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Abstract—Here we show by molecular dynamics that graphene 
could be utilized as dry adhesive interacting with semiconductor 
substrates. Various potential semiconductor substrates are 
introduced and present similar results. This work opens up a new 
prospect for the applications of graphene and would be valuable 
for the scientific studies of adhesion at nanoscale. 
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I. INTRODUCTION

As a single layer of atoms with strong covalent bond, 
graphene is attractive for nanoelectromechanical systems 
(NEMS) due to its extraordinary high Young’s modulus 
(~1000 GPa), tensile strength (~100 GPa), high electron 
mobility, tunable band gaps and high thermal conductivity [1]. 
On the other hand, its extreme thin thickness inevitably 
induces flexibility and in-plane rippling even at room 
temperature [2, 3]. This feature is beneficial for its interaction 
with substrate because of more contact areas.  

Recently, the ultrastrong adhesion of graphene with SiO2
substrate is reported [4]. It is found that the measured adhesion 
energies of monolayer graphene and multilayer graphene are 
as high as 0.45 J m-2 and 0.31 J m-2, which are larger than the 
adhesion energy measured in typical micromechanical 
structures and are comparable to solid–liquid adhesion 
energies. Such ultrastrong adhension can be attributed to the 
extreme flexibility of graphene, which allows it to conform to 
the topography of even the smoothest substrates, thus making 
its interaction with the substrate more liquid-like than solid-
like. The ultrastrong adhesion inspires us to explore graphene 
as dry adhesive for potential application in NEMS, such as dry 
adhesives and wafer bonding, just like gecko’s foot hair [5].  

In this research study, we perform theoretical investigations 
on graphene interaction with various semiconductor substrates. 
The results show that graphene is suitable for serving as dry 
adhesives that are mechanical robust and electrical conductive. 

II. METHODOLOGY

The atomic interaction were modeled by the COMPASS 
force field (condensed-phased optimized molecular potential 
for atomistic simulation studies), which was the first ab initio 
force field that was parametrized and validated using 

condensed phase properties. This force field has been proven 
to be applicable in describing the mechanical properties of 
carbon nanostructure [6-8]. The force field is expressed as a 
sum of valence (or bond), cross-terms, and nonbond 
interactions: Etotal=Evalence+Ecrossterm+Enonbond. The energy of 
valence, Evalence, is generally accounted for by terms including 
bond stretching, valence angle bending, dihedral angle torsion, 
and inversion. The crossterms, Ecrossterm, account for factors 
such as bond or angle distortions caused by nearby atoms to 
accurately reproduce the dynamic properties of molecules. 
The energy of interactions, Enonbond, between nonbonded atoms 
is primarily accounted for by van der Waals effect and 
hydrogen bond effect. 

As shown in Figure 1, atomic models of graphene 
nanoribbon (8nm in length, 2nm in width) were created and 
combined with atomic models of silicon (100) lattice plane of 
about 11 Å thickness.  

The simulations presented herein were modeled by a quasi-
static, displacement update scheme. During the simulations, 
the fixed carbon atoms were moved towards the surface in 
increments of 0.1 Å, then the entire system was allowed to 
equilibrate for 500 molecular dynamics (MD) steps and 
moved towards the surface.  

The dynamics process is conducted to allow the system to 
exchange heat with environment at a constant temperature. For 
a temperature control, the thermodynamic temperature is kept 
constant by allowing the simulated system to exchange energy 
with a “heat bath”. The Berendsen method is employed to 
keep the system at the room temperature and a 1 femtosecond 
time step was used in all MD simulations.

III. RESULTS AND DISCUSSION

Snapshots of the graphene nanoribbon deformation above 
the silicon (100) plane were shown in Fig. 1. When the
nanoribbon was moved towards the solid surface, due to the 
strong van der Waals interaction, the leading edge of the 
nanoribbon were first attracted by the silicon layer up to a 
critical position. Then repulsive force pushed them back along 
the vertical axis. Considering that graphene is an extremely 
thin material, it can buckle and ripple under thermal 
undulation even at room temperature. When the graphene was 
moved further, the repulsive forces were increased and they 
cause the graphene nanoribbon buckling, bending and slipping.  



As it can be seen in Fig. 1(b), the front part of graphene 
after onset of buckling makes an angle with the silicon surface, 
exhibiting an “L” shape. After buckling and bending, the 
slipping of graphene was observed along the horizontal axis. 
This indicated that the relative motion between graphene and 
silicon substrates only generated a low friction.  

The deformation behavior of graphene nanoribbon in above 
molecular dynamics simulations revealed a liquid-like 
behavior other than solid-like behavior [4]. The short distance 
(about 3.4 Å) between the nanoribbon and solid surface 
indicated the adhesion energy was strong. To estimate the 
adhesion in the interface, the variation of perpendicular 
component of the total force as a function of displacement in 
the Z-direction was calculated to be 10-1 nN/nm2, which was 
several hundred times higher than that of gecko’s foot hair [5]. 
It implied that the connection between graphene and silicon 
substrate was mechanical robust. Since graphene has tunable 
band gaps, this solid bonding may provide a new direction to 
three dimensional integrated circuits involving old 
semiconductor materials (silicon) and next generation 
semiconductor materials (graphene). Furthermore, the robust 
bonding may also be utilized into wafer bonding for future 
nanoelectromechanical systems (NEMS). 

The total potential energy and van der Waals interaction 
energy as a function of Z displacement were calculated and 
presented in Fig. 2 and Fig. 3. It was clear that the curve was 
linear and the drop of total potential energy was equal to the 
drop of van der Waals interaction energy (here there wasn’t
hydrogen bond energy component). It was clear that the 
potential energy dissipation was proportional to the 
overlapped contact areas, i.e. there was an approximately 
constant attraction force in the compress process. This meant 
that the adhesion force between graphene and silicon substrate 
was constant, thus the adhesion of graphene could be utilized 
as constant force spring, resembling the carbon nanotube 
bundles [9-12].  

In Fig. 4, the bond length distribution of the graphene 
nanoribbon in the initial/final configurations were presented. 
The statistics distribution of bond length mainly concentrated 
in the vicinity of natural C-C bond length, 1.41 Å. However, 
the distribution range of bond length broadened, which 
indicated that more C-C bonds endured stretching or 
squeezing strain due to the buckling effect of graphene. The 
longest C-C bond was still below 1.77 Å, which was thought 
be the critical breaking length for C-C sp2 bond in most classic 
force field [13]. It implied the compress process was mild and 
lossless.  

Fig. 2. The system potential energy versus iterations. The displacement of 
graphene increase in increments of 0.1 Å for each iteration and the total linear 
decline of energy is about 300 Kcal/mol.

Fig. 3. The van der Waals energy versus iterations. The decline of van der 
Waals energy is 300 Kcal/mol.

(a) Z=0 Å (b) Z=10 Å

(c) Z=20 Å (d) Z=30 Å
Fig. 1. Simulation snapshots of the adhesion between graphene nanoribbon 
and Si (100) substrates with (a) Z=0 Å, (b) Z=10 Å, (c) Z=20 Å, and
(d) Z=30 Å.



Fig. 4. The bond length distribution of the graphene nanoribbon in the 
initial/final configurations.

(a) Z=0 Å (b) Z=10 Å

(c) Z=20 Å (d) Z=30 Å
Fig. 5. Simulation snapshots of the adhesion between graphene nanoribbon 
and GaAs (100) substrates with (a) Z=0 Å, (b) Z=10 Å, (c) Z=20 Å,
and (d) Z=30 Å.

Finally, several other potential semiconductor substrates 
(GaAs and SiC) were introduced. We set all surfaces with 
similar size and thickness to avoid their influence and the 
roughness effect. As shown in Fig. 5 and Fig. 6, the strong 
adhesion behavior of graphene was universal in the nature.

IV. CONCLUSIONS

In conclusion, theoretical investigations on the adhesion 
between graphene and various semiconductor substrates were 
performed. Atomistic structure changes of graphene 
nanoribbon were revealed and corresponding potential energy 
variations were given. The bond length distribution of the 
graphene nanoribbon in the initial/final configurations 
indicated that the liquid-like adhesion of graphene is mild and 
lossless. At last, GaAs and SiC substrates were introduced. It 
was found that the strong adhesion behavior of graphene was  

universal in the nature. Our work opens up a new prospect for 
the applications of graphene and would be valuable for the 
scientific studies of adhesion at nanoscale. 
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