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ABSTRACT: Ultra-low friction can be achieved with 2D materials, particularly graphene and 

MoS2. The nanotribological properties of these different 2D materials have been measured in 

previous atomic force microscope (AFM) experiments sequentially, precluding immediate and 

direct comparison of their frictional behavior. Here, friction is characterized at the nanoscale using 

AFM experiments with the same tip sliding over graphene, MoS2, and a graphene/MoS2 

heterostructure in a single measurement, repeated hundreds of times, and also measured with a 

slowly varying normal force. The same material systems are simulated using molecular dynamics 

(MD) and analyzed using density-functional theory (DFT) calculations. In both experiments and 

MD simulations, graphene consistently exhibits lower friction than the MoS2 monolayer and the 

heterostructure. In some cases, friction on the heterostructure is lower than that on the MoS2 

monolayer. Quasi-static MD simulations and DFT calculations show that the origin of the friction 

contrast is the difference in energy barriers for a tip sliding across each of the three surfaces. 

KEYWORDS: nanoscale friction, graphene vs. MoS2, heterostructure, atomic force microscope, 

molecular dynamics, density-functional theory 

 

Introduction 

2D materials offer unique and intriguing possibilities for structural and mechanical 

applications thanks to their extreme mechanical properties, including large in-plane stiffness and 

low bending rigidity1. Further, their weak interlayer van der Waals interactions enable easy 

lamellar shear and intrinsically low friction and adhesion2. These materials thus have a unique 

combination of properties that enable them to exhibit ultra-low friction2 and wear3-6. These 

features make 2D materials attractive as ultrathin solid-lubricant coatings and as additives for 

https://doi.org/10.1021/acs.nanolett.9b02035


Nano Lett. 2019, 19, 8, 5496–5505 

https://doi.org/10.1021/acs.nanolett.9b02035 

 3 

liquid lubricants2, 7-11. For such applications, two of the most promising and frequently 

researched 2D materials are graphene and MoS2
12. 

Graphene’s ability to suppress wear is attributed in part to its mechanical strength; its in-plane 

elastic stiffness is equivalent to a Young’s modulus on the order of 1 TPa13, 14. Additionally, 

graphene has been shown to be impermeable with respect to different liquids15 and gases14, an 

important feature for corrosion/oxidation-resistant coatings. Graphene and graphite also exhibit 

ultra-low friction, as measured between an atomic force microscope (AFM) tip and a graphene or 

graphite substrate7, 11, 16, or at graphene-graphene and graphite-graphite interfaces17-19. Such 

studies have explored the dependence of friction on the number of graphene layers, chemical 

modification, environmental/operating conditions, and commensurability. These have revealed 

that friction decreases with increasing numbers of graphene layers7 and that this layer 

dependence is affected by a variety of factors, including out-of-plane stiffness7 and the structure 

of the interface20-22, as well as graphene-substrate adhesion23, 24. Graphene properties can be 

tuned with chemical modification, e.g., fluorination25-27, hydrogenation25, and oxidation25. These 

modifications lead to significant friction enhancement26, 27, attributed to increased corrugation of 

the potential energy surface26 as well as an increase in the atomic-scale roughness28. Graphene 

and graphite are also sensitive to environmental and operating conditions: friction varies with 

humidity nonmonotonically29, 30, increases with decreasing temperature31, 32, and increases with 

increasing speed32, 33. Lastly, the orientation of graphene relative to the scan direction of an AFM 

tip or of adjacent graphene sheets has a significant effect on friction34. The lowest friction 

possible is achieved with incommensurate structures, leading to the observation of 

superlubricity35-37 for graphene sliding on graphene/graphite18, 38 and on gold39. 

https://doi.org/10.1021/acs.nanolett.9b02035
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Like graphene, MoS2 has anti-wear properties attributed in part to high effective in-plane 

Young’s modulus (0.33 TPa in the case of freely suspended MoS2
40), and low intrinsic friction 

response. Friction of various materials sliding against MoS2 has been studied using AFM, and it 

has been shown that mechanically-exfoliated MoS2 exhibits layer-dependent friction similar to 

graphene7. Like with graphene and graphite, the tribological behavior of MoS2 is also sensitive to 

the environment and testing conditions. In atmospheric conditions, adsorption of chemical 

compounds (H2O or O2) can disrupt the easy shearing properties of the lamellae, which increases 

friction41. Also, grain boundaries of polycrystalline MoS2 can cause an oscillatory layer- 

dependent friction due to the absence and presence of polar grain boundaries with even and odd 

numbers of layers, respectively42. In addition to environmental factors, temperatures above 350K 

can lead to a substantial reduction in friction43 and MoS2 friction increases with increasing 

speed44. Lastly, MoS2 frictional anisotropy has been measured with a periodicity of 60°45-47, 

resulting from linearly aligned structures along the crystallographic axis of the honeycomb lattice 

structure47. This anisotropy has led to recent observations of superlubricity in MoS2-MoS2
48 and 

MoS2-Sb49 contacts.  

Two recent studies have compared nanoscale friction on monolayer graphene and MoS2 on 

SiO2 substrates. In one study, a silver nanowire had lower friction when sliding on MoS2 than for 

graphene50. In another study, friction measured with a Si AFM tip showed that the magnitude of 

friction force was lower on MoS2, but friction increased with normal force less strongly on 

graphene51. In the former study the difference was attributed to adhesion, but the latter study 

suggested puckering as the origin of the friction contrast. Importantly, in these studies, friction 

was recorded on the two materials in separate measurements, i.e. the experiments were 

performed sequentially.   

https://doi.org/10.1021/acs.nanolett.9b02035
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Previous research has shown that both graphene and MoS2 can exhibit low friction and wear, 

but the behavior is sensitive to various conditions. In some cases, both materials exhibit similar 

trends (e.g., friction decreasing as temperature increases and orientation dependence) and in 

others different trends (e.g., environment dependence). Potentially, the properties of these two 

materials could be combined to leverage the unique features of both52. Integration of dissimilar 

2D materials without the constraints of crystal lattice matching is possible due the weak van der 

Waals interlayer interactions of these materials52. Recently, heterostructures of MoS2 and 

graphene have been developed, and their macroscale tribological behavior characterized. A ball-

on-disk friction test showed that reduced graphene oxide (RGO)/MoS2 heterostructures, used as 

oil additives and also dispersed in ethanol, decreased friction and wear compared to the lubricant 

with either RGO or MoS2 alone53-55. This improvement was attributed to the lattice mismatch 

between RGO and MoS2, as well as the contribution of adsorbed RGO/MoS2 structures to 

passivate the sliding interfaces, thereby reducing the wear rate55. At atomic scale, an analytical 

study of the interlayer friction of a graphene/MoS2 heterostructure revealed that the frictional 

energy for sliding graphene against MoS2 was an order of magnitude smaller than that of 

homogenous bilayers56. This observation is in agreement with a combined Raman-based 

experimental/first-principles study of superlubricity at atomic scale in graphene/MoS2 

heterostructures that showed the heterostructure had a lower interlayer lateral force constant than 

homogeneous bilayers57.  

To summarize, studies to date have demonstrated that both graphene and MoS2 can exhibit 

extremely low friction, and recent developments in heterostructure synthesis and fabrication may 

enable further improvements. However, all previous nanoscale friction measurements on 

graphene, MoS2, and graphene/MoS2 heterostructures were performed only on one of those 

https://doi.org/10.1021/acs.nanolett.9b02035
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materials at a time, whereby the probe (e.g., an AFM tip) was slid against one material for some 

time period, then a different material. Therefore, the results could be affected by differences in 

parameters from experiment to experiment (e.g., tip size, morphology, and surface chemistry; 

sample preparation method and thus substrate surface chemistry; and environmental conditions, 

like humidity). The possibility of a significant change in the shape and/or the surface chemistry 

of the tip during an experiment is a particularly difficult challenge to address. While sequentially 

alternating from one sample to the other repeatedly is an effective approach, a more reliable 

approach is to directly compare the different substrate materials within a single AFM line scan. 

To accomplish this, here we produce graphene and MoS2 monolayers on a single Si/SiO2 

substrate, establishing three surfaces: graphene on SiO2, MoS2 on SiO2, and a heterostructure of 

MoS2 on graphene on SiO2, all accessible within the scan range of the AFM. Friction on these 

three surfaces is characterized using AFM and also by molecular dynamics (MD) simulations, 

complemented by density-functional theory (DFT) calculations of surface energies. The 

approach enables, for the first time, direct comparison between friction on graphene, MoS2, and a 

graphene/MoS2 heterostructure.  

A Si/SiO2 sample with supported graphene and MoS2 monolayers and graphene/MoS2 

heterostructures all simultaneously present was prepared based on the method discussed in the 

methods section. Optical images of the samples are shown in Figures 1(a) and 1(b). Atomic scale 

friction was measured using an Asylum MFP-3D AFM in contact mode with a diamond like 

carbon (DLC) coated silicon tip. The measurements were performed at room temperature 

(~25°C) with a sliding speed of 4.30 μm/s in a dry nitrogen environment with RH ~3%. A 

schematic of the experiment is shown in Figure 1(c). The slow scan direction was disabled so the 

same line was continually scanned as the normal force was varied from 25 nN to almost -5 nN, 

https://doi.org/10.1021/acs.nanolett.9b02035
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with the negative value resulting from sliding in the adhesive regime (Figure S1). The load range 

corresponds to estimated normal pressures from 3.62 to 1.90 GPa calculated using the continuum 

mechanics-based Derjaguin-Müller-Toporov (DMT)58 model, which provides an approximation 

of the pressure in the absence of a specific model for 2D materials.  

Complementary simulations were designed to capture the key aspects of the experiment and 

included the same three material systems. The model consisted of a graphene layer supported by 

a crystalline silicon (a-Si) substrate and an MoS2 layer supported partially by the silicon substrate 

and partially by the graphene (see Figure 1(d)). The model tip was displaced laterally over the 

substrate with a constant speed of 2 m/s at normal loads ranging from 0.15 to 10 nN 

(corresponding to a pressure range from 5.2 to 9.3 GPa, calculated using the DMT model). 

Detailed information about the MD simulation setup can be found in the methods section. 

Density-functional theory (DFT) calculations were performed to model the corrugation of the 

potential energy surface (PES) for methane sliding over graphene and MoS2 bilayers (Figure 

S2a,b) and to calculate adhesion energies. DFT calculation details are given in the methods 

section.  

Results and Discussion.  

The topography of a single region containing monolayer graphene, a heterostructure of MoS2 

on graphene, and monolayer MoS2, measured by AFM is shown in Figure 2(a). While some 

residual contamination can be seen, the heights of the various regions can be determined with 

respect to the substrate. The height profiles in Figure 2(c) show that the thicknesses of the 

monolayers of graphene and MoS2 are 0.26±0.12 nm and 0.76±0.16 nm, respectively (see section 

https://doi.org/10.1021/acs.nanolett.9b02035
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3 of the supplementary information for additional Raman spectra analysis). The theoretical 

thickness of single-layer graphene and MoS2 are reported to be 0.3559 nm and 0.6560 nm.  

 

Figure 1. (a), (b) Optical microscope images of the samples containing graphene, the 

graphene/MoS2 heterostructure, and MoS2 on Si/SiO2. (c) Schematic of the AFM experiment and 

(d) snapshot of the corresponding MD simulation. 

Figure 2(b) shows the corresponding friction map, which indicates that friction is much higher 

on the SiO2 substrate than for any of the 2D materials, as expected. The friction profile in Figure 

2(c) enables direct comparison between the 2D materials and shows that friction on both 

monolayer MoS2 and the heterostructure is larger than that on graphene. The same trend is seen 

in the simulations: friction is higher when the tip slides on MoS2 as compared to graphene (see 

https://doi.org/10.1021/acs.nanolett.9b02035
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Figure S4 for a representative friction trace from the MD simulation). Figure S4 also 

demonstrates the stick-slip friction observed in the simulations. Although we did not resolve 

atomic lattice stick-slip behavior in the AFM experiments, preliminary work to be published in 

the future shows that we can observe atomic stick-slip on this sample at the same speeds and 

compliance values. Thus, we are confident we are measuring static friction behavior.  

 

Figure 2. (a) AFM topographic image of graphene, MoS2, and a graphene/MoS2 heterostructure 

on a Si/SiO2 substrate obtained using contact mode AFM, and (b) friction map corresponding to 

the topographic image. (c) Height and friction profiles corresponding to the white dashed line in 

https://doi.org/10.1021/acs.nanolett.9b02035
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(a) and (b) that indicate graphene and MoS2 are monolayers, and show a clear friction contrast 

between MoS2 and graphene. The AFM images in this Figure are taken at 12.29 nN load and 

22.54 μm/s scanning speed. Some inhomogeneities are seen, which are attributed to remnant 

contamination from the polymethyl methacrylate (PMMA)-based transfer process and/or from 

adventitious carbon due to atmospheric exposure. 

The load-dependence of friction for sliding on the three surfaces from experiment and 

simulation is shown in Figure 3. In both experiment (Figure 3(a)) and simulation (Figure 3(b)), 

the friction force on monolayer graphene is significantly lower than on either monolayer MoS2 or 

the graphene/MoS2 heterostructure (see Figure S5 for the topography corresponding to the 

friction data in Figure 3, and Figure S6 for another experimental dataset). At some loads, there is 

also higher friction force for MoS2 on SiO2 as compared to MoS2 on graphene. This difference is 

only statistically significant in the simulations at a load of 3 nN, and it is only observed in ca. 

14% of the experimental measurements (with at least 10% friction difference).  

 

Figure 3. Friction as a function of load from (a) AFM and (b) MD. Friction on monolayer 

graphene is lower than on either monolayer MoS2 or the graphene/MoS2 heterostructure. The 

https://doi.org/10.1021/acs.nanolett.9b02035


Nano Lett. 2019, 19, 8, 5496–5505 

https://doi.org/10.1021/acs.nanolett.9b02035 

 11 

error bars in (b) represent the standard deviation of the measured friction force in the MD 

simulation. 

Comparing the simulations to experiments, the average friction force at each load in the 

experiments is higher than the average peak friction force at that same load in simulations. This 

is likely due to the larger tip used in the experiment (9.6 nm vs. 2 nm radius in simulations), 

which will result in a larger contact area and, in turn, greater friction61. Also, although the trends 

are the same, the difference between MoS2 and graphene is greater in the simulations than in the 

experiments. This difference may be at least partially attributed to the presence of adsorbates in 

the experiments, which are not included in the model system. Such adsorbates are expected to 

increase friction by the same amount on both MoS2 and graphene, such that the relative 

difference between MoS2 and graphene is reduced in the experiments.  

Several mechanisms of nanoscale static friction2 might explain the friction contrast between 

the graphene and the two MoS2 surfaces, and each of these is evaluated here. First, friction can 

be affected by thermal activation via the contribution of thermal energy to overcome local energy 

barriers and enable slip62. However, the main factors affecting this friction mechanism are speed 

and temperature, which are the same for all three surfaces. The relative crystallographic 

orientation of the graphene and MoS2 with respect to sliding direction can also affect the atomic 

scale friction in both experiments and simulation2. However, the experimental data shown in 

Figure 2 and Figure S5 were measured for samples having different orientations relative to the 

sliding direction, yet the same friction trend was obtained from both orientations in AFM, as well 

as in the MD simulations. 

https://doi.org/10.1021/acs.nanolett.9b02035
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Static friction can also be enhanced when material removal occurs, i.e. wear. The possibility of 

tip wear during the test was evaluated by comparing pre- and post-measurement transmission 

electron microscope (TEM) images of the tip and variation of friction and adhesion over time. 

TEM images (Figure S7) showed that some change in the tip shape occurred during the test. 

However, analysis of the lateral force calibration images and contact mechanics models63, 64 

suggested that the observed wear likely occurred during lateral force calibration, such that the tip 

was unchanged during the friction measurements (see Section 7 of the supplementary 

information). This is further confirmed by the fact that the difference between the pre- and post-

test adhesion on each surface was less than the error associated with the adhesion measurement. 

Finally, capturing friction measurements of the three regions repeatedly in the same image, line 

after line, eliminated the possibility that friction differences seen were attributed to tip changes. 

The friction was consistent (with <3% standard error) at each normal load throughout the 

experiment. Moreover, no wear was observed in the MD simulations. Therefore, material 

removal cannot explain the friction contrast between the different materials. 

Friction can also be affected by elastic deformation, i.e. the out-of-plane deformation causes 

bending and stretching in the lattices and acts to enhance static friction7, 65. A direct experimental 

evaluation of the local deformation is not possible without sub-angstrom resolution indentation66. 

However, MD simulations provide detailed atomistic information of the buried contact between 

the AFM tip and substrate. As shown in Figure S8, the out-of-plane deformation of the 2D 

materials increases with load, but there is no statistically significant difference between the 

deformation of the three surfaces. We also investigated the possibility of the friction contrast 

being due to the difference in the surface roughness, which has been shown to enhance friction 

due to better interlocking of the atoms at the interface20. However, there is no consistent 

https://doi.org/10.1021/acs.nanolett.9b02035


Nano Lett. 2019, 19, 8, 5496–5505 

https://doi.org/10.1021/acs.nanolett.9b02035 

 13 

difference in the root-mean-square (RMS) roughness of the three surfaces observed in either 

AFM or MD (Figures S9 and S10), which indicates that roughness is not a dominant mechanism 

determining friction contrast.   

Another important factor determining friction for nanoscale contacts is adhesion67. This effect 

can be measured in both experiments and simulations as the maximum adhesive force 

experienced as the tip is pulled away from the surface. The pull-off force is shown in Figure S11. 

Although the magnitude of the adhesive force differs between experiment and simulation, which 

we attribute primarily to the different tip sizes, the work of adhesion values calculated using the 

DMT model are comparable (Figure S12). Comparing graphene and MoS2, adhesion is larger for 

graphene as measured from both experiment and MD simulation, in agreement with previous 

measurements51, 68. This trend is also corroborated by binding energies calculated from DFT 

(table S1). The breakdown of these energies shows that the base-functional energy has a positive 

contribution to the adhesion, indicating no favorable electrostatics and significant non-bonded 

repulsion. All of the adhesion energy originates from the dispersion term and, although the 

dispersion contribution to the binding is higher for MoS2 than graphene, the total adhesion is 

weaker. This can be attributed to the larger atomic size of S, which would lead to greater 

repulsion for a similar methane-surface distance. DFT calculations were not performed for the 

heterostructure because the periodic boundary conditions would strain either the MoS2 or 

graphene due to their misaligned lattice constants. Regardless, the adhesion difference between 

graphene and MoS2 in DFT, MD, and experiments is opposite to the trend observed for friction, 

so adhesion cannot explain the friction contrast.   

The remaining factor is the tip-sample interaction energy. In the classical Prandtl-Tomlinson 

(PT)62, 69 model, at zero temperature, static friction is directly proportional to the height of the 

https://doi.org/10.1021/acs.nanolett.9b02035
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energy barrier that the tip must overcome to slip forward, i.e., the corrugation of the interfacial 

potential energy surface70. To quantify this for the three surfaces, we used quasi-static MD 

simulations in which an oxygen atom was used to raster scan over each surface and calculated 

the minimum energy at each lateral position. Figure 4 shows the complete potential energy 

surface (PES) for each region. The maximum energy barrier is much smaller for graphene than 

either MoS2 or the heterostructure (~16 meV smaller). Further, the heterostructure energy barrier 

is slightly smaller (2.4 meV smaller) than that of the MoS2. Since these simulations were based 

on an empirical potential, the energy barriers for MoS2 and graphene were also calculated using 

DFT. The methane molecule (in two different configurations as shown in Figures S2(c) and 

S2(d)) was translated diagonally over the three surfaces. DFT results (Figure 4(d) and Figure 

S13) for both methane configurations are consistent with the empirical model in terms of the 

relative differences between energy barriers for the graphene and MoS2 surfaces. 

 

Figure 4. (a) Potential energy surfaces (PES) for the three surfaces calculated using quasi-static 

simulations for (a) graphene, (b) the graphene/MoS2 heterostructure, and (c) MoS2. A cross-

sectional energy profile corresponding to the dashed line on the contour plot is shown below 

each contour. (d) Relative energy barrier calculated using DFT for translation of methane along 

https://doi.org/10.1021/acs.nanolett.9b02035
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the long diagonal of the hexagonal unit cell of graphene and MoS2 bilayers. The x-axis 

represents the fractional displacement across the unit cell. Symbols correspond to the ab initio 

data; lines are guides for the eyes only. 

Importantly, the energy trends found from empirical simulations of an oxygen atom and DFT 

calculations of methane are consistent with the friction observed in the MD simulations of an 

SiO2 tip and experiments with a DLC tip. In the case of an atom sliding over these barriers, one 

can expect the atom to slide over the saddle points with lower barriers leading to almost identical 

friction between these materials. However, during the AFM experiment or MD simulation, the 

tip apex consists of an ensemble of atoms in the buried contact some of which will necessarily 

move over energy barrier maxima. This suggests that energetic barriers to sliding explain the 

friction contrast between the three materials. Interestingly, we observe slightly higher adhesion 

between the tip and graphene compared with the adhesion between the tip and MoS2. However, 

the relative difference of the adhesion to these two surfaces in our AFM experiments and MD 

simulations (see table S3) is small with respect to the relative friction contrast observed. 

Moreover, increased adhesion will increase contact area, according to most contact mechanics 

models, and it has been seen to increase the interfacial shear strength71. In both cases, this would 

increase interfacial friction. We thus attribute the increased friction to the increased energy 

barrier, with adhesion making little difference. 

Although the energy barriers were obtained from static calculations at 0 K, the barrier heights 

are expected to determine friction contrast at finite temperatures and speeds. According to the 

thermal PT model, the approximate relationship between friction (𝐹), temperature (𝑇), and speed 

(𝑣) is 𝐹 = 𝐹𝐶 − |𝛽𝑘𝐵𝑇𝑙𝑛(
𝑣𝑐

𝑣
)|

2

3
, where 𝐹𝐶 is the maximum friction at 0K, 𝛽 is a parameter 

https://doi.org/10.1021/acs.nanolett.9b02035
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determined by the shape of the potential, 𝑘𝐵 is Boltzmann’s constant, and 𝑣𝑐 is the critical speed, 

above which friction starts to become speed-independent61. The magnitude of 𝐹𝐶 is directly 

proportional to barrier height. The second term in the equation increases sub-linearly with barrier 

height due to the dependence of 𝛽 and 𝑣𝑐 on Fc, thus the net effect of increasing barrier height 

will be larger friction at any temperature and speed. 

Next, we consider why the energy barriers are different for these three surfaces. Comparing 

graphene and MoS2 energy barriers from DFT, the difference is due entirely to the dispersion 

contributions (see table S2). At the minimum-energy configurations, there is greater dispersion 

binding of the model tip to MoS2, which stems from the sulphur anions in MoS2 being more 

polarizable than carbon atoms in graphene. Coupled with the atomic corrugation of the MoS2 

surface, which reduces the dispersion binding at the maximum-energy configuration, this leads to 

higher sliding barriers for MoS2 relative to graphene72. The finding that friction contrast between 

MoS2 and graphene is due to sliding energy barriers also may explain the difference between our 

results and those from a previous study that showed friction is lower on MoS2 than graphene50. 

Friction in that study was measured with a silver nanowire, and the nature of the interaction of 

silver with graphene or MoS2 is likely different from those we observe with non-metallic, non-

reactive materials.  

DFT calculations were not performed for the heterostructure as it would require introducing 

unphysical lattice strain as mentioned earlier. However, the energy barrier difference between the 

MoS2 and the heterostructure could be explained by the quasi-static MD simulations. Analysis of 

the relative contributions of the layers to the energy barrier, which consists entirely of van der 

Waals interactions in the MD simulation, showed that the contribution of the upper MoS2 layer 

was the same for the monolayer and the heterostructure (18.5±0.2 meV). However, the graphene 

https://doi.org/10.1021/acs.nanolett.9b02035


Nano Lett. 2019, 19, 8, 5496–5505 

https://doi.org/10.1021/acs.nanolett.9b02035 

 17 

layer in the heterostructure contributes 1.0 meV to the energy barrier, while the silicon substrate 

beneath the MoS2 monolayer contributes 3.1 meV. Therefore, the heterostructure has a slightly 

lower energy barrier because the graphene contribution is less than that of the silicon. This 

difference is small, which explains why the friction in dynamic simulations and in experiments, 

which is determined both by potential energy and thermally-driven hopping over energy barriers, 

is only sometimes observed to be smaller for the heterostructure. This interpretation is limited by 

the fact that the relative twist orientation of the MoS2 and graphene layers in the heterostructure 

was not known; further study is required to determine how strongly friction depends on this twist 

angle.  

Conclusions.  

In this study, we report a direct comparison of nanoscale static friction between a diamondlike 

carbon AFM tip and monolayer graphene, monolayer MoS2, and a graphene/MoS2 

heterostructure, all supported on an Si/SiO2 substrate. Both experiments and MD simulations 

showed that MoS2 has higher friction than graphene across a wide range of normal loads. The 

friction measured for sliding on the graphene/MoS2 heterostructure was comparable to, but 

occasionally lower than, that for monolayer MoS2. The origin of the friction contrast between 

sliding on graphene vs. MoS2 was shown not to be scanning speed, tip change, roughness, 

adhesion, or other environmental factors. Instead, quasi-static simulations with an empirical 

potential, and with DFT calculations, demonstrated that the origin of the friction contrast is the 

difference in energy barriers to sliding on the two surfaces. The energy barrier difference 

between MoS2 and graphene is due to the higher dispersion contribution to the sliding barrier for 

MoS2, due to the higher polarizability of S atoms compared to C. The quasi-static MD 

simulations showed that the difference in friction between sliding on MoS2 and sliding on the 

https://doi.org/10.1021/acs.nanolett.9b02035
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heterostructure results from the dispersion contribution of the underlying material (graphene vs. 

silicon) to the energy barrier. These findings have implications for continued development and 

application of heterostructures with unique and potentially tunable properties. 

Methods.  

Sample preparation: The substrate was a die cut from a Si(100) wafer with 285 nm of 

thermally-grown SiO2. Discontinuous graphene flakes were grown on a copper foil using 

atmospheric-pressure chemical vapor deposition (CVD) based on an established method73. 

Briefly, Cu foils (Alfa Aesar Item #46365) were cleaned with 5.4% HNO3 for 40 seconds and 

two DI water baths for 2 minutes. The Cu foils were then loaded into the furnace (Lindberg blue 

M, TF55035). The furnace was ramped to 1050 oC at a rate of 60 oC/min in a flow of 500 sccm 

Ar + 30 sccm H2. After 5 minutes annealing, graphene flakes were grown by introducing 2.5 

sccm CH4 (1% in Ar) for 15 minutes. After growth, the reactor was rapidly cooled to room 

temperature in a flow of 10 sccm H2 and 1000 sccm Ar. Discontinuous graphene flakes were 

then transferred onto the Si/SiO2 substrate using the bubble transfer method74. During the bubble 

transfer procedure, a layer of polymethyl methacrylate (PMMA) was spin-coated on the 

graphene on the copper substrate at 3000 rpm for 60 s. The spin-coated sample was baked at 100 

oC for 2 min and then immersed in a 0.05 mol/L NaOH aqueous solution with applied 20 V 

voltage between the copper foil and the solution. PMMA-supported graphene was delaminated 

from the Cu foil by hydrogen gas bubbles formed at the graphene-Cu surface. The floating 

PMMA/graphene film was washed with distilled water (resistivity of 18.2 MΩ cm), and then 

carefully placed in contact with the Si/SiO2 die. After drying, the PMMA was removed by 

treating in acetone overnight, washed with isopropyl alcohol (IPA), and then annealed in vacuum 

(4 × 10-4 Torr) at 600° C for 150 minutes to remove the PMMA75, leaving the graphene/Si/SiO2 
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sample. The monolayer MoS2 was CVD-grown on another Si/SiO2 substrate76 and transferred 

onto the graphene/Si/SiO2 sample. The transfer involved spin coating the MoS2 with PMMA and 

etching the SiO2 interface by the 1 M KOH method77. The floating PMMA/MoS2 film was 

washed with distilled water twice and placed on the top of the graphene/Si/SiO2 sample. The 

PMMA was removed by treating in acetone for 2 hours, washed with IPA, and annealed in 

vacuum at 600° C for 150 minutes to remove the PMMA. Optical images (Olympus BX51 

Microscope with Olympus C-5050Z camera) of the samples are shown in Figures 1(a) and 1(b). 

Raman spectroscopy (NT-MDT NTEGRA) shown in Figure S3 confirms that monolayer 

graphene and monolayer MoS2 were present on the sample. The possibility of oxidization of the 

materials during sample preparation was analyzed and determined to be negligible, as discussed 

in section 13 of supplementary information.  

    Friction force measurements: Friction was measured using an Asylum MFP-3D AFM 

(DLC) coated silicon tip (BudgetSensors ContDLC) with a radius of curvature of 9.6±0.4 nm 

estimated from TEM images (JEOL F200 TEM, Figure S7). The normal and lateral cantilever 

force constant calibrations (knormal = 0.087 N/m, klateral = 28.3 N/m) were performed via the 

thermal tune method78 and the wedge method79, respectively. Friction was measured as a 

function of applied normal load, starting at a maximum load and then reducing the load by 0.1 

nN per scan line until the tip pulled off the sample. This was accomplished using a program 

provided by Asylum Research Technical Support to ramp the normal force set point after each 

friction loop with the feedback still engaged, thus reducing wear and any changes in load due to 

changes in local surface height. The scan location was carefully chosen so that the AFM tip 

scanned across the three surfaces of interest: (1) monolayer graphene on the SiO2 substrate, (2) 

monolayer MoS2 on monolayer graphene on SiO2, and (3) monolayer MoS2 on SiO2.  
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MD simulation: The MD model consisted of a graphene layer and an MoS2 layer supported 

partially by the silicon substrate and partially by the graphene (see Figure 1(d)). To incorporate 

the compliance of the AFM cantilever, we coupled the model tip (2 nm radius) to an interaction-

free particle (virtual atom in Figure 1(d)) via a harmonic spring (stiffness of 1.6 N/m) 

representing the cantilever 61. The substrate and the atoms at one end of the graphene and MoS2 

sheets were fixed in place and the tip was treated as a rigid body. The potentials used for 

interactions within each material were AIREBO for graphene80 and REBO81 for MoS2. A 

Lennard–Jones 6–12 potential was employed to describe all interactions between the materials 

(parameters in table S4). The simulations were performed at 300 K in NVT (constant number of 

atoms, volume and temperature) ensemble using a Nosé–Hoover thermostat82 (excluding the 

direction of sliding from the temperature calculation), consistent with previous simulations of 

atomic friction83-85. The simulations were performed with the LAMMPS86 code and the atomic 

configurations were imaged using OVITO87. During a simulation, the tip was first brought in 

contact with the substrate and the entire system was relaxed for 0.7 ns, at which point the vertical 

position of the tip varied less than 0.05 Å. Then, friction tests were performed by displacing the 

virtual atom laterally with a constant speed of 2 m/s at normal loads ranging from 0.15 to 10 nN. 

The sliding speed in simulations was orders of magnitude larger than that in the experiments due 

to the fs-scale time step in the simulations. While the speed gap between simulations and 

experiments can be addressed using simulations with parallelization in time88, that approach was 

not viable here since the large model size required the available computational resources be used 

for spatial parallelization. Further, it has been shown that the same friction trends can be 

obtained using AFM and MD with very different sliding speeds16, 29. We therefore used this 

approach here. During each sliding simulation, the lateral force on the virtual atom was recorded. 

https://doi.org/10.1021/acs.nanolett.9b02035


Nano Lett. 2019, 19, 8, 5496–5505 

https://doi.org/10.1021/acs.nanolett.9b02035 

 21 

The lateral force exhibited stick-slip behavior in all cases and friction was calculated as the 

average of the peak lateral forces, i.e. static friction89.  

DFT calculations: In order to model the corrugation of the potential energy surfaces (PES) for 

a methane sliding over graphene and MoS2 bilayers (Figure S2a,b), DFT calculation were 

performed. All calculations used the B86bPBE90, 91 functional with the exchange-hole dipole 

moment dispersion model (XDM)92, 93, implemented in the Quantum ESPRESSO package94. The 

XDM damping function coefficients have the canonical values for the B86bPBE functional95 

(a1=0.6512, a2=1.4633). The projector-augmented wave (PAW) method96 with datasets from the 

Quantum ESPRESSO pslibrary97 were used. The cutoff energies were 80 Ry for the 

wavefunctions and 800 Ry for the density. A uniform k-point sampling of 5x5x1 was used for 

graphene and 2x2x1 for MoS2. The atomic positions and in-plane lattice constants of graphene 

and MoS2 bilayers were relaxed, while the surface-normal dimension of the unit cell was kept 

fixed, providing 30 Å of vacuum between each surface and its periodic image. The energy and 

force convergence thresholds were 10-6 Ry and 10-5 Ry/bohr, respectively, and these same values 

were used for all geometry relaxations in this work.  

To generate the sliding PES, a single methane molecule was used to represent the AFM tip, as 

in our previous work98. While this does not at all match the dimensions of the tips used in the 

MD simulations and experiments, the DFT calculations are limited to model tips of molecular 

dimensions. The resulting barriers should represent an upper bound to the corrugation of the 

PES, since incommensurability resulting from larger tips will tend to reduce this corrugation. 

Adsorption of the model methane tip on the surface was considered in two different 

configurations, shown in Figure S4(c,d). The methane was adsorbed on the equilibrium 

geometries of the graphene or MoS2 bilayers, using 3x3 supercells to prevent methane-methane 
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self-interactions. The horizontal coordinates of the methane molecule on the surface and the 

atomic positions of the graphene and MoS2 layers were kept fixed, while the vertical position of 

methane molecule was allowed to relax. A 6x6 uniform sampling of methane positions was used 

to explore the two-dimensional sliding PES. In addition, calculations of methane sliding along 

the long diagonal of the hexagonal unit cell (Figure S4) were carried out for both bilayers. These 

sliding-energy barriers have been shown to control friction in the low-temperature limit, 

according to the PT model and scale well with experimental nanoscale friction measurements26, 

70. 
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