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Thin Co and Ni lamellae grow under electron irradiation of metal crystals supported on multilayer
graphene or amorphous carbon films. The lateral growth of a lamella from a source crystal is
achieved by directing an electron beam to the periphery of the metal crystal and moving the beam
over the surrounding carbon. Patterns of linear, branched, or ringlike metal lamellae can be created.
The patterning is carried out in situ in a transmission electron microscope, allowing simultaneous
structuring and imaging. The process is driven by the metal-carbon interaction at a beam-activated
carbon surface. © 2011 American Institute of Physics. [doi:10.1063/1.3587634]

Focused electron beams can be used as tools to deposit
or etch materials with a spatial precision at the nanoscale.'™
Transmission electron microscopes (TEMs), usually working
in the 100-300 keV energy range, can be conveniently used
and allow combined structuring, imaging, and analysis.4 The
techniques of electron beam-induced nanostructuringk3 have
been demonstrated, e.g., for patterning metal structures by
ablation’ or to deposit metals by electron beam-induced
deposition.6 The direct beam-metal interaction has been
used, e.g., for drilling nanoholes into a metal 1ayer,7’8 creat-
ing metal nanobridges,9 or sculpting nanoelectrodes.'’ Here
we report a technique of growing thin Co or Ni lamellae by
an electron irradiation-induced transport of metal atoms,
starting from metal crystals on amorphous or graphenelike
carbon substrates.

Free-standing amorphous carbon films with a thickness
of approximately 20 nm, spanning over the holes of standard
TEM Cu grids (Agar Scientific Ltd.), were used as substrates
for the deposition of thin Co, Ni, Cu, or Pt layelrs.11 The
deposition was carried out in a cathodic sputtering chamber
with an argon atmosphere (0.1 Pa) at room temperature, re-
sulting in coherent polycrystalline layers of 10-20 nm in
thickness on the carbon films. The samples were mounted in
the heating stage of a TEM (Jeol 2100F, operated at 200 kV
and equipped with an aberration-corrected condenser). The
metal-carbon bilayer films were first heated up to 500 °C in
the TEM, causing coalescence of metal crystallites and
formation of thicker isolated metal islands by Ostwald
ripening12 and leaving uncovered regions on the carbon film
between the metal crystals. Carrying out the annealing at
temperatures above 600 °C caused the transformation of the
amorphous carbon film under the metal crystals to multilayer
graphene.13 After the annealing, the electron beam was con-
verged to a spot of approximately 3 nm in diameter, carrying
a current density of 10* A cm™2, and directed onto the metal
particles at temperatures of 450—600 °C. While the metal
crystals remained almost unchanged when the beam spot was
on the center of the particles, irradiation of the edges caused
a growth of the metal in the shape of a thin lamella in the
direction of the beam spot.

“Electronic mail: banhart@ipcms.u-strasbg.fr.

0003-6951/2011/98(18)/183105/3/$30.00

98, 183105-1

The growth of a metal lamella was observed to start
from Co and Ni islands and proceeding over the carbon film
but not beyond the area under the electron beam. When the
beam spot was slowly moved away from the metal island,
the growing metal layer followed the beam so that a long and
thin metal lamella was left on the trace, as shown in Figs.
1(a)-1(c). Lateral growth rates of tens of nanometer per
minute were achieved. By moving the beam in predefined

L.

FIG. 1. [(a)—(c)] Formation of a Ni lamella by controlled electron irradiation
of the edge of a Ni crystal on an amorphous carbon film at 560 °C. (a) The
beam spot was moved from its starting position (marked with a cross in the
inset) away from the metal particle. A thin Ni lamella followed the beam (b)
until, after 10 min, (c) a metal lamella (20 nm wide and 45 nm long) was
obtained. [(d)—(f)] Examples of metal patterns formed by moving the elec-
tron beam spot in predefined directions. (d) 120 nm long Ni lamella formed
at 550 °C. (e) Three-terminal structure formed with Ni at 550 °C. (f) Ring
structure formed by growing a circular Co lamella at 500 °C.

© 2011 American Institute of Physics


http://dx.doi.org/10.1063/1.3587634
http://dx.doi.org/10.1063/1.3587634
http://dx.doi.org/10.1063/1.3587634

183105-2 J. A. Rodriguez-Manzo and F. Banhart

L

10 20 30
Distance (nm)

b)

HAADF Int. (a. u.)

C)

—aC

Int. (a. u.)

— metal
\\’\\\

200 300 400
—— Energy (eV)

FIG. 2. (a) HAADF STEM image from a Ni lamella grown under electron
irradiation from a larger Ni crystal (bottom). (b) Intensity profile of the line
scan over the lamella as marked with a dotted line in (a) and showing the
homogenous thickness (3 nm) of the metal lamella. (c) EELS spectra from
an uncovered amorphous carbon film (dark line) and from a Ni lamella
grown on the same film (gray line). The signal from the carbon edge (283
eV, indicated by the dotted line) is absent in the metal region. (d) HRTEM of
a Ni lamella grown at 450 °C with a [001] surface. (¢) HRTEM of a Co
lamella grown at 490 °C with extended twinlike defects.

directions, a pattern of metal lamellae was created as shown
in Figs. 1(d) and 1(e). The growth is epitaxial with respect to
the metal island, i.e., the crystal orientation of the lamella is
the same as of the crystal from where growth has started. The
direction of electron beam incidence relative to the bilayer
system (i.e., with the metal on top or on the bottom of the
carbon film) had no noticeable influence on the process.

Thicknesses of less than 5 nm for the thinnest metal
lamellae were estimated by high-angle annular dark field
(HAADF) scanning transmission electron microscopy
(STEM) imaging, where a measure of the scattered intensity
allows a quantitative estimate of the amount of mass under
the beam.'* Figures 2(a) and 2(b) show a Ni lamella and its
HAADEF intensity profile, from which a homogenous thick-
ness of 3 nm of the lamella can be inferred. Electron energy-
loss spectroscopy (EELS) showed that the amorphous carbon
film had almost disappeared from the areas where the metal
lamella has grown [Fig. 2(c)]. Although the structuring was
induced by a 3 nm electron beam, the width of the metal
lamellae was usually larger than 10 nm. This is most likely
due to the inherent instability of a thin metal layer with an
extreme aspect ratio. High-resolution TEM images show that
both Co and Ni remained crystalline during and after growth,
although crystal defects occurred on some lamellae [Figs.
2(d) and 2(e)].

At temperatures above 600 °C the lamellae grew but
became unstable with increasing length and, after a certain
length has been exceeded, retract spontaneously toward
the source crystal. At temperatures below approximately
350 °C, no growth of Co or Ni was observed. In the whole
temperature range up to 700 °C and under the same experi-
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FIG. 3. (a) Ni lamella grown at 600 °C on a multilayer graphene film,
labeled as g-C in the image. (b) HRTEM image of the edge of a Ni lamella
on graphene. The inset shows the Fourier transform from the dashed square
region, exhibiting the distinctive hexagonal symmetry of graphenic carbon.
Metals atoms (seen as small spots) appeared on the graphene surface during
the irradiation process.

mental conditions, no growth of Cu or Pt layers was observ-
able.

Co or Ni lamellae can also be grown on graphenic car-
bon films. This is shown in Fig. 3, where a Ni lamella has
been grown from a Ni crystal on a multilayer graphene film.
The graphene film has been made by annealing Ni crystals
on an amorphous carbon film which causes the transforma-
tion of the film to graphene under suitable conditions.”® A
certain minimum thickness of the carbon film is needed for
the growth of metal layers. Single-layer graphene was found
to be unstable against sputtering under irradiation with a 200
keV electron beam.

The growth of metal lamellae needs a certain mobility of
the metal atoms. Since the experiment was carried out far
below the melting point of the metals, ballistic atom dis-
placements induced by energetic electrons must be the major
contribution to the migration of metal atoms. Bulk Co or Ni
atoms cannot be displaced with a 200 keV electron beam as
the displacement threshold for bulk Ni and Co is higher.15
However, metal atoms on the surface can be displaced at
electron energies below the bulk threshold.'® Since displaced
metal atoms migrate randomly on the surface, shape changes
toward minimization of surface energy, i.e., toward a spheri-
cal shape of the metal particle would be expected. In addi-
tion, the low wetting of a perfect graphite resp. graphene
surface'” would repel metals and, again, not favor the growth
of a thin lamella. However, when mobile metal atoms reach
the edge of the crystals, they encounter the carbon film
which has been activated by electron irradiation'® and con-
tains enough dangling bonds that can be saturated by attach-
ing metal atoms. Covalent metal-carbon bonds form'*? as
soon as metal atoms arrive at the interface, leading to a trap-
ping of the metal atoms at the edge positions. Bonds between
metals atoms with unfilled or partially filled d-orbitals and
carbon are strong,20 e.g., with a binding energy of 7-8 eV for
bonds between carbon and Co or Ni.?' Carbon—carbon bonds
are even stronger but the supply of carbon atoms might be
lower than of Co or Ni atoms. Sustained irradiation therefore
leads to the growth of the metal starting from the edge. The
non-appearance of the growth phenomenon for Cu can be
explained by the low C—Cu interaction with a bond energy of
5 eV. The C-Pt bond has an energy of almost 8 eV and
should therefore be particularly strong.21 However, Pt atoms
are much heavier than the other species of this study and
therefore difficult to displace from the Pt crystals with the
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200 keV electron beam. In this case, the saturation of the
activated carbon bonds on the surface might happen by the
aggregation of migrating carbon atoms.

To conclude, the present phenomenon allows us to create
predefined patterns of extremely thin metal lamellae on
multilayer graphene and amorphous carbon substrates. A
limitation is the inherent instability of the metal due to an
increasing surface energy during growth. However, this can
be overcome by keeping the temperature below the threshold
for thermal relaxation of the system. Metal lamellae on
multilayer graphene could be used in different applications
of graphene electronics, e.g., as contacts.
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