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Abstract 

A special thinning phenomenon is observed through molecular dynamics, where compression of AB-

stacked graphite flakes between two hydrogen-terminated silicon substrates leads to the exfoliation of 

graphene layers. We have used multiple molecular dynamics simulations to study how this thinning 

phenomenon is affected by parameters such as size, number of graphene layers, and the crystalline 

orientation of the substrate surface. It is shown that this thinning phenomenon occurs through the 

activation of an inter-layer superlubricity regime, caused by torque-induced spontaneous rotations of 

the layers which is initiated by in-plane shear modes of graphite during compression. 

 

1. Introduction 

Graphene has been found to be a promising material for nanoelectronic devices on silicon-based 

substrates [1-2]. In order to produce graphene devices for research purposes, the “Scotch-tape” 

mechanical exfoliation method has been extensively used to produce single-layered graphene from 

highly ordered pyrolytic graphite (HOPG) [3]. These single layers can subsequently be transferred on 

to silicon/silicon dioxide substrates. Although the production of graphene using this method has been 

observed to achieve the highest electronic quality (e.g. mobility) to date [4], this production method is 

not readily scalable. Moreover, it suffers from possible contamination by glue residues as well as 

adsorbed water [5]. 
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As such, research is on-going to obtain exfoliation of graphene on clean substrates [6-9] with no oxide 

layer using fusion bonding or direct wafer bonding [10]. However, these production methods have not 

been observed to be able to repeatedly attain large exfoliated areas of single-layer graphene. This 

limitation could be due to a lack of adhesion between these substrates and the graphene layers. 

Since both the clean substrates and the graphene layers from HOPG flakes are crystalline, 

superlubricity behavior might be activated as another way of handling graphene layers on these 

substrates. In the superlubricity regime [11-13], friction systematically decreases between two 

crystalline surfaces in incommensurate contact. In addition to being crystalline, for a surface to be 

suitable for activating superlubricity, it must be atomically flat and hard, as superlubricity could break 

down if the contact surfaces are disordered, or if they undergo plastic deformations [14-15]. 

Moreover, in order to activate superlubricity between two surfaces, they should also be passivated, i.e. 

tend not to make covalent bonds [15].  Hydrogen-terminated (H-terminated) silicon substrates are 

examples of clean, crystalline, and passivated substrates which are quite stable, even at ambient 

conditions, due to fully co-ordinated surface atoms [16]. These clean substrates have been found to be 

suitable for activating superlubricity behavior [17]. 

On the other hand, it is also observed that the superlubricity regime can be activated in lamellar 

materials such as graphite [14] and molybdenum disulphide [18]. For these materials, superlubricity 

can usually be activated by rotating the layers with respect to each other. In particular, superlubricity 

behavior has recently been observed in HOPG, up to micrometer scales at ambient conditions [19-20]. 

Superlubricity behavior in carbon systems, such as multi-walled carbon nanotubes (MWCNTs), 

HOPG, and C60 molecules have been studied theoretically and experimentally [14, 21-23].  

Spontaneous rotations have been observed when finite-sized graphite flakes slide on crystalline 

substrates (including graphite surfaces) in a superlubricity regime [22, 24]. It is shown in the present 

study, through molecular dynamics simulations, that a very similar phenomenon can be activated 

between the graphene layers in a finite-sized graphite flake when it is compressed by passivated 

crystalline substrates, leading to the thinning of the graphite flakes and exfoliation of single-layer 

graphene sheets. In this study, hydrogen-terminated silicon substrates are considered.  
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2. Simulation Methodology 

The molecular dynamics (MD) simulation setup is as follows. The simulations are performed on the 

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [25] open source software. 

Periodic boundaries are prescribed in all directions to simulate bulk silicon substrate properties. The 

lateral dimensions of the simulation box are made sufficiently large to prevent interactions between 

the graphene layers in the neighboring periodic cell, even in a hypothetical situation where all 

graphene layers are exfoliated and aligned in one particular direction. Time integration is performed 

via the Velocity-Verlet method, using Nosé-Hoover style non-Hamiltonian equations of motion, 

generating positions and velocities sampled from the isothermal-isobaric (NPT) ensemble. The 

simulation occurs in a vacuum, thus mimicking dry contact between the substrates and the graphite 

flake. Initial velocities of atoms are randomly assigned as a Gaussian distribution, at an average 

temperature of 300 K. 

 

             

                                   (a)                                                                                    (b) 

Fig. 1 – (a) Initial and (b) final configurations of the molecular dynamics model for thinning of a tri-

layer 3 nm graphite flake at 300 K using (111) H-terminated substrates.  The graphene layers are 

exfoliated by applying the compression, and adhere to the substrate. Yellow, blue and white colours 

represent silicon, carbon and hydrogen atoms, respectively. Supplementary videos have also been 

provided on this MD simulation.  
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Fig. 1a illustrates an example of the molecular dynamics simulation setup. Finite-sized graphene layers 

stacked in AB form are considered to postulate the behavior of graphite flakes for this study. These 

flakes are also considered circular in shape. Finally, silicon substrates with specified crystalline 

surface orientations are considered in our study for compressing the graphite flake. The surfaces of 

these substrates are considered to be passivated by being terminated with hydrogen atoms, as shown in 

Fig. 1. 

Interatomic interactions between carbon atoms are modeled using the Adaptive Intermolecular 

Reactive Bond Order (AIREBO) potential [26], implemented in LAMMPS as an extension of the 

second generation Reactive Bond Order (REBO) potential by Brenner [27]. This potential has been 

successfully and widely implemented in MD simulations to study the thermal and mechanical 

properties of carbon-based systems, including graphene [28-33]. The AIREBO potential consists of 

potential energies from the REBO potential, an intra-molecular interaction described by a “12-6” 

Lennard-Jones potential, and a bond torsional potential. 

The AIREBO potential is capable of modelling covalent bond breakage and formation in carbon 

atoms, using empirically-fitted parameters in this classical mechanical potential, even though such 

changes are inherently quantum mechanical in nature. It allows for formation and dissociation of 

bonds during the MD run. Terms accounting for many-body interactions help to account for the local 

coordination environment of each atom, thus augmenting the conventional pairwise interactions. More 

crucially, this potential is able to describe the intra-molecular interactions between graphene layers, 

allowing us to accurately model the exfoliation phenomenon experienced during the compression of 

graphite flakes. 

Intermolecular interactions between silicon and hydrogen atoms are modeled using the Tersoff 

potential [34-35], parameterized for Si-Si, Si-H and H-H bonds [36]. It has been shown that the 

Tersoff potential is able to reproduce accurately the elastic constants of pure silicon [37]. The C11, C12 

and C44 constants were found to be 150, 80 and 70 GPa respectively, in good agreement with 

experimental results [38]. 

Since the substrate is passivated, the interactions between the substrate and graphene layers are 

considered to be van der Waals only. The “12-6” Lennard-Jones potential is applied to simulate the 

interactions between carbon and silicon, as well as carbon and hydrogen. Eq. (1) expresses the 

Lennard-Jones potential, V in terms of the inter-atomic distance, r . 
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A time step of 0.5 fs is used. To begin the simulation, the entire system is equilibrated to the specified 

temperature over 25 ps. During the equilibration, the linear momentum of the graphite flake’s centre of 

mass is nulled every 0.5 ps, preventing the graphite flake from drifting due to random fluctuations.  

Thereafter, the graphite flake is slowly compressed by the silicon substrates. This compression is 

achieved by deforming the simulation box. This is done by moving the top boundary downwards along 

the z-axis at a constant rate of displacement of 2×10
-6

 nm/timestep, while the bottom boundary is 

fixed. This implies that the depth of the box is slowly decreasing, but the periodic boundary condition 

in the z-direction is not violated by this. Readers can refer to the video in the supplementary materials 

for an illustration of this deformation. Slower rates of displacements have also been checked to ensure 

that results are independent of the rate of displacement even though the process has been considered to 

be dynamic. The barostat in the out-of-plane direction was decoupled from all atoms during loading 

and unloading, ensuring that the calculated compressive stresses do not suffer from artifacts due to 

barostatting. The lateral directions are still coupled to the barostat, allowing for lateral relaxation to 

zero pressure throughout the entire loading and unloading process. Slower rates of displacements have 

also been checked to ensure that results are independent of the rate of displacement. The unloading 

rates are chosen to be double those of the loading rates to reduce the computational expense; we have 

determined that the exfoliation phenomenon is independent of the rate of unloading. The initial 

distance between the surfaces of the substrates and the graphite flake is considered to be 0.65 nm. The 

minimum distance achieved between the surfaces of the top and bottom substrate in each compression 

is 0.4 nm, which is close to the interlayer distance in graphite or the theoretical thickness of a single 
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layer of graphene. This approach ensures that sufficient compressive stress is achieved in the graphite 

flake during each compression. 

The average compressive stress is determined by the summation of the stress in the z-direction of each 

atom in the graphite flake, divided by the total volume of the graphite flake
1
. The volume of each layer 

of the graphite flake is determined as the volume of a cylinder, where the diameter is given by the 

diameter of the flake. The height is the equilibrium interlayer distance of graphite, given [41] as 0.335 

nm. The average stress in the silicon substrates is calculated similarly by the summation of the values 

of the stress per atom and divided by the volume of the silicon substrates in the unit cell. 

3. Results & Discussion 

Fig. 1 shows the initial and final configurations in a simulation where tri-layer graphite is compressed 

between H-terminated silicon plates. The mechanism of thinning in this simulation can be explained 

using the molecular dynamics outputs plotted in Fig. 2. 

 

Fig. 2 – Molecular dynamics outputs calculated during compression of the 3 nm-diameter tri-layer 

graphite flake using H-terminated (111) silicon substrates. The symbol “/” stands for relative motions 

of the layers. 

                                                           
1
 http://lammps.sandia.gov/doc/compute_stress_atom.html 
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With reference to the initial configuration shown in Fig. 2a, the labels for plotting the data of each 

layer in Fig. 2 are as follows: the top, middle and the bottom layers have been considered as layers 1, 2 

and 3, respectively. Fig. 2a shows the difference in magnitude of the lateral displacement between the 

centers of mass of the adjacent layers. The circular shape of the layers allows us to easily observe the 

exfoliation phenomenon through this plot. The thinning in this case consists of two exfoliations 

occurring almost at the same point of time around the 600,000th timestep. Fig. 2a shows that one of 

the exfoliations is almost complete while the other one is only partial. 

Fig. 2b and Fig. 2c show the changes in the relative inter-layer in-plane velocities and the relative 

inter-layer angular velocities respectively. These results have been calculated using the velocities of 

the centers of mass of the individual layers and their angular velocities. As observed in Fig. 2b, an 

initial infinitesimal sliding motion exists between the layers which can be attributed to the atomistic 

thermal vibrations. Upon exfoliation, the magnitudes of the inter-layer in-plane velocities suddenly 

increase. The velocities will decrease again once the flake has fully exfoliated and relative motion is 

prevented due to flakes adhering to each other along the edges. This is illustrated in the videos 

provided as the supplementary materials. These changes in the inter-layer velocities are accompanied 

by sudden changes in the inter-layer angular velocities, demonstrating that during exfoliation, the 

layers not only slide with respect to each other but also rotate. Fig. 2d shows the total torque applied 

on each layer. For each layer of atoms in turn, we consider the contribution of every atom in that layer 

and calculate both the angular velocity and torque acting about the layer's centre of mass. As observed, 

during compression and particularly upon exfoliation of the layers, the magnitudes of the torques 

applied on the layers increase. This finding can explain the rotating motion of the layers with respect 

to each other.                   

Fig. 2e shows the changes in the total potential energy of the carbon atoms in each layer. The gap 

between the energy levels of layer 2 and those of layers 1 and 3 is due to the AB structure of the layers 

in the finite-sized graphite flake. Fig. 2f and Fig. 2g shows the average compressive stress experienced 

by the graphene layers and the silicon substrate, respectively. 

Fig. 2e shows an initial drop in energies of the layers, between approximately 0 and 500,000 

timesteps, which can be attributed to the adhesion of the graphite flake to the substrates prior to the 

compression. Subsequently, as the compression comes into effect and increases, strain energy is stored 

in the layers, and the energies of the layers increase. Subsequently, during exfoliation, some of the 

stored energies in the layers are released, and the layers reach to a new minimum state of energy. With 
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reference to Fig. 2b and Fig. 2c, it appears that these amounts of energies are converted to the kinetic 

energies required for the layers to slide and rotate. 

During exfoliation, compressive stresses drop due to thinning. However, as observed in Fig. 2f and 

Fig. 2g, after the two-stage thinning in this case, further compression does not lead to further 

exfoliation in the layers. The maximum average compressive stress required to initiate the thinning 

and exfoliation, as experienced by the graphite flake and the silicon substrates, have been observed to 

be 2.02 GPa and 0.09 GPa, respectively. The latter can be assumed to be equal to the theoretical 

average external load required to initiate this thinning phenomenon.                    

Fig. 2h shows the standard deviation of the z-coordinate positions of the atoms in each of the graphene 

layers as a measurement of the layers’ flatness during the compression. It is observed that prior to the 

occurrence of any exfoliation, the layers involved in the exfoliation are brought into highly flat 

configurations. Keeping this information in mind, and by considering the fact that inter-layer rotations 

are involved as observed in Fig. 2c, it can be concluded that the observed thinning phenomenon and 

the exfoliation of the layers are initiated by activating the superlubricity regime between the layers.           

However, during exfoliation, the standard deviations of the out-of-plane deflections of the layers 

increase (Fig. 2e). These out-of-plane deformations serve as topographical roughness which tends to 

stop the superlubricity regime. As such, the thinning may not lead to a total exfoliation of the layers, as 

observed in Fig. 2a, particularly for the second stage exfoliation. 

In order to better understand the superlubricity mechanism involved in the thinning of graphite flakes 

under compression using hydrogen-terminated silicon substrates, the effects of different parameters in 

the molecular dynamics simulations were studied. The parameters studied were the size (diameter) of 

the graphite flakes, number of the graphene layers in the flake, and the crystalline orientation of the 

substrate surfaces. Table 1 summarizes the values of the parameters considered for the different sets of 

studies. 

 

Table 1 – Parameter sets considered for studies of the factors affecting compressive exfoliation. 

Case Study Number 1 2 3 4 5 6 

Number of Layers 2 2 2 3 3 2 

Flake size (nm) 3 3 2 3 4 4 

Substrate (111) (110) (111) (111) (111) (111) 
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For each of the six sets of conditions, four molecular dynamics simulations were run, assigning 

slightly different initial conditions for the velocity distributions of the atoms in each run. Totally, 24 

simulations were conducted. 

In reporting the results of the compression of the graphite flakes, for any two adjacent layers, we 

consider an increase of the center-to-center distance to at least 70 percent of the layers’ diameter as a 

“major” exfoliation. Any increase which is less than 10 percent is not considered as exfoliation. Other 

cases are considered as “partial” exfoliation. 

In the majority of simulations carried out, i.e. 19 out of 24, at least one major exfoliation is observed. 

For the tri-layer cases studied, partial exfoliations are also observed in addition to a major exfoliation. 

In all of these cases, it is observed that the graphite flakes are thinned and single graphene layers have 

been exfoliated as a result of compression. 

In cases 1 to 5, exfoliation behavior is observed to occur frequently. In each of these cases, major 

exfoliations are observed in at least three of the four repetitions of the simulation. In Fig. 3, the 

maximum average compressive stress in the graphene flake that is required to initiate the thinning is 

compared across the five cases. 

 

 

Fig. 3 – The maximum average compressive stress required by the graphite layers for activating 

thinning under five of the different sets of conditions specified in Table 1. Error bars show ±1 standard 

deviation of the maximum average compressive stress over replicate simulations. 
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A comparison between the compressive stresses observed in simulation cases 1 and 2 reveals 

insignificant difference. In these two sets of studies, bi-layer graphite disks of the same size are 

compressed using substrates with different crystalline surfaces. It can be established that the effect of 

the crystalline orientation of the substrates surfaces by itself is not significant in initiating the 

superlubricity behavior which results in thinning and exfoliation of the graphene layers. Instead, for 

studying the mechanism of thinning, the possible effect of the commensurate AB structure of the 

graphene layers, which is constant in these two sets of studies, should be explored. 

Previous studies of the spontaneous rotation of sliding graphite flakes on crystalline substrates [22, 24] 

could help to explain the thinning phenomenon that is observed here. It was reported by Filippov et al. 

that the sliding and rotation of moving finite-sized graphite flakes on crystalline substrates (including a 

graphite surface itself) are coupled due to anisotropic friction [22]. Due to this coupling, as a result of 

sliding motions of the graphite flake on crystalline substrates, torque loads are applied on the flakes in 

addition to the friction, making them undergo spontaneous rotations. With these rotations, the graphite 

flakes tend to reorient from one potentially favorable state to another while sliding on the crystalline 

substrates. 

The AB crystalline structure of graphite possesses in-plane lower shear thermal modes [42]. In these 

modes, the graphene layers perform in-plane vibration with respect to each other. Fig. 2c confirms the 

existence of such modes since, even prior to the thinning, the magnitude of the in-plane velocities of 

the layers relative to each other is not zero on average. Thus an infinitesimal sliding motion exists 

between the layers. 

Due to the infinitesimal inter-layer sliding motions, a very similar phenomenon to that reported by 

Filippov et al. [22] can be stated to occur during the compression of the finite-sized graphite flake in 

our study.  By applying compression, interlayer friction appears due to the atomistic surface energy 

corrugation of the layers. With the appearance of these inter-layer frictions, the shear modes of the 

layers are affected and the inter-layer sliding motion of the layers becomes coupled with inter-layer 

rotations. As a result of these interlayer rotations, the superlubricity regime is activated and the inter-

layer frictions significantly decrease. This allows the graphene layers to move almost freely and 

become exfoliated. It should be noted that no shearing is externally applied for this thinning 

phenomenon to happen. 
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As discussed above, during exfoliation, out-of-plane deformations may also appear in the layers, 

tending to take the layers out of the superlubricity regime and hence stopping the thinning. In the 

majority of the cases studied, however, the thinning phenomenon has been observed to dominate, and 

these out-of-plane deformations do not fully prevent the exfoliation resulting in partial exfoliations in 

addition to at least one major exfoliation per case studied, as stated. 

On the other hand, in extreme cases, when the graphite flakes are sufficiently large and thin, as in case 

6 in Table 1, the out-of-plane deformations prevent any exfoliation from occurring at all i.e. the 

exfoliations observed are not more than 10 percent. Fig. 4 shows outputs from one such case. 

 

 

Fig. 4 – Molecular dynamics outputs calculated during compression of a non-exfoliating case of bi-

layer 4 nm graphite flake using (111) H-terminated substrates. 

 

It can be seen from Fig. 4a that thinning has not occurred, even though the compressive stress applied 

to the graphene layers, shown in Fig. 4b, is much larger than in the other cases studied, in which 

thinning is observed (Fig. 3). It is observed in Fig. 4c that in this case, the out-of-plane deformations 
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which appear at the start of thinning persist, stopping the superlubricity regime and preventing 

exfoliation. 

From Fig. 3, it is generally observed that as the size of the graphene layers decreases or as the number 

of layers increases, the compressive stress required for initiating the thinning decreases. This can be 

observed by comparing the stresses corresponding to cases 1 and 3, 1 and 4, as well as 4 and 5, with 

each other. 

It is observed that out-of-plane deformations of the layers are significant in preventing the thinning 

phenomenon for the extreme case of bi-layer 4 nm graphite flake studied in Fig. 4. By comparing how 

dominant the out-of-plane deformations of the layers are expected to be during the thinning of the 

graphite flakes reported in Fig. 3, the difference between the values of the average compressive 

stresses required for initiating the thinning can also possibly be explained. It is expected that when the 

graphite flakes become more “thin”, i.e., when the number of the layers decreases or when the 

diameter of the flakes increases, the out-of-plane deformations of the layers become more dominant.  

Hence, larger compression should be applied to suppress these out-of-plane deformations and to bring 

the layers to the flat configuration required for initiating the superlubricity regime. On the other hand, 

when the graphite flakes become less “thin”, i.e. when the number of the layers increases or when the 

diameter of the flakes decreases, the out-of-plane deformations of the layers become less dominant and 

can be suppressed with less compression. 

Finally, it is worth comparing the outcomes of compressing the flakes in cases 5 and 6. For sufficiently 

large 4 nm-diameter flakes, thinning is not observed to occur for the bi-layer cases, while it is 

observed to occur for the tri-layer cases. This result implies that for any size, if the graphite flakes are 

sufficiently thick, the thinning is expected to happen. This becomes important considering that the 

superlubricity behavior in the graphite layers – which has been shown here to be necessary for the 

thinning phenomenon to happen – was experimentally observed at ambient conditions for graphite 

flakes up to micrometer edge sizes [19] which are made from HOPG. As such, the studied thinning 

phenomenon may be applied for exfoliating graphene sheets from graphite flakes with sizes which are 

relevant for device manufacturing. All these suggest further experimental studies on compression of 

graphite flakes using passivated crystalline substrates. This type of process may open new routes in 

producing graphene on clean passivated substrates. 
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4. Conclusion 

A thinning phenomenon of graphite flakes as a result of compression using hydrogen-terminated 

silicon substrates was reported and studied via molecular dynamics simulations. As a result of this 

thinning behavior, major and partial exfoliations of graphene layers were observed. It was shown that 

this phenomenon is initiated by activating an inter-layer superlubricity regime. The superlubricity 

regime was shown to be activated by spontaneous rotations which occur as a result of coupling 

between the inter-layer rotations and sliding due to shear thermal modes in the graphite flakes during 

compression. The dependence of thinning behavior on flake size, number of graphene layers, and 

crystalline orientation of the substrates was studied by comparing the compressive stress required for 

thinning to initiate. Out-of-plane deformations of the layers during thinning tend to halt the 

superlubricity regime that is required for exfoliation to occur but the thinning behavior is observed to 

be dominant when the graphite flakes are sufficiently thick. Further experimental studies may lead to a 

new approach of graphene production on clean passivated substrates. 
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