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Note S1. Calculating Effective Coefficient λ for SiO2 and Cu Substrate in Maugis-

Dugdale Theory 

AFM has been widely used to measure adhesion energy [S1,S2]. A general equation 

describing the relationship between adhesion force and adhesion energy is given by the 

Maugis-Dugdale theory 
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where λ is the coefficient in a range of 1.5 ≤ λ ≤ 2.0. Johnson-Kendall-Roberts (JKR) theory 

and Derjaguin-Muller-Toporov (DMT) theory describe the two extreme cases when λ=1.5 

and λ=2.0, respectively. In the common intermediate systems, the transitional Maugis-

Dugdale model between JKR and DMT needs to be employed. To determine the coefficient λ, 

Maugis defines a parameter μ to quantify the transition state 
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where 0 < μ < ∞, with 0 and ∞ representing the DMT and JKR case, respectively, R is the tip 

curvature radius, γ is the adhesion energy per unit area, z0 is the equilibrium separation 

between the surfaces, and K is the reduced elastic modulus of tip and sample defined as  
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where E1 and E2 are the tip and sample Young’s moduli, and ν1 and ν2 are the tip and sample 

Poisson ratios, respectively. Since there is only one layer of carbon atoms on mica substrate, 

we used mica’s Young’s modulus and Poisson ratio as E2 and ν2. 

To solve the Maugis-Dugdale theory and calculate the coefficient λ in Eq. (1) directly, we 

used the empirical equations and a protocol proposed by Carpick et al. [S3] by fitting 

equations with a form between JKR and DMT equations. Similar equations were also 

obtained by Schwarz based on a physical model involving short and adjustable long-range 

interactions [S4]. The equations give a relationship between λ and μ as follows: 
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The input parameters for SiO2, Cu and mica are as follows: ESiO2 = 70 GPa, νSiO2 = 0.3; 

ECu = 110 GPa, νCu = 0.36; Emica = 178 GPa, νmica = 0.25. The equilibrium separation of the 

surfaces z0 = 0.30 nm between graphene and SiO2,[S5] and z0 = 0.36 nm between graphene 

and Cu.[S6] After plugging the above parameters and the measured AFM pull-off force Fadh, 

Eqs. (1), (2) and (4) were solved self-consistently using a Matlab program. The resultant 

coefficients are λ = 1.66 for graphene on SiO2 and λ = 1.77 for graphene on Cu. 

 

Note S2. Accuracy Analysis of the Adhesion Measurement Method 

In order to ensure an accurate measurement of adhesion energy via the AFM force 

spectroscopy method, pull-off instability should be prevented. To achieve that, adhesive force 

gradient between the spherical tip and graphene sample should be much larger than the 

cantilever’s spring constant, whereas sufficiently lower than the contact stiffness.[S7] To 

verify the accuracy of our method and the variety of materials our method can apply to, we 

calculated these quantities for graphene/SiO2 and graphene/Cu interfaces (as reported in the 

present work) as well as graphene/polystyrene (PS) interface to represent adhesion of 

graphene on dielectric, metal and polymer materials. For van der Waals interaction, the 

pairwise interaction between a carbon atom in graphene and an atom in the tip takes the form 

of Lennard-Jones potential, namely, 
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Integrating Eq. (5) with respect to all the atoms gives rise to the interaction energy per 

unit area between graphene and tip, UvdW [S8] 
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where z is the distance between the graphene and the spherical tip, z0 is the equilibrium 

separation, and γ is the adhesion energy per unit area at z0. Hence the van der Waals force per 

unit area gvdW can be obtained by taking negative first derivative of UvdW with respect to z 
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and the force gradient per unit area kvdW is given by 
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Note that force gvdW in Eq. (7) reaches its minimum value (i.e., pull-off force) at the 

distance zpull-off = 1.165z0, where kvdW equals zero. The force FvdW(z) as a function of 

separation distance z can be expressed as:  

                                                                         vdWvdW gazF 2)( π=                                                         (9)  

where a is the contact radius at pull-off. Applying Carpick’s solution [S3] to the Maugis- 

Dugdale model, the contact radius a can be obtained from the following 
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where μ and K are defined in Eq. (2) and Eq. (3) respectively. The force FvdW (z) between 

graphene and SiO2 or Cu tips is calculated by substituting the experimental data into Eqs. (7), 

(9) and (10). The force gradients in the range of ± 10% from the pull-off position are obtained 

as 0 < Fk < 723 N/m and 0 < Fk < 807 N/m for the graphene/SiO2 and graphene/Cu interfaces, 

respectively. 
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As for the PS microsphere tip, we estimate its van der Waals adhesion energy with 

graphene per unit area γps at equilibrium separation D by employing the traditional formula 
212 DHps πγ = ,[S9] whereby the Hamaker constant H for PS and graphene is given as H = 

1.0 eV,[S10] and the equilibrium separation between the surfaces D = 0.3 nm.[S11] The 

contact radius aps at pull-off for PS microsphere on graphene can be estimated to be 

( ) 312663.0 pspsps KRa πγ⋅= ,[S9] where R is radius of the PS microsphere and Kps is reduced 

elastic modulus of PS tip and substrate defined in Eq. (3). Substituting the above quantities 

into Eqs. (7) and (9), the force FvdW (z) as a function of separation z between graphene and PS 

tip is obtained. The force gradients in the range of ± 10% from the pull-off position is 

obtained as 0 < Fk < 136 N/m for the graphene/PS interface. 

The resultant FvdW (z) for graphene/SiO2, graphene/Cu and graphene/PS are plotted in Fig. 

S1(a), (b) and (c) respectively. As a comparison, a straight dashed line at slope of the 

cantilever’s spring constant 1.6 N/m is also plotted in the Fig. S1. Fig. S1 clearly shows that 

at the tangent point of the dashed line to the force curve, where pull-off takes place, the 

measured pull-off force is approximately equal to the maximum attractive force, i.e., the 

adhesion force. 

 
 

 

 

 

 

 

 

 

Fig. S1 Force curve (solid) between (a) SiO2, (b) Cu, and (c) PS and graphene as a function 

of separation z/z0. Plots are based on van der Waals interaction. The red dashed lines have 

slope of the cantilever’s spring constant 1.6 N/m. The tangent point of the red dashed line to 

the force curve is the pull-off position. The plots show that the measured pull-off force is 

approximately equal to adhesion force – the maximum attractive force, for interaction of 

graphene/SiO2, graphene/Cu and graphene/PS. 
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The contact stiffness Ck is estimated using the Hertzian contact equation [S12] 

                                                                 KaCk 2
3

=                                                              (11) 

where K is the reduced elastic modulus of tip and sample defined in Eq. (3) and a is the 

contact radius. The calculated contact stiffness is Ck = 1204 N/m for graphene/SiO2, Ck = 

1381 N/m for graphene/Cu, and Ck = 223 N/m for graphene/PS, respectively. Thus it is 

validated that the contact stiffness is sufficiently larger than force gradient in pull-off area 

between graphene and all the three representative materials, which is required for the pull-off 

force to be a good measure of the adhesive force. Overall, the above analyses and 

calculations confirmed the accuracy of the present experimental method. 

 
References 
 
[S1] Thio, B. J. R. & Meredith, J. C. Measurement of polyamide and polystyrene adhesion with 

coated-tip atomic force microscopy. J. Colloid Interf. Sci. 314, 52–62 (2007). 
[S2] Wei, Z. Q., Wang, C., Zhu, C. F., Zhou, C. Q., Xu, B. & Bai, C. L. Study on single-bond 

interaction between amino-terminated organosilane self-assembled monolayers by atomic force 
microscopy. Surf. Sci. 459, 401–412 (2000). 

[S3] Carpick, R. W., Ogletree, D. F. & Salmeron, M. A general equation for fitting contact area and 
friction vs load measurements. J. Colloid Interf. Sci. 211, 395–400 (1999). 

[S4] Schwarz, U. D. A generalized analytical model for the elastic deformation of an adhesive 
contact between a sphere and a flat surface, J. Colloid Interf. Sci. 261, 99–106 (2003). 

[S5] Gao, W., Xiao, P. H., Henkelman, G., Liechti, K. M. & Huang, R. Interfacial adhesion between 
graphene and silicon dioxide by density functional theory with van der Waals corrections. J. 
Phys. D: Appl. Phys. 47, 255301–255306 (2014). 

[S6] Vanin, M., Mortensen, J. J., Kelkkanen, A. K., Garcia-Lastra, J. M., Thygesen, K. S. & 
Jacobsen, K. W. Graphene on metals: a van der Waals density functional study. Phys. Rev. B 81, 
081408-4 (2010). 

[S7] Carpick, R. W., Batteas, J. & de Boer, M. P. Scanning probe studies of nanoscale adhesion 
between solids in the presence of liquids and monolayer films. Springer Handbook of 
Nanotechnology Part D 32, 951–979 (2007). 

[S8] Israelachvili, J. N. Intermolecular and Surface Forces, 2nd ed. Academic Press (1992). 
[S9] Leite, F. L., Bueno, C. C., Da Róz, A. L., Ziemath, E. C. & Oliveira Jr., O. N. Theoretical 

models for surface forces and adhesion and their measurement using atomic force microscopy. 
Int. J. Mol. Sci. 13, 12773–12856 (2012). 

[S10] Gady, B., Schleef, D., Reifenberger, R., Rimai, D. & DeMejo, L. P. Identification of 
electrostatic and van der Waals interaction forces between a micrometer-size sphere and a flat 
substrate. Phys. Rev. B 53, 8065–8070 (1996). 

[S11] Leckband, D. & Israelachvili, J. Intermolecular forces in biology. Q. Rev. Biophys. 34, 105–267 
(2001). 

[S12] Yaralioglu, G. G., Degertekin, F. L., Crozier, K. B. & Quate, C. F. Contact stiffness of layered 
materials for ultrasonic atomic force microscopy. J. Appl. Phys. 87, 7491–7496 (2000). 


