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A large effort is underway to investigate the properties of two-dimensional (2D)
materials for their potential to become building blocks in a variety of integrated
nanodevices. In particular, the ability to understand the relationship between
friction, adhesion, electric charges and defects in 2D materials is of key importance
for their assembly and use in nano-electro-mechanical and energy harvesting
systems. Here, we report on a new oscillatory behavior of nanoscopic friction in
continuous polycrystalline MoS; films for odd and even number of atomic layers,
where odd layers show higher friction and lower work function. Friction force
microscopy combined with Kelvin probe force microscopy and X-ray photoelectron
spectroscopy demonstrate that an enhanced adsorption of charges and OH
molecules is at the origin of the observed increase in friction for 1 and 3
polycrystalline MoS; layers. In polycrystalline films with an odd number of layers,
each crystalline nano-grain carries a dipole due to the MoS; piezoelectricity,
therefore charged molecules adsorb at the grain boundaries all over the surface of
the continuous MoS; film. Their displacement during the sliding of a nano-size tip
gives rise to the observed enhanced dissipation and larger nanoscale friction for odd
layer-numbers. Similarly, charged adsorbed molecules are responsible for the work

function decrease in odd layer-number.

Introduction

The ability to manipulate, control and investigate with nanoscopic precision atomically
thin sheets of a variety of 2D materials(1, 2) from graphene(3, 4) to transition metal
dichalcogenides (TMDC) such as MoS,(5-7), has opened the route for observing and
understanding new fascinating physical properties, and for their practical use in several
device technologies(8-10). 2D materials also offer the opportunity to shed light into the
molecular mechanisms underlying friction(11-18), one of the oldest, complex and still
pressing problem in a variety of industrial applications today, from
automotive/transportation industry to microelectromechanical systems (MEMS). Beside
the fundamental scientific interest, 2D materials and in particular MoS, have many
potential applications in nanoelectromechanical systems (NEMS)(12, 19, 20), lubrication,

energy harvesting(21, 22), and flexible electronics devices(10). For all these applications,
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it is very important to comprehend the tribological behavior of MoS, when reduced to 2D
thin film scale. A characteristic unique frictional behavior has been recently found in 2D
exfoliated single crystal flakes of MoS,, where friction forces decrease when increasing
the number of atomic layers, approaching the value of the bulk case(13). This behavior
was believed to be universal for 2D materials and was explained as due to a puckering
effect, where adhesion to a sliding probe creates out-of-plane deformations of thinner
sheets, leading to increased contact area and, hence, friction. Nevertheless, it remains
unclear if the same model applies for extended continuous polycrystalline 2D films,
grown for example by chemical vapor deposition (CVD), which are very attractive for
large scale industrial applications and MEMS fabrication(23).

Here we show a new, very different frictional behavior for atomically thin continuous
films of polycrystalline MoS, grown by CVD(5), which is not observable in single crystal
MoS,. In particular, for polycrystalline MoS, we observe an oscillatory behavior with
higher friction for odd number of layers and lower friction for even number of layers. We
perform atomic force microscopy (AFM) based friction force microscopy (FFM)
measurements at different humidity, combined with Kelvin probe force microscopy
(KPFM) and X-Ray photoelectron spectroscopy (XPS) and we demonstrate that an
enhanced adsorption of charges and charged molecules all over the surface of
polycrystalline MoS; films with an odd number of layers is at the origin of the observed
increase in friction for 1 and 3 layers (1L, 3L) in ambient conditions. In particular, XPS
demonstrates an enhanced adsorption of hydroxyl species at the surface of polycrystalline
MoS; films containing an odd number of layers, a fact that shifts the Fermi energy
towards the conduction band, lowering the work function of the odd layers, as determined
by KPFM. It is well known in literature(21, 22) that single crystal MoS, flakes with an
odd number of layers are piezoelectric with a net in-plane polarization that can be
neutralized by free charges or molecules adsorbed at the edges of the flakes. On the other
hand, in a polycrystalline film with an odd number of layers, each nano-crystalline grain
carries a dipole that attracts charges and charged molecules at the grain boundaries (GB)
present all over the surface (see Fig. 1). These charges and charged molecules, present
only on the surface of 1L and 3L polycrystalline MoS, samples, are displaced during the

sliding of the AFM tip on the MoS, surface in friction experiments, giving rise to an
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enhanced dissipation and larger frictional forces in odd layer-number. Friction at the
micro- and nanoscale in a FFM experiment is dominated by short-range interactions
between the sliding tip and the surface. Indeed, being an energy-dissipating process, it
strongly depends on the potential energy landscape of the tip-surface interactions(24, 25),
and literature shows several examples of the key role of charges and electronic
dissipation in sliding friction(26, 27). This oscillatory friction behavior is not present in
the large micron-size single crystal MoS, triangular flakes containing 1 or 3 layers, where
charges are present only at the crystal edges, which are several micrometers apart, having

a negligible impact on nanoscale friction.

Experimental Section

CVD Polycrystalline and Single Crystal MoS, films. Growing uniform and continuous
MoS; thin films over large areas, additionally controlling the number of layers, is
challenging because MoS; monolayers coexist with by-products with higher thickness. In
this work continuous polycrystalline 1 cm? MoS, films are used, which are produced
following a recently developed approach(5). Briefly, molybdenum chloride (MoCls)
powder (99.99%, Sigma-Aldrich) is placed at the center of the furnace and sulfur powder
(Sigma-Aldrich) at the upstream entry of the furnace. Receiving substrates (sapphire,
ALO3) is placed in the downstream of the tube. Typical growth conditions include a
temperature of 850°C, a flow rate of 50 SCCM, and a pressure of about 2 Torr. The
thickness of the film can be precisely controlled by changing the amount of MoCls. In our
study, we analyze four types of polycrystalline MoS, films with defined thickness, from 1
to 4 atomic layers. Crystalline quality and thickness are characterized by AFM, STEM
and Raman spectroscopy (see Supporting Information, Fig. S1-S3).

For comparison, we also investigate MoS, single crystals of ~ 1 um size, also grown by
CVD on sapphire according to a reported procedure(28-30). Using MoOj3 together with S
powders as precursors allows the growth of MoS, single crystals with characteristic
triangular shapes. In particular, the excess of Mo precursor enhances the vertical growth,

with thicknesses progressively ranging from one to several atomic layers (10L).
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Friction Force Microscopy. Friction Force Microscopy measurements, together with
topography imaging, are performed in contact mode with a Bruker Multimode 8 AFM.
We use silicon AFM probes (PPP-CONT Nanosensor) with normal spring constant &
between 0.2-0.4 N/m, calibrated using the thermal noise method(31). The lateral spring
constant is obtained from the normal one using a conventional relationship for a
rectangular cantilever(32) (more details are reported in the Supporting Information). We
underline that, although the spring constant is carefully calibrated, small changes in the
tip size may vary the absolute value of the measured friction forces. For this reason, we
follow the procedure of always measuring friction forces from a reference sample before
and after each new measurement on MoS, films. In particular, freshly cleaved bulk MoS,
is measured at the beginning and at the end of each set of experiments as a reference for
the absolute values of friction, to ensure reliability in the comparison between samples at
different number of layers. Our experiments are performed on three batches of
polycrystalline MoS, films, where each batch includes four films, with atomic
thicknesses of 1, 2, 3, and 4 layers, along with several different single crystal MoS;
structures with the same thicknesses. During each series of friction measurement, we scan
each sample over a 1 x 0.5 um” area, with a scanning speed of 2 pm/s (1 Hz), collecting
data at different normal loads, from 3 nN to 18 nN, on multiple positions of each sample.
Each reported friction data point per load and per individual sample (i.e. polycrystalline
or single crystal, with a given number of layers) therefore represents the average value
over 9 different series and forty different measurements. Finally, each complete series of
friction experiments, comparing 1L to 4L polycrystalline films and single crystal, as well
as bulk MoS,, in humid and dry conditions is usually performed within the same day to
ensure the same conditions for tip and environment. After collecting friction scans in
humid environment (RH = 45 + 5%), at 15 nN normal load, we bring the scanning
environment to low relative humidity (RH = 5%), and perform an entire set of friction
force measurement. This procedure is standardized for all samples. If the friction
measurements on the reference MoS, bulk sample suggest that the tip has changed
properties or has been damaged, the whole set of experiments is discarded. During
friction measurements performed in humid conditions, relative humidity (RH) is

constantly monitored to be 45 + 5%. For measurements in dry conditions, RH is kept
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around 5% by using an AFM fluid cell and flowing nitrogen gas (N) in it for 15 minutes,
and let the environment in the cell rest for other 5/10 minutes, to stabilize the
measurements system. Before conducting the experiments in dry conditions, we perform
some scans in humid conditions for each sample, within the same range of normal loads.
In this way, it is possible to observe directly the variation of friction forces with relative

humidity.

X-Ray photoelectron spectroscopy (XPS). X-ray photoelectron spectroscopy (XPS)
measurements are used to analyze the chemical configuration of the samples, including
their valence states. Measurements are performed with the Physical Electronics
VersaProbe II using Al Ka radiation (1486.6 eV). We collect Mo 3d, S 2p, and O 1s core
level spectra for all polycrystalline samples, from 1L to 4L, to study the influence of
thickness on the binding energies and composition. We also measure the valence band
spectra by finely scanning close to the Fermi edge, where binding energy is zero. More
details about the measurements and the fitting procedure are provided in the Supporting
Information (Fig. S4-S6). As mentioned above, the characteristic dimension of the MoS;
single crystals used in our study is about 1um, and the distribution and density of the
crystals on the surface is such that crystals of different, random thickness can be found
within the same micrometer-size area (see Figs. S2c-e of the Supporting Information).
Since the lateral spatial resolution used during the XPS experiments is about 200 pm, it is
impossible to isolate crystals with only one population of thickness. Mo 3d and S 2p core
level spectra, resulting from the contributions of single crystals with different thicknesses

are reported in the SI in Fig. S4.

Kelvin Probe Force Microscopy (KPFM). Frequency-modulated Kelvin Probe Force
Microscopy (FM-KPFM) experiments are performed with the same Bruker Multimode 8
AFM used for friction measurements and using Pt/Ir coated cantilevers with resonance
frequency f ~ 75 kHz and spring constant 0.5-10 N/m (PPP-EFM Nanosensors).
Polycrystalline and single crystal CVD MoS, samples (size = 0.5 x 0.5 cm?) are glued on
metallic sample holder disks with conductive tape and then additionally connected to the

sample holders with silver paste. Topography and KPFM images (2 x 2 pm?, 512 x 512
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pixels) are collect at a scan rate of 0.2 Hz for polycrystalline MoS, samples, while 256 x
256 pixels images are collected at a scan rate of 1 Hz for single crystal MoS, samples.
The amplitude of the AC voltage used for FM-KPFM measurements is set at 4 V in order
to ensure low-noise FM-KPFM images while avoiding artifacts in the AFM topography.
The work function (Wg) of MoS, samples is obtained from contact potential difference
(CPD) images according to the following equation: WV = W™ + ¢.CPD, where e is
the electronic charge and WP is extracted from the CPD images of a gold calibration
sample, assuming W& = 5.1 V(33, 34) (see Fig. S9 of the Supporting Information) For

the polycrystalline samples, Wg"°%

(average value and standard deviation) is obtained
from a Gaussian fit of the normalized distribution histogram from the KPFM images
shown in Fig. 4d and S7 of the Supporting Information. Each histogram shows the
number density of pixels at each Wg vs. the corresponding Wg. For single crystal

MoS2
samples, Wg oS

(average value and standard deviation) is obtained from the average and
RMS values of CPD taken on rectangular areas inside each crystal of a certain thickness,
from 1L to 10L (KPFM images are shown in Fig. S8b and d of the Supporting

Information).

Results and discussion

In the present study, we use atomic force microscopy (AFM) to explore the friction
behavior of continuous polycrystalline films of MoS, (Fig. 1a), which are grown by CVD
on sapphire(5) (see also the Experimental Section and the Supporting Information SI).
MoCls and sulfur powder are used as precursors to obtain a self-limiting deposition with
a superficial, rather than vertical growth, leading to large area (1x1 cm?), atomically thin
polycrystalline samples of uniform thickness. These MoS; films contain crystalline grains
varying from tens to hundreds of nanometers, which are observable in AFM and in
transmission electron microscopy (TEM) images (Fig. la and 1d). In our study, we
analyze polycrystalline MoS, samples with four different thicknesses, namely 1, 2, 3, and
4 atomic layers. Vertical alignment of the layers is explored via scanning transmission
electron microscopy (STEM). High-angle annular dark field (HAADF) images of MoS,
mono- and bilayer films (Fig. 1e and 1f, respectively) show a substantial difference in

their lattice orientation, indicating an AB stacking sequence in the bilayer, where Mo
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atoms of the top layer overlap with the sites of S atoms in the underlying layer. Because
of its crystal structure, a single layer of MoS; shows a broken inversion symmetry
associated with a net in-plane permanent polarization (see Fig. 1b)(21); while no net in-
plane permanent polarization is present in the symmetric even layers, e.g. 2, 4 layers (Fig.
Ic). Therefore the layers alignment inside each grain very likely gives rise to a net in-
plane dipole in each grain in odd-numbered layers, and its disappearance for even-
numbered layers. Samples are characterized by AFM topography, Raman spectroscopy
and electron microscopy, as reported in the Supporting Information (Fig. S1-S3).

For comparison, we also investigate MoS, single crystals with characteristic triangular
shapes of micrometer size, also grown by CVD on sapphire(28-30). In particular, the
excess of Mo precursor in this method enhances the vertical growth of each single
crystal, with thicknesses progressively ranging from one to several atomic layers (10L).
Thus, these MoS, structures also exhibit 1L, 2L, 3L, and 4L crystals of few micrometer
size that can be easily distinguished in AFM images and serve as a comparison with
polycrystalline samples. An AFM image of a 1L MoS, single crystal is shown in the inset
of Fig. 2b.

Figures 2a and 2b show the average friction force as a function of the number of atomic
layers, obtained from FFM experiments performed in humid environment (relative
humidity RH = 45%) on polycrystalline MoS; films and on MoS; single crystals
respectively. The friction values are extracted from 1 x 0.5 pm” area friction images and
averaged over more than 40 measurements for each load and sample, see experimental
section for more details. Graphs are obtained normalizing friction values of the different
samples with the ones obtained for freshly cleaved bulk MoS,. Figures 2a and 2b clearly
show a different behavior between MoS, polycrystalline films and single crystals, as
friction forces in ambient conditions are significantly larger for the former compared to
the latter. Furthermore, very interestingly, while friction on single crystal MoS,
monotonically decreases as a function of thickness, as previously observed in literature
for single crystal MoS, flakes(13), on polycrystalline films we observe an oscillatory
behavior with higher friction forces for 1L and 3L (odd-numbered layers) and smaller
friction forces for 2L and 4L (even-numbered layers). This oscillation is superimposed to

a monotonic downward trend towards the bulk value.
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We remark that in Figure 2a we show the average friction force values obtained from 9
different series of experiments on polycrystalline MoS, films with four different
thicknesses, for a total of 36 series, and each of these 9 secries includes friction
experiments for films with 1, 2, 3, 4 layers, where these four films for each series are
previously grown in the same 24-48 hours’ time-window. Specifically, three different
“batches” of samples have been investigated, such that we performed 4 series of
experiments on batch #1 (1, 2, 3, 4 L), 3 series on batch #2 (1, 2, 3, 4 L) and 2 series on
batch #3 (1, 2, 3, 4 L). Furthermore, each series of friction experiments includes several
measurements in different regions of the surface for each number of layers and each
series follows a given random sequence in terms of the order in which the samples are
measured. Because we measure three different batches of samples, and 9 different series
over a period of one year, the friction standard deviation for each thickness displayed in
Fig. 2a and calculated over all the measurements (~40 for each thickness) is quite large;
however it is important to underline that the oscillatory friction behavior is present for
each of the three batches of samples, and more generally for each of the 9 series. For
example, we show in Fig. 2¢ the normalized friction force values from 3 different series,
each corresponding to one of the 3-different batches of samples, showing a clear
oscillatory friction behavior with the number of layers. The relative error bar shown in
this figure corresponds to the deviation of friction values within different regions of the
same sample. It is thus clear how the oscillatory behavior is a property of polycrystalline
MoS,; and does not depend on the conditions of the single experiment or on the batch of
samples used. For comparison, we also show three different series of measurements on
single crystal MoS; samples in Fig. 2d.

The observed variation of the friction force with number of layers in polycrystalline
MoS, films can have different explanations. The friction force (FF) at the nanoscale is
related to the friction coefficient (1), the adhesion force (F,qn) and the normal forces (F).
In first approximation and in the range of loads we are considering, Ff is given by the
following Equation(18, 35) :

Fr= gt (Fx + Fadn) (1)
To understand the origin of the observed friction oscillations in polycrystalline MoS,

films, we measure the friction forces as a function of the normal applied load for each
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sample at the same RH = 45%. Results are shown in Fig. 2e. For comparison, the same
measurements are also performed on single crystal MoS; triangular structures, under the
same conditions (see Fig. 2f). The friction data for each type of sample are fitted with a
linear fit, according to Equation 1. Extracted i and F,qj are reported in Table 1 and in the
Table S3 of the Supporting Information, respectively. The fitting procedure shows that
for MoS; single crystals the friction coefficient monotonically decrease when increasing
the thickness, approaching the low values of the bulk MoS; for L > 4. This decrease is in
agreement with previous results on MoS; single crystal flakes(13). It was also previously
shown that for exfoliated single crystal MoS, the adhesion force does not critically
change with atomic thickness(13), and this result is in agreement with our findings for
single crystal MoS; (see Table S3 of the SI, right column). On the other hand, for the
polycrystalline films, friction coefficients are higher for 1L and 3L compared to 2L and
4L (see Table 1), showing that superimposed to the previously observed monotonic
downward trend towards the bulk value, we observe an oscillatory behavior between odd
and even number of layers. Regarding the adhesion forces, we did not observe any clear
dependence of the measured Foq, on the number of layers for polycrystalline MoS,
samples. Thus, adhesion seems to be unrelated to the observed oscillatory trend of Fr in
polycrystalline MoS,. For polycrystalline samples (Table S3 of SI, left column), we
notice that the 1L sample displays a significantly lower value of adhesion force compared
to the thicker samples. It may be possible that in this case high density of negative
charged particles concentrated on the film surface (see further in the text) change the
contact between tip and surface through the effect of electrostatic forces. Indeed, it has
been observed that adhesion force decreases with increasing concentration of OH™ on the
surface of metals and semiconductors, generating a repulsive component that directly
affects the tip contact(36). We also fit the friction data accordingly with the single-
asperity 2/3 power law equation(37) (see Table S2 of the SI ), obtaining the same

conclusions.

To further explore the origin of the frictional behavior of polycrystalline MoS,, we
perform FFM friction experiments in dry conditions (RH = 5%) (see Fig. 3). In dry

conditions, the oscillatory friction behavior disappears and polycrystalline MoS, behaves
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as the single crystal sample, showing a monotonic decaying trend of Fr vs. number of
layers, as it can be seen comparing Fig. 3a and 3b. We conclude that the humid
environment is crucial in sustaining the new and very interesting oscillatory behavior
observed in polycrystalline MoS, for even or odd number of atomic layers.

Here, we propose that the friction oscillatory behavior is related to the odd layer-numbers
in-plane piezoelectricity that has been previously demonstrated in MoS, single crystal
flakes(21, 22). Indeed, because of its crystal structure, MoS, shows a broken inversion
symmetry when the film presents an odd number of layers, e.g. 1 and 3, with an
associated net in-plane permanent polarization (see Fig. 1b)(21); while no piezoelectricity
is measured for the symmetric even layers, here 2 and 4 layers (Fig. 1c). For single
crystal MoS,, the in-plane net permanent polarization produces uncompensated electric
fields and local charges only at the flakes edges, and not all over the flake’s surface,
therefore these charges do not impact the friction interactions between the tip and the
surface. However, in the case of a polycrystalline film, each odd layer-number nano-
crystalline grain (~ 100 nm in size) of the continuous film displays an in-plane dipole,
having a random direction, giving rise to uncompensated electric fields at the grain
boundaries which attract charges and adsorbed molecules (see the sketch in Fig. 1g). The
humid environment is a source of these charges and charged molecules, such as OH’,
while in dry conditions water concentration drops largely, together with that of such
particles(38). During a friction experiment, when the AFM tip slides on the surface of a
polycrystalline odd layer-numbers MoS, film, the displacement of these charged
molecules on the surface gives rise to an enhanced dissipation and larger frictional forces
in odd layer-number films. Friction at the micro- and nanoscale is dominated by short-
range interactions between the sliding tip and the surface. Thus, being an energy-
dissipating process, it strongly depends on the potential energy landscape of the tip-
surface interactions(24, 25). Several studies show examples of the key role of charges
and electronic dissipation in sliding friction(26, 27). Hereof, the observation of larger
friction for odd-numbered layers samples, compared to the case of non-polar grains when
the number of layers is even and no charged molecules are likely adsorbed on the surface,

or at least in less amount.
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Finally, the high density of GB in polycrystalline samples(39) (see the AFM images in
Fig. 1a, 2a (inset)) compared to the monocrystalline case (Fig. 2¢ (inset)) may explain the
overall higher value of friction forces generally recorded in the case of all polycrystalline
samples compared to single crystals. GB are generally a source of defects(40), and thus
represent preferential sites for the localization of adsorbates from the environment in all
the polycrystalline samples(41), which as previously discussed increase the friction
forces. Accordingly, once in dry environment, the normalized friction in polycrystalline
samples becomes comparable to that of single crystals, confirming the predominant effect

of adsorbed charges/molecules at the grain boundaries on friction dissipation.

Since it is well known that the presence of local charges and adsorbed molecules can
dramatically change the work function of thin films and 2D materials(34, 42-45), to
corroborate our picture we perform XPS and KPFM measurements and analyze the
variations in the valence band maximum (VBM) and in the work function (Wy) with the
number of layers, for both single crystal and polycrystalline MoS, samples. We recall
that the work function is the energy difference between vacuum level and Fermi energy,
while the VBM is the energy difference, considered positive, between the Fermi energy
and highest energy level of the valence band; therefore, an upward shift in the Fermi
energy corresponds to a decrease in the work function and a corresponding increase in
VBM. Figure 4a shows the position of the VBM(46), measured with respect to the Fermi
energy (Er), as a function of the number of layers in the polycrystalline MoS,. VBM are
extracted from the Mo 4d,; band spectra in the XPS measurements (see Fig. S4 of the
Supporting Information). Previous VBM(40, 41) and KPFM(33, 47, 48) measurements
on MoS, as a function of the film thickness showed that the work function of MoS,
increases with increasing film thickness for two possible reasons. One reason is related to
a competing effect between the hole-dopants at the substrate interface®” and the hole-
doping molecules adsorbed at the surface, which tend to increase with the thickness due
to the screening effect. A second effect is related to the presence of negatively charged
surface states, which generate an electric field between surface and substrate amplified
for thinner films*. Consistently, in our experiments we observe an overall increase of the

work function with the number of layers for both single crystal and polycrystalline MoS,

12

Page 12 of 25



Page 13 of 25

Nanoscale

samples (see Fig. 4c and inset), and a complementary decrease of the VBM in
polycrystalline MoS, (Fig. 4a). Furthermore, as for the case of friction, in polycrystalline
MoS, samples we observe an oscillatory behavior related to odd/even number of layers
superimposed to the monotonic increase of Wy (decrease of VBM). In particular, the Wg
as measured by KPFM is lower for 1L and 3L samples and follows the order Wg L < Wr
L < We 2t < Wi *t. From our experiments, Wg'" = 5.01 eV, Wi'" = 5.16 eV, Wg'F =5.20
eV Wr't = 5.29 eV (Fig. 4c). The average value and the standard deviation of the work
function are obtained from distribution histograms extracted from KPFM images
collected on polycrystalline MoS, with different number of layers (see Fig. 4d and Fig.
S7 of the SI). Accordingly, an upward shift in VBM of a few tenths of electron volts is in
fact observed in odd layers (1L and 3L). From Fig. 4a, we observe that 1L and 3L films
show higher VBM values (~ 1.58 eV and ~ 1.5 eV, respectively) compared to 2L and 4L
films (~ 1.42 eV and ~ 1.24 eV, respectively). A similar trend is observed also in the Mo
3d and S 2p core levels spectra (see Fig. S4 of the SI). Both core levels show the same
oscillating shifts, with 1L and 3L samples having higher binding energies compared to 2L
and 4L. This indicates that the whole XPS spectrum undergoes a rigid shift(41). Since the
binding energies of core levels detected in XPS are referred to the Fermi level of the
system, the same observed energy shift can be attributed to a shift in the Fermi energy
position, in agreement with the results obtained for the VBM and work function. We
attribute the high-energy shift in the core levels of polycrystalline MoS; for 1L and 3L to
an increased amount of negative charges on the surface(41). Negative charges could be
present in the form of quasi-free electrons, originating from S vacancies at the surface or
adsorbed OH ions(47) localized at the grain boundaries of each piezoelectric grain as
illustrated in Fig. 1g. Both S vacancies and OH molecules are known to increase the n-
doping (or decrease the p-doping) character of MoS,u49.52). Elemental analysis obtained
from XPS corroborates this hypothesis, showing an increased amount of hydroxyl OH
groups in 1L and 3L polycrystalline MoS,, as shown in Fig. 4b (see also Fig. S5 of the
Supporting Information). Furthermore, we find that the S/Mo ratio for all the
polycrystalline samples, as determined from Mo 3d and S 2p core level spectra, is higher
than 2 (see Fig. S6d of the Supporting Information), making unlikely the presence of

sulfur vacancies in these samples(33, 53). Therefore, our results indicate that OH
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adsorption is the main responsible of the lower p-doping (higher n-doping) character and
the corresponding lower work function of polycrystalline MoS, with odd number of
layers.

For single crystal MoS,, VBM data are not available, due to the large XPS beam size
which cannot resolve single crystals with only one population of thicknesses (further
explanation is reported in the XPS experimental section and in the Supporting
Information). However, nanoscale KPFM experiments show that Wy monotonically
increases with the number of layers, from 4.47 eV for 1L MoS, to 5.01 eV for a thick
10L crystal (thickness: 6.5 nm), as shown in the inset of Fig. 4c (corresponding AFM
images are shown in Fig. S8 of the Supporting Information). These values are consistent
with literature data on MoS; single crystals of micrometric size grown by CVD on
Si0,(48) (see Fig. S8 of the Supporting Information). As shown in Fig. 4c,
polycrystalline samples exhibit a W which is 0.3-0.4 V higher than the monocrystalline
counterpart, and even higher then bulk MoS; (5.2 eV)(54), indicating a more p-doping
character. An explanation for the measured higher values of Wy may come from the
stoichiometry of the polycrystalline samples, which contain S excess or Mo vacancies in
higher amount compared to the single crystals (see Fig. S4d of the Supporting
Information), which are both source of p-doping. Accordingly, XPS Mo 3d and S 2p core
level spectra resulting from the contributions of single crystals with different thicknesses
show an overall blue shift (shift towards higher energies) of the binding energies when
compared to the polycrystalline MoS; films having thicknesses between 1 and 4 L, see

Fig. S4 in the SI.

Overall, KPFM and XPS results indicate that the nano-grain-associated dipoles emerging
in the odd-numbered layers samples attract negatively charged or electron donor
molecules at the grain boundaries, in particular OH", giving rise to the observed larger
dissipation in 1L and 3L during the frictional measurements and to a lower W and larger
VBM for 1 and 3L. Here, the different dipole orientation in the grains affects the charge
distribution(55) and reflects into the width of the Wy histograms from KPFM, which is
higher for 1L and 3L as compared to 2L and 4L samples (see Fig. 4d).
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Conclusions

In conclusion, our study shows a surprising behavior in polycrystalline continuous films
of MoS,, where friction and work function follow an oscillatory variation for odd (high
friction, low work function) and even (low friction, high work function) number of
layers. These phenomena find explanation in the crystalline structure of MoS,. For
polycrystalline MoS; films with odd number of layers, the broken inversion symmetry
gives rise to a permanent dipole in each crystalline nano-grain. KPFM and XPS results
indicate that the nano-grain-associated dipoles emerging in the odd layers samples attract
polar and charged molecules at the grain boundaries. These surface charges change the
potential and the sliding energy landscape during tip scanning, giving rise to a larger
dissipation in 1L and 3L during the frictional measurements in humid conditions. The
same effect is negligible in single crystal MoS, structures, where charges are present only
at the edges of the large micron-size crystals. Furthermore, being related to the presence
of grains in the polycrystalline films structure, we can confidently claim that our
observations represent an intrinsic property of polycrystalline MoS, 2D layers, rather than
being limited to the samples analyzed in this study. Understanding the relationship
between friction, charges, and atomic structure may help implementing MEMS devices
based on MoS,, whose use in FETs has already been demonstrated. For example, our
study suggests that to reduce adhesion in MoS; films it would be appropriate to either use
an even number of layers or to treat polycrystalline samples with poling, in order to align
electric dipoles. Furthermore, this work indicates how local permanent dipoles may affect
the work function of 2D materials, which is one of the key properties for the design of
electronic devices based on these materials. Finally, it would be possible to extend these
findings to other 2D polycrystalline materials which show similar non center-symmetric

structure, like WSe..

Associated content

Supporting Information
Supporting Information available. Experimental details on the preparation and growth of

polycrystalline MoS, samples. Raman, contact-mode AFM and STEM characterization of
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polycrystalline MoS,. Experimental details on FFM measurements. Adhesion forces from
linear and power law fitting. Experimental details on XPS measurements and core levels
spectra. Tapping-mode and KPFM images of polycrystalline and single crystal MoS,. Tip

calibration for W extraction.
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0 0

0.65+0.03 0.29 +£0.05
0.20 +£0.02 0.19+0.06
0.25+0.01 0.10+0.03
0.18+0.02 0.07 £ 0.02
0.04 +0.01 0.04 £0.01

Table 1 | Friction coefficient x, and corresponding standard deviation as a function of the

number of layers, for polycrystalline and single crystal MoS, samples.
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b C

1 Layer/Odd layers 2 LayersjEvgn layers

Fig. 1. Schematic representation, TEM, STEM and AFM topography of CVD
polycrystalline MoS,. (a) Contact-mode AFM topography image of polycrystalline MoS, single
layer film. Grains characteristic dimension varies from tens to hundreds of nanometers. Vertical
range scale is between 0 nm and 1.8 nm, and the scan area is 1 um x 1 pm. (b, ¢) Schematic
representation of one and two molecular layers of MoS,, respectively, where in-plane dipoles
compensate when the number of layers is even. (d) TEM false color image of polycrystalline
MoS, sample, showing grains of tens of nanometers, with tilt grain boundaries and overlapping
grains. (e, f) High-angle annular dark field (HAADF) STEM images of MoS, mono- and bilayer
films, respectively. Crystal structures are overlapped, with green and yellow dots corresponding
to Mo and S atoms, respectively. Fig. 1f is filtered for visual convenience. (g) Schematic
representation of the influence of in-plane dipole and grain boundaries on the attraction of

charged and polarized particles.
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AFM topography images; scale bar is 500nm for both insets. For the case of single crystal MoS,,
the characteristic overlapping of triangular structures can be observed. Vertical scale range is (z
scale = 1.8 nm) for inset (a) and (z scale = 3 nm) for inset (b). (¢, d) Normalized friction force
values (normal load 15 nN) as a function of the number of layers, obtained from 3 different series
of experiments, each series obtained from a different batch of samples. (e, f) Friction forces vs.
normal load recorded during friction experiments. Each data point and corresponding error bar
represents respectively, the average and the standard deviation of the friction values measured on
40 different experiments for each normal load, including different regions per samples, for each
number of layers in both single and polycrystalline MoS,, over three separate batches of samples.

For visual accessibility, (¢) and (f) have a different ordinate scale.
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Fig. 3. Comparison of friction forces in humid and in dry conditions. (a, b) Friction force vs.
layer thickness in humid (RH = 45 + 5%) and in dry environment (RH = 5%), at 15 nN normal
load, for polycrystalline (a) and single crystal (b) MoS,. Values are normalized to those obtained

for the MoS,; bulk reference sample, in the same humidity conditions.
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Fig. 4. XPS and Kelvin Probe Force Microscopy of polycrystalline MoS,. (a) Valence band
maximum (VBM) vs. number of atomic layers in polycrystalline MoS,. (b) Hydroxyl OH
concentration, calculated as percent of the whole O 1s spectra (see Supporting Information), vs.
number of atomic layers. (¢) Work function vs. number of layers for polycrystalline MoS, and for
single crystal MoS, (¢, inset). (d) Normalized distribution histograms of the work function values,
as extracted from the KPFM images of each polycrystalline MoS, sample shown in the same
figure. FM-KPFM images show alternating contrast, i.e. higher contact potential difference
(CPD) for even layers and lower CPD for odd layers, resulting in brighter and darker images
respectively. Images size is 2 x 2 pm’® and the vertical scale, identical for all the images, is

between -0.25 V and 0.25 V.
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