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G
raphene is a two-dimensional mate-
rial with extraordinary physical prop-
erties,1�4 making it a potentially

useful material in nano(opto)electronics
applications.5�10 In this respect, most feasi-
ble applications are likely to require metal
contacts linking graphene to classical elec-
tronic devices.11,12 Furthermore, graphene
has been suggested as a suitable support
for metal catalysts because it is chemically
inert and has a large surface area.13�15 All
the above-mentioned challenging applica-
tions call for a deeper understanding and
quantification of metal binding to graphene.
The interaction of metals with graphene

has been the subject of many theoretical
studies,16�19 mostly based on the density
functional theory (DFT).20,21 The nature of
the interactionbetweenmetals andgraphene
involves many phenomena, for example,
charge transfer,polarization, Londondispersion

forces, and relativistic effects,22�24 which
represent a challenge for theoretical calcu-
lations. In this respect, DFT calculations may
provide very different results, depending on
the choice of exchange-correlation (xc)
functional and its ability to correctly de-
scribe the above-mentioned effects. Unfor-
tunately, to date, experiments have been
unable to identify an accurate theoretical
approach. Several experimental studies have
dealt with graphene/metal contacts.13,25,26

However, so far, no experiment has quanti-
tatively addressed the interaction force
between metal and graphene. Therefore,
although theoretical methods have ad-
vanced in recent years,27�29 the develop-
ment is hampered by the absence of bench-
mark values with which to crosscheck
results and evaluate the improvement and
accuracy of a particular method. There is no
doubt that the experimental quantification
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ABSTRACT The two-dimensional material graphene has numerous

potential applications in nano(opto)electronics, which inevitably involve

metal graphene interfaces.Theoretical approaches have been employed to

examine metal graphene interfaces, but experimental evidence is currently

lacking. Here, we combine atomic force microscopy (AFM) based dynamic

force measurements and density functional theory calculations to quantify

the interaction between metal-coated AFM tips and graphene under ambient conditions. The results show that copper has the strongest affinity to

graphene among the studied metals (Cu, Ag, Au, Pt, Si), which has important implications for the construction of a new generation of electronic devices.

Observed differences in the nature of the metal�graphene bonding are well reproduced by the calculations, which included nonlocal Hartree�Fock

exchange and van der Waals effects.
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of metal�graphene interactions under ambient con-
ditions supported by suitable interaction models pos-
sesses a considerable challenge.
Here we present a combined theoretical and ex-

perimental study with the aim of quantifying the
interaction between various metals and graphene.
We employed advanced atomic force microscopy
(AFM) to measure dynamic forces under ambient con-
ditions and on a microsecond time scale30�33 in order
to quantify the interaction force between metalized
AFM tips and graphene. The results show that Cu
exhibits the highest affinity among the studied metals
(Cu, Ag, Au, Pt, Si) during the adsorption and peeling
processes, whereas Si exhibits the lowest. This finding
has important implications with respect to the princi-
pal role of copper and silicon in current electronic
devices. Moreover, the developed experimental ap-
proach is applicable for quantification of interaction
forces between graphene and a large number of other
metals and elements.

RESULTS AND DISCUSSION

The experiments presented in this work were con-
ducted using sharp silicon AFM tips (Figure 1), which
were coated with four different metals by thermal
evaporation. The probe geometry and coating layer
were characterized by scanning electron microscopy
(SEM) and energy-dispersive X-ray analysis (EDS). Both
the SEM images and EDS plots confirmed the homo-
geneous coating of all tipswithout any significant signs
of metal oxidation (Figure 1C and Supplementary
Figures 1�6). The recently developed dynamic force
spectroscopy30,31 technique involves scanning the
graphene surface with a coated AFM probe (Figure 1)
and measurement of the interaction force between
metal and graphene as a function of time in the micro-
second range. After transformation of the recorded
data to force vs separation plots (Figure 2), the adhe-
sion force was extracted, which represents the first
exact quantitative information on the interaction
force between metal and graphene under ambient
conditions.
Figure 2A shows the morphology of a graphene

single layer on a SiO2 substrate, where the AFM
experiments were carried out (for details of the experi-
mental setup see also Figure 1A). The coated probe
tapped the graphene layer with 2 kHz frequency
and one force vs time curve was recorded per cycle.
Figure 2B presents the curve obtained with a Cu-
coated probe (other typical force vs time curves are
shown in Supplementary Figure 7). Two kinds of inter-
action forces were recorded in one cycle; one during
the approach (Figure 2B, letter B) and the other during
withdrawal (Figure 2B, letter C). The interaction force
during the approach (Figure 2C) corresponds to the
adsorption force evaluated in our DFT calculations
(Figure 3). On the other hand, the force measured

during thewithdrawal process (Figure 2D) corresponds
to the force needed to peel graphene from the metal
surface, whichmay also involve some surface deforma-
tion.34�36 The calculated interaction energies and
forces (Eint, Fint) and experimentally determined inter-
action forces (Fapp, Fw) of different metals to graphene
are summarized in Table 1 and their distributions are
shown in the Supporting Information (Supplementary
Figures 8 and 9). The data showunambiguously that Cu
has the strongest affinity to graphene, whereas Si has
the lowest. They also show that the affinity between
coinage metals and graphene decreases in the order
Cu > Ag > Au (Figure 4).
The calculations reveal that the strongest interaction

is for the tip positioned on top of one of carbon atoms
in the graphene sheet. The order of forces corresponds
to the order of measured forces (the interaction is
strongest for Cu, followed by Ag, and Au, and weakest
for Si, see Table 1). Relativistic effects are very impor-
tant in the case of Au; according to the scalar relativistic
calculation (Supplementary Table 3), the Au tip has the
interaction energy of 24.0 kcal/mol, and the respective
force is 1.8 nN. The full relativistic calculation including
spin�orbit coupling reduces the interaction force to
0.8 nN, which is in excellent agreement with the experi-
mental data (Table 1). Figure 3 displays both the
interaction energy and force curves for the Au tip over
graphene calculated with various DFT functionals.
To verify our DFT results, additional calculation of

the interaction of Cu, Au, Ag dimers with benzene was
performed; the small size of such a model system
enables a calculation with the multiconfigurational
method CASPT2, which is an accurate quantum chem-
ical method utilizing a multireference description of
the many-particle wave function and second-order

Figure 1. (A) Schematic of AFM operation in dynamic range
force spectroscopy showing a metal-coated probe scann-
ing a graphene sheet on a SiO2 support; (B) atomic level
model of metal-coated tip on graphene used in the DFT
calculations; (C) SEM image of AFM tip coated by gold (see
Supplementary Figure 3 for EDS spectrum); (D) optical
image of the graphene substrate on SiO2 used during the
experiment. The dashed square indicates the location of the
inset of Figure 2A.
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perturbation treatment of the electron correlations.
The dimer axis was oriented perpendicular to the ben-
zene ring to mimic the tip�graphene geometry. The
CASPT2 results corroborated the order Cu > Au≈ Ag of
the interaction energies, confirming that the appar-
ently strong binding of copper is not an artifact of the
EEþvdWmethod. The different affinities of Cu, Ag, and

Au tips arise from a subtle interplay of the size effect37

and various relativistic effects, which are crucial for the
Au tip. It should be noted, that our previous study38

showed that planar gold and silver tetramers are
bound only by weak van der Waals interactions, which
would result in lower forces. Therefore, the interaction
will also depend on the geometry of the tip; a blunter
geometry of the tipmay decrease themeasured forces.
Theoretical interaction forces agree well with the

experimental data only when the EEþvdW method is
used (the interaction forces calculated with various xc
functionals are displayed in Table 2). The PBE func-
tional gives consistently too low values of interaction

Figure 3. Calculated interaction energy curves (upper panel)
and derived interaction forces (lower panel) between Au tip
and graphene. The crosses denote the total energies calcu-
lated with various functionals (PBE, PBEþvdW, EEþvdW, and
EEþvdW with spin�orbit coupling).

TABLE 1. Interaction Energies Eint and Forces Fint of a

Tetrahedral Metal Tip Positioned on Top of One of Carbon

Atoms of Graphene Calculated by the EEþvdW Methoda

metal Eint (kcal/mol) Fint (nN) Fapp (nN) Fw (nN)

Cu 24.6 1.6 1.6 ( 0.3 7.4 ( 1.4
Ag 15.8 1.3 1.2 ( 0.1 5.2 ( 0.2
Au 16.3 0.8 0.8 ( 0.2 2.0 ( 0.1
Pt 16.5 1.2 ( 0.6 6.2 ( 0.3
Si 4.9 0.3 0.7 ( 0.2 1.4 ( 0.1

a The experimental interaction forces were recorded during both the approach (Fapp)
and withdrawal (Fw) processes.

Figure 2. Graphene morphology and interaction force curves between metal-coated AFM probe and graphene: (A) AFM
morphology images of graphene; (B) typical force vs time curve of Cu-coated probe and graphene; red B and green C dots
indicate the adhesion force during approach andwithdrawal, respectively; (C) typical force vs separation curves derived from
the approach process (Fapp); (D) typical force vs separation curves derived from the withdrawal process (Fw).

A
RTIC

LE



LAZAR ET AL. VOL. 7 ’ NO. 2 ’ 1646–1651 ’ 2013

www.acsnano.org

1649

force. Its local approach to the xc energy density
cannot describe long-ranged van der Waals interac-
tions, which represent an important part of tip-
support interaction. Inclusion of the nonlocal vdW
correlation to the PBE functional (PBEþvdW) yields
better interaction energies, but the forces are still too
weak, because this functional does not reproduce
well the curvature of the energy around the equilib-
rium distance. The combination of the vdW correla-
tion with the exact-exchange in the EEþvdW
provided accurate interaction forces. It is worth
noting that this method is parameter-free and still
computationally feasible, which makes it promising
for further theoretical calculations of various metals
on graphene support.
The order of the calculated Eint remained the

same for other high-symmetry positions (above C�C
bond, or above hollow site) on the graphene surface
(Supplementary Table 1). We further calculated the
interaction of the tetrahedral tips when constraining
them to a singlet spin state, which may correspond to
the paramagnetic state of larger metallic tip structures
(Supplementary Table 2). The interaction energies for
the top position (23.6, 21.2, 16.0, 25.6, and 5.0 kcal/mol
for Cu, Au, Ag, Pt, and Si, respectively) indicate that the
order of the metals is preserved, except for Pt. This is
because Pt has the largest triplet-singlet energy differ-
ence among the studied metals, which promotes its
interaction energy in the singlet state above the other
metals.
The calculations also revealed interesting spin-

crossover when the metals interacted with graphene;
although isolated tetrahedrons of Au, Ag, and Cu have
a triplet groundstate, they change into singlet spin
states as they approach a graphene sheet. This triplet/
singlet transition is rather abrupt and occurs when the
tip apex atom approaches closer than 2.6 Å to the
surface of graphene. The interaction of Pt4 is strongly
mediated by its peculiar magnetic properties; the
ground-state of Pt4 has a noncollinear arrangement
of spin moments due to the spin�orbit coupling.39 As
the spin moments of Pt4 begin to interact with

graphene, several magnetic structures appear, leading
to the discontinuous curve of the interaction energy.
Consequently, it was not possible to extract reliable
forces from the calculated data.

CONCLUSION

For the first time, we have experimentally measured
the interaction force between metal and graphene
using the recently developed dynamic AFM30,31 tech-
nique by scanning the graphene surface with metal-
coated AFM probes under ambient conditions.
The experiments not only allowed quantification of the
adhesion force but also provided information on the
peeling force between various metals and graphene,
which revealed that copper has both the strongest
adhesion force and peeling force. Experimental results
were corroborated by DFT calculations utilizing a
recently introduced vdWþEE method. The order of
the calculated interaction energies agreed with the
order of measured forces: The interaction was stron-
gest for Cu, followed by Au, Pt, and Ag, and weakest
for Si. The interplay of size and relativistic effects can
explain the different affinities of Cu, Ag, and Au tips.
The calculations also revealed different mechanisms
of interaction, including interesting spin-crossover in
Cu, Au, and Ag clusters interacting with graphene.
In general, the interaction of the graphene surface
with the complex electronic structure of metal clusters
exhibiting several close-lying spin states creates a
subtle energy balance, which can challenge even
state-of-the-art theoretical methods. In this respect,
the presented experimental data have important im-
plications for the development of theoretical methods.
Moreover, the dynamic AFM technique is extremely
fast and enables quantification of interaction forces
with graphene for other metals that form an adequate
coating on the surface of an AFM tip. From this point of
view, it seems that the air atmosphere does not have
the principal effect on the interaction force as the
experimental data recorded in the air correlate well
with DFT calculations assuming interaction in a va-
cuum. One possible main factor is the superhydropho-
bic properties of graphene, which effectively weaken

Figure 4. The experimentally derived interaction forces
from the approach processes (in blue) are compared with
the interaction forces calculated by the EE-vdW method
(in red).

TABLE2. The InteractionForcebetweenM4andGraphene

(Fint in nN) Calculated from the Numerical Derivative of

the Calculated Interaction Energy (Obtained by Various

Exchange-Correlation Functionals, PBE, PBEþvdW, EEþvdW,

for the Preferred Position)a

metal PBE PBEþvdW EEþvdW

Cu 1.2 0.9 1.6
Ag 0.6 0.5 1.3
Au 0.7 0.5 0.8
Au* 0.6 0.7 1.8
Si 0.02 0.2 0.3

a In the case of the Au4 cluster, we also include the results calculated within a scalar
relativistic approximation (denoted by an asterisk (/)).
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the capillary force with the coated AFM probe. The
identified and quantified superior affinity of copper to
graphene is very importantwith regard to the choice of

suitable metal substrate for graphene production as
well as for the construction of advanced graphene-
based electronic devices.

METHODS
Preparation of Graphene Samples. The graphene sheets were

deposited by mechanical exfoliation of natural graphite (Alfa
Aesar) onto the silicon oxide substrate under ambient condi-
tions. Graphene sheets were located by their contrast under
optical microscopy and were further confirmed by Raman
spectroscopy (data not shown) and AFM characterization.

SEM Analysis. AFM tips were characterized by scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray analysis
(EDS). SEM micrographs were taken on a Hitachi 6600 FEG
microscope equipped with the Schottky cathode (maximum
accelerating voltage of 30 kV; point-to-point resolution in
secondary electrons mode (SE) 1.3 nm. Before this measure-
ment, the sample was mounted on an aluminum holder with
double-sided adhesive carbon tape. For all measurements, an
accelerating voltage of 15 kV, working distance of 7 mm, and
SE mode were used. EDS spectra were taken on a NORAN
System 7 X-rayMicroanalysis system (Thermo Scientific). For all
spectra, an accelerating voltage of 15 kV, working distance of
15mm, and lifetime of 1000 swere used. All spectra were taken
from one point on the top of the AFM tips (magnification
90 000�).

AFMMethod. All AFM images and force curveswere recorded
with Peakforce Tapping mode in a commercial Nanoscope VIII
MultiMode SPM system (Bruker, Santa Barbara, CA) under
ambient conditions (temperature, 24 �C; humidity, 44%). The
curves were recorded using ultrasharp silicon tips (triangular,
Scanasyst-Air, Bruker) with a standard spring constant of
0.4 nN/nm (the spring constant was calibrated by the Cleveland
methods40 prior to the experiment) and a normal tip radius of
2 nm. The probes were coated with various metals by vacuum
evaporation. All force curves were recorded with a 2 kHz speed,
and analyzed with offline software NanoScope Analysis (Bruker,
Santa Barbara, CA).

Theoretical Calculations. A tetrahedral M4 metal cluster
(Figure 1B) was used as a model of an atomically sharp
metalized AFM tip. Recent studies have confirmed that for
atomically sharp tips, the maximum attractive force is domi-
nated by the chemical nature of the tip apex atom and the
outermost surface atom.36,41 All tetrahedrons were positioned
tip-down above a 32-atoms periodic supercell representing a
graphene sheet (Figure 1B). The geometry of the metal cluster
was optimized and fixed throughout the calculation of the
interaction energy. The test calculation allowing geometrical
relaxation of the metal cluster at an equilibrium distance to the
graphene revealed only a minor change of the interaction
energy (less than 5%).

The calculations were performed using the Vienna ab Initio
Simulation Package (VASP) suite,42,43 which makes use of the
projector-augmented wave (PAW) construction for the pseudo-
potential. The energy cutoff for the plane-wave expansion of
the eigenfunctions was set to 500 eV. The graphene sheet was
modeled using a 4 � 4 supercell (each supercell contained
32 carbon atoms) with a calculated C�C bond length of 1.44 Å.
The repeated sheets were separated from each other by 22 Å of
vacuum. The shortest in-plane distance between metal atoms
was 7 Å. Our test calculations have shown that the 4 � 4
supercell is large enough to prevent the in-plane interaction
of repeated tetrahedrons. A dense 5 � 5 � 1 k-point mesh
was used to obtain well converged total energies, in particular
in the case of exact-exchange calculation. Spin polarization was
taken into account in all calculations and spin densities were
allowed to relax. The interaction energies (the total energy with
respect to the energies of the isolated tetrahedron and gra-
phene sheet) were calculated using the recently developed
EEþvdW method,22 which combines a generalized gradient
approximation (GGA) for the exchange functional with a van der

Waals functional (vdW-DF)44,45 and a fraction of the exact
Hartree�Fock exchange. The vdW-DF adds long-range nonlocal
electron�electron correlations missing in the GGA functional,
and the exact exchange (EE) partly reduces the errors stemming
from spurious electron self-interaction in local functionals.46

The method has been used to obtain very accurate interaction
energies ofmetal adatoms on graphene compared to quantum-
chemical coupled-cluster calculations.22,38The forces were cal-
culated from the numerical derivative of the interaction en-
ergies (interpolated by a cubic spline). Relativistic effects were
included by using a scalar relativistic approximation for Cu, Ag,
and Si, whereas a full relativistic description (containing spin�
orbit coupling and all relativistic corrections up to order R2,
where R is the fine-structure constant) was used for Au and Pt.
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