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Nanocrystals of different metals with sizes of 2-6 nm are deposited on graphene, carbon
nanotubes, or amorphous carbon films. Irradiation with a highly focused electron beam
is used to split clusters of a few metal atoms (<1 nm in diameter) from the crystals. The
metal clusters follow the electron beam spot on the graphitic surface when the beam is

slowly deflected away from the clusters. This unusual behaviour of metals on graphitic sur-
faces is explained in terms of electron beam-induced activation of the graphitic surfaces
and covalent bonding between metal and carbon atoms. The technique might be applicable
in (sub-)nanometre structuring of graphene with metal dots.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The interaction between graphene or carbon nanotubes
(CNTs) and metals [1] is of high importance in the develop-
ment of electronic devices. Metal-carbon contacts are neces-
sary for connecting carbon devices with their periphery.
Furthermore, metals inject charge into the electron system
of graphene which shifts the Fermi level and may be used
for doping. Metal atoms or metal layers on top of graphene
are therefore a possibility to modify the properties of graph-
ene, but for application in a nanodevice this has to be done
with high lateral precision. However, before suitable metal-
graphene composite systems can be made, a detailed under-
standing of the chemical interaction between graphene and
different metals is necessary. The type of bonding, a possible
transfer of charge, but also the mechanical robustness of the
interface are important issues. While a perfect (non-defective)
graphitic surface (graphene or CNTs) interacts weakly with
metals by van der Waals interaction, the edges or defects with
dangling bonds form much stronger covalent bonds with met-
als. An intermediate case is the arrangement of reconstructed
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defects in graphene [2] such as pentagon-heptagon combina-
tions that interact with metals due to the modified pi-electron
density around the defect [3,4]. After several studies of the
metal-graphene interaction it became clear that graphene
has to be activated to form bonds and so to interact suffi-
ciently strong with metals. A technique of activation with ulti-
mate lateral selectivity is electron irradiation with a focused
electron beam. Recent in situ experiments have shown pat-
terns created with sub-nanometre resolution [5].

Here we show that electron irradiation can induce the
migration of small metal clusters over graphene, CNTs, or
amorphous carbon surfaces. The focused electron beam in a
transmission electron microscope (TEM) is used to split
clusters of a few metal atoms from larger metal crystals.
The clusters follow the electron beam spot when it is moved
over the surface.

2. Experimental

Graphene samples were made by exfoliating natural graphite
(NGS Naturgraphit GmbH) with regular Scotch tape [6]. After

0008-6223/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbon.2011.08.043


http://dx.doi.org/10.1016/j.carbon.2011.08.043
mailto:<xml_chg_old>flforian.banhart@ipcms.unistra.fr</xml_chg_old><xml_chg_new>florian.banhart@ipcms.unistra.fr</xml_chg_new>
http://dx.doi.org/10.1016/j.carbon.2011.08.043
http://dx.doi.org/10.1016/j.carbon.2011.08.043
http://dx.doi.org/10.1016/j.carbon.2011.08.043
www.sciencedirect.com
http://www.elsevier.com/locate/carbon

260 CARBON 50 (2012) 259-264

subsequent peeling steps, the tape was dissolved in acetone,
and the resulting suspension was dropped on standard
metallic (Mo and Ti) support grids for TEM. In order to im-
prove the quality of the layers [7], the samples were annealed
between 1000 and 2000 °C in an ultrahigh-vacuum furnace.
Metal crystals were deposited on the layers either by adding
a few drops of a colloidal nanocrystal solution (Pt, Pd) [8,9],
by evaporation from hot filaments (Au, Fe, Co), or by evapora-
tion from the metallic TEM grid during heating (Mo). Multi-
wall carbon nanotubes (MWNTSs) were synthesized by aerosol
pyrolysis [10,11] of the vapour from a hydrocarbon-organo-
metallic solution. The solutions with 3 wt.% organometallic
compound were atomized in the presence of Ar, and the
resulting aerosol directed into a quartz tube furnace. The
resulting MWNT material was scraped from the tube walls.
The powders consisting of MWNTs and metal crystals were
dispersed ultrasonically in ethanol and deposited onto stan-
dard copper grids for electron microscopy. Metal nanocrystals
(Co, Pt or Au) were sputtered onto the surface of the MWNTs.
Co and Pt wet the surface of the MWNTs [12] and form a layer,
thus an annealing treatment was necessary to induce coales-
cence of the crystallites by ripening. As a third type of sub-
strate, amorphous carbon films were used, under the form
of standard holey carbon films of approximately 10 nm in
thickness which are available commercially for electron
microscopy (Agar Scientific).

In situ electron microscopy experiments were carried out
by using a heating specimen stage in a scanning transmission
electron microscope (STEM) with field emission source and a
condenser with correction of the spherical aberration (Jeol
2100F). The size of the electron beam spot on the sample var-
ied between 0.1 and 0.13 nm, which defines not only the im-
age resolution in the STEM mode but also the scale for
beam-induced structuring. The beam current density was
around 10° A/cm? The images were taken in the high-angle
annular dark-field (HAADF) mode, allowing a direct interpre-
tation of the contrast and an easy differentiation between

light and heavy atoms. The specimen temperature was varied
between 20 and 500 °C in the microscope.

3. Results

The principle of the experiment is shown schematically in
Fig. 1. When the electron beam spot was focused onto the
edge of a metal crystal as shown in the STEM image in
Fig. 2a, a small number of metal atoms was seen to split from
the crystal (Fig. 2b). The metal atoms form a cluster whose
size depends on the irradiation time. If the beam was slowly
moved away from the large metal crystal, the cluster followed
the beam spot and migrated over the graphene surface (Fig. 2c
and d). During the migration of the cluster, some atoms re-
mained on the trace of the cluster (visible in Fig. 2d). The
same effect was also observed for CNTs. Fig. 3 shows the dis-
placement of a Pt cluster over the surface of a CNT. The clus-
ter has been split from the crystal on the left-hand side. The
images show that the cluster’'s size becomes progressively
smaller during its migration, owing to the loss of atoms along
the way.

Each displacement experiment was performed over the
course of a few (typically 2-3) minutes. The electron beam
was moved away from the metal nanoparticle at a rate of
roughly 1 nm/min. The migration speed of the metal atom
clusters themselves appears to be high enough to follow the
moving beam instantaneously. This is visible in Movie 1 for
few-layer graphene and in Movie 2 for a CNT, which show
typical step-by-step displacement processes.

The splitting of small clusters from larger metal particles
did not show a measurable temperature effect between 20
and 500 °C. A certain minimum distance (for example, about
0.5nm in the case of Pt) between the metal cluster and the
electron beam spot is necessary for displacing the cluster,
which does not depend on temperature either. The
measurements are summarized in Fig. 4. Furthermore, no
influence of the size of the initial metal particle on the split-

Fig. 1 - Principle of the experiment. The electron beam (cone) is focused onto the edge of a metal crystal. A metal cluster splits
from the host crystal and follows the slowly moving electron beam over the graphene surface.

Fig. 2 - HAADF STEM images showing the displacement and migration of a Pt cluster (arrowed) on ~10-layer graphite at
200 °C. The images show the Pt crystal before (a), after the initial irradiation (b) and after further irradiation with an electron
beam spot moving away from the particle (c,d). Individual atoms left behind the cluster can be seen in (d).
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Fig. 3 - Displacement and migration of a Pt cluster over a MWNT. Dark (a) and bright-field (b) STEM images show the initial
state of Pt particles on the MWNT (12 nm in diameter and 10 walls). The dotted line in (b) marks the path of the electron beam.
(c-e) Dark-field images of the splitting and migration of the Pt cluster (~0.5 nm in diameter, arrowed).

ting mechanism was observable. Particles with sizes between
2 and 6 nm were studied; the average size is around 3 nm. The
experiment is difficult with larger particles due to overhangs
at the edges.

The process works for all metals that were deposited on
carbon substrates in this study, i.e., Fe, Co, Ni, Mo, Pd, Pt,
and Au on graphene, Co, Pt, Au on CNTs, and Pt on amor-
phous carbon. However, some metals (for instance Mo)
proved to be more resistant to irradiation, making it difficult
to split off a cluster and thus requiring either higher irradia-
tion doses or smaller distances between the particles and
the beam.

It was found that the beam-induced displacement of metal
clusters works on different types of carbon substrates. Fig. 5a
shows the displacement and trapping of Au particles on sin-
gle-layer graphene. The inset shows a bright-field STEM im-
age where the graphene layer is visible. To verify that it is
really a single layer, intensity profiles across graphene step
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Fig. 4 - Maximum distance between the electron beam spot
and the Pt nanoparticle for which the displacement of the
cluster takes place, as a function of temperature.

edges in high-angle dark-field images were analyzed. Fig. 5b
shows the displacement of Pd on a graphite substrate
(approximately 10 graphene layers), this time carried out with
lower electron beam energy (100 kV). Fig. 5¢ shows the same
type of experiment on an amorphous carbon film (that could,
however, graphitize locally under electron irradiation). At
lower beam energies, a higher irradiation dose is necessary
to displace the atoms, and long beam exposures are needed
in order to achieve noticeable effects. However, experiments
with non-carbon substrates such as crystalline silicon or
amorphous silicon monoxide films were unsuccessful, and a
beam-induced splitting or migration of metal clusters was
not observable in these cases.

Fig. 6 shows three Pt clusters that were split from the large
Pt crystal nearby. The smallest one of them is only a few
atoms in size, as estimated from the HAADF image (see inset
of Fig. 6a). Another example is shown in Movie 3 where, after
a few-seconds irradiation, a very small cluster of atoms leaves
the particle. Such sub-nanometre precision was achieved due
to the precise beam control in the STEM mode of the
microscope.

Contamination effects are often observed during spot irra-
diation in the TEM and have recently been used to create pat-
terns on graphene surfaces [13]. However, this can be
excluded here because the phenomenon in our case does
not depend on temperature. The typical contamination spots
would not appear at high specimen temperature.

4, Discussion

It has recently been shown that thin metal layers can be
grown on graphene or amorphous carbon by electron
irradiation of the edge of metal crystals sitting on the carbon
layer [14]. An explanation of this phenomenon has been given
in terms of beam-induced activation of the carbon layer, lead-
ing to the trapping of mobile metal atoms on the irradiated
carbon surfaces. The present observations could be based
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Fig. 5 - Splitting of metal clusters under different conditions. (a) Au on single-layer graphene at 475 °C (inset shows a bright-
field image of the same area); (b) Pd on graphite at 400 °C, initiated with a 100 kV electron beam; (c) Pt on amorphous carbon at

300 °C. All scale bars are 2 nm.
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Fig. 6 — Dark (a) and bright-field (b) STEM images of three Pt clusters of different sizes that were split from the large Pt crystal.
The inset of (a) shows the intensity profiles from the dotted line, which is proportional to the cluster mass.

on a similar process, but show a different behaviour of the
metal. The electron beam is focused onto a spot of ~0.1 nm
in diameter, leading to an extremely localized activation of
carbon atoms and thus to the migration of metal clusters con-
sisting of only a few atoms. This allows a patterning of graph-
ene with metal dots with almost sub-nanometre precision.
The technique applied here gives a similar lateral precision
as the one published in [5], owing to the similar performances
of the microscopes used for the experiments.

The splitting of metal clusters from larger crystals as it has
been done here can be explained by the beam-induced
surface mobility of metal atoms on the metal particles. The
surface displacement rates are not the same in different
metals, e.g., less surface atoms are displaced in heavier
elements [15]. Table 1 summarizes the threshold energies
for bulk displacement [16] and surface sputtering [15] for all
metals used in this study.

However, it must be taken into account that the mobility of
the atoms on the metal surfaces can already be induced by
lower electron energies than needed for sputtering. This is
apparent as the electron energy in the experiment was
200 keV but heavy metal atoms (Mo, Pt, Au) are mobilized
although their sputtering threshold energies are above elec-
tron energies of 200 keV. The available data in Table 1 should
just be taken as reference values for comparing the elements

able 1 - Threshold energies for displacing metal atoms in
the bulk (T,) and on the surface (Ts) by knock-on collisions
ith energetic electrons. T is the energy of the displaced

metal atom and E denotes the corresponding beam electron
energy. T; was calculated according to Egerton et al. H
as taken from Jung

Element  Atomic mass Ty, [eV] Ts [eV] E; [keV]
Fe 55.8 17 4.3 100
Ni 58.7 21 4.8 115
Co 58.9 23 4.7 115
Mo 95.9 27 6.8 240
Pd 106.4 34 3.8 160
Pt 195 34 5.8 380
Au 197 34 3 225

among each other. Radiation-enhanced diffusion should
therefore be considered as the likely mechanism leading to
the mobility of surface atoms.

Once migrating, the metal atoms reach the carbon sub-
strate and can be trapped there if metal-carbon bonds are
formed. A condition is, however, that the carbon surface is
reactive with dangling bonds, which is induced by electron
irradiation. If the electron energy is above the displacement
threshold of approximately 80-100keV [17], carbon atoms
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are displaced, leaving vacancies with dangling bonds. Double
vacancies reconstruct and form arrangements of pentagonal
and heptagonal rings by eliminating all dangling bonds, but
the enhanced pi-electron density above these defects allows
a bonding of metal atoms [3].

The small area under the beam just allows a few metal
atoms to be trapped on the carbon surface. The localization
of the trapped cluster depends on the energy of the respective
metal-carbon bond [18]. It should be noted that the process
works even for atoms such as Au which are known to form
weak bonds with carbon (previous attempts to create metal-
CNT junctions had proven unsuccessful for noble metals
[19]). The process does not work on other surfaces, e.g., Si or
Si0, asitis shown here, due to the absence of sufficiently strong
bonding with metal atoms. It has also to be taken into account
that an electron energy of 200 keVis not sufficient to create de-
fects with dangling bonds in silicon. Due to the high electrical
conductivity of the carbon substrates (graphene, CNTs, amor-
phous carbon film), charge effects should be negligible.

The fact that the metal clusters do not remain localized
but follow the moving electron beam spot points to an
annealing effect in the carbon layer. This is surprising be-
cause metal-carbon bonds have to be broken during the
migration of the metal particles, and a restructuring of
the carbon film is necessary. Both processes need activation
energies of the order of 7eV [18] which cannot be sur-
mounted thermally at the temperatures of the experiments,
but electron irradiation can supply at least part of the acti-
vation energy. On the other hand, metal atoms are left in
the trace of the moving cluster as can be seen in Fig. 2d,
showing that a complete restructuring of the carbon film
does not take place. As another type of bonding between
metal atoms and graphitic substrates, the trapping of metal
atoms on reconstructed multiple vacancies [3] should be
considered. The metal-carbon bonding energy is only
around 2 eV and, thus, much weaker in this case, but allows
a successive de-trapping of metal atoms from the defects.

5. Conclusions

To conclude, we have shown that it is possible to split and
displace metal clusters with diameters of less than 1nm
from larger metal particles (2-6 nm) on graphenic or amor-
phous carbon substrates. The beam-induced activation of
carbon allows us to place small metal clusters in pre-de-
fined locations. The guiding of metal clusters on a graphene
surface by a focused electron beam is an unexpected phe-
nomenon but might be the basis of different applications.
It can be used for patterning graphene or CNTs with metal
dots and creating a system of metal islands. This would
change the electronic properties of graphene. The phenom-
enon might also be used for tailoring the size of metal is-
lands on graphene.
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