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n 2004, graphene, as a free-standing,

two-dimensional crystal of carbon at-

oms, was experimentally shown to ex-
ist,! although for the past 60 years it has
been theoretically studied as the funda-
mental structural and electronic building
block for various sp>-bonded carbon allo-
tropes such as graphite,? fullerenes, and car-
bon nanotubes (CNTs).>* Graphene’s prom-
ising applications in nanoelectronics® have
triggered a rush of research into its produc-
tion and integration into functional elec-
tronic components. Multilayered graphene
reaches the 3D limit of graphite in terms of
its electronic and dielectric properties at
about 10 layers,5” and therefore the term
“few-layer graphene (FLG)"” will be used in
this paper within this limit. Electronic de-
vices based on graphene can be fabricated
either in a top-down approach, where
graphene is first grown or deposited on a
substrate and subsequently contacted by
electrodes, or a bottom-up approach where
the desired electrodes are prefabricated on a
substrate and graphene subsequently self-
assembles or is incorporated at the device
locations.

In the top-down approach, the most
popular method to generate graphene for
research purposes is the micromechanical
cleavage of bulk graphite.! However, this is
a low-yield process, where monolayer
graphene flakes have to be discerned from
a majority of thicker flakes, and is therefore
unsuitable for controlled or scaled-up de-
vice fabrication. Graphene can also be
grown by chemical vapor deposition from
hydrocarbon sources on metal
substrates®~'® or by thermal annealing of
SiC."71® Metal substrates are unsuitable for
electronic device applications and require
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ABSTRACT We establish the use of dielectrophoresis for the directed parallel assembly of individual flakes
and nanoribbons of few-layer graphene into electronic devices. This is a bottom-up approach where source and

drain electrodes are prefabricated and the flakes are deposited from a solution using an alternating electric field

applied between the electrodes. These devices are characterized by scanning electron microscopy, atomic force

microscopy, Raman spectroscopy, and electron transport measurements. They are electrically active and their

current carrying capacity and subsequent failure mechanism is revealed. Akin to carbon nanotubes, we show that

the dielectrophoretic deposition is self-limiting to one flake per device and is scalable to ultralarge-scale

integration densities, thereby enabling the rapid screening of a large number of devices.
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sample transfer to insulating substrates in
order to make useful devices,’>'® while the
SiC route inherently limits the substrate
choice. An alternative route is to start from
graphene solutions. Graphene has been
randomly deposited from suspension'® on
to substrates, the flakes located by AFM or
SEM and electrodes fabricated on top to
contact them, to yield functional graphene
devices. Such a procedure is not easily scal-
able for controlled device fabrication. Di-
rected assembly of graphene flakes at pre-
determined locations is thus required.

Here, we demonstrate the fabrication
and characterization of electronically active
devices of individual FLG flakes using the
bottom-up approach, where the flakes are
selectively deposited from solution only in
between predefined electrodes in a high-
density array using dielectrophoresis.

One approach to obtain graphene solu-
tions involves the dispersion of graphene
oxide (G0),?°~ 2 stabilized by hydroxyl and
epoxide functionalization. GO can be subse-
quently reduced to graphene,? but leaves
a significant number of defects that disrupt
the electronic properties.?* Recently, much
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Figure 1. Scanning electron micrograph of a representative region of an array of graphene devices fabricated by dielectro-
phoretic deposition from a suspension in NMP. Each device comprises a floating source electrode (bottom, labeled 1—15), a
common drain electrode (top), and a common back-gate. Eleven out of the 15 devices contain a FLG flake located between
the electrode tips. Successfully bridged electrodes are marked as o while nonfunctional devices are marked as x. A zoom in
to five of these devices is presented as Supporting Information.

progress has been made in the chemical exfoliation of
graphene from bulk graphite. Graphene dispersions,
with concentrations of up to 0.01 mg/mL, have been
produced by exfoliating graphite in organic solvents
such as N-methyl-2-pyrrolidone (NMP).2> Graphene dis-
persions so obtained could be further processed by tech-
niques such as density gradient ultracentrifugation to iso-
late single-layer and multilayer graphene with high
separation yield. Graphene nanoribbons'®? have been
fabricated by acid treatment of intercalated expandable
graphite and subsequent dispersion and sonication.

Dielectrophoresis has emerged as a powerful tech-
nique for the controlled fabrication of nanoelectronic
devices.?”8 Recently, thin-film devices of GO soot par-
ticles?® and epitaxial-graphene—GO junctions®® have
been fabricated by dielectrophoresis. Dielectrophoresis
has been applied to separate metallic and semiconduct-
ing CNTs®' and used for the fabrication of thin CNT
films with controlled alignment and properties.323> We
have recently demonstrated that individual CNTs can
be assembled at ultralarge integration densities into
functional electronic devices using dielectrophoresis.>*
Here, we successfully adopt a similar approach for the
fabrication of scalable arrays of functional, individual
FLG devices in a three-terminal configuration, although
the dimensionality of the FLG flakes is different from
that of nanotube or nanowires. This method holds vari-
ous advantages over other routes for graphene device
fabrication and allows for rapid screening of a large
number of flakes and devices.

RESULTS AND DISCUSSION

Figure 1 shows a representative region of the de-
vice array, where 11 out of 15 devices are successfully
bridged by a flake. A zoom in to five of these devices is
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shown in Supporting Information. The thickness of the
flakes and number of layers is subsequently confirmed
by AFM and Raman spectroscopy measurements. We
observe flakes of graphite (Figure 2a,b) and FLG (Fig-
ure 2d,e) and FLG nanoribbons (Figure 2g,h). SEM im-
ages of other such devices can be found in Supporting
Information. SEM shows that suspended graphite and
FLG sections have brighter contrast compared to the
substrate, while flakes laying flat on the substrate show
similar contrast to the substrate irrespective of the
number of layers and are identifiable primarily on the
basis of edge-contrast. Even within a single flake, re-
gions of different thicknesses can only be discerned in
the SEM if the edge-contrast is substantial. SEM imag-
ing was performed at 10 keV acceleration voltage, in or-
der to minimize surface-charging that might perturb
the electronic properties of graphene, as has been re-
ported in the case of CNTs.3>% In the absence of charg-
ing induced contrast mechanisms, the secondary elec-
tron emission coefficients of SiO, and C (graphene/
graphite) are nearly identical.?” In the case of CNTs, it
has been proposed that charging of a suspended CNT
in interaction with the electron beam causes large local
electric fields around it, which results in an enhanced
secondary electron emission.*® Similar contrast en-
hancement or suppression can be obtained by apply-
ing an appropriate external bias to the CNT.3° In an al-
ternate mechanism, it was reported that a fast electron
beam passing through a CNT can generate surface plas-
mons.”® These can excite and accelerate electrons
which give an enhanced secondary electron emission
probability to the CNT,*® and a similar effect might also
exist for suspended graphene. Considering the high
electron energies, high conductivity of the FLG, and the
low contact resistance (as shown later), we propose
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