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ABSTRACT: Surface damage characteristics of single- and
multilayer hexagonal boron nitride (h-BN), molybdenum
disulfide (MoS2), and graphene films were systematically
investigated via atomic force microscopy (AFM)-based
progressive-force and constant-force scratch tests and Raman
spectroscopy. The film-to-substrate interfacial strengths of
these atomically thin films were assessed based on their critical
forces (i.e., the normal force where the atomically thin film was
delaminated from the underlying substrate), as determined
from progressive-force scratch tests. The evolution of surface
damage with respect to normal force was further investigated
using constant-force tests. The results showed that single-layer
h-BN, MoS2, and graphene strongly adhere to the SiO2 substrate, which significantly improves its tribological performance.
Moreover, defect formation induced by scratch testing was found to affect the topography and friction force differently prior to
failure, which points to distinct surface damage characteristics. Interestingly, the residual strains at scratched areas suggest that the
scratch test-induced in-plane compressive strains were dominant over tensile strains, thereby leading to buckling in front of the
scratching tip and eventually failure at sufficient strains. These trends represent the general failure mechanisms of atomically thin
materials because of a scratch test. As the number of layers increased, the tribological performances of atomically thin h-BN,
MoS2, and graphene were found to significantly improve because of an increase in the interfacial strengths and a decrease in the
surface damage and friction force. In all, the findings on the distinctive surface damage characteristics and general failure
mechanisms are useful for the design of reliable, protective and solid-lubricant coating layers based on these materials for
nanoscale devices.
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■ INTRODUCTION

Two-dimensional materials such as single- and multilayer h-BN,
MoS2, and graphene have attracted intensive interest because of
their remarkable material properties. For instance, superior
mechanical properties of these atomically thin films were
recently found, in which the in-plane elastic moduli of single-
layer h-BN, MoS2, and graphene were determined to be about
865,1 270,2 and 1000 GPa,3 respectively. Low-friction character-
istics of these atomically thin films were also observed in the
literature, with friction coefficients ranging from 0.001 to
0.1,4−7 which clearly demonstrate their potential for effective
friction reduction at interfaces. Moreover, atomically thin h-BN,
MoS2, and graphene exhibit outstanding thermal stability up to
more than 1000 °C8−10 as well as phenomenal oxidation
resistance.11−13 Apart from material properties, the sub-
nanometer thickness of single-layer h-BN, MoS2, and graphene
has made these materials of considerable interest for high-
performance nanoscale devices, where the spacing between
mechanical parts was extremely limited. Therefore, based on
the outstanding material properties and atomic thicknesses,

atomically thin h-BN, MoS2, and graphene are useful as
protective and solid-lubricant coating layers for nanoscale
devices.14

To prolong the lifetime of high-performance nanoscale
devices, protective and solid-lubricant coating layers are often
used to improve tribological performances, including friction
reduction, wear protection, and surface damage characteristics,
at the contacting interfaces between the moving parts in the
systems. Therefore, comprehensive investigations of the
tribological performance and surface damage resistance of
these thin films as protective and solid-lubricant coating layers
are essential. In this regard, several studies have been conducted
to assess wear resistance and surface damage protection of
atomically thin h-BN,15,16 MoS2,

17 and graphene.18−22

Although these studies generally demonstrated the potential
of these layered materials in significantly reducing friction and
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wear in mechanical systems, the nanoscale surface damage
characteristics and factors that could influence the tribological
performance of atomically thin h-BN, MoS2, and graphene
specimens have not been clearly investigated. Particularly, given
that the film-to-substrate interfacial strength significantly affects
the tribological performance, few studies have systematically
studied the interfacial strength of these atomically thin films.
For instance, the interfacial strength of exfoliated and epitaxial
graphene was studied as a function of the number of layers and
was analyzed based on the observed critical force Fc (i.e., the
normal force Fn where the atomically thin film delaminates
from the substrate) from progressive-force scratch testing via a
tribotester.23 However, this study found that the critical forces
for atomically thin graphene specimens were significantly
scattered, even with the same number of layers.23 Given that
the tribological properties of these films depend so heavily on
their interfacial strengths, an accurate and reliable determi-
nation of their critical forces is needed. In addition, failure of
atomically thin graphene with plastic deformation of the
underlying substrate was observed via scratch tests.19,20

However, defect formation at the scratched areas was not
fully analyzed, and given that defect formation can result in a
significant degradation of mechanical strength in graphene,24

the correlation between defects/damage and tribological
performance must also be assessed. Finally, despite atomically
thin h-BN and MoS2 also being identified as good potential
candidates for protective and solid-lubricant coating layers,
even less is known about their tribological properties relative to
graphene.

To practically implement atomically thin h-BN, MoS2, and
graphene as protective and solid-lubricant coating layers,
scalable growth and deposition of high-quality atomically thin
materials is highly desired. There are a number of studies on
preparation methods for these materials such as epitaxial
growth,25,26 laser thinning,27,28 physical vapor deposition,29,30

and chemical vapor deposition (CVD).22,31,32 Among these
techniques, CVD methods have demonstrated the greatest
potential for producing large-scale atomically thin films with the
ability to precisely control the number of layers.33 However,
there are several problems related to crystalline quality, grain
boundary structure, continuity, and scalability of CVD-grown
films,32,34 and as a result, CVD films often exhibit poor
frictional behavior compared to pristine films via mechanical
exfoliation. Recent efforts have focused on enhancing CVD film
quality by optimizing the growth and deposition conditions
using the frictional behavior of pristine materials as a guide.35

Therefore, from a tribological viewpoint, a systematic
investigation of interfacial strengths and surface damage
characteristics for pristine atomically thin h-BN, MoS2, and
graphene will not only provide a fundamental understanding of
the materials but also impart practical information for the
development of CVD methods.
In this study, the film-to-substrate interfacial strengths and

surface damage characteristics of atomically thin h-BN, MoS2,
and graphene were systematically investigated via atomic force
microscopy (AFM)-based progressive-force and constant-force
scratch tests. The diamond AFM tip used in the scratch tests
was carefully calibrated in both normal and lateral directions to

Figure 1. (a) Optical microscopy images, (b) topographic images, and (c) Raman spectra of single- and multilayer h-BN, MoS2, and graphene. In
(a), the scale bars are 5 μm. In (b), the cross-sectional profiles are included and the locations of these are indicated by red dashed lines. In (c), the
frequencies of the characteristic peaks for single-layer h-BN, MoS2, and graphene are denoted as dashed lines for comparison. 2D peaks in the Raman
spectra of graphene were fitted with a Lorentzian equation.
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provide more accurate force measurements. Single- and
multilayer h-BN, MoS2, and graphene films mechanically
exfoliated on SiO2 substrates were carefully characterized
using AFM and Raman spectroscopy prior to scratch tests.
On the basis of the progressive-force scratch test results, the
interfacial strengths of single-layer h-BN, MoS2, and graphene
were evaluated from the respective critical forces, all of which
demonstrated that these atomically thin materials strongly
adhere to the SiO2 substrates. The constant-force scratch tests
also showed the evolution of surface damage as a function of
normal force and clearly revealed their distinctive surface
damage characteristics induced by scratch testing. The
commonly observed residual in-plane compressive strains at
the scratched areas suggest a general failure mechanism. As the
number of layers increased, the tribological properties (e.g.,
interfacial strength, friction force, and surface damage) of
atomically thin h-BN, MoS2, and graphene generally improved.
It was shown that graphene was superior to h-BN and MoS2
with regard to interfacial strength and surface damage
characteristics. Overall, these findings provide a comprehensive
understanding of the surface damage characteristics of h-BN,
MoS2, and graphene, which is critical to the development of
these materials as protective and solid-lubricant coating layers
for nanoscale devices.

■ RESULTS AND DISCUSSION

Specimen Characterization. Figure 1a shows the optical
microscopy images of single- and multilayer h-BN, MoS2, and
graphene on SiO2 substrates. The locations of single-layer
MoS2 and graphene specimens could be clearly identified based
on their strong thickness-dependent optical contrast, whereas
single-layer h-BN specimens were relatively difficult to observe
because of their low optical contrast on SiO2.

36 As the number
of layers increased, the optical contrast increased, and single-
layer h-BN specimens could be randomly located nearby
thicker ones. Topographic images of the atomically thin
specimens obtained from intermittent-contact mode AFM, as
shown in Figure 1b, clearly demonstrate the relatively clean

surfaces of these specimens. On the basis of the cross-sectional
height profiles, single-layer h-BN, MoS2, and graphene
thicknesses were determined to be about 0.38, 0.86, and 0.43
nm, respectively, in good agreement with previous studies.37−39

In addition, the variations in the thickness and surface
roughness for single- and multilayer h-BN, MoS2, and graphene
with respect to the number of layers, as shown in Figure S1,
clearly revealed the atomically thin and flat nature of these
specimens.
Single- and multilayer h-BN, MoS2, and graphene films were

further examined by Raman spectroscopy with a 532 nm
excitation source at room temperature. Raman spectra of
atomically thin h-BN, MoS2 and graphene specimens, as shown
in Figure 1c, clearly show the dependence of their Raman
characteristic peaks on the thickness, which is consistent with
other studies.36,40,41 Particularly, the Raman spectra of single-
layer h-BN specimens show a relatively weak E2g characteristic
peak (≈1367 cm−1) from in-plane vibrations of B−N atoms.36

As the number of layers increased, the intensity of the E2g peak
significantly increased and its frequency decreased (red-
shifted). In the case of atomically thin MoS2 specimens, their
Raman spectra show two Raman characteristic peaks, the E2g

1

and A1g peaks, which are associated with the in-plane vibrations
of Mo−S atoms and the out-of-plane vibration of S atoms,
respectively.40 As the number of layers decreased, the frequency
of the E2g

1 peak increased (blue-shifted), whereas that of the A1g

peak decreased (red-shifted). For the atomically thin graphene
specimens, two Raman characteristic peaks including the G
peak (≈1580 cm−1) and 2D peak (≈2670 cm−1) can be clearly
observed from the Raman spectra. From the G peak and 2D
peak, which result from the in-plane vibrations of the sp2

carbon atoms and a two-phonon double resonance Raman
process, respectively, the 2D peak was used to identify the
number of graphene layers.41 In particular, single-layer
graphene shows a sharp and symmetric 2D peak, which can
be fit by only one Lorentzian peak. As the thickness increases,
the 2D peak becomes broader and the frequency increases

Figure 2. Progressive-force scratch test results for single-layer h-BN, MoS2, and graphene specimens. (a) Friction force variation with respect to the
normal force. The normal force was progressively increased from 400 to 4000 nN over a scratch distance of 2 μm. (b) Topographic and (c) FFM
(forward scans) images of scratch tracks from single-layer h-BN, MoS2, and graphene. The critical forces for the specimens were determined from the
abrupt change in the friction force during the scratch test, where the failure of the specimens occurred and the substrate was exposed. In (b,c), the
scale bars are 500 nm.
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(blue shifts), resulting in four Lorentzian peaks for bilayer
graphene41 and two Lorentzian peaks for graphite.42

Interfacial Strength of Single-Layer Materials. After
characterization of the thickness of atomically thin h-BN, MoS2,
and graphene specimens using AFM and Raman spectroscopy,
film-to-substrate interfacial strengths were evaluated based on
their critical forces, as determined from progressive-force
scratch tests. In previous studies, accurate and reliable
determinations of critical forces for atomically thin films via
scratch tests were difficult.23,43 This study looks to address
some of the issues by correlating the friction force variation
with respect to normal force during progressive-force scratch
tests with the topographic and friction force microscopy (FFM)
images of the scratched areas. In this test, single-layer h-BN,
MoS2, and graphene specimens were scratched with a diamond

AFM tip under normal forces progressively increasing from 400
to 4000 nN. The friction force variation with respect to normal
force during the test was monitored as shown in Figure 2a, and
the critical force was characterized by the normal load at which
there was an abrupt increase in the friction force. Scratch tracks
on the atomically thin specimens were clearly observed in the
subsequent topographic and FFM images, as shown in Figure
2b,c, respectively. Topographic images of the scratched areas
were obtained using relatively sharp Si AFM tips with a
nominal tip radius of around 2 nm, which is roughly 20 times
smaller than that of the diamond AFM tips used for the scratch
tests (hence, the topography of scratched areas could be clearly
observed). In addition, FFM images from only the forward scan
directions were included for clarity, where the darker contrast
indicates lower friction and brighter contrast indicates higher

Figure 3. Topographic, FFM, and Raman intensity images of single-layer h-BN after constant-force scratch tests. High-resolution (a) topographic
and (b) FFM (forward scan) images of single-layer h-BN after constant-force scratch tests at (from left to right) 500, 800, 1200, and 1500 nN
normal force. (c) Topographic image, FFM image (forward scan), and Raman image for the E2g peak intensity of single-layer h-BN after a constant-
force scratch test at normal forces ranging from 500 to 1200 nN. (d) Raman spectra and (e) E2g peak frequencies of scratched single-layer h-BN with
respect to the normal force. The specimens were scratched at a constant normal force in the scratch area of 1 μm × 1 μm, as indicated by the white
dashed squares in (a−c). The cross-sectional profiles and friction loops are included in (a,b), which demonstrate the change in friction and
topographical characteristics of single-layer h-BN because of the constant-force scratch tests. In (c), the scale bars are 1 μm. The Raman spectra were
fitted using a Lorentzian equation, and the frequency of the E2g peak from the as-exfoliated single-layer h-BN is denoted as a dashed line in (d,e).
Error bars represent 1 standard deviation of the mean.
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friction. Given that the friction force of SiO2 is significantly
larger than those of the atomically thin specimens, the failure of
the latter could be observed in the FFM images. On the basis of
these observations, the critical forces for single-layer h-BN,
MoS2, and graphene were determined to be about 900 ± 200,
1300 ± 150, and 3300 ± 200 nN, respectively, which
correspond to contact pressures of 4.33, 7.14, and 8.15 GPa,
respectively. It is important to specify that these contact
pressures were estimated using the Derjaguin−Muller−Top-
orov (DMT) contact model, in which the attractive forces
between the AFM tip and SiO2 substrate are predominantly
outside the contact area44 and represent a convolution of both
the film and substrate properties. These critical contact
pressures clearly demonstrate a significant improvement in
the load-carrying capacity of the SiO2 substrate, as provided by
single-layer h-BN, MoS2, and graphene, given that the
compressive strength of thermally grown amorphous SiO2 is
only between 0.69 and 1.38 GPa.45 Furthermore, the results
indicate that single-layer graphene has the largest critical force,
followed by single-layer MoS2 and h-BN, which suggests that
single-layer graphene may have the largest interfacial strength.
However, it is important to note that the critical forces could
also be strongly influenced by the mechanical properties of the
respective film.23 For example, breaking strengths of single-
layer h-BN, MoS2, and graphene have been reported to be
about 23,1 15,2 and 42 N/m,3 respectively. The significantly
smaller strengths of single-layer h-BN and MoS2 as compared
to single-layer graphene could result in less mechanical stability
during the scratch test.46 In other words, single-layer h-BN and
MoS2 could be more easily deformed, whereas single-layer
graphene could effectively endure more normal force. Thus,
even though single-layer h-BN and MoS2 are generally good as
solid lubricants, their relatively weak interfacial strengths could
significantly degrade their tribological performances.
From the topographic images in Figure 2b, single-layer h-BN

and MoS2 specimens were found to tear off and expose the
substrate, shortly after scratch tracks were observed on the top
surface. Furthermore, as shown in the corresponding FFM
images in Figure 2c, the scratch tracks exhibited an increase in
friction just prior to failure, which indicates that defects were
likely formed at the scratch tracks. Interestingly, in the case of
single-layer graphene, a height decrease at the scratch tracks
with increasing Fn was observed prior to the failure of the
specimens, as shown in Figure 2b. However, the FFM image in
Figure 2c shows that the scratch tracks of graphene maintained
their low frictional behavior until failure occurred. This
behavior suggests that the underlying SiO2 substrate was
plastically deformed by the scratch test, but given the superior
mechanical strength of graphene, the film remained intact up
until failure. The out-of-plane bending of the films is likely
responsible for the deformation of the underlying substrate. In
more detail, the bending moduli of single-layer h-BN, MoS2
and graphene have been reported to be about 0.95,47 9.61,48

and 1.40 eV,49 respectively. The relatively large out-of-plane
bending modulus for single-layer MoS2 could be responsible for
the fact that no significant plastic deformation was observed in
the underlying substrate in the single-layer MoS2 scratch tracks.
Interestingly, there was also limited plastic deformation of the
substrate at the scratch tracks of the single-layer h-BN, despite
its small bending modulus. In this case, the plastic deformation
of the substrate might occur either simultaneously with or
shortly before the failure of the specimen because of the

relatively low mechanical strength and high sensitivity to shear
stress of single-layer h-BN.46

On the basis of the critical forces from the progressive-force
tests, the film-to-substrate interfacial strengths of single-layer h-
BN, MoS2, and graphene specimens were evaluated. In general,
the results show that these atomically thin films strongly adhere
to the SiO2 substrates, which in turn significantly improve the
load-carrying capacity of the substrate. In addition, the surface
damage characteristics of the films prior to failure (e.g., defect
formation and plastic deformation) were significantly different.
To gain a better understanding of the surface damage
characteristics of single-layer h-BN, MoS2, and graphene,
constant-force scratch tests were performed.

Surface Damage Characteristics of Single-Layer
Materials. In the constant-force scratch tests, a diamond tip
was used to scratch a defined area of 1 μm × 1 μm on the
surface of the specimens under given normal forces, with the
overarching goal to observe the evolution of surface damage
with respect to normal force. The scratched areas were carefully
characterized by AFM and Raman spectroscopy measurements.
Topographic images with cross-sectional profiles and FFM
images with friction loops of scratched areas on single-layer h-
BN specimens under various normal forces are shown in Figure
3a,b, respectively. On the basis of the AFM and FFM data, no
significant changes in topography and friction were observed at
the scratched area under 500 nN normal force. As the normal
force increased to 800 nN, although no significant change was
observed in the topographic image, a few spikes with a higher
friction force were locally observed along the scratch direction
in the FFM image, which indicates that a few surface defects
were likely formed at the scratched area. These defects were
observed in FFM images of the scratched area under 1200 nN
normal force. In addition, local failures were observed in both
the AFM and FFM images of the scratched area under 1200 nN
normal force, suggesting that this load was sufficient to
delaminate the film and expose the underlying substrate. The
single-layer h-BN eventually failed at 1500 nN normal force
(≈5.09 GPa contact pressure). Shortly before the failure of the
specimens, a small height decrease of about 0.3 nm was
observed at the scratched area, whereas its friction force was
not significantly changed. This behavior may be attributed to
the plastic deformation of the underlying SiO2 substrate,
whereas the single-layer h-BN remained intact for a few
scratches.
Surface damage characteristics of scratched areas were further

investigated using Raman spectroscopy. Figure 3c shows the
topographic and FFM images and the corresponding Raman
intensity map of the E2g peak (≈1370 cm−1) for a single-layer
h-BN specimen after scratch testing at normal forces ranging
from 500 to 1200 nN. As shown in the figure, defect formation
and failure can be observed in the topographic and FFM images
but without significant changes to the E2g peak intensity. The
results suggest that the E2g peak intensity may not be affected
by the defects. This behavior is similar to that of the G peak in
defective graphene, where its intensity is not significantly
influenced by defects.50 It should be noted that both the E2g
peak of h-BN and the G peak of graphene originate from the
E2g phonon mode, which is the in-plane vibrational mode of the
B−N atoms and C atoms, respectively.36

Figure 3d,e shows the Raman spectra and E2g peak
frequencies from scratched areas under various normal forces,
respectively. The spectra show that the E2g frequency at
scratched areas increased by 0.3−0.8 cm−1 as compared to that
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of as-exfoliated specimens. In general, compressive strain
produces phonon hardening and tensile strain produces
phonon softening, which results in blue-shifting and red-
shifting of the corresponding Raman mode, respectively.31

Therefore, the observed blue shift of the E2g peak is feasibly due
to in-plane compressive strain at the scratched areas induced by
the scratch tests. Interestingly, although no significant change
was observed from both the topographic and FFM images of
the scratched area under 500 nN normal force, the Raman
spectrum obtained from this area shows a blue shift of ≈0.8
cm−1 for the E2g peak, which indicates that there may be a
certain degree of compressive strain in the layer. As the normal
force increased from 500 to 1200 nN, the blue shift of the E2g

peak in the scratched areas was relatively constant, which
implies that the amount of compressive strain was also
constant. It is speculated that the degree of strain in the
scratched areas should increase as the normal force increases

but that the defect formation and local failure relieves some of
this strain, giving the appearance that accumulated strain is
independent of the normal force. The defect formation on the
surface of single-layer h-BN might have originated from pure
mechanical failure from broken bonds generated by local
penetration of the AFM tip or the formation of tetrahedron
with three B atoms in the plane because of the out-of-plane
deformation of the N atom during the scratch testing,
considering that broken bond and tetrahedron defects were
shown to have the smallest formation energies.51

Figure 4a,b shows the topographic and FFM images of
single-layer MoS2 specimens after constant-force scratch tests at
various normal forces, respectively. At 1000 nN normal force,
no significant damage of specimens was observed in both the
topographic and FFM images. As the normal force increased to
1500 nN, several spikes with higher friction were locally
observed in the FFM image but without accompanying changes

Figure 4. Topographic, FFM, and Raman intensity images of single-layer MoS2 after constant-force scratch tests. High-resolution (a) topographic
and (b) FFM (forward scan) images of single-layer MoS2 after constant-force scratch tests at (from left to right) 1000, 1500, 2000, and 2500 nN
normal force. (c) Topographic image, FFM image (forward scan), and Raman images for the E2g

1 and A1g peak intensities of single-layer MoS2 after a
constant-force scratch test at a normal force of 2000 nN. (d) Raman spectra and E2g

1 and A1g (e) intensities and (f) frequencies of scratched single-
layer MoS2 with respect to the normal force. (g) Raman E2g

1 peak fwhm of scratched single-layer MoS2 with respect to the normal force. The
specimens were scratched at a constant normal force in the scratch area of 1 μm × 1 μm, as indicated by the white dashed squares in (a−c). The
cross-sectional profiles and friction loops are included in (a,b), which demonstrate the change in friction and topographical characteristics of single-
layer MoS2 because of the constant-force scratch tests. In (c), the scale bars are 1 μm. The Raman spectra were fitted with a Gaussian equation, and
the intensity and frequency of the E2g

1 and A1g peaks from the as-exfoliated single-layer MoS2 are denoted as dashed lines in (d−f). The E2g
1 peak

fwhm from the as-exfoliated single-layer MoS2 is also denoted by a dashed line in (g). Error bars represents 1 standard deviation of the mean.
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in the topographic image. These observations indicate that a
few defects were formed on the surface of the scratched area
and resulted in increasing friction force at those areas. Both
surface roughness and friction force were found to significantly
increase at 2000 nN normal force, although the specimen was
not yet removed from the substrate. The increase in roughness
and friction was likely due to the formation of additional defects
in the specimen. Interestingly, at the end of the 2000 nN test,
complete failure of the single-layer MoS2 specimen was
observed, with the removal of the film from the substrate.
This observation suggests that the maximum contact pressure
that single-layer MoS2 can endure just prior to failure is ≈8.21
GPa. At 2500 nN normal force, single-layer MoS2 was found to
immediately delaminate from SiO2.
Figure 4c shows the topographic and FFM images and the

corresponding Raman intensity maps of the E2g
1 and A1g peaks

for a single-layer MoS2 specimen after scratch tests at 2000 nN
normal force. On the basis of the topographic and FFM images,
defect formation on the surface was clearly observed. The
corresponding Raman intensity maps of the E2g

1 and A1g peaks

clearly show darker contrast at the scratched areas compared to
the as-exfoliated areas, which indicates that the intensities of the
E2g
1 and A1g peaks at the scratched areas were lower than those

from the as-exfoliated areas. As shown in Figure 4d,e, the E2g
1

and A1g peak intensities exhibit this abrupt decrease after
scratch testing at 2000 nN normal force. Raman spectra and
peak frequencies from scratched areas at various normal forces
also show a blue shift of the E2g

1 and A1g peaks at 2000 nN
normal force relative to the as-exfoliated areas, as illustrated in
Figure 4d,f. The decrease in the intensity and the increase in
the frequency of the E2g

1 peak may indicate in-plane
compressive strains, whereas those of the A1g peak may be
due to out-of-plane compressive strains at scratched areas under
2000 nN normal force.40,52 By contrast, the intensities and
frequencies at smaller Fn were not significantly altered, which
suggest that the compressive strain in the layer was relatively
small after the scratch tests.
The crystalline quality of the single-layer MoS2 specimens

after the scratch tests was further characterized by Raman
spectroscopy based on the frequency separation between the

Figure 5. Topographic, FFM, and Raman intensity images of single-layer graphene after constant-force scratch tests. High-resolution (a) topographic
and (b) FFM (forward scan) images of single-layer graphene after constant-force scratch tests at (from left to right) 1000, 3000, 4000, and 5000 nN
normal force. (c) Topographic image, FFM image (forward scan), and Raman images for the D and 2D peak intensities of single layer graphene after
a constant-force scratch test at normal forces ranging from 3000 to 5000 nN. (d) Raman spectra and D, G, and 2D (e) intensities and (f) frequencies
of scratched single-layer graphene with respect to the normal force. The specimens were scratched at a constant normal force in the scratch area of 1
μm × 1 μm, as indicated by the white dashed squares in (a−c). The cross-sectional profiles and friction loops are included in (a,b), which
demonstrate the change in friction and topographical characteristics of single-layer graphene because of the constant-force scratch tests. In (c), the
scale bars are 1 μm. The Raman spectra were fitted with a Lorentzian equation, and the intensity and frequency of the G and 2D peaks from the as-
exfoliated single-layer graphene are denoted as dashed lines in (d−f). Error bars represent 1 standard deviation of the mean.
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E2g
1 and A1g peaks, Δk, and the full width at half-maximum

(fwhm) of the E2g
1 peak.32,34 Δk and E2g

1 fwhm were obtained
from the Raman spectra, as shown in Figure 4f,g, respectively.
The values of Δk for single-layer MoS2 specimens after scratch
testing at 1000 and 1500 nN normal force were found to be
about 18.8 and 18.7 cm−1, respectively, which is close to that
from as-exfoliated areas (≈18.7 cm−1). The E2g

1 fwhm values for
single-layer MoS2 specimens after scratch testing at 1000 and
1500 nN normal force were found to be around 3.30 and 3.32
cm−1, respectively, which also agree with that from as-exfoliated
areas (≈3.34 cm−1). Together, the results indicate that single-
layer MoS2 specimens can sustain good crystalline quality after
scratch tests up to 1500 nN. However, the values for Δk and
E2g
1 fwhm at 2000 nN were determined to be about 19.3 and

3.81 cm−1, respectively, significantly larger than those from as-
exfoliated areas. Thus, the quality has greatly degraded at this
contact pressure,32,34 likely due to the formation of defects.
In general, surface defects of atomically thin MoS2 can occur

from different surface treatment conditions. Such defects
include particle adsorption on the surface from high-power
laser treatment,39 oxygen chemical adsorption at crack sites
because of high-temperature annealing,53 and wrinkle formation
on the surface because of a combination of compressive stress
and shear.54 In this study, the defects that formed at scratched
areas are likely due to the formation of wrinkles on the surface.
In more detail, single-layer MoS2 was compressed and wrinkled
ahead of the tip as it moved across the surface, resulting in the
observed changes to roughness and friction. The wrinkle
formation on the surface of single-layer MoS2 is similar to what
was observed in multilayer MoS2.

54 It should be noted that
Barboza et al. suggested that such wrinkle formation can only
be observed in multilayer MoS2, given that their single-layer
MoS2 specimens did not exhibit this behavior at normal loads
from 10 to 391 nN. However, it is now apparent that wrinkle
formation can occur, albeit at much larger forces (2000 nN)
and contact pressures (8.21 GPa). It is possible that the high
temperatures generated at the contacting interface between the
AFM tip and specimen could also cause the formation of Mo−
O bonding because of oxygen chemical adsorption.53 However,
based on the Raman spectra obtained from the scratched areas,
the oxidation of MoS2 is not likely to occur because of the
absence of a Raman peak at 820 cm−1, which is the Raman
signature for oxidized MoS2.

28,55 Furthermore, chemically
adsorbed oxygen has been reported to provide a significant
photoluminescence enhancement in single-layer MoS2.

53

However, based on the results in Figure S2, it is clear that
there is a significant decrease in photoluminescence at
scratched areas under 2000 nN normal force, providing further
evidence that single-layer MoS2 is not oxidized during the
scratch testing.
Figure 5a,b shows the topographic and FFM images of

single-layer graphene specimens after constant-force scratch
tests at various normal forces, respectively. On the basis of the
AFM images, no significant change was observed in the
topography at the scratched area under a normal force of 1000
nN. A height decrease of about 1.0 nm was observed in the
topographic image at 3000 nN normal force. As the normal
force increased from 4000 to 5000 nN, the height decreased
from 1.5 to 1.6 nm, respectively, prior to failure. Interestingly,
no significant changes in the frictional behavior were observed
at any of the scratched areas. These behaviors indicate that the
SiO2 substrate was plastically deformed because of the large
contact pressure induced by the scratch tests, and the degree of

plastic deformation increased as the normal force increased.
The maintained low friction force at the scratched areas shows
that single-layer graphene specimens could endure the scratch
test and cover the plastically deformed substrate up to 5000 nN
normal force (9.34 GPa contact pressure).
Figures S3 and 5c show the topographic and FFM images

and the corresponding Raman intensity maps of the D and 2D
peaks for single-layer graphene after the constant-force scratch
tests at normal forces from 800 to 2400 nN and from 3000 to
5000 nN, respectively. The D peak (≈1350 cm−1) corresponds
to the breathing mode of six-atom rings and is only activated by
defects.41 Although no defect is required for the activation of
the 2D peak, its intensity is also strongly influenced by
defects.56 Hence, on the basis of the changes in the intensities
of the D and 2D peaks after scratch testing, defect formation
was clearly observed. As shown in the AFM images, the
topography started to change because of plastic deformation of
the substrate after scratch tests at 1400 nN normal force (6.17
GPa contact pressure). As the normal force increased, the
degree of plastic deformation in the substrate increased, which
in turn changed the topography of the single-layer graphene. By
contrast, no significant changes in the friction force were
observed. From the D and 2D peak Raman maps, where
brighter (darker) contrast represents higher (lower) intensity,
defect formation was clearly observed. A significant number of
defects were observed at the edges of the single-layer graphene,
as expected.41

Raman spectra of the D, G, and 2D regions at scratched areas
under various normal forces are shown in Figure 5d. From
these spectra, it was possible to extract both the peak intensity
and frequency as a function of the normal force, as shown in
Figure 5e,f. The Tuinstra−Koenig relation was employed57

with the intensity data in Figure 5e to estimate the defect
density at the scratched areas

λ= × − − −L I I[2.4 10 nm ] ( / )D
10 3 4

D G
1

where LD is the distance between pointlike defects, λ is the
Raman excitation wavelength (≈532 nm), and ID/IG is the
intensity ratio of the D and G peaks.58,59 At normal forces of
2200 and 4000 nN, the intensity ratio ID/IG was determined to
be about 0.45 and 0.48, respectively. Hence, on the basis of the
Tuinstra−Koenig relation, the distances between defects
formed at the scratched areas were estimated to be about
42.22 and 40.82 nm, respectively. This suggests that as the
normal force increased, the density of the defects at the
scratched areas increased slightly. Interestingly, the estimated
values of LD suggest that the scratched areas in this study have a
relatively low defect density as compared to previous studies
(LD ≥ 10 nm).58,60 From the nanoindentation results of single-
layer graphene using molecular dynamic simulations, it was
shown that right after failure, cracks in the graphene effectively
healed, resulting in a few small defects at the failure site.21 The
relatively low-defect density in the scratched graphene could be
responsible for the lack of changes to the friction force.
The frequency data for scratched single-layer graphene at

various normal forces are shown in Figure 5f. As the normal
force increases, the data clearly demonstrate that the G peak
blue shifts and the 2D peak remain unchanged. The blue shift
in the G peak is likely attributed to the in-plane compressive
strain in the single-layer graphene specimens at the scratched
areas.61 The G peak frequency increases as the normal force
increases, which suggests that the degree of in-plane
compressive strain also increases. Finally, it is important to
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note that the G peak blue shifts at normal forces as low as 800
nN, despite no observable changes to topography and friction.
This behavior is similar to that of single-layer h-BN after being
scratched at 500 nN normal force.
From a Raman study on graphite, a three-stage classification

of disorder along an amorphization trajectory ranging from
graphite to tetrahedral amorphous carbon (ta-C) was proposed:
(1) graphite to nanocrystalline graphite, (2) nanocrystalline
graphite to amorphous carbon (a-C, ≈20% sp3); and (3) a-C to
ta-C (>85% sp3).62 In our study, on the basis of the Raman
spectra of the D and G peaks obtained at the scratched areas
with respect to normal force, stage 1 is likely the most
relevant.60 In this stage, which represents the transformation
from single-crystal graphene to nanocrystalline graphene from
scratch tests under 4000 nN normal force, the evolution of the
Raman spectra is as follows:60,62 (1) D peak appeared and the
intensity ratio ID/IG increased, (2) G peak frequency increased,
and (3) G peak showed no dispersion. It is well-known that
pristine single-crystal graphene is extraordinary in terms of its
mechanical toughness and strength but also that defective
nanocrystalline graphene experiences significant degradation in
these properties.24 Thus, it is also possible that defect formation
could potentially affect its tribological performance as a
protective and solid-lubricant coating layer. For instance, the
pre-existing defects at the edges of the film could be the reason
that a much small normal force (2 orders of magnitude) was

required to cause failure at the graphene edge as compared to
the graphene interior area.20

In total, the constant-force scratch tests suggest that the
evolution of surface damage for single-layer h-BN, MoS2, and
graphene can be defined via a multistage layer removal process:
(1) elastic deformation, (2) defect formation and propagation
in the film and/or plastic deformation of the film-substrate
system, and (3) total removal of the film from the underlying
substrate. At stage (1), the atomically thin specimens remained
intact with no significant defect formation after scratch tests
under relatively small normal forces. In this stage, the films
provide their best tribological performance for extended
periods of time, despite the presence of residual in-plane
compressive strains, as observed from Raman measurements of
the scratched areas. Interestingly, previous work at small Fn has
shown that the films may wrinkle in the region beneath the tip,
but that the original planar structure of the materials is
eventually restored after the tip passes, resulting in a reversible
negative compressibility effect.54 At stage (2), as Fn increased,
defects in the film and plastic deformation of the substrate were
noted. Although failure had not yet occurred, the topography,
friction force, and crystalline quality of single-layer h-BN, MoS2,
and graphene were permanently affected, leading to the
potential degradation of their tribological performances. The
irreversible wrinkles observed in this study at these
intermediate Fn values are likely due to local fracture events
at the folds. At Fn ≥ Fc (stage 3), atomically thin films were

Figure 6. (a) Critical force and (b) damage force for single- and multilayer h-BN, MoS2, and graphene. (c) High-resolution topographic and FFM
(forward scan) images of trilayer h-BN, MoS2, and graphene after a constant-force scratch test. (d) Friction force as a function of the normal force
for single- and multilayer h-BN, MoS2, and graphene. The specimens were scratched at a constant normal force in the scratch area of 1 μm × 1 μm,
as indicated by the white dashed squares in (c). The cross-sectional profiles and friction loops are also included in (c), which demonstrate the change
in friction and topographical characteristics because of the constant-force scratch tests. Error bars represent 1 standard deviation of the mean.
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torn off and the substrates were exposed, likely due to the
compressive strain induced by the tip during the scratch tests.
In general, compressive and tensile strains occur simultaneously
during the scratch test, with compressive stress originating
ahead of the tip and tensile stress induced behind the tip, as
shown in Figure S4. However, a recent study on single-layer
graphene has established an asymmetry in its mechanical
instability: the critical compressive strain for buckling is
markedly smaller than the critical tensile strain for fracture.
In more detail, the compressive strain to buckling was found to
be ≈10−4%, whereas the tensile strain for fracture was ≈2%.63
Such an asymmetry is expected for most two-dimensional
materials and suggests that these atomically thin specimens are
particularly susceptible to compressive strains.64 Under
compression, two types of mechanical instabilities are induced:
buckling and fracture. The compressive strains initially buckle
the film, but as the normal force increases, it will eventually lead
to rupture of the atomic bonds.21,64 This multistage process
denotes the general failure mechanism in single-layer h-BN,
MoS2, and graphene specimens subjected to scratch testing.
Interfacial Strength and Surface Damage Character-

istics of Multilayer Materials. It has been proposed that
multilayer graphene provides better tribological characteristics
than single-layer graphene.19 However, the mechanism for this
enhancement has not yet been clearly explained. To elucidate
this mechanism, we investigate the interfacial strength and
surface damage characteristics of multilayer h-BN, MoS2, and
graphene. The friction force variation with respect to normal
force during progressive-force scratch tests and the correspond-
ing topographic and FFM images of scratched areas for
multilayer h-BN, MoS2, and graphene are shown in Figures
S5a−c, S6a−c, and S7a−c, respectively. Together with the
single-layer results, the critical forces Fc were assessed and
summarized with respect to number of layers, as demonstrated
in Figure 6a. The result clearly shows that as the number of
layers increased, the critical forces generally increased, which
indicates that the film-to-substrate interfacial strengths
generally increased with the number of layers. This behavior
may be partly attributed to the van der Waals interactions of the
substrate not only with its nearest layer but also with other
layers in the multilayer film.
The high-resolution topographic and FFM images for scratch

tracks on single- and multilayer h-BN, MoS2, and graphene are
shown in Figures S5d,e, S6d,e, and S7d,e, respectively. The
topographic images clearly show the failure of single- and
multilayer h-BN and MoS2 specimens along with exposure of
the SiO2 substrate relatively shortly after the formation of
scratch tracks on the top surface. Furthermore, shortly prior to
failure, an increase in friction was also observed, which is likely
due to defect formation. Interestingly, the formation of defects
at the scratch tracks affected the topography of the h-BN and
MoS2 specimens differently. For instance, for trilayer h-BN
under 1400 nN normal force, a height decrease of ≈1.0 nm was
clearly observed at the first scratch track in Figure S5d. By
contrast, a height increase of ≈2.1 nm was observed at the
second scratch track on trilayer MoS2 at 3000 nN normal force,
as shown in Figure S6d. The behavior of graphene is similar to
that of h-BN; bilayer graphene exhibited a height decrease of
≈0.5 nm under 3000 nN normal force, as shown in Figure S7d.
As previously discussed, the height decrease for h-BN and
graphene is likely due to plastic deformation of the substrate,
whereas the height increase for MoS2 is likely due to wrinkle
formation on the film. The overall behavior for the multilayer

films is consistent with what was observed from the single-layer
specimens.
The normal force required to induce surface damage such as

plastic deformation and wrinkle formation was also charac-
terized with respect to the number of layers. By definition, the
force required to induce damage, Fd, is less than or equal to the
critical force required to delaminate the film from the
underlying substrate, Fc. As shown in Figure 6b, Fd generally
increased with the number of layers for h-BN, MoS2, and
graphene. For layered materials subjected to indentation tests,
the thicker the specimen is, the harder it is to deform,1,2 which
is likely due to an increase in the bending modulus with the
number of layers. Thus, as the number of h-BN and graphene
layers increased, the normal force to induce plastic deformation
of the substrate also increased. For atomically thin MoS2, out-
of-plane bending was minimized because of its relatively large
bending stiffness, and as such, the failure mechanism changed
to that of wrinkling and folding of the top layer. The onset of
these wrinkling and folding phenomena was directly related to
the number of layers (i.e., there was a delayed occurrence as the
number of layers increased), which suggest that the binding
energy between the top layer and its lower layers may increase
with increasing number of layers. This behavior is in agreement
with a previous study,65 which proposed that the amount of
energy needed to peel off the top layer significantly increased as
the number of underlying layers increased because of the
enhanced interlayer binding energy that the top layer received
when the material became thicker. In all, the progressive scratch
test results on h-BN, MoS2, and graphene showed an increase
in the interfacial strength and a decrease in the surface damage
for a given Fn, as the number of layers increased.
Constant-force scratch tests were also conducted on h-BN,

MoS2, and graphene multilayer specimens. Topographic and
FFM images of scratched areas on trilayer h-BN, MoS2, and
graphene under various normal forces clearly show that surface
damage via wrinkle formation and plastic deformation was
reduced as the number of layers increased, as shown in Figure
6c. For instance, at 1500 nN normal force, single-layer h-BN
was torn from the substrate after only a few scratches, whereas
no significant damage was observed in the scratched area of
trilayer h-BN. Similarly, single-layer MoS2 immediately failed at
2500 nN normal force, whereas just a few wrinkles were locally
formed in the scratched areas of trilayer MoS2. For graphene at
3000 nN normal force, a height decrease of about 0.5 nm was
observed for trilayer graphene, whereas a height decrease of 1
nm was found at scratched areas in single-layer graphene at the
same force. The result indicates that the degree of plastic
deformation in the substrate at the scratched areas of trilayer
graphene was significantly reduced.
The friction forces from the constant-force scratch tests are

plotted with respect to the number of layers in Figure 6d, which
clearly shows thickness-dependent friction behavior for h-BN,
MoS2, and graphene. At the same normal force, friction force
was found to increase as the number of layers decreased,
resulting in the largest friction for single-layer specimens. The
dependence of friction force on the number of layers is a
general trend for these layered materials66 and has been
attributed to the out-of-plane deformation or “puckering” of the
top layers in front of the AFM tip during contact sliding.
Interestingly, the thickness-dependent friction was observed in
this study in the presence of wrinkle formation and plastic
deformation at very large normal forces, whereas these
phenomena were likely eliminated in the study of Lee et al.66
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at very small normal forces (≈1 nN with tip radius of about 10
nm). In addition, it has been shown here that two very different
frictional behaviors are possible depending on the composition
and thickness of the specimen: a linear and nonlinear
dependence of friction force on the normal force. In more
detail, MoS2 (regardless of number of layers), single- and
hexalayer h-BN, and tetralayer graphene clearly demonstrate a
linear relationship with the normal force, whereas bi- and
trilayer h-BN and single-, bi, and trilayer graphene show a
nonlinear dependence of friction force on the normal force. On
the basis of the topographic images of the films after scratch
tests, as shown in Figure S8, we found that the linear and
nonlinear dependences of friction force on the normal force is
closely related to the deformation of the underlying SiO2
substrate. The close correlation between plastic deformation
at the scratched areas and nonlinear dependence of friction
force on normal force suggests that the deformation of the
substrate introduces additional friction force to the AFM tip
during scratch tests. This additional friction force is likely
attributed to the shear force required to plow the underlying
SiO2 substrate at the scratched areas. In a recent study on the
friction characteristics between a silica probe and micelle
layers,67 the authors also observed an additional friction force
due to the deformation of the micelle layers, resulting in the
nonlinear dependence of friction force on the normal force. As
the number of layers increased, the deformation of the substrate
at scratched areas was effectively reduced. Hence, the friction
force of hexalayer h-BN and tetralayer graphene specimens
during scratch tests remained linearly proportional to the
normal force, as clearly shown in Figure 6d.

■ CONCLUSIONS
In summary, this study presents a systematical investigation of
the interfacial strength and surface damage characteristics for
single- and multilayer h-BN, MoS2, and graphene via AFM-
based progressive-force and constant-force scratch tests. The
film-to-substrate interfacial strengths were evaluated based on
their critical forces obtained from the progressive-force scratch
tests. The results suggest that these atomically thin films
strongly adhered to the substrates, which significantly improved
its load-carrying capacity. For single-layer films, graphene was
found to have a larger interfacial strength than h-BN and MoS2.
The surface damage characteristics of h-BN, MoS2, and

graphene specimens were further investigated via constant-
force scratch tests. The results suggest three different steps in
the evolution of surface damage. At relatively low normal force,
no significant change in the topography and friction force was
observed, which points to elastic deformation in the scratched
area. As the normal force increased, the formation of defects in
the film and plastic deformation in the substrate was noted. At
this stage, although the films have not yet failed, their
topography, friction force, crystalline quality, and mechanical
strengths are affected, which notably degrade their tribological
performance. At Fn ≥ Fc, delamination of the film from the
substrate occurs. The residual in-plane compressive strain
observed from the scratched areas of single- and multilayer h-
BN, MoS2, and graphene specimens further elucidated the
failure mechanism. The compressive strain-induced buckling in
front of the tip was the primary source of mechanical instability.
As the compressive strain increased, the atomic bonds were
compressed and eventually ruptured.
The improvements to interfacial strength, surface damage

resistance, and friction characteristics indicate that the

tribological performance could be effectively enhanced by
simply increasing the thickness of the specimens. However,
these increases in the thickness could come at the expense of
other desired features, such as electrical properties. Therefore, it
is essential to use a film thickness that optimizes the properties
for the application of interest.

■ MATERIALS AND METHODS
Single- and multilayer h-BN, MoS2, and graphene specimens were
produced from high-quality single-crystal h-BN (HQ Graphene),
MoS2 (SPI Supplies), and graphite (NGS), respectively, via micro-
mechanical exfoliation.68 These atomically thin materials were
repeatedly exfoliated from their bulk crystals using an adhesive tape.
The freshly exfoliated atomically thin materials on the tape were then
gently pressed against and transferred to a Si wafer capped with a 300
nm-thick thermally grown SiO2 layer. Up to hexalayer h-BN,
pentalayer MoS2, and tetralayer graphene were prepared with an aim
to investigate the interfacial strength and surface damage as a function
of the number of layers. Optical microscopy (VK-X200, Keyence),
AFM (MFP-3D, Asylum Research), and Raman spectroscopy
(Alpha300R, Witec) were employed to carefully examine the
topography and thickness of the atomically thin specimens prior to
scratch tests. In more detail, the atomically thin films were first located
using optical microscopy. Topographic data were then obtained via
intermittent-contact mode AFM using Si probes with a nominal spring
constant of 2 N/m (AC240, Olympus). Raman spectroscopy
measurements were performed using an excitation laser wavelength
of 532 nm. Raman spectra were collected through a 100× objective
(NA ≈ 0.9) with a laser spot size of about 720 nm, and the spectra
resolution was set to be about 1.4 cm−1 (1800 lines/mm grating). The
laser power was kept below 0.5 mW with an acquisition time of 10 s to
eliminate laser-induced thermal effects69 and particle formation39 on
the specimens.

After sample preparation and characterization, the interfacial
strength and surface damage characteristics of the films were
investigated via AFM-based progressive and constant-force scratch
tests. A nanocrystalline diamond tip (NaDiaProbes, Advanced
Diamond Technologies) with a tip radius of about 40 nm was used
in both the progressive-force and constant-force tests. For the
quantitative determination of the normal and friction forces, the
cantilevers were calibrated in both normal70 and lateral71,72 directions.
On the basis of the force calibration results, the normal spring constant
and lateral sensitivity of the diamond probe used for scratch tests were
about 45 N/m and 0.02 mV/nN, respectively. The sliding speed of the
diamond tip was set to 500 nm/s for both tests.

In the progressive-force scratch test, single-layer h-BN, MoS2, and
graphene specimens were scratched under a progressive normal force
for one single scratch line with the scratch distance of 2 μm. First, the
diamond tip was brought into contact with the specimens at a
relatively low normal force of 400 nN to keep the tip stable on the
specimen surface.20 Once contact was established, the specimen was
scratched under a normal force that was progressively increased from
400 to 4000 nN to find the critical force of the specimen. As noted
earlier, the critical force is defined as the normal force, where the
atomically thin specimens were removed and the substrate was
exposed.23 The critical force was resolved via three to five sets of
progressive-force scratch tests. The progressive-force tests were also
performed with multilayer h-BN, MoS2, and graphene to investigate
the effects of film thickness on the interfacial strength and surface
damage.

In the constant-force scratch test, single-layer h-BN, MoS2, and
graphene specimens were scratched in a defined area of 1 μm × 1 μm
under a constant normal force. In each area, the specimens were
scratched at a given normal force ranging from 500 to 5000 nN to
observe the evolution of surface damage on single-layer specimens
with respect to the normal force. The adhesion force between the
AFM tip and the specimens were carefully tracked during all scratch
tests to monitor tip wear (Figure S9).73 The contact pressure between
the AFM tip and specimen was estimated by the DMT contact model,
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which includes the effects of the adhesive forces outside the area of
contact.44

After the scratch tests, the topography and frictional behaviors of
the scratched areas were investigated via intermittent-contact mode
AFM and contact mode AFM. In the intermittent-contact mode,
relatively sharp Si tips with a nominal tip radius of about 2 nm
(SuperSharpSilicon, NANOSENSORS) were used for imaging. FFM
images were obtained in the contact mode using Si tips with a nominal
spring constant of 0.2 N/m (LFMR,NANOSENSORS). On the basis
of the force calibration results, the normal spring constant and lateral
sensitivity of the Si tips used for FFM imaging ranged from 0.37 to
0.47 N/m and from 3.0 to 5.9 mV/nN, respectively. The normal force
was set to 0.5 nN to observe the frictional behavior of the scratched
areas without introducing additional damage to the specimens. The
scratched areas were also characterized using Raman intensity
mapping. The Raman intensity images were obtained by scanning
the specimens with a laser step size of 230 nm and an acquisition time
of 0.5−1.0 s for each spectrum. All experiments were conducted under
ambient conditions (25 °C, 30% relative humidity).
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