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ABSTRACT: The work of adhesion is an interfacial materials property that is often
extracted from atomic force microscope (AFM) measurements of the pull-off force for
tips in contact with flat substrates. Such measurements rely on the use of continuum
contact mechanics models, which ignore the atomic structure and contain other
assumptions that can be challenging to justify from experiments alone. In this work,
molecular dynamics is used to examine work of adhesion values obtained from
simulations that mimic such AFM experiments and to examine variables that influence
the calculated work of adhesion. Ultrastrong carbon-based materials, which are relevant
to high-performance AFM and nano- and micromanufacturing applications, are
considered. The three tips used in the simulations were composed of amorphous
carbon terminated with hydrogen (a-C−H), and ultrananocrystalline diamond with and
without hydrogen (UNCD−H and UNCD, respectively). The model substrate materials
used were amorphous carbon with hydrogen termination (a-C−H) and without
hydrogen (a-C); ultrananocrystalline diamond with (UNCD−H) and without hydrogen (UNCD); and the (111) face of single
crystal diamond with (C(111)−H) and without a monolayer of hydrogen (C(111)). The a-C−H tip was found to have the
lowest work of adhesion on all substrates examined, followed by the UNCD−H and then the UNCD tips. This trend is
attributable to a combination of roughness on both the tip and sample, the degree of alignment of tip and substrate atoms, and
the surface termination. Continuum estimates of the pull-off forces were approximately 2−5 times larger than the MD value for
all but one tip−sample pair.

■ INTRODUCTION

Mechanical properties of materials and interfaces, such as the
elastic modulus or the work of adhesion W, are commonly
extracted from atomic force microscopy (AFM) experiments by
applying continuum mechanics models to experimental data.
The choice of model applied depends on the properties of the
contact. For example, the Johnson−Kendall−Roberts (JKR),1
Derjaguin−Müller−Toporov (DMT),2 and Maugis−Dugdale3
models can all be used to extract a value of W from
measurements of the pull-off force required to separate a
paraboloidal tip from a flat substrate. These models have been
extended to spherical tips,4−6 flat-ended indenters,7,8 and
power-law-shaped tips.9 Extracting W, the work per unit area
required to separate two semi-infinite materials from their
equilibrium contact separation to infinity, is important because
it controls many properties, including the force required to
separate the surfaces, the propensity to fracture instead of
separate, and the behavior of all of the contact properties (area,
deformation, stiffness, and stresses) of single-asperity contacts.
Continuum mechanics models that are based on elasticity

theory and therefore rely on assumptions about the shape
(known geometry), deformation (small strains, contact radius
being much smaller than the body radius), and mechanical
behavior (isotropic, linear elastic response) are routinely used
to analyze AFM data. However, many of the underlying
assumptions can break down for nanoscale AFM tips.
Therefore, model predictions may contain significant errors,
as has been shown using molecular dynamics (MD) simulations
of contact tests that utilize simple Lennard-Jones potentials, flat
elastic substrates, and spherical nanoscale tips formed from
crystalline and amorphous fcc materials.10,11 That work
demonstrated that the atomic-scale roughness present at the
surface of a tip composed of discrete atoms produces local
stresses, W values, and definition-dependent contact areas that
differ by factors of 2 to 4 from continuum predictions. The
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smallest deviations from continuum predictions were obtained
for dense tips whose atoms formed a nearly continuous sphere.
MD simulations were used here to study the adhesion of

paraboloidal tips formed from amorphous carbon ((a-C), a type
of diamondlike carbon (DLC)), and ultrananocrystalline
diamond (UNCD) on substrates of UNCD, a-C, and single-
crystal diamond. Many types of DLC, including a-C, have
already been demonstrated as effective wear-resistant coatings,
and they are in widespread use in commercially available
devices.12,13 UNCD contains many of the desirable properties
of single-crystal diamond (hardness, inertness, and wear
resistance) and can be deposited as a conformal thin film.14,15

Both UNCD and DLC have demonstrated utility as tip
materials for AFM probes16,17 and other devices with nanoscale
components.14,17−20

■ METHOD
To facilitate the comparison of the simulated and AFM force-curve
data, the simulations were designed to match the conditions of AFM
experiments within computational constraints. The choice of materials
was guided by their availability for experiments. Paraboloidal tips, such
as those used in AFM experiments,9,21 were created from a-C and
UNCD and were subsequently terminated with H; these are denoted
as a-C−H and UNCD−H tips. In addition, a UNCD tip was also
tested.
The three tips were each brought into contact with six different

substrates: diamond (111) (with 1 × 1 surface termination) with and
without H termination (designated C(111) and C(111)−H,
respectively), an a-C film with and without H (again, designated as
a-C and a-C−H, respectively), and ultrananocrystalline diamond with
and without H termination (UNCD and UNCD−H, respectively).
Our a-C−H film should not be confused with hydrogenated
amorphous carbon, commonly denoted in the literature as a-C:H;
such a film has hydrogen incorporated throughout the entire film, not
just on the surface as it does here. Hydrogen-terminated (H-
terminated) surfaces are included in this analysis to approximate
realistic materials that are either deliberately H-terminated at the end
of their growth or would be often exposed to air.22,23 With air
exposure, reactive bulk-terminated surfaces will quickly react with

ambient species such as oxygen or hydrogen to form a passivation
layer. Modeling oxygen species requires the use of a modified
potential24,25 and will be considered in future work.

Chemical or physical vapor deposition techniques are used to make
a-C films, where the technique and the deposition process control the
structure of the film.12,26 Two widely used simulation methods for
creating simulated a-C films, which are computationally efficient, are
the homogeneous condensation of a vapor and ultrafast quenching of
liquid carbon.27−30 The a-C substrates used here were created using
the latter approach. A diamond substrate was melted by heating to
8000 K for 10.0 ps using a Langevin thermostat31 and then quenched
to 0 K in 10.0 ps. After being quenched, the a-C substrates were
brought to 300 K by heating in 100 K increments of 10 ps each. The
resulting a-C substrate contains approximately 1% overcoordinated
carbon, found mostly on the surface of the a-C. The surface of the a-C
substrate was H-terminated to produce a-C−H by placing the
substrate in an atmosphere of atomic H at 300 K, which reduces the
amount of, but does not completely eliminate, under-coordinated
carbon. The a-C−H substrate contains 9.8% sp3, 80.1% sp2, 9.8% sp,
and approximately 0.3% overcoordinated carbon.

UNCD substrates were modeled using columnar nanostructured
materials created by placing diamond (111) or (001) crystallites into
four-sided columns with randomly created shapes. Grain boundaries
between the diamond regions were created by heating atoms that were
within 0.2 nm of the shape edges to 8000 K, while the atoms belonging
to the grains were held fixed and subsequently cooled. These
substrates have grain sizes of 2−4 nm and amorphous carbon grain
boundaries approximately 0.2 nm wide, similar to what is observed
experimentally for UNCD.14,15,32,33 The diamond grains extend
through the depth of the sample, creating a 2D columnar sample
(Figure 1a,b). UNCD samples with structures analogous to these
columnar substrates have been observed experimentally.34 They were
H-terminated in the way described above to form UNCD−H. For
comparison, single-crystal C(111)(1 × 1) and C(111)(1 × 1)−H
substrates were also examined. Details regarding the substrate and tip
sizes are given in Table 1.

Axisymmetric, parabolic tips were formed from cubic samples of
UNCD and a-C using a radius of curvature, R, of 2.5 nm (Figure
1d−f). Shaping the tips from the larger samples leaves unsaturated
carbon atoms on the surfaces of the tips. These “freshly cleaved” tips

Figure 1. (a) UNCD, (b) UNCD−H, and (c) a-C−H examined in this work. The UNCD, UNCD−H, and a-C−H tips are shown in d−f,
respectively. Blue, gray, and yellow spheres represent atoms that define the UNCD grain boundaries, carbon atoms, and hydrogen atoms,
respectively. (g) Cartesian coordinate system shown along with the C(111)−H substrate and a-C−H tip used in the MD simulations. Layers held
rigid during the simulations are colored red.
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were placed in an atmosphere of atomic H at 300 K to H-terminate
them.
The adaptive intermolecular reactive empirical bond-order (AIR-

EBO) potential35 and the large-scale atomic/molecular massively
parallel simulator (LAMMPS)36 were used to carry out the MD
simulations. The AIREBO potential contains covalent bonding terms,
including torsional effects, and intermolecular terms.
Force-curve simulations were performed by holding the outer

portions of the tip and the substrate rigid (Figure 1g), whereas
Newton’s equations of motion were integrated for the remaining
atoms. The time step was 0.25 fs. The simulation was maintained at
300 K by applying a Langevin thermostat to thin regions
(approximately 0.5 nm thick for the UNCD and C(111) substrates
and 0.3 nm thick for the a-C substrate) adjacent to the rigid layers but
far from the contacting surfaces. The rigid tip atoms were moved at a
constant velocity (0.05 nm/ps) toward and away from the substrate to
bring the tip and substrate into and out of contact, respectively.
Because the forces on the rigid-layer atoms are closely correlated to

what is measured in an AFM experiment, these forces are commonly
used to construct simulated load versus separation curves. The rigid-
layer forces provide only an indirect picture of the dynamics occurring
at the contacting interface.37 Contact force refers to the net force
exerted by the entire set of tip atoms on some subset of the sample
atoms, with the smallest subset being a single atom, which is referred
to as the atomic-contact force. The atomic-contact force on a single
substrate atom would include only force contributions from tip atoms
and would not include forces exerted by the remaining sample atoms.
This differs from the net force on the substrate atom (needed to
evolve the dynamics), which includes forces exerted by all other
substrate atoms. Summing the contact forces from all sample atoms
gives the all-atom force exerted by the tip on the sample, which is
equivalent to the net force on the rigid layers. Because the tip and
substrate are in mechanical equilibrium, the total forces are equal and
of opposite sign. The load versus separation curves can be calculated
through either the average net force on the rigid-layer atoms or by
using the sum of contact forces on all atoms from the tip. Contact
forces are used here because they provide the same information as the
rigid-layer forces and they can provide additional insight into specific
atomic interactions at the interface.37 The total contact force on the tip
atoms in the z direction was averaged every 400 time steps or every
0.005 nm. Herein, the tip−sample separation is defined for the
simulated systems using the equation Δd − (Ti + Si), where Δd is the
separation between the outermost layers of the tip and sample, Ti is
the initial vertical extent of the tip, and Si is the initial thickness of the
substrate (Figure 1g). This definition of distance effectively
corresponds to the approach distance measured from distant points
in continuum bodies along the z axis; it would be equal to zero if the
outermost tip and substrate atoms were to have the same vertical (z)
position and no interaction forces were acting. The finite value of this
separation when the net interaction force is zero represents the
equilibrium separation of the bodies. This variable does not reflect the

elastic deformations of the tip or substrate. As such, it also represents
the relative z motion of the cantilever−substrate during force-
separation experiments. A configuration with a repulsive load of
approximately 10 nN was used as a starting point to reverse the tip
motion. Periodic boundary conditions were applied in the x and y
directions (Figure 1g).

■ RESULTS AND DISCUSSION
Dependence of Adhesion Force Measurements on

the Tip and Substrate. AFM measurements of tip−sample
interactions are typically represented in the form of a force
curve, which is a plot of the normal force on the tip versus the
separation distance. The pull-off force is obtained from these
curves and is directly related to the W value between the tip
and substrate. Force curves were generated for all of the tip−
substrate pairs in the simulations. Curves were observed both
with and without hysteresis. Plots of contact force on a UNCD
tip as it approaches two nominally flat, H-terminated substrates
are shown as a function of the tip−sample separation in Figure
2a,b. No hysteresis occurs, and only intermolecular (van der

Waals) interactions occur between all tip and substrate atoms;
no covalent bonds form. In contrast, force curves between the
UNCD tip and either C(111) or UNCD (Figure 2c,d)
exhibited hysteresis, which was the result of covalent bonds
forming between the tip and sample. Although small attractive
contributions to the force occur when these bonds form, much
larger forces are required to separate them. The force
relaxations seen upon retraction in Figure 2c,d are specifically
associated with the breaking of covalent C−C bonds. No
hysteresis was observed when the UNCD−H, the a-C−H, and
the UNCD tips interacted with H-terminated substrates.
AFM force-curve measurements typically show additional

hysteresis because of the finite stiffness of the cantilever, which
leads to snap-in and pull-off instabilities when the gradient of
the tip−sample force exceeds the cantilever spring constant. In
experiments, the pull-off force Fpo is the minimum force
(maximum attractive force) needed to separate the tip from the
sample. The minimum in the approach portion of the force
curve is nearly equal to Fpo when there is a lack of hysteresis in
the simulated force curves (Figure 2a,b).38 In the cases where
hysteresis is present, Fpo is not equal to the minimum in the
approach portion of the force curve. So that all tip−substrate
pairs can be compared, the minimum in the simulated approach
curves is used here and is referred to as the adhesion force, Fadh.
In AFM experiments, multiple force curves are typically

obtained to check the variability associated with Fpo for a given
tip−substrate pair. Similarly, error bars can be generated by

Table 1. Simulation Details

surface name atoms (C:H) x (nm) y (nm) z (nm)

rms
roughness
(nm)

C(111) 66 240:0 10.1 10.4 3.6 0.011
C(111)−H 64 400:1840 10.1 10.4 3.6 0.012
UNCD 64 783:0 10.1 10.4 4.2 0.0487
UNCD−H 64 782:259 10.1 10.4 4.3 0.056
a-C 23 703:0 9.8 11.4 2 0.131
a-C−H 23 701:277 9.8 11.4 2 0.135

tip atoms (C:H) x (nm) y (nm) z (nm) R (nm)

a-C−H 9923:1256 8 7.8 3.5 2.5
UNCD 13 806:0 8 8 3.4 2.5
UNCD−H 13 814:234 8 8 3.5 2.5

The x and y values for tips are specified at their widest point.

Figure 2. Force curves comparing indent (red) and pull-back (blue)
simulations of the UNCD tip. Hydrogen-terminated substrates are
shown in a and b, and non-hydrogen-terminated substrates are shown
in c and d. Substrate identities are given in the legend.

Langmuir Article

dx.doi.org/10.1021/la404342d | Langmuir 2014, 30, 2028−20372030



performing multiple simulations of force curves with tips
translating some fraction of a unit cell distance. Repeated force-
curve simulations using both UNCD−H and a-C−H tips
against C(111)−H substrates produced variations in Fadh of
approximately 7.2 and 5.0%, respectively.21 Roughening the tip
was also shown to increase the variability of Fadh markedly while
significantly reducing its mean value.21 Multiple force curves
with the tip shifted a fraction of the substrate unit-cell length
were generated for several of the tip−substrate pairs, and the
standard deviations associated with Fadh are used to generate
the error bars (Figure 3). The uncertainty associated with Fadh
for other tip−sample pairs is assumed to be approximately the
same magnitude; on the basis of prior simulations, these are
unlikely to be larger than 10%.
When the substrate has a heterogeneous structure (e.g.,

UNCD), another factor that can cause variation in Fadh between
force curves is the contact point of the tip with respect to the
substrate. All of the tips were brought into contact at three
different locations on the UNCD substrates: on the (111) or
(001) surface of a grain (designated UNCD−H(111) or
UNCD−H(001), respectively, or on a grain boundary
(designated UNCD−H(B)). The UNCD tips were chosen to
have a (111) grain at their apex. These tips are oriented so that
the [11̅0] and the [112 ̅] directions correspond to the x and y
Cartesian axes, respectively. Because the tip apex is 3 to 4 times
smaller than most (111) and (001) UNCD grains, it can be
positioned so that the contact zone falls completely within
either grain. The (111) grain where the tip makes contact is
also oriented with the [11̅0] and [112 ̅] directions along x and y,

respectively. The surface order on the (111) grain is disrupted
slightly by terminal carbon atoms “bending” to bond with other
unsaturated surface carbons. In the initial conformation, the
terminal carbon atoms on the tip and (111) grain are not
directly above and below one another. The [1 ̅10] and [110]
directions on the (001) substrate grain where tip contact is
made are at approximately 45° with respect to the x and y axes.
Thus, the x axis corresponds to the [010] direction. Values of
Fadh for all tip−substrate combinations, including the three
locations on the UNCD substrate, are shown in Figure 3.
The value of Fadh is affected by the choice of tip and substrate

material, the surface termination, the substrate roughness, and
the specific contact point on the substrate (Figure 3). The a-
C−H tip exhibited the lowest values of Fadh for all 10 substrates
examined, and the unpassivated UNCD tip had the largest
values of Fadh on all 10 substrates (although values are within
10%).
In all except three cases, terminating the substrate with H

lowers Fadh (Figure 3). For example, Fadh is higher when the
UNCD−H tip is brought into contact on any location on the
unpassivated UNCD compared to the values obtained on the
UNCD−H substrates (Figure 3b−d). Although Fadh is
incrementally larger on the C(111)−H surface than is
C(111) when both the UNCD−H and the a-C−H tips are
used (Figure 3a), Fadh values measured on the C(111)−H and
the C(111) surfaces with the UNCD−H tip (Figure 3a) are
statistically equivalent. Large values of Fadh can be obtained
when both the tip and the substrate lack H termination, as seen
when the UNCD tip contacts and the C(111) (Figure 3a) or

Figure 3. Adhesive force (Fadh) taken as the minimum in the force curve for all tip−substrate combinations. The identity of the substrates is given in
the legend. Blue solid and red cross-hatched bars represent non-hydrogen-terminated and hydrogen-terminated substrates, respectively. UNCD(B),
UNCD(001), and UNCD(111) indicate that in separate simulations a given tip impacts the boundary between the diamond grain and the (001) and
(111) grains, respectively. The tip identity is shown along the x axis. Error bars in a, d, and e represent the positive standard deviation for five
different contact points.
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the UNCD(001) (Figure 3c) substrates. A lack of H-
termination on the tip and the substrate can also lead to
hysteresis in the force curve (Figure 2), as discussed above.
Differences in Fadh are observed for different contact

locations on the UNCD substrates. In general, contact with
the grain boundary yields the lowest value of Fadh followed by
contact with the (111) and the (001) grains for all tips (Figure
3b−d). Notably, the a-C−H tip produces the least variation in
Fadh as a function of the substrate contact point. Finally, it is
instructive to compare Fadh values from contact with the
C(111)−H and UNCD−H(111) substrates (Figure3a,d)
because these surfaces should “look” approximately similar to
the tip (which is smaller at the apex than the grains). This
comparison reveals that Fadh is slightly larger for the C(111)−H
substrate than for the UNCD−H(111) substrate for all tips,
with the difference being most pronounced for the UNCD tip.
The trend is less clear when considering the H-free substrates.
Discussion of Methods for Determining the Work of

Adhesion. There are two commonly used techniques for
determining the W between two materials using an AFM: (1)
measuring the Fpo between a tip and a flat substrate and using a
continuum model that provides a relationship between Fpo and
W and (2) measuring values of a contact parameter (e.g.,
contact stiffness or frictional force) at different normal load
values and then fitting the data to the same adhesive contact
mechanics models. Most of these models assume that the
adhesion force is occurring between a smooth paraboloidal tip
and smooth flat substrate. For example, the DMT and the JKR
models both describe the contact of linearly elastic, adhesive
paraboloids. The JKR model is appropriate when the materials
are compliant, the forces are short-range, and the adhesion is
strong, while the DMT model applies to stiff materials with
long-range forces and weak adhesion. The Maugis-Dugale
transition model3 unifies the JKR and DMT theories and
describes intermediate behaviors.
The simplest method for calculating W is to use AFM

experiments to measure Fpo. The DMT model relates Fpo to W
for paraboloidal tips through the relation Fpo = −2πRW. In the
Maugis−Dugdale model, the transition between JKR- and
DMT-like behavior is given by the parameter λ, where λ < 0.1
for the DMT limit and λ > 5 for the JKR limit.39

Given the high modulus of UNCD and diamond, the DMT
model is expected to be applicable, but this may not be the case
for the softer a-C−H. The Tabor parameter, μT, is related to λ
via the relation λ = 1.1570μT, where μT = ((RW2)/(Er

2zo
3))1/3,

Er is the reduced modulus, and zo is the equilibrium separation
of the two bodies.39 Using the values of Er = 303 GPa,23 R = 2.5
nm, zo = 0.16 nm (estimated from the simulated force curves),
and W = 0.171 J/m2 for the a-C−H tip and the C(111)−H
substrate pair (estimated using the JKR model providing an
upper bound value for μT) yields a Tabor parameter of 0.058
and a λ value of 0.067, which is below the 0.1 DMT cutoff. The
calculation of the ratio of the uppermost load, chosen to be 20
nN, to the pull-off force, L̅, where L̅ = (load)/(πRWadh), yields
a value of 19.9 for the a-C−H tip-C(111)−H substrate pair.
These values result in the simulations being located in the
DMT region on the adhesion map of L̅ versus λ.40

By these two measures, the application of the DMT equation
to the simulated values of Fadh to calculate W is justified within
the framework of continuum mechanics. Continuum theories
also assume a semi-infinite substrate, which is not the case here.
Contact area and lateral stiffness corrections are negligible
when a/D < 0.1,41 where a is the contact radius and D is the
substrate thickness. When the simulated contact area is
calculated at the same point as Fadh, a/D is <0.1. It should be
noted, however, that predictions from recent MD simulations
of nanoscale contacts can deviate significantly from the
predictions of continuum mechanics contact models depending
on the atomic details of the contacting surfaces.11 The
calculated values of W from Fadh and R = 2.5 nm are thus
effective values based on the application of the continuum
DMT model and will be designated asWMD,DMT. Because of the
straightforward relationship between Fadh and WMD,DMT, the
trends described above in Fadh also apply to WMD,DMT.

Extracting the “True” Work of Adhesion from the
Simulation Results. A true value ofW must be extracted from
the simulation to assess the accuracy of WMD,DMT. W has been
calculated using MD by subtracting the energy per unit area of
the two atomically flat substrates in equilibrium with zero
applied force from the energy per unit area of the two
substrates at infinite separation (periodic boundary conditions
in the lateral directions, i.e., effectively infinite slabs); the area

Figure 4. (a) Work of adhesion values (WMD,flat vs flat) calculated by integrating the force curves generated from the interactions of the upper substrate
(legend) with the lower substrate (x axis). (b) Comparison of the work of adhesion values calculated from tip−substrate interactions and the DMT
equation (WMD,DMT) with those calculated from the interaction of two infinitely flat substrates (WMD,flat vs flat). The legend indicates the tip or upper
substrate material.
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refers to the area of the simulation cell.11 Alternatively, two
atomically flat substrates, with periodic boundary conditions,
can be brought into normal contact, and a force curve can be
generated. Integration of the force curve from the equilibrium
separation to a large separation value yields an energy that is
divided by the surface area to obtain W.42 Simulations of the
systems examined herein using both methods yielded
approximately equal values of W. For simplicity, the latter
method was used to calculate a true W (designated
WMD,flat vs flat) for the same material combinations examined in
the tip-based simulations. The values of WMD,flat vs flat are shown
in Figure 4a. Except for the a-C−H substrate, the flat substrates
used to obtain WMD,flat vs flat were the same substrates as those
used in the tip−substrate studies. In the flat versus flat
simulations, the lengths of the simulation cells in the xy plane
must be equal for both substrates. A new a-C−H substrate was
needed with the same x and y dimensions as the UNCD and
UNCD−H substrates.
Most of the trends observed in the WMD,DMT data are also

apparent in the WMD,flat vs flat data (Figure 4a). For example,
WMD,flat vs flat is always largest (or smallest) when the H-free
UNCD (or a a-C−H) upper substrate is paired with any lower
substrate except for a-C−H. The somewhat anomalous result of
WMD,flat vs flat being larger for a-C−H paired with a-C−H than
with UNCD or UNCD−H is likely due to the fact the a-C−H
substrate is different from that used in tip−substrate
simulations or the other flat versus flat simulations (see above).
Assessing the DMT Method of Calculating the Work

of Adhesion. The simplicity of using Fadh to calculate W is
appealing. Values of WMD,DMT calculated using Fadh and the
DMT equation are compared to WMD,flat vs flat in Figure 4b.
Because the simulations whereWMD,flat vs flat is calculated involve
a two-substrate geometry instead of a tip−substrate geometry,
the substrates make contact at multiple points. Therefore, the

values of WMD,DMT calculated from tips contacting the UNCD
substrates are averaged over multiple contact points to facilitate
comparison with the values of WMD,flat vs flat
With the exception of the a-C−H versus a-C−H

combination, the values of WMD,flat vs flat are smaller than those
ofWMD,DMT (Figure 4b) because of geometric differences in the
systems. When the apex atoms of a finite tip come into contact
with the substrate, they can relax laterally to allow a lower-
energy configuration. In contrast, the asperities present on two
flat surfaces with periodic boundary conditions imposed have a
limited ability to relax laterally during contact because of the
elastic constraints in both lateral directions. The finite nature of
the tips also limits the length scale of the roughness in the
contacting region to short wavelengths whereas contact using
the two-substrate geometry spans roughness over many
wavelengths.11 Previous MD simulations that utilized Len-
nard-Jones potentials found that the apparent W increases as
the contact area decreases.11 It is interesting that the W values
reported here, calculated using a more realistic potential than
that used by Luan and Robbins, are consistent with their
reported trends.

Variables Impacting the Work of Adhesion. Many
factors are known to affect the magnitude of Fadh, including the
roughness of the contacting surfaces21,43 and surface termi-
nation.14,44,45 Experiments,43,46 simulations,11,21,42,44 and mod-
els7,45,47−51 have shown that increasing the surface roughness
reduces the adhesion dramatically. The majority of the previous
models and simulations have focused on the effect of substrate
roughness on adhesion. Recently, the impact of tip roughness
was examined by acquiring force curves in situ using
transmission electron microscopy (TEM) combined with MD
simulations and analytic models. The W value was shown to be
exquisitely sensitive to tip roughness, down to the atomic
limit.21

Figure 5. (a) Picture of the positions of atoms in the UNCD−H substrate. Gray and yellow spheres represent carbon and hydrogen atoms,
respectively. Constant-force topographic maps of the top surface of the substrates under the tips. The UNCD−H, UNCD, a-C−H, a-C, and
C(111)−H substrates are shown in b−f, respectively. The scale bar represents the distance (in angstroms) above the surface of the H2 molecule used
as the scanning probe. The average z distance has been subtracted from all of the z values.
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One convenient way to quantify the roughness of a substrate
in MD simulations is to create a constant-force topographic
plot. Such a plot can be created by orienting a “probe” molecule
(or atom) perpendicular to the substrate surface and adjusting
the distance of the molecule from the substrate to maintain a
constant force as the molecule is rastered in x and y. The
distance of the probe above the substrate where the force is
constant at each x−y position is used to create a topographic
map. Geometric features on the surface of the substrate that
interact with the probe are apparent in topographic distance
maps created in this way. For example, diamond grains and
grain boundaries are apparent in both the geometric (Figure
5a) and constant force topographic images created with an H2

molecule probe (Figure 5b) of the UNCD−H substrate. The
2D grid of distances can be used to calculate the effective root-
mean-square (rms) roughness and the surface roughness power
spectrum52 of each substrate (Table 1). It is worth noting that
an H2 molecule was selected as the probe to raster over the
surfaces because its small size allows for surface features to be
resolved clearly. H-atom probes lead to approximately the same
roughness values whereas the larger C-atom probes lead to

slightly lower values of roughness with the same qualitative
trends.
The diamond substrates have the smallest roughness values,

followed by the UNCD and then the amorphous substrates.
The H-terminated substrates are slightly rougher than their H-
free counterparts. Because the same tip was used to contact
each substrate, the effect of substrate roughness on WMD,DMT
can be determined for each tip (Figure 6). The H-terminated
and H-free substrates have been plotted separately (Figure
6a,b) to differentiate between surface roughness and H-
termination effects. The values of WMD,DMT for the UNCD
and UNCD−H tips are approximately equal on the rough a-C−
H substrate (Figure 6a) and increase in nearly the same way as
the substrate roughness decreases when the substrate is H-
terminated. Differences in adhesion become more pronounced
for these two tips as the roughness decreases to atomic
corrugation on the C(111)−H substrate. On atomically smooth
diamond, adhesion differences arises from the small amount of
H termination (which alters the alignment and the roughness
slightly) on the UNCD−H tip (Figure 7b) compared to that on
the UNCD tip. Increasing the roughness of the substrate masks
the small differences in adhesion as a result of the low levels of

Figure 6. Work of adhesion calculated from Fadh using the DMT equation as a function of substrate roughness for (a) H-terminated and (b) H-free
substrates. The legend indicates the tip identity. The roughness values for each substrate are listed in Table 1. Thus, Table 1 can be used to match
the roughness values with the substrate identity.

Figure 7. (a) a-C−H tip and (b) UNCD−H tip viewed along the z axis so that the apex of each tip is visible. (c) UNCD tip (green spheres) being
pulled back from a UNCD substrate (gray spheres). Material from the tip has been transferred to the substrate, and bonding between the tip and the
surface is apparent.
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H termination on the tip. WMD,DMT of the a-C−H tip increases
as the substrate roughness decreases, although not as markedly
(Figure 6a). Removing H termination from the substrates
causes a divergence in the values of WMD,DMT for the UNCD
and UNCD−H tips (Figure 6b) as the roughness is reduced to
atomic corrogation. Here, the behaviors of the UNCD−H and
a-C−H tip are similar, although the values of WMD,DMT are
lower for the a-C−H tip.
Recent TEM- and MD-based studies revealed that adhesion

decreases by an order of magnitude as the roughness of the tip
increases from atomic corrugation to an rms roughness of 0.5
nm.21 Two-dimensional profiles of the tips were used to extract
an approximate value of the rms roughness (denoted as 2D-
RMS roughness) of the a-C−H (referred to as a DLC−H tip in
Jacobs et al.21) and the UNCD−H tip used here. The a-C−H
tip and the UNCD−H tip have comparable 2D rms roughness
values of 0.033 and 0.031 nm, respectively. Using a 3D tip
profile generated with an H-atom probe, the roughnesses of the
a-C−H and UNCD−H tips are 0.136 and 0.085 nm,
respectively. The power spectra of the two tips also have
differences on the order of small wavelengths. The smoother
UNCD−H tip has a larger value of WMD,DMT than the a-C−H
tip regardless of the substrate being contacted (Figure 6a,b).
Previous MD simulations examined the adhesion of a fully H-
terminated diamond countersurface (C(111)−H with a 1 × 1
monolayer of H) with C(111) substrates with various levels of
H termination.42 The alignment of atoms on opposing
substrates was shown to influence W, and the values can differ
by as much as 0.1 J/m2 as a function of surface alignment for
substrates with atomic corrugation. The (111) grain at the apex
of the UNCD−H tip (Figure 7b) makes it more sensitive to
alignment issues with the substrate than the a-C−H tip (Figure
7a), which makes incommensurate contact with the substrate.
Previous simulations found that the minimum adhesion
occurred for a H coverage of between 20 and 30% for a
monolayer.42 The H-termination procedure did not produce a
high level of H termination on the UNCD−H tip (Figure 7b),
and the different levels of H termination of the UNCD−H and
a-C−H tips (Figure 7) also contribute to the adhesion
differences observed with these tips on the same substrate.
Lastly, the divergence of WMD,DMT values for the UNCD and
the UNCD−H tips on the atomically smooth, H-free substrates
is due to the incomplete H termination of the UNCD−H tip.
Additional simulations of the adhesion between two diamond

substrates reveal that when both substrates lack H termination
the largest value of W is obtained when terminal C atoms on
both diamond surfaces are aligned with each other as a result of
the potential for C−C bond formation. Thus, W is between 1.2
to 1.6 times larger when self-mated C(111) surfaces are
brought into contact than when one diamond surface has
hydrogen termination depending upon the alignment of the
surfaces. This causes the large value of WMD,DMT measured
whenever the UNCD tip contacts the H-free surfaces (Figure
6b).
A critical factor that affects the experimental determination of

Fpo is the formation of chemical bonds between the tip and the
substrate. Because it is not possible to determine the full extent
of chemical-bond formation during the generation of AFM
force curves, the effect of chemical-bond formation on Fpo when
the tip is separated from the sample is not fully quantified. In
contrast, MD simulations reveal specific instances of bond
formation between some tips and substrates. For example,
when the UNCD tip is brought into contact with both the

C(111) and the UNCD substrates, chemical bonds between the
tip and the substrate result because the unsaturated C atoms on
both surfaces allow for tip−substrate chemical bonds to form
readily (Figure 7c). These chemical bonds increase the force
required to separate the tip from the substrate; therefore,
pulling back the UNCD tip from both substrates results in
significant hysteresis in the force curves (Figure 2c,d). The
sharp relaxations seen in the retraction portion of these force
curves correspond to the progressive severing of these chemical
linkages. The presence of H on the substrates prevents the
formation of chemical bonds, and there is no hysteresis in the
force curves (Figure 2a,b).
In the simulations where hysteresis occurs during pull-back,

long chains of carbon atoms are formed between the tip and the
substrate (Figure 7c), which eventually break when significant
force is applied. Recently, it has been shown that the short
cutoff distance of the REBO potential causes the force required
to break covalent bonds to be significantly larger than that
predicted by DFT calculations.53 Pastewka et al. added a
screening function to the REBO potential (REBO+S) that
increased the interaction range of the potential. As a result, the
REBO+S potential is able to reproduce the force required to
break carbon−carbon bonds predicted by DFT calculations.
Although conclusions about the quantitative value of the forces
required to separate the tip and the substrate cannot be gleaned
from the simulations presented here, the simulations do reveal
the qualitative processes that occur when the H-free tip−
substrate pairs come into contact.
There are several examples in the literature of H termination

of hydrocarbon materials reducing the adhesion between
nominally flat surfaces.42 The simulations presented herein
reveal that the W for tip−substrate contact are strongly affected
not only by the H termination of the substrate and tip but also
by the alignment of the tip and substrate and by the tip and
substrate roughness. AFM has been used to measure the
adhesion between a tungsten carbide tip and single-crystal
diamond and UNCD substrates before and after H
termination.22 For both substrate materials, H termination
was found to reduce the W value These simulations show that
even a small amount of H termination on the tip can reduce the
adhesion of the tip and an H-terminated sample if the sample is
atomically smooth. As the roughness of the substrate increases,
this effect is mitigated. In most cases, the H termination of the
substrates reduces the W regardless of the roughness of the
substrate. These simulations also demonstrate that even for
small tips, crystalline structures at the apex of the tip can lead to
alignment with ordered substrates. For both H-terminated and
H-free substrates, the tip that makes incommensurate contact
(a-C−H) (which is also the roughest tip) has the smallest W
value regardless of the substrate.
The values of W obtained from the interaction of two

infinitely flat surfaces are consistently lower than those
calculated using the DMT equation and Fadh. Finite element
simulations of contact between self-affine surfaces have shown
that the distribution of contact sizes follows a power law for
self-affine surfaces. However, introducing both small-scale and
large-scale cutoffs into the wavelengths alters this behavior.
Thus, it is not surprising that the W values calculated from the
two methods used here with different geometries are not
equivalent.
For all of the tips, the values of WMD,DMT when contact is

made with the UNCD(001) surface are slightly larger than the
values obtained when contact is made with the UNCD(111)
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surface for both H-terminated and H-free substrates. This effect
has been observed in AFM experiments of an H-terminated
amorphous carbon tip contacting the (001)(2 × 1)−H and the
(111)(1 × 1)−H terraces of microcrystalline diamond.23 The
measured adhesion of the (001)(2 × 1)−H surface was 78−
150% larger than the measured adhesion of the (111)(1 × 1)−
H surface. This was thought to be due to larger electrostatic
interactions caused by the increased polarization of the C−CH
and C−H bonds on the (001)(2 × 1)−H surface compared to
that on the (111) surface.42 The relatively small increase in
adhesion between the UNCD(001) surface and the tip
compared to the UNCD(111) surface calculated here is due
to alignment effects rather than electrostatic interactions. Thus,
it is likely that both the alignment of the tip and sample atoms
and electrostatic interactions contributed to the adhesion
differences observed experimentally.

■ SUMMARY
Values of W were calculated from MD simulations of force
curves between tips and substrates and between flat-substrate
pairs. Differences as a function of tip/substrate material
identity, H termination, contact point, and tip/substrate
roughness have been elucidated. For all tip−substrate pairs
examined, WMD,DMT (the W calculated by applying continuum
contact mechanics to the adhesive force Fadh) increases with
decreasing roughness of the substrate for both H-terminated
and H-free substrates, as expected. For H-terminated substrates,
rougher tips that make incommensurate contact with the
substrate have the lowest WMD,DMT, with the difference in
adhesion compared to tips that make commensurate contact
growing as the substrate becomes smoother. Even a small
amount of H termination on crystalline tips can reduce the
adhesion (compared to an H-free tip) if the tip is atomically
smooth and the substrate is H-terminated. As the roughness of
the substrate increases, this effect is mitigated. Removing H
from the substrate results in an increased dependence of
WMD,DMT on the substrate roughness (i.e., a-C−H tip), except
when there is a small amount of hydrogen termination on the
tip. This is because the adhesion between H-terminated
surfaces is not a monotonic function of the amount of
hydrogen termination.42 Lastly, values of WMD,DMT obtained
from tip−substrate contact using the DMT model were found
to be approximately 2−5 times larger than values calculated
from the interaction of the same substrate pairs in nominally
flat versus flat geometries. This is likely due to the fact that
geometric constraints do not allow for significant relaxation
when two surfaces come into contact compared to tip−
substrate contact and the fact that the finite size of the tip limits
the wavelengths of roughness.
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