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Abstract: The tribological properties and scratch resistance of MoS2 bilayer deposited on SiO2/Si substrates 

prepared via chemical vapor deposition are investigated. Friction force microscopy (FFM) is employed to 

investigate the friction and wear properties of the MoS2 bilayer at the nanoscale by applying a normal load 

ranging from 200 to 1,000 nN. Scratch resistance is measured using the scratch mode in FFM based on a linearly 

increasing load from 100 to 1,000 nN. Kelvin probe force microscopy (KPFM) is performed to locally measure 

the surface potential in the tested surface to qualitatively measure the wear/removal of MoS2 layers and identify 

critical loads associated with the individual failures of the top and bottom layers. The analysis of the contact 

potential difference values as well as that of KPFM, friction, and height images show that the wear/removal of 

the top and bottom layers in the MoS2 bilayer system occurred consecutively. The FFM and KPFM results show 

that the top MoS2 layer begins to degrade at the end of the low friction stage, followed by the bottom layer, 

thereby resulting in a transitional friction stage owing to the direct contact between the diamond tip and SiO2 

substrate. In the stable third stage, the transfer of lubricious MoS2 debris to the tip apex results in contact 

between the MoS2-transferred tip and SiO2. Nanoscratch test results show two ranges of critical loads, which 

correspond to the sequential removal of the top and bottom layers. 
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1 Introduction 

Molybdenum disulfide (MoS2), one of the most 

typical transition metal dichalcogenides, exhibits a 

two-dimensional (2D) layered crystalline structure 

with strong covalent bonds between atoms within 

the crystal and weak van der Waals forces between 

layers, thereby enabling easy shearing along its basal 

planes and low friction in sliding contacts. Hence, MoS2 

has received considerable attention as dry lubricants 

[1–3], a lubricant additive [4], and components of 

composite coatings [5–7] in various applications such 

as the space industry [8, 9], and the majority of these 

applications are related to the use of MoS2 in its bulk 

form or as thin films at the microscale. The use of 

atomically thin MoS2 films for tribological applications 

has only received increasing attention in the last 

decade. Advancements in microelectromechanical 

systems (MEMS) and nanoelectromechanical systems 

(NEMS) have encouraged the investigation of 

atomically thin 2D materials as promising candidates 

for lubricating films on microscale and nanoscale 

surfaces, where conventional liquid lubricants or thick 

lubrication coatings cannot be supplied owing to the 
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spatial constraints of MEMS and NEMS. Atomic force 

microscopy (AFM) can not only effectively reveal the 

surface image of a sample, but also the nanotribological 

properties of atomically thin 2D materials owing to 

its extremely high lateral and vertical force resolutions. 

Although numerous nanotribological studies regarding 

2D materials based on friction force microscopy 

(FFM) have been performed on graphene, atomically 

thin MoS2 films have similarly been investigated 

extensively [10–13]. Lee et al. [10] compared the 

nanoscale frictional characteristics of atomically thin 

sheets of graphene, MoS2, NbSe2, and h-BN exfoliated 

onto a weakly adherent substrate (silicon oxide) with 

those of their bulk counterparts. Their measurements, 

which involved a scale down to single atomic sheets, 

revealed that friction increased monotonically as the 

number of layers decreased for all four materials.   

In Ref. [11], the friction properties of chemical vapor 

deposition (CVD)-grown and mechanically exfoliated 

single-layer MoS2 were compared via FFM under 

normal forces ranging from 0 to 20 nN. The authors 

demonstrated that a CVD-grown single-layer MoS2 

exhibited greater friction compared with a mechanically 

exfoliated single-layer MoS2, and conjectured that this 

might be related to the crystalline imperfections in the 

CVD-grown MoS2. The coefficient of friction (COF)  

of CVD-grown MoS2 ranged from  a value less  

than 0.2 to an extremely high value exceeding 1. In 

Ref. [12], the friction of MoS2 films deposited on 

various substrates via atomic layer deposition was 

investigated. Based on an experiment using FFM 

under a normal load of 5–25 nN, it was discovered 

that friction decreased as the number of layers 

increased regardless of the substrate. They explained 

that the effect of the substrate on the friction of MoS2 

could be characterized by the work of adhesion as the 

number of layers increased. As the friction forces 

were not calibrated in the force units, the COFs were 

unknown. Cho et al. [13] compared the dry friction 

and wear properties of atomically thin CVD-grown 

graphene and MoS2 films on SiO2/Si substrates 

under a low contact pressure (72 MPa) using a 

custom-developed tribometer and under high contact 

pressure (378 MPa) using a typical ball-on-disk tester. 

They claimed that mild wear occurred in a layer-by- 

layer manner at a low contact pressure. At a high 

contact pressure (378 MPa), severe wear occurred due 

to failure at the interface between the MoS2 films and 

the underlying substrates. They further explained that 

the low friction of the MoS2 film at both contact 

conditions was due to the transfer of the MoS2 film to 

the counterpart, which served as a lubricant. However, 

these results are not comparable to any experimental 

results obtained using FFM, owing to the significant 

difference in the contact conditions (contact pressure 

and contact size) between the FFM and their test 

devices. It was discovered that studies pertaining to 

the nanotribological properties of atomically thin 

MoS2 films have only addressed the friction property. 

Compared with the vigorous investigation of the 

friction and wear properties of MoS2 films, the scratch 

resistance of atomically thin MoS2 films has never 

been investigated. The most widely used method for 

quantitatively assessing the adhesion of films is   

the scratch test, where adhesion is measured by the 

critical load Lc, which is defined as the load at which 

the film is exfoliated or delaminated from the 

substrate [14, 15]. 

Kelvin probe force microscopy (KPFM) is a tool 

that measures the spatial charge distribution of 

various materials by measuring the contact potential 

difference (CPD) between the tip and the samples  

[16, 17]. As the surface potential and topographic 

image are simultaneously measured without contact 

to the sample surface, KPFM can provide valuable 

information for assessing the degradation/removal of 

MoS2 monolayer or individual MoS2 layers in cases 

involving a multiple-layer MoS2 system. The work 

function of MoS2 nanoflakes prepared via mechanical 

exfoliation was investigated using KPFM [18]. The 

CPDs of MoS2 with monolayers and bilayers were 

measured to be 95 and 195 mV, respectively. 

In this study, the friction and wear properties of a 

MoS2 bilayer were investigated using FFM, and 

scratch resistance was investigated by employing the 

linear mode of FFM. The identification of critical 

loads (maximum contact pressure) for the degradation/ 

removal of individual layers was prioritized. KPFM 

was performed to assess the failure level of the MoS2 

bilayer system on the tested surface. 
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2 Experimental details 

2.1 Materials 

In this study, a MoS2 bilayer on a SiO2/Si substrate 

(2D Semiconductor, USA), which was synthesized by 

chemical vapor deposition (CVD) on p-doped bulk  

Si with an oxide layer (thickness of approximately 

300 nm), was utilized in wear and scratch tests. To 

determine the thickness of the MoS2 nanoflake, we 

applied AFM (SmartSPM 1000, AIST-NT, USA) with Si 

probes (approximately 10 nm of tip radius, Tap190Al-G, 

Budget Sensors, Republic of Bulgaria) in intermittent 

contact mode. Figure 1(a) shows a typical height 

image of large MoS2 nanoflakes used in the wear  

test. The number of layers of MoS2 nanoflakes was 

confirmed via the Raman spectroscope (In Via Raman 

Microscope, Renishaw, UK) using a laser excitation of 

532 nm. The Raman spectrum (Fig. 1(b)) showed two 

characteristic peaks: the E1
2g peak at 385.5 cm−1 for the 

in-plane vibration of the S–Mo–S sandwich structure 

and the A1g peak at 406.3 cm−1 for the out-of-plane 

vibration of S atoms. This Raman spectrum showed  

 

Fig. 1 (a) AFM height image of a MoS2 nanoflake, (b) Raman 
spectrum of bilayer MoS2 flake, and (c) surface height profile 
along the lines marked in Fig. 1(a). 

that the MoS2 sample contained two layers, which 

agreed well with the previous measurement by Choi 

et al. [18]. The gap between the two peak frequencies 

was approximately 20.8 cm−1, which is consistent 

with the range of 21.0–21.5 cm−1 previously reported 

for the MoS2 bilayer [19, 20]. The spacing between the 

two peak frequencies for monolayer MoS2 was reported 

to be 20.1 [18] or 19.7 cm−1 [21]. The height profiles 

across the MoS2 nanoflakes along the marked lines in 

Fig. 1(a) are shown in Fig. 1(c); they further confirm 

that the sample is a MoS2 bilayer. The thickness of the 

MoS2 nanoflake was measured to be approximately 

1.6 nm, which is similar to that of the MoS2 bilayer. 

2.2 Nanoscale wear and nanoscratch test 

Nanotribological characterization of the MoS2 bilayer 

was conducted using FFM. A schematic illustration of 

the FFM apparatus is shown in Fig. 2(a). In FFM, a 

diamond tip slides over the sample surface with a 

constant normal load parallel to the fast scan axis. In 

this study, the scan rate was set to 5 Hz, and 256 test 

scans were conducted over an area measuring 3 μm × 

3 μm. The normal load ranged from 200 to 1,000 nN, 

at an increment of 100 nN. We employed single-crystal 

diamond probe tips (D300, SCDprobes, Republic of 

Estonia) to conduct FFM. Probe tips with radii within 

the range of 10–15 nm were selected to avoid a 

considerable deviation in the contact pressure exerted 

on the sample surface by the diamond tip. The 

approximate tip radii were measured using the field- 

emission scanning electron microscope (FE-SEM; 

JSM-6700F, JEOL Corp., Japan), and five tips were 

selected from more than twenty single-crystal diamond 

probe tips (see the Electronic Supplementary Material 

(ESM) for detailed SEM images of the tips). In FFM, 

an accurate normal spring constant value should be 

used to calculate the normal load imposed on the 

sample surface as a load is applied through the bending 

of the cantilever. However, the nominal normal 

spring constant values supplied by the manufacturer 

span a wide range (some products fabricated in a 

single batch vary by one order of magnitude between 

the highest and lowest values). Therefore, the normal 

spring constant of each probe must be measured to 

apply an accurate normal load. Additionally, the 

torsional spring constant should be determined such  
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that the friction force generated from the tip-sample 

sliding contact can be calculated accurately. Both the 

normal and torsional spring constants of the cantilever 

were determined using the built-in calibration module 

in the AFM system, where the refined unloaded 

resonance method (Sader method) was applied [22]. 

The geometrical characteristics of the cantilever and 

tip were measured using FE-SEM and used for spring 

constant calibration (video clips of the measurement 

procedures for normal and torsional spring constants 

are introduced in the ESM). The test was repeated 

three times to obtain results with statistical information 

and to verify the reliability. A new diamond probe tip 

was used for each test, and the normal spring constants 

of the used cantilevers were measured to be 32.3, 33.5, 

and 38.5 N/m, whereas the torsional spring constants 

were 6.07, 5.77, and 5.89 nN·m, respectively. Frictional 

forces were converted into units of Newton from the 

voltage values corresponding to one-half the difference 

between the trace and retrace signals from plots of 

the detector voltage signal generated by the torsional 

deflection of the tip during scans. A representative 

plot of the frictional forces (F) in the voltage signal vs. 

the lateral displacement is shown in Fig. 2(c). The 

upper (FT) and lower (FR) curves indicate the trace and 

retrace friction force profiles, respectively. Topography 

images of the degraded surface were acquired using a 

silicon tip (Tap190Al-G, Budget Sensors, The Republic 

of Bulgaria) in the intermittent contact mode. Energy 

dispersive X-ray spectroscopy (EDS) was employed 

to identify the chemical composition of the apex of 

the tips used to verify the transfer of degraded MoS2 

nanoscale debris. 

The scratch response of the MoS2 bilayer was 

investigated using the linear scratch mode of the AFM 

system, as illustrated in Fig. 2(b). The diamond probe 

tips (D300, SCDprobes, Republic of Estonia) used for 

the nanoscratch test had a tip radius of approximately 

15 nm, as measured via FE-SEM (see the ESM for the 

detailed SEM images of the tip before and after the 

test). The nanoscratch test was performed by increasing 

the normal load linearly from 100 to 1,000 nN at a 

scratch speed of 6 m/s for a scratch distance of 3 μm. 

The normal and torsional spring constants were 

measured to be 45.1 N·m–1 and 8.12 nN·m, respectively. 

The test was repeated 10 times with a 100 nm space 

between adjacent scratch tracks to obtain a result with  

 

Fig. 2 Schematic diagram of experiments for evaluating the 
tribological properties of MoS2 nanolayer on Si substrate: (a) wear 
test and (b) nanoscratch test. (c) A representative plot of the 
frictional force vs. the lateral displacement. FT and FR denote the 
average friction force at trace and retrace, respectively.  

statistical information and to verify the reproducibility 

of the scratch behavior. Scratched surfaces were 

observed via AFM using a sharp probe tip (nominal tip 

radius of less than 2 nm, SSH-NCHR-50, NanoSensors, 

Switzerland). However, the height images did not 

provide a clear image that was sufficient for 

distinguishing scratch tracks and failure locations.  

Although both AFM height and friction force images 

obtained in the nanoscale wear and nanoscratch tests 

provided information regarding damage to the MoS2 

layers, they were insufficient for determining whether 

only the top layer was removed or whether both 

layers were completely degraded. Therefore, KPFM 

was conducted under ambient conditions to better 

distinguish the removal of the top and bottom MoS2 

layers for both tests and the load range corresponding 

to film failures. A conductive Pt-coated tip (25Pt200-H, 

Rocky Mountain Nanotechnology, USA) with a radius 

of less than 20 nm and a resonance frequency of 100 kHz 

was used for the KPFM. The distance between the tip 

and sample was 10 nm, and the tip bias voltage was 3 V. 
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3 Results and discussion 

Figure 3 shows representative images corresponding 

to various AFM modes for a set of nanoscale wear 

tests. The friction images allowed us to classify the 

frictional behavior into three stages: low friction 

(from 200 to 400 nN), transitional friction (from 500 

to 600 nN), and steady friction (from 700 to 1,000 nN) 

stages. The height images generally supported this 

observation. 

The frictional behavior is presented in Fig. 4 in 

terms of the COF vs. applied load. In the first stage 

(from 200 to 400 nN), a diamond tip slid against the 

MoS2 layer, and the low COF was due to the presence 

of either the bilayer or bottom layer of MoS2, which 

served as a lubricious film. However, after the bottom 

layer began to degrade at a load of 500 nN, and was 

completely removed from the underlying SiO2 at  

600 nN, the contact between the diamond tip and 

SiO2 caused the COF to increase rapidly and reach 

the highest value (transition stage). By contrast, at a 

higher load of 700 nN, the COF was lower than the 

highest value observed in the transition stage, and 

the COF decreased continuously until it stabilized as 

the load further increased until the maximum load 

applied. We attributed this stable and comparatively 

lower COF, compared with that in the transition stage, 

to the transfer of lubricious MoS2 debris to the tip 

apex, which resulted in contact between the MoS2- 

transferred tip and SiO2.  

The transfer of MoS2 debris to the tip apex was 

confirmed using EDS. In conjunction with the SEM 

image of the tip used, the chemical compositions of 

the tip apex region (point 1) and the location distant 

from the tip apex (point 2) were measured via EDS, 

as shown in Fig. 5. The EDS spectra clearly showed 

the presence of Mo and S on the tip apex, indicating 

the transfer of MoS2 wear debris. Therefore, the 

sliding contact pair was not a diamond tip and SiO2, 

but primarily the MoS2-transferred tip and SiO2. The 

height images in Fig. 3 show a similar surface feature 

with a load from 200 to 400 nN, and a change in the 

surface feature was recognizable between 500 and 

700 nN, where the images became relatively darker 

with scattered bright spots. Furthermore, beyond  

700 nN, the images became much darker, and the 

bright spots almost disappeared. By contrast, the KPFM 

images can be classified into two stages: less bright 

features with blurred brownish spots until 400 nN 

load and a markedly brighter feature without any 

spots at 500 nN and beyond. The less bright images 

obtained from 200 to 400 nN were associated with the 

presence of the MoS2 layer. The brighter images beyond 

the 500 nN load did not exhibit any noticeable 

difference, indicating significant damage to both MoS2 

layers that ultimately extruded the SiO2/Si substrate, 

which had most likely occurred at extremely high 

loads.  

To identify whether both MoS2 layers deteriorated 

simultaneously at a single critical load or only the top 

layer deteriorated first at a certain load followed by 

the bottom layer as the load was further increased, an  

Fig. 3 Friction images (top row), height images (middle row), and KPFM images (bottom row) of bilayer MoS2 surface after wear tests
at loads from 200 to 1,000 nN with a 100 nN increment. The test areas were 3 μm × 3 μm. 
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Fig. 4 A representative plot of COF against the applied load. 

 

Fig. 5 EDS mapping of the tested tip shows the differences in 
chemical composition at different locations. 

in-depth analysis of the CPD profiles was conducted 

based on the KPFM images at loads ranging from 

300 to 500 nN. Figure 6(b) shows a KPFM image of a 

set of degraded surfaces obtained from another set 

of test trials (Fig. 6(a)) and the line profiles of the 

CPD (Fig. 6(c)) along the lines marked in Fig. 6(b). 

The KPFM images consistently showed a noticeable 

difference beyond 500 nN load, as described earlier 

based on Fig. 3. However, Fig. 6(c) shows that the 

line profile of the CPD values at 500 nN load ranged 

from 150 to 250 mV, whereas that tested at 400 nN was 

between 50 and 150 mV. Based on surface potential 

measurement via KPFM, Choi et al. [18] indicated 

that CPD values with respect to a SiO2/Si substrate 

were approximately 95 and 195 mV for a MoS2 

monolayer and bilayer, respectively. The degraded 

surface tested at 300 nN indicated a CPD value of less 

than 40 mV, which was similar to that obtained from 

the untested surface. Therefore, CPD values similar 

to or less than 40 mV indicate that the MoS2 bilayer 

remained on the SiO2/Si substrate. Based on the 

observations from not only the line profiles of the 

CPD but also the friction and height images, it is 

conceivable that the damage to the MoS2 layers 

occurred in a layer-by-layer manner. The top layer 

degraded first at a load of 400 nN, and the bottom 

layer degraded partially at a load of 500 nN. The 

removal of the top or bottom layer has been explained 

in terms of the applied normal load thus far. It is 

noteworthy that the critical loads defined in this 

experimental study, in relation to the separate 

degradation of the top and bottom layers, were 

restricted to the radius of the diamond tip used. This 

is because the contact pressure, which is more relevant 

for evaluating the failure of MoS2 layers than the load, 

varies with the tip radius. Moreover, in the Hertzian 

contact model, the maximum contact pressure in the 

circular contact is inversely proportional to the tip 

radius to the power of two-thirds [23]. The maximum 

contact pressures were calculated by assuming that 

the contact reflected the Hertzian model, and the 

contact occurred between a single-crystal diamond 

with a 15 nm tip radius and a flat thermally grown 

SiO2 layer. The maximum contact pressures at loads 

of 400 and 500 nN corresponding to the degradation 

of the top and bottom MoS2 layers, respectively, were 

calculated to be 11.7 and 12.6 GPa, respectively. 

Furthermore, in the Hertzian model based on the 

typical approach, where the maximum depth of 

deformation occurred at the center of contact, the 

thicknesses were 1.09 and 1.27 nm, which were much 

smaller than that of the SiO2 substrate (100 nm). 

Although these values were approximated based on 

the aforementioned assumption, the actual values of 

the maximum contact pressure and the values 

obtained from the typical approach will not deviate 

significantly from these values if the diamond tip has 

a similar tip radius, and the top substrate (SiO2 film) 

is sufficiently thick such that the thickness of the 

atomically thin MoS2 layer is negligible. Cho et al. [13] 

compared the dry friction and wear properties of 

atomically thin CVD-grown graphene and MoS2 films 

on SiO2/Si substrates using a typical reciprocating 

ball-on-disk tester at contact pressures of 72 and  
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378 MPa and at an average speed of 50 μm/s with a  

stroke of 2 mm. They claimed that mild wear 

occurred in a layer-by-layer manner only at a low 

contact pressure (72 MPa). At a high contact pressure 

(378 MPa), the MoS2 layers were completely removed 

after 50 cycles of sliding. The COF of the MoS2 

bilayer system at stable conditions was 0.1–0.2 with 

low contact pressures and 0.18–0.24 with high contact 

pressures. It is noteworthy that this test scheme differs 

significantly from the FFM used in this study. In their 

study, sliding contacts were repeated on the same  

site of the surface in a reciprocating motion with a 

constant contact pressure (load), whereas in our 

FFM, the site of sliding contact changed only after 

one reciprocating motion. Therefore, the maximum 

contact pressures associated with the damage of 

layers obtained from our FFM were much higher 

than those obtained from the mesoscale reciprocating 

ball-on-disk tests. 

Figures 7(a)–7(c) show the height and KPFM images 

of the scratch tested surface of the MoS2 bilayer by 

increasing the normal load linearly from 100 to  

1,000 nN. The scratch marks in the height image  

(Fig. 7(a)) were not clearly distinguishable at this low 

resolution, and the related KPFM images in Fig. 7(b) 

show recognizable bright marks corresponding to the 

scratch tracks, where the intensity increased rapidly 

beginning at a distance of approximately 1 m 

(scratch load of 700 nN) prior to the location where 

the test was terminated at 1,000 nN load. The higher 

resolution height and KPFM images of the surface 

shown in Figs. 7(c) and 7(d) are from the red squares 

parts in Figs. 7(a) and 7(b), respectively. The height 

image (Fig. 7(c)) shows 10 well-distinguished scratch 

tracks that were numbered on the left side of the 

image, indicating partial or full removal of the MoS2 

layers. Figure 7(c) further reveals the presence of soft 

particulate contaminants on the surface, which did 

not affect the scratch behavior of the MoS2 layers. 

Few investigations have mentioned these particulate 

contaminants of various unreacted species those 

adhered to the surface during the growth process, 

which involved a reaction between MoO3 and S2 in 

the CVD route [24]. 

The KPFM image in Fig. 7(d) provides a better 

understanding of the damage level based on the 

brightness degree, which increased with the scratch 

load. The extremely bright long patches on the scratch 

tracks in the region of the highest scratch load were 

associated with the complete removal of the MoS2 

layers, whereas the less bright patches in the region 

of the 700 nN load implied the partial removal of the 

MoS2 layers. These hypotheses were confirmed by 

the line profiles of CPD related to these two regions. 

Figure 7(e) shows the variation in the CPD values 

obtained across the dotted green arrow in Fig. 7(d). 

The three CPD peaks were associated with tracks   

4, 6, and 7 in Fig. 7(d), and the CPD values ranged 

between 100 and 150 mV, which are related to the 

presence of only one layer on the surface. Therefore, 

the top MoS2 layer degraded primarily at a scratch 

load of 700 nN. The CPD profile shown in Fig. 7(f) 

 

Fig. 6 (a) Optical microscopy image of the sample surface with inset square showing MoS2 nanoflakes used for wear tests; (b) KPFM 
image of worn surfaces for a set of test runs (the region marked with white square in Fig. 6(a) and the scan size of 15 μm × 15 μm);
and (c) contact potential difference profile along the lines marked in Fig. 6(b). 
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was obtained along the grey arrow marked in Fig. 7(d)  

in the region of the high scratch load (~900 nN). The 

CPD values across the 10 scratch tracks ranged between 

140 and 220 mV clearly indicated the removal of   

the entire MoS2 layer. The frictional behavior with 

respect to the increase in the scratch load is shown in 

Fig. 7(g), where the standard deviations of the COF 

are included with the average values marked by 

black dots. Figure 7(g) shows that the COF obtained 

from the nanoscratch test can be classified into three 

stages. In the first stage (up to 400 nN), the COF was 

maintained at a low level as the MoS2 bilayer remained 

on the surface. As the scratch load increased to the 

range of 500–700 nN, the COF increased rapidly with 

a significant fluctuation, which was attributed to the 

partial removal of the top MoS2 layer, as evidenced 

by the measurement of CPD values (Fig. 7(e)). In  

the third stage, beyond the load of 800 nN, the COF 

increased further. The CPD values in Fig. 7(f), which 

were approximately 200 mV, measured on the scratch 

tracks after the 900 nN load, indicated the conspicuous 

removal of the bottom MoS2 layer, and the high COF 

was due to the direct sliding contact between the 

diamond tip and SiO2 substrate. 

The maximum contact pressures corresponding to 

the critical scratch loads associated with the removal 

of the top and bottom layers were calculated based 

on the Hertzian model, where the same material 

properties as those used for the wear tests were 

assumed. The tip radius measured via FE-SEM after 

the nanoscratch test increased by approximately 2.5 nm 

from 15 nm measured in the as-received state. The 

maximum contact pressure was calculated based   

on the increased tip radius. The maximum contact 

pressure at the first critical load in the range of 

500–700 nN, which corresponded to the removal of 

the top layer, was calculated to be 11.3–12.7 GPa, 

whereas that at the second critical load in the range 

of 800–900 nN, which is associated with the full 

removal of the bottom layer, was in the range of 

13.2–14.8 GPa. It is noteworthy that compared with 

the wear tests, the maximum contact pressures at the 

two critical loads in the nanoscratch test were relatively 

higher. This discrepancy is attributable to the intrinsic 

 

Fig. 7 Nanoscratch test: (a) AFM height image of the tested region (scan size of 3.2 μm × 1.2 μm); (b) KPFM image of the test region; 
(c) high magnification height image of the region marked with red square in Fig. 7(a) (scan size of 1 μm × 1 μm); (d) KPFM image of 
the region marked with red square in Fig. 7(b) (10 scratch tracks are expressed with red arrow to compare with the surface potential
measurement); (e) CPD profile along the green arrow marked in Fig. 7(d), whose top layer began to be removed; (f) CPD profile along 
the gray arrow in the region of the total failure of MoS2 layers; (g) variation of the COF as a function of the scratch load. 
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difference between the two test procedures, as  

illustrated in Fig. 2. The sliding contact in FFM was 

subjected to more severe conditions. The tip under 

constant load slid on an identical surface twice (trace 

and retrace) and shifted to the next location, which 

was 11.7 nm away from the previous track as 256 scans 

existed in the 3 m width. As the contact diameter 

was in the range of 6.8–11.6 nm for the load range  

of 200–1,000 nN (as calculated using the Hertzian 

model), the damage on a single track might be 

increased by the effect of adjacent tracks, thereby 

resulting in the failure of the MoS2 layer at lower 

critical loads than those of the nanoscratch test. 

4 Conclusions 

We investigated the tribological properties and 

scratch resistance of CVD-grown MoS2 bilayers at the 

nanoscale via FFM and nanoscratch tests, respectively. 

We demonstrated the effectiveness of KPFM in the 

evaluation of separate degradation/removal of the 

top and bottom MoS2 layers by measuring the local 

CPD between the tip and the sample surface. In the 

nanoscale wear tests, three stages of frictional behavior 

were observed in association with the presence/ 

removal of MoS2 layers: a low friction stage at a low 

maximum contact pressure (less than 11.7 GPa) with 

the presence of the bottom MoS2 layer, a transitional 

friction stage (12.6–13.4 GPa) after the degradation of 

the bottom MoS2 layer, and a steady friction stage at 

the high maximum contact pressure (above 14.1 GPa), 

where friction was reduced owing to the contact 

between the MoS2-transfered tip and SiO2 surface. The 

nanoscratch test results of the MoS2 bilayer deposited 

on a SiO2/Si substrate revealed two critical loads 

associated with the removal of individual layers in 

the MoS2 bilayer system. The scratch resistance of  

the monolayer MoS2 was explained in terms of the 

critical scratch load and the corresponding maximum 

contact pressure. In the first critical scratch load 

(500–700 nN, equivalent to the maximum contact 

pressure of 11.3–12.7 GPa), only the top MoS2 layer 

was removed, accompanied by a rapid increase in the 

COF. Successive removal of the bottom layer occurred 

at the second critical scratch load (800–900 nN, 

equivalent to the maximum contact pressure of 

13.2–14.8 GPa with a high COF). The CPD values 

measured using KPFM enabled the identification of 

degraded/removed MoS2 layers. The CPD values of 

approximately 200 mV indicated the complete removal 

of MoS2 layers, whereas those of approximately   

100 mV were associated with the degradation of the 

top layer. 

This investigation pertaining to the tribological 

properties and scratch resistance of MoS2 bilayer can 

facilitate a better understanding of the durability of 

CVD-grown MoS2 on a SiO2/Si substrate system, and 

provide valuable information for enhancing the design 

and reliability of micro- and nano-devices involving 

atomically thin MoS2 films. 

Acknowledgements 

This study was supported by the Research Program 

funded by the SeoulTech (Seoul National University 

of Science and Technology, Republic of Korea). 

 

Electronic Supplementary Material Supplementary 

material is available in the online version of this article 

at https://doi.org/10.1007/s40544-022-0595-8. 

 

Open Access This article is licensed under a Creative 

Commons Attribution 4.0 International License, which 

permits use, sharing, adaptation, distribution and 

reproduction in any medium or format, as long as 

you give appropriate credit to the original author(s) and 

the source, provide a link to the Creative Commons 

licence, and indicate if changes were made.  

The images or other third party material in this 

article are included in the article’s Creative Commons 

licence, unless indicated otherwise in a credit line to 

the material. If material is not included in the article’s 

Creative Commons licence and your intended use is 

not permitted by statutory regulation or exceeds the 

permitted use, you will need to obtain permission 

directly from the copyright holder. 

To view a copy of this licence, visit 

http://creativecommons.org/licenses/by/4.0/. 

References 

[1] Vazirisereshk M R, Martini A, Strubbe D A, Baykara M Z. 

Solid lubrication with MoS2: A review. Lubricants 7(7): 57 

(2019) 



10 Friction  

 | https://mc03.manuscriptcentral.com/friction 

 

[2] Bhushan B. Modern Tribology Handbook (Volume 2). New 

York: CRC Press, 2001: 787–789. 

[3] Winer W O. Molybdenum disulfide as a lubricant: A review 

of the fundamental knowledge. Wear 10(6): 422–452 (1967) 

[4] Lansdown, A R. Molybdenum Disulphide Lubrication. 

Amsterdam (the Netherlands): Elsevier B.V., 1999. 

[5] Donnet C, Erdemir A. Historical developments and new 

trends in tribological and solid lubricant coatings. Surf Coat 

Technol 180–181: 76–84 (2004) 

[6] Ji Z J, Zhang L, Xie G X, Xu W H, Guo D, Luo J B, 

Prakash B. Mechanical and tribological properties of nano-

composites incorporated with two-dimensional materials. 

Friction 8(5): 813–846 (2020) 

[7] Gao K X, Lai Z G, Jia Q, Zhang B, Wei X L, Zhang J Y. 

Bilayer a-C:H/MoS2 film to realize superlubricity in open 

atmosphere. Diam Relat Mater 108: 107973 (2020) 

[8] Roberts E W. Ultralow friction films of MoS2 for space 

applications. Thin Solid Films 181(1–2): 461–473 (1989) 

[9] Colas G, Saulot A, Regis E, Berthier Y. Investigation of 

crystalline and amorphous MoS2 based coatings: Towards 

developing new coatings for space applications. Wear 330–331: 

448–460 (2015) 

[10]  Lee C G, Li Q Y, Kalb W, Liu X Z, Berger H, Carpick R W, 

Hone J. Frictional characteristics of atomically thin sheets. 

Science 328(5974): 76–80 (2010) 

[11]  Ky D L C, Tran Khac B C, Le C T, Kim Y S, Chung K H. 

Friction characteristics of mechanically exfoliated and CVD- 

grown single-layer MoS2. Friction 6(4): 395–406 (2018) 

[12]  Yang J J, Liu L. Nanotribological properties of 2-D MoS2 

on different substrates made by atomic layer deposition 

(ALD). Appl Surf Sci 502: 144402 (2020) 

[13]  Cho D H, Jung J Y, Kim C, Lee J H, Oh S D, Kim K S, Lee 

C G. Comparison of frictional properties of CVD-grown 

MoS2 and graphene films under dry sliding conditions. 

Nanomaterials 9(2): 293 (2019) 

[14]  Bull S J, Rickerby D S. New developments in the modelling 

of the hardness and scratch adhesion of thin films. Surf 

Coat Technol 42(2): 149–164 (1990) 

[15]  Perry A J. The adhesion of chemically vapour-deposited hard 

coatings to steel—The scratch test. Thin Solid Films 78(1): 

77–94 (1981) 

[16]  Yasutake M, Aoki D, Fujihira M. Surface potential 

measurements using the Kelvin probe force microscope. 

Thin Solid Films 273(1–2): 279–283 (1996) 

[17]  Nonnenmacher M, O’Boyle M P, Wickramasinghe H K. 

Kelvin probe force microscopy. Appl Phys Lett 58(25): 

2921–2923 (1991) 

[18]  Choi S H, Zhang S L, Yang W C. Layer-number-dependent 

work function of MoS2 nanoflakes. J Korean Phys Soc 

64(10): 1550–1555 (2014) 

[19]  Lee C G, Yan H G, Brus L E, Heinz T F, Hone J, Ryu S. 

Anomalous lattice vibrations of single- and few-layer MoS2. 

ACS Nano 4(5): 2695–2700 (2010) 

[20]  Kim J H, Lee J H, Kim J H, Hwang C C, Lee C G, Park J Y. 

Work function variation of MoS2 atomic layers grown with 

chemical vapor deposition: The effects of thickness and the 

adsorption of water/oxygen molecules. Appl Phys Lett 106(25): 

251606 (2015) 

[21]  Lin T Z, Kang B T, Jeon M H, Huffman C, Jeon J H, Lee S J, 

Han W, Lee J Y, Lee S H, Yeom G Y, et al. Controlled 

layer-by-layer etching of MoS2. ACS Mater Interfaces 7(29): 

15892–15897 (2015) 

[22]  Green C P, Lioe H, Cleveland J P, Proksch R, Mulvaney P, 

Sader J E. Normal and torsional spring constants of atomic 

force microscope cantilevers. Rev Sci Instrum 75(6): 1988– 

1996 (2004) 

[23]  Johnson K L. Contact Mechanics. Cambridge (UK): 

Cambridge University Press, 1985. 

[24]  Kaushik V, Varandani D, Mehta B R. Nanoscale mapping 

of layer-dependent surface potential and junction properties 

of CVD-grown MoS2 domains. J Phys Chem C 119(34): 

20136–20142 (2015) 

 

 

 

Hyo-sok AHN. He awarded his B.S. 

and M.S. degrees in mechanical 

engineering from Seoul National 

University, Republic of Korea, in 

1980 and 1982, respectively. Then 

he obtained his Ph.D. degree in 

tribology from University of Wales 

(UK) in 1988. He had worked as a research scientist 

at the Korea Institute of Science and Technology 

(KIST) for 20 years before he moved to Seoul National 

University of Science and Technology in 2005. He 

had served as the editor, the director of general 

affairs, and head auditor of the Korea Society of 

Tribology (KST). He spent a year (1994) in ceramics 

division at the National Institute for Standards and 

Technology (USA) as a guest researcher. He was 

appointed as the director of Low Friction and Wear 

Laboratory in 1998, one of the national research 



Friction 11 

www.Springer.com/journal/40544 | Friction 
 

laboratories honored by the Korean government. He 

is the recipient of several awards in recognition of 

his outstanding achievement and services in research 

and education. He had contributed to international 

tribology community as the keynote speaker, com-

mittee member, and advisory board member of several 

international conferences including the STLE/ASME 

International Joint Tribology Conference (2007). 

His research lies in the fields of scanning probe 

microscopy, nano-/micro-tribology, thin films, and 

plasma-sprayed ceramic coatings. His current major 

interest is directed to the evaluation of tribological 

and mechanical properties of nanoscale thin films 

using scratch test at various scales. 

 

 

 

Si-hwan KIM. He is an integrated 

Ph.D. student at the department 

of transdisciplinary studies, Seoul 

National University, Seoul, Republic 

of Korea. He obtained his B.Sc. 

(dual degree) in manufacturing 

systems and design engineering 

programme from University of Northumbria at 

Newcastle (UK) and Seoul National University of 

Science and Technology (Republic of Korea) in 2018 

and subsequently has been working as a research 

scientist at the Biomedical Research Institute, Seoul 

National University Hospital. His current research 

interests include the medical image processing with 

machine learning & deep learning, medical physics 

for CT & MRI, and nano-biological imaging. 

 

 

 

 


