipping and
pushes it to accumulate more lateral forces.

Figure 4e,f shows the potential energy surfaces (PES) when
the Si cluster tip moves on the 2H-MoS, and 1T’-MoS, surfaces.
To obtain the potential energy surface, we performed total energy
calculation by using a hydrogen passivated Si cluster tip (Si;oH;)
on the (5 X 3) supercell of orthorhombic MoS, unit cell. Per the
orthorhombic unit cell, we used ~200 fine grid points to find the
most stable configurations in each point. The center of the tip was
fixed in each position while the height of the tip and other atoms
were fully relaxed. The vdW equilibrium distance was optimized
at each tip location, and the lowest energy sites were shifted to
0 eV for references. In 2H-MoS,, the lowest energy site is the
Mo site and the highest energy site is S site. In 1T"-MoS,, how-
ever, the lowest energy site is the bottom sulfur site (S3 site). The
transition from trigonal (2H) to octahedral (1T’) symmetry in-
creases the interatomic distance between Mo and Mo atoms and
causes height variation (~0.4 A) of sulfur atoms in 1T°-MoS,, as
shown in Figure S10 (Supporting Information). This structural
distortion enabled the tip to probe deeper on the 1T°-MoS, sur-
face and enhanced its vdW interactions with adjacent atoms. As
a result, the energy barrier for 1T°-MoS, can be higher than for
2H-MoS,.

Along the straight scanning direction (black dotted line), we
calculated the maximum energy barriers equal to 0.19 eV for 2H-
MosS, (Figure 4e) and 0.33 eV for 1T°-MoS, (Figure 4f). This can
explain why 1T’ can have a higher frictional force than 2H. Fur-
thermore, it is well known that an elastic tip can deviate from
the sulfur atom with the highest energy and detour to the sad-
dle point with a lower energy during a slip motion.[*) Thus,
we also obtained the minimum energy barriers (red dotted line)
in Figure 4e,f. The 1T-MoS, shows significantly higher energy
barrier (0.21 eV) than for 2H-MoS, (0.041 eV), indicating the
greater friction in 1T’-MoS,. Figure S13 (Supporting Informa-
tion) provides specific details about the barriers. Likewise, the
similar trend is confirmed in the PES and energy barrier of
MoTe, (Figure 5). The minimum (maximum) energy barrier of
2H-MoTe, is 0.067 eV (0.24 eV), whereas that of 1T"-MoTe, is
0.22 eV (0.35 eV). In both MoS, and MoTe,, the 1T” phase ex-
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hibits a higher energy barrier than 2H phase, which can result in
friction increase.

From the results of electronic bands, phonon DOS, and PES,
we could speculate why the 1T’ phase exhibits a larger friction
than the 2H phase. The generated mechanical energy can be dis-
sipated more efficiently in 1T’ phase by the facile electron and
phonon excitations. Also, when the tip moves on the surface of
1T’ phase, large frictional force is required to overcome the po-
tential energy surface barrier during scanning motion.

3. Conclusion

In summary, we investigated the effect of phase transition on
the nanotribological properties of TMDs using friction force mi-
croscopy. Specifically, we examined the hexagonal semiconduct-
ing 2H phase and the distorted 1T’ phase of exfoliated MoS,
and MoTe, atomic layers on a mica substrate. Our findings
demonstrate that the 1T’ phase of both MoS, and MoTe,, formed
through lithiation or exfoliation, exhibits approximately ten times
higher friction compared to the 2H phase. Through DFT anal-
ysis, we were able to establish a connection between this phe-
nomenon and fundamental differences in electronic, phononic,
and PES structures between the two phases, which impact en-
ergy transfer. Our study highlights the potential for controlling
the tribological properties of TMDs through phase transition.

4. Experimental Section

Sample Preparation: 2H-MoS, (2D semiconductors) flakes were pre-
pared on freshly cleaved muscovite mica (Ted Pella, Inc.) by mechanical
exfoliation using adhesive Scotch tape at ambient conditions (20-40% rel-
ative humidity (RH), 23-24°C). The phase transition from 2H-MoS, to 1T'-
MoS, was performed by lithiation by immersing MoS, on mica samples in
n-butyllithium solution (1.6 m in hexane, Sigma-Aldrich) for 2 h. The sam-
ple was then washed with hexane (Sigma-Aldrich) and deionized water
to remove the excess butyllithium and the remaining lithium cations. The
lithiation process was performed in the glove box with N, atmosphere. 2H-
MoTe, (2D semiconductors) and 1T'-MoTe, (2D semiconductors) flakes
were also mechanically exfoliated on freshly cleaved muscovite mica, us-
ing adhesive tape at 15-20% RH, 21-22 °C.

Characterization: Raman and PL spectra of different phases of MoS,
and MoTe, were carried out with a dispersive Raman spectrometer
(ARAMIS, Horiba Jobin Yvon) using 514 and 633 nm laser at room tem-
perature. Raman spectra were calibrated with 521 cm™" silicon band. X-
ray photoelectron spectroscopy (XPS) spectra of 2H-MoS, and 1T’-MoS,
were measured by Sigma Probe, Thermo VG Scientific using Al Ka X-ray
as excitation source (1486.7 eV). The C 1s peak at 284.8 eV was used as
the reference for the calibration of XPS spectra.

AFM Measurements: Contact mode AFM measurements were per-
formed at air and room temperature with Keysight 5500 AFM. Silicon can-
tilever (PPP-LFMR, Nanosensors) with a spring constant of 0.2 N m~" and
tip radius < 10 nm was used for lateral force microscopy (LFM), and sil-
icon cantilever with an electrically conductive coating of 5 nm chromium
and 25 nm platinum (ContE-G, Budgetsensors) with spring constant of
0.2 N m~" and tip radius < 25 nm was used for conductive AFM (C-AFM)
measurements. The wedge method[4’! was employed for the friction cali-
bration of the cantilever using TGF11 calibration grating by MikroMasch.
The AFM scan images in the range of 1.5 to 25 um, as shown in the
manuscript and Supporting Information, were acquired using scan rates
ranging from 3.84 to 18.03 um s~ .

Computational Method:  First-principles DFT calculations were per-
formed using the Vienna Ab initio Simulation Package (VASP).[*®] For
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the interaction of valence electrons, the projector augmented wave
(PAW) method!*°l and the plane wave energy cutoff of 500 eV were
used. All atomic structures were optimized with Perdew, Burke, and
Ernzerhof (PBE) exchange correlation functionall®l with dispersion-
corrected DFT-D3 method of Grimme (PBE-D3). For the ionic relaxation,
atomic forces were minimized until the force criterion was less than
0.01eVA=1(0.001eV A~ for phonon). The orthorhombic cells (a x \/Ea;
a=3.161A) for monolayer 2H/1T-MoS, (or MoTe,) were used at vacuum
separation of ~15 A in the z-direction. In a slab model of MoS, on mica,
a (3 x 2) supercell of MoS, and a (1 x 2) supercell of mica (a = 9.15 A,
b =5.28 A) were used. Because the strain effect of MoS, is not the interest,
a lattice constant of the slab model was just fixed to MoS,. The phonon
calculations were performed using the finite displacement method![®" im-
plemented in the Phonopy program.[32]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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