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We present here a combined experimental and theoretical determination of single-walled carbon nanotube
interaction with a graphene surface. The nanotubes are grown on an atomic force microscope (AFM) tip, and

we proceed to retract-approach, as well as perform frequency-modulation experiments on a graphene surface, to
determine the adhesive energy. In the meantime, we have calculated the adhesive energy of various nanotubes
on a graphene surface by means of the LCAO-S? + vdW formalism, to take into account weak interactions
in graphitic materials. Experimental and theoretical results are in good agreement, which allows us to deduce
the contact length of the tube on the surface. These results open promising perspectives in near-field surface
spectroscopy, combining carbon nanotubes and AFM measurements.

DOI: 10.1103/PhysRevB.83.045410

I. INTRODUCTION

Because of their extraordinary electronic, chemical, and
mechanical properties, carbon nanotubes' (CNT’s) and
graphene” have attracted a great deal of interest in the scientific
community. Applications are envisioned in very different
areas, such as electronics, material, medicine, or biology
domains. As an example, nanoelectromechanical systems
could incorporate both CNT’s and graphene.? Understanding
how carbon nanotubes interact with a flat surface, especially
such an interesting one as a graphene sheet, will help to find
the best buildings and assembling strategies.* A controlled
way to move a nanosized object with respect to another is by
using the displacement abilities of an atomic force microscope
(AFM). The fine control of the AFM tip position with respect
to an adsorbate on a surface allows us to induce lateral and
vertical manipulations. Lateral induced displacements have
already been demonstrated for single atoms, molecules, and
nanostructures with the scanning tunneling microscope~'°
(STM) as well as with the AFM.'""!7 On another hand,
there are many fewer mechanical vertical manipulations
using STM or AFM capabilities.'®! This is mainly due to
the fact that local-probe-based methods are very sensitive
to the tip-surface distance, and thus more complicated to
handle accurately perpendicular to the surface. Nevertheless,
single molecule-force spectroscopy has been carried out by
pulling a molecule. The molecule is grafted both at the tip
apex and the surface, and the mechanical force signal of the
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probe is recorded as a function of the tip-surface separation.
Most experiments provide insights into conformations of
biomolecules®>~?® or polymers,>~** but not really on CNT’s.
In the case of a single CNT, one part lies parallel to the surface
whereas the other remains almost vertically attached to the
tip, and the curvature radius depends on the applied load and
on the tube diameter.>>’ Here, the CNT-surface interaction is
mainly piloted by van der Waals (vdW) interactions. One can
find a natural extension by considering an important number
of grafted CNT’s on a substrate, leading to vertical CNT
arrays.’®3% Collective effects enhance the attachment of the
CNT’s sample on a surface, and complete and strong adhesion
can be seen as the summation of low vdW interactions. This
effect is responsible for the adhesion of a single gecko seta on
almost any surface.*

AFM sensitivity is mainly governed by the tip apex
geometry, and a high aspect ratio of this apex is required to get
a good precision. Single-walled CNT’s (SWCNT’s) attached
to an AFM tip present a smaller diameter, which increases
the imaging resolution but may exhibit anomalous nonlinear
behavior with instabilities.’**!=** A clear presentation of
CNT equipped tips can be found in two recent reviews.*46
An accurate understanding of the nanotube interactions with
samples is therefore needed.*” Moreover, since this interaction
is weak or vdW-like, its complete study can be useful to
develop new highly sensitive probes on surfaces. By frequency
modulation in atomic force microscopy (FM-AFM), Bernard
et al.*® measured the elastic and adhesive energies per cycle
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for a carbon nanotube interacting with a graphite surface.
They found that the behavior of the nanotube is governed
by a competition between the proper elastic energy of the tube
and its adhesive interaction with the surface. Of course, the
adhesive energy depends strongly on the length of contact
between the nanotube and the surface. By using a simple
analytical cylinder-plane model* for the interaction force,
they determined the contact length of both single-walled
and multiwalled carbon nanotubes on a graphite surface and
obtained a value around 6 nm for SWCNT’s. Also, Strus
et al. developed a new method in atomic force microscopy
called peeling force spectroscopy.”® This technique allows us
to measure the adhesive energy of a multiwalled nanotube
or nanofiber on a surface. They succeeded in separating the
components of elastic and interfacial energy for multiwalled
nanotubes and nanofibers.’® They also indentified how the
CNT may interact by pinning or slipping with the surface
during the intermittent contact regime of the AFM.?” Gonzilez
et al. presented a combined experimental and theoretical
study of the interaction between a tip and SWCNT’s lying
on a SiO, surface. Adhesion and jump-to-contact forces (JC)
are measured in a high vacuum system for SWCNT’s with
diameters ranging from 1.4 to 4.5 nm. They found adhesion
and JC forces of, respectively, 3.2 and 2.4 nN.>' Regarding
the interaction between a CNT and graphene, Kis et al.”?
measured interlayer force between walls in a multiwalled
carbon nanotube. They obtained a total dissipation per cycle
lower than 0.4 meV/atom. AFM force spectroscopy has
also been used to measure the spring constant of a single
molecule or a molecular complex® with forces ranging from
0.5 to 2.5 nN. Recently, using atomic force microscopy
based on single molecular force spectroscopy, Zhang et al.>*
measured directly the m-7 interaction between a pyrene
molecule and graphite. They obtained an interaction force of
55 pN corresponding to a binding energy of 270 meV, that
is, ~17 meV per carbon atom. From a theoretical point of
view, there has been no calculation done on the interaction
of a SWCNT with graphene by means of an AFM tip.
The reason for this is that such weak interactions that rule
these processes cannot be determined accurately by means of
standard ab initio techniques such as density-functional-theory
local-density approximation (DFT-LDA). In a recent paper, we
used molecular mechanics calculations with MM +- force field
to investigate the interaction between a CNT and a graphene
surface. By moving a CNT on a graphene surface in several
directions, and calculating the adhesive energy and barrier
heights, we observed some situations of trapping and sliding
that correspond to thermal noise measurements.

Using a quantum-mechanical approach augmented by an
intertube Lennard-Jones potential, Surjan et al.>® computed the
interaction of several families of CNT’s with diameters close
to the (10,10) tube. Depending on the stacking between tubes,
they obtained a rotation barrier in the range 3.9-29.3 meV/A.
The other Lennard-Jones-like method is the one proposed by
Girifalco and Ladd,>” which gives a theoretical graphene sheet
exfoliation energy of 43 meV/atom. On the other hand, a
complete N-body calculation of the Cg dispersion energy on
graphite gives a value of 16 meV /atom.>® In the same spirit, a
study considering a (6,0) CNT located 3.4 A from a graphene
sheet gives an indicative adsorption energy of ~64 meV/A or
11 meV/atom. The discrepancy arises from the fact that the
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adsorption energy is not calculated at the optimal distance
(around 2.8 A). Moreover, these methods are semiempirical
and require some fitted parameters, preventing a good compar-
ison with accurate experimental measurements. The major dif-
ficulty in these weakly interacting systems lies in the nonlocal
and long-range character of these interactions. Nevertheless,
some attempts have been made to overcome this difficulty in
the frame of DFT or quantum chemistry methods. For example,
the work on the second-order Moller-Plesset theory (MP2)
(Refs. 59 and 60) yielded good results but cannot be applied
to big systems like CNT’s due to the high computational
requirements. Similarly, the functional proposed by Lundqvist
et al.®"*%? has limitations with regard to the size of the system.

In this work, we use a combined intermolecular perturbation
theory and DFT treatment®*®* to calculate accurately the
binding energy of various SWCNT’s on a graphene surface.
Then we compare these energies to the one obtained by AFM
measurements in contact and dynamic frequency-modulation
modes for the same system. The aim of this work is thus
to make a significant contribution to the understanding of a
SWCNT as a superprobe on an AFM tip by considering as a
first example its interaction with a graphene surface.

II. EXPERIMENTS

Our objective here is to determine the interaction energy
between a SWCNT and a graphene sheet by means of AFM
measurements. We use a SWCNT grown directly on a silicon
AFM tip and we measure the force between this system and the
graphene sheet by approaching and retracting the tip. These
contact mode measurements are carried out in air, at room
temperature, on an MFP3D Asylum Research instrument. We
use MikroMasch CsC38 and Nanoworld CNT cantilevers with
stiffness from 10 to 200 pN/m, resonance frequency in the
range 10-40 kHz, and the quality factors Q around 40-70
in air far from the surface. SWCNT’s are grown following a
standard high filament chemical vapor deposition (HFCVD)
method.%>% The diameters of these carbon nanotubes are mea-
sured by high-resolution Raman spectroscopy and estimated to
be around 1-2 nm.®”-%® The surface is a graphene layer grown
on SiC(100) or highly ordered pyrolitic graphite.

Contact mode force curves and dynamic FM approach-
retract curves have been made in air. In contact mode, the
piezodisplacement and the corresponding cantilever deflection
are recorded during the approach of the CNT to the surface.
The adhesion energy corresponds to the area between the force
curve and the zero-force axis. Details of the experimental
FM mode have been described previously.*® In FM mode, the
cantilever frequency shift and the damping signal are recorded.
Bearing in mind that the damping signal is proportional to
the tip-cantilever oscillator dissipation, it is thus related to
the energy E dissipated by the oscillating system. This total
dissipated energy has two terms: Ey, which corresponds to the
energy required to maintain the oscillation, and the nanotube
dissipation due to surface interaction Ej; = E — Ej. In the
absence of friction, the interaction signal becomes equal to
the adhesive energy. We present an accurate description of the
adhesion energy of a SWCNT on a graphene sheet by means
of the DFT-based calculations described in the following
section. We have to say, however, that these calculations
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constitute only an estimate of the experimental adhesion
energy. Indeed, the complex shape of the approach and retract
curves shows that the adsorption-desorption process includes
a considerable amount of configurational changes, which are
obviously not included in the binding energy calculated here.
Nevertheless, we will show a rather good agreement between
these calculations and the experimental data.

III. CALCULATIONS

The adhesive energy of SWCNT on graphene has been
described theoretically using the LCAO-S? 4 vdW formalism,
previously developed and tested in the case of rare-gas
dimers,*” graphene-graphene interaction,®»’" and CNT-CNT
lateral interaction.* This formalism takes into account two
opposite contributions that aim to describe the weak in-
teraction between the CNT and the graphene plane. The
first contribution, which we call chemical energy, is due to
the small overlaps between electronic densities of CNT’s
and graphene, which lead to a net repulsive energy. The
second contribution corresponds to the pure vdW interaction
due to charge fluctuations in the interacting subsystems.
These charge fluctuations are expressed by electronic dipoles,
whose interaction is treated in perturbation theory. In this
formalism, the SWCNT and the graphene plane are treated
separately by means of the DFT code FIREBALL.”'7* This
code uses a self-consistent version of the Harris functional’?
instead of the traditional Kohn-Sham functional based on the
electronic density, and an optimized atomiclike orbital basis
set.”” Finally, we mention that pseudopotentials are used in
the FIREBALL calculations,’®’” and that the LDA exchange-
correlation energy is calculated using the multicenter weighted
exchange-correlation density approximation (McWEDA).”>7#
This preliminary step will give access to the intrinsic character-
istics of each subsystem as well as their energy spectrum. In the
following step, atomic dipoles, electronic density overlaps, and
hoppings are evaluated to calculate the weak interactions be-
tween the SWCNT in perturbation theory and within the dipo-
lar approximation. Since we want to compare these results with
AFM measurements, we have calculated the interaction energy
of several SWCNT’s with a graphene sheet, such as the (5,5),
(6,0), (8,0), and (10,0), whose corresponding diameters, inside
the experimental range, are, respectively, 6.8, 4.7, 6.3, and
13.0 A. The SWCNT/graphene system has been modeled con-
sidering an elementary slice of a SWCNT in interaction with a
nanoribbon of graphene. This elementary cell is then repeated
periodically along the axis of the SWCNT as well as in the lat-
eral directions. The nanoribbon has been chosen large enough
to minimize interactions with SWCNT’s of the neighboring
cells. The adsorption energy is calculated as a function of the
SWCNT-surface distance at a fixed orientation, which seems
reasonable considering the physisorption state of the SWCNT
and thus the very small deformation of the overall structure.

IV. RESULTS AND DISCUSSIONS

In this section, we will present combined experimental and
theoretical results of SWCNT interaction on graphene. The
force curve for the SWCNT-tip approach and retractation on
graphene is represented in Fig. 1.
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FIG. 1. (Color online) Approach and retract curve for SWCNT
labeled 1. As is usual for a soft long SWCNT, the curves present
multiple transitions. Experimental energy of adhesion is represented
by the shaded surface. Inset: a scanning electron microscope (SEM)
image of the SWCNT adsorbed on the tip.

We represent a typical approach-retract curve around the
interest zone corresponding to the SWCNT fingerprint. Those
curves are characteristic of one SWCNT, with different
domains that correspond to the different conformations of
SWCNT during approach and retractation. The distance
between the SWCNT contact position on the surface and the
position where the Si tip signature appears is considered to
be the contact length of the SWCNT. The adhesive energy is
evaluated as the area between the retract curve and the axis
F(d) = 0 along the SWCNT fingerprint region.

Measured adhesive energy and contact length of sev-
eral SWCNT’s on graphene are reported in Table I. The
experimental energy normalized by the contact length is
then compared to the theoretical adhesive energies. The
adhesive energy per unit length varies strongly with the contact
length. For example, we obtained 0.47, 0.38, 0.44, 0.14, and
0.13 eV/A, respectively, for SWCNT’s labeled 1, 2, 3, 4, and
5 in Table I. The values are higher for the short SWCNT’s
labeled 1* and 6. The SWCNT labeled 1* corresponds to
the SWCNT labeled 1 after a first imaging. As with standard
tips in near-field spectroscopies, the nanotube breaks on the
surface during imaging. In the present case, the SWCNT 1 has

TABLE I. Experimental adhesive energies and contact lengths
of SWCNT’s deduced from approach-retract curves. The SWCNT
labeled 1* is the same as the one labeled 1, but after imaging, the
length is reduced from 2400 to 39 nm (see text).

CNT Contact length (nm) Eaan (eV) E (eV/A)
1 2400 11294 0.47
12 39 648 1.66
2 130 492 0.38
3 1000 4383 0.44
4 550 749 0.14
5 392 501 0.13
6 30 476 1.58
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TABLE II. Calculated adhesive energies obtained for different
SWCNT diameters.

SWCNT Diameter (nm) E.an (eV/A)
(6,0) 0.47 0.21
(8,0) 0.63 0.23
(5,5) 0.68 0.33
(10,10) 1.30 0.47

been reduced from 2400 to 39 nm, giving us the opportunity
to study the interaction with a much shorter nanotube. Our
results are in good agreement with theoretical calculations
for significant contact length (Table II) and disagree for
short length. This is the consequence of an important effect
of the SWCNT extremity. But this problem can also be
turned to an advantage. Indeed, a small modification of the
end of the SWCNT can affect considerably the adhesion
energy. Therefore, the interaction with a corrugated surface
as well as a molecular adsorbate would be reflected in this
adhesive energy, converting the tip-SWCNT system in a new
highly sensitive probe for nanostructured surfaces. This high
sensitivity is mainly due to the smooth vdW-like interaction
between SWCNT and the surface.

We now present the results of the LCAO-S? 4 vdW cal-
culations giving in a very accurate way the contact length of
the various SWCNT’s on the graphene surface. These results
are shown in Fig. 2 for the SWCNT (5,5), (6,0), (8,0), and
(10,0). The geometry of the system is presented in the inset.
The obtained adhesive energies are, respectively, 0.33, 0.21,
0.23, and 0.47 eV /A.

First, it can be seen trivially that the adhesion energy
per unit length increases with the SWCNT diameter, since
there are more atoms interacting at the interface. This fact
is confirmed by molecular mechanics calculations in which
Avouris et al.”® show a linear dependence between adhesive
energy and tube diameter. We can also observe a dependence
with the chirality, since metallic SWCNT’s bind more strongly
with the graphene surface. This is due to the smaller gap, which

p1FT T T T T L L L L L B
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FIG. 2. (Color online) Theoretical adhesive energies for different
SWCNT diameters determined in the LCAO-S? + vdW model. The
unit cell used for the calculation is represented in the inset.
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FIG. 3. (Color online) Experimental frequency-modulation mode
recorded with SWCNT no. 5: frequency shift (a) and corresponding
interaction energy dissipation (b) variation with nanotube-surface
distance D recorded during tip approach. The oscillation amplitude
is 92 nm. These curves are typical of SWCNT-surface interactions that
were modeled previously with a simple analytical model describing
SWCNT elasticity and adhesion.”® At a distance of 92 nm from
the surface, the nanotube starts interacting with the surface. This
corresponds to a negative frequency shift and a dissipation jump,
associated with the attractive interaction of the tube end, E,pex-aqn- The
nanotube is then in intermittent contact with an increase of repulsive
interaction and dissipation. At D = 32 nm, the nanotube does not
leave the surface with an instantaneous frequency jump. Therefore,
the dissipation drops, due to the unsticking of the nanotube end
from the surface at each cycle. Consequently, the energy dissipation
E pex-agn due to the SWCNT end vanishes.

has an influence on the transition energies associated with the
electronic dipoles.®

Now we compare the results obtained in two different
modes for the same nanotube: the contact mode, whose value is
given in Table I, and the FM mode, whose results are presented
in Fig. 3. For the FM mode, the interaction energy is measured
in terms of dissipation, stiffness of the cantilever, amplitude,
and frequency of oscillations. For these measurements, we
use a SWCNT grown on a tip, attached to a lever, with a
frequency resonance of 18.6 kHz. The oscillation amplitude is
92 nm and the stiffness is 48 pN/nm. In Fig. 3, we represent the
normalized dissipative energy and frequency shift as a function
of the piezodisplacement. The contact length is deduced by
the distance between the SWCNT and the surface, subtracting
the oscillations” amplitude. When the contact length becomes
significant (more than 100 nm), the curve can be fitted by a
polynomial function. We consider the energy per unit value
at 392 nm, which corresponds to the contact measurement
with the same SWCNT. We then observe a good agreement
between energy values measured from the two modes. In all
cases, for small contact length, the energy value is higher,
probably because of the SWCNT extremity or because of an
effect of the tip, which is obviously closer to the surface in
that configuration. A direct comparison between experiment
and theory remains complicated since exact experimental
values of the SWCNT diameters used here are beyond our
knowledge.

For the theoretical calculations, we have considered
SWCNT’s with different diameters from 0.47 to 1.3 nm,
according to the experimental range, and different chi-
ralities, leading to an adhesive energy between 0.21 and
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FIG. 4. (Color online) Interaction dissipation energy per unit
length for a SWCNT grown on an AFM tip on a stiffer oscillator
for four different amplitudes.

0.47 eV/A. These values are comparable with contact and FM
measurements done in ambient conditions. Actually, graphite
was always cleaved just before the experiment to maintain
the hydrophobic character of the surface. This could explain
why the results agree without the need for ultrahigh vacuum
for surface-state control. Moreover, even if a thin liquid layer
remains on the substrate, one can estimate a screening between
10% and 15% of the vdW contributions*>”*%° leading to a
decrease of the calculated values in vacuum of only a few
tens of a millielectron volt. Such a film would also have
an impact on the mechanical response of the tube when it
approaches the surface, and the presence of a meniscus would
modify the measured force. The coherence between contact
and frequency-modulation mode data and the calculated values
is rather encouraging, despite the relatively low sensitivity of
the measurements due to the low oscillator quality factor of the
contact levers. We show in Fig. 4 an additional experimental
data set in frequency modulation recorded with a stiffer lever
designed for dynamical modes.
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Here we represent the dissipated energy versus the contact
length between the SWCNT and the graphene surface. This
length is determined by the approach of the nanotube to
the surface. One important aspect is that the dissipated
energy per unit length does not depend on the oscillation
amplitude. Moreover, this energy goes asymptotically to the
value determined theoretically in our formalism. This result
confirms the good agreement between theory and experiments,
for significant contact lengths, where the tip effect becomes
negligible, as discussed previously.

The agreement between the experimental data and the
calculations is really good, taking into account the different
environments of both studies (ambient conditions versus
vacuum). Such an agreement could motivate us to go further
in the comparison and could contribute to the development of
long carbon nanotube tips used for surface characterization as
initiated by Strus et al.>*3!

V. SUMMARY

We have determined the adhesion energy of SWCNT on
a graphite surface. Both contact and dynamic frequency-
modulation modes in AFM lead to the same result for
significant contact lengths. Theoretical calculations based on
the LCAO-S? + vdW formalism give comparable values for
the same diameter range as considered experimentally. In this
approach, weak and vdW forces are accurately evaluated.
For short lengths, side adhesion may not take place, thus
the experimental data cannot be compared to the model.
For long lengths, the experimental values are coherent with
the calculated energies, despite the ambient conditions. This
agreement could lead to another use for long carbon nanotube
probes as surface sensors.
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