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For analyzing adhesion from AFM measurements, the interface is considered to possess

an energy per unit area y = y +y -y, , where y, and y, are the tip and sample surface energies and
y,, the interfacial energy.! y is the Dupré energy or work of adhesion, i.e. the work per unit

area required to separate the surfaces from contact to infinity. y encompasses all interfacial
forces, and can be used to predict the force of adhesion in multi-asperity interfaces'” such as
those in MEMS devices.” ¥ For an elastic, paraboloidal tip in contact with a flat elastic surface,
the behavior spans a spectrum from the Johnson-Kendall-Roberts (JKR) model™ (for large tips
and compliant materials with strong, short range adhesion), to the Derjaguin-Miiller-Toporov
(DMT) model!® (for small tips and stiff materials with weak, long-range adhesion). y is
determined from the force Fpp required to pull the tip out of contact with the surface:
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where ) ranges monotonically from 1.5 (JKR) to 2 (DMT). To select which position between

these two limits applies, we evaluate Tabor’s parameter'”"*!
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where R is the tip radius, and K is the contact modulus, given by: K = E z z
1 2

E}, E; are the Young's Moduli, and v,, v, the Poisson’s ratios of the tip and sample respectively.
zy 1s the equilibrium surface separation in contact and represents the length scale of the
interfacial forces. ur >5 (ur <0.1) implies the JKR (DMT) limit. Unfortunately, z, is not known a
priori. However, an upper bound estimate of ur is made by assuming the smallest reasonable
value of z, =0.154 nm (the C-C bond distance in diamond). AFM tips were fabricated from
silicon and coated with a tungsten carbide film that is partially oxidized. Thus, we use a
conservatively low tip modulus of 357 GPa (50% of the value of tungsten carbide), and the

smallest possible value of xy=1.5, and then solve for ur from the measured pull-off forces.



Poisson’s ratio for the tip was taken to be 0.24.”7 Young’s modulus and Poisson’s ratio for
UNCD were taken to be 960 GPa ' and 0.07 ") respectively. The tip shape and radius were
measured in-situ by the inverse imaging method!"*! using a TipCheck'® calibration standard
(Aurora Nanodevices, Edmonton, AB, Canada) and then applying deconvolution software.!*) A
paraboloidal shape was confirmed. To reduce the possibility of tip wear, Fpp was measured on
various locations at least 35 times per tip without any scanning. Uncertainty was reduced by
performing the measurement with two different tips, and there was no measurable difference in
y between them. Choosing the cases that exhibited the larger values of Fpp, Tabor’s parameter
does not exceed 0.08-0.09 even using the most extreme assumptions. Thus, we are firmly in the
DMT regime, i.e. x=2 and y can now be determined from the pull-off force. We also used the
DMT model to calculate the work of adhesion for the silicon sample. Accounting for the most
extreme possible case for silicon of #7=0.2 changes work of adhesion within the experimental

€rror.
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