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Folded graphene nanochannels via pulsed patterning of graphene
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We present a resist-free patterning technique to form electrically contacted graphene nanochan-
nels via localized burning by a pulsed white light source. The technique uses end-point detection
to stop the burning process at a fixed resistance to produce channels with resistances of 10kQ to
100 kQ. Folding of the graphene sheet takes place during patterning, which provides very straight
edges as identified by AFM and SEM. Electrical transport measurements for the nanochannels
show a non-linear behavior of the current vs source-drain voltage as the resistance goes above
20kQ indicating conduction tunneling effects. Electrochemical gating was performed to further
electrically characterize the constrictions produced. The method described can be interesting not
only for fundamental studies correlating edge folded structures with electrical transport but also
as a promising path for fabricating graphene devices in situ. Additionally, this method might also
be extended to create nanochannels in other 2D materials. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4918683]

Since the isolation of graphene in 2004' by micro-
mechanical exfoliation of graphite, its electronic, mechanical,
and structural properties have been studied extensively.z_6
With the advent of chemical vapor deposition (CVD) techni-
ques, large-area single layer graphene (SLG) became avail-
able,”” making possible top-down device architectures where
the graphene is patterned into desired shapes. Patterning
graphene into nanochannels is a pathway to high performance
electronics'®!" and is also interesting for biosensing applica-
tions such as DNA sequencing.'? One challenge is controlling
the properties of the edges of these structures, which can lead
to strong disorder. On the other hand, the production of folded
edges has been predicted as an alternate way to modify
graphene electronic structure and enhance its mechanical
properties.'*2°

Recently, the ablation of graphene by ultra-short laser
pulses has been demonstrated, and this technique often gener-
ates folded graphene edges;*'> however, so far the previous
works have been focused on either the patterning of graphene
into microribbons or on the understanding of the ablation pro-
cess itself. Differently, here, we used this approach to achieve
folded graphene nanochannels down to 30nm in width
with controllable resistance ranging from 10kQ to 100kQ.
A focused pulsed laser is scanned along the graphene to define
a cut while simultaneously employing end-point detection to
turn off the laser when a desired resistance is reached.
Additionally, we also have performed a detailed structural
analysis (by Scanning Electron Microscopy (SEM), Atomic
Force Microscopy (AFM), and TEM) of the morphology of
the folded structures produced, as well as nonlinear electrical
measurements and electrolyte gating to further characterized
the nanochannels.

We start by describing the sample preparation. Graphene
is grown on Cu foils inside a CVD chamber at 1000 °C and
low pressure of Hy/CHy (Pps =0.12 Torr). A 150 nm thick
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layer of PMMA is spun on top of the graphene/Cu surface,
and Cu is then etched away. After cleaning in several DI water
baths, the PMMA/graphene structure is transferred onto the
appropriate substrate. The PMMA is then removed using
solvents.

We first characterize the laser ablation process. CVD
graphene is transferred from the Cu substrate onto a 10 nm
SiN/Si TEM grid. As shown in Fig. 1(a), light from a nano-
second supercontinuum white light source (repetition rate
f=25kHz and pulse width 1-2ns) is ported into an inverted
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FIG. 1. (a) Sketch of the experimental set-up. (b) DF-TEM images for laser
bumt areas of graphene on top of SiN grid. The inset shows the diffraction pat-
tern of the graphene from where the indexing method for the zigzag (orange)
and armchair (magenta) directions are deduced.
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microscope and focused onto the graphene sample using a
40x Olympus objective with NA =0.9. Piezo-controlled
scanning mirrors are used to position the beam on the sample
with a minimum step size of 30 nm via a software interface.”®

Figure 1(b) shows Dark-field Transmission Electron
Microscopy (DF-TEM) images>’ of two ablated regions of
graphene on the top of the SiN grid created by a diffraction-
limit spot and an energy of 4 uJ per pulse. Micron-scale
holes are observed, with the boundary showing curled/folded
edges as reported previously.25 Also shown are the electron
diffraction patterns used to determine the crystallographic
orientation of the graphene. We label zigzag edges with
orange lines and armchair edges with magenta lines. These
results suggest that a high density of both armchair and zig-
zag edges might be generated during the cutting process,
consistent with work that studied e-beam induced crack
propagation and observed preferential tearing along zigzag
and armchair directions.?® Thus, this ablation method could
be a possible path to producing crystallographically-oriented
edges. However, it is also important to say, that we are not
looking at the edges at atomic resolution, so on the atomic
scale, the edges can be a mixture of zigzag and armchair as
well be rough still.*’

We next use this laser ablation technique to pattern elec-
tronic devices, as shown schematically in Fig. 2(a). First,
CVD graphene is transferred onto a 170 yum thick double-side-
polished fused silica chip (25 x 25 mm?) containing approxi-
mately 30 pre-patterned Ti/Au source/drain electrode pairs. A
photolithography step (which includes a new layer of PMMA
and photoresist) is used to pattern the graphene into rectangu-
lar (45 x 63 um®) regions that connect the source-drain elec-
trodes. Finally, PMMA/photoresist is removed with solvents
and thermal treatment (50% Ar/H,—300°C for 4 h). The typi-
cal resistance for the completed graphene devices range from
0.8 to 3kQ.

The procedure for laser-patterning of these devices is as
follows: the laser spot is positioned at one edge of the sam-
ple, then moved toward the center of the sheet while the de-
vice resistance is monitored via a LabView program
interface. When a setpoint value of resistance is reached, the
laser is shut off. A second cut is then made from the opposite
direction using a larger resistance set-point. The process can
be repeated as desired, narrowing the graphene into a nano-
channel of a desired resistance. The resistance versus time
during fabrication of a device with a final resistance of
100kQ is shown in Fig. 2(b). The lower portion of the figure
indicates the state of the laser beam. The resistance is stable
when the laser is off, but grows continuously as the laser
cuts the graphene. Resistances in the range of 10-100kQ are
reproducibly achievable. It is possible to obtain resistances
in the MQ range though such devices are often unstable.

Figure 2(c) depicts SEM images of typical nanochannels
produced by this process. The darker features at the edges of
the cuts indicate graphene folded structures. AFM images
(not shown) also reveal the formation of folded edges in
these devices. Using AFM and SEM images, we correlated
the resistance of the constriction with its width. Resistances
in the range of 10-20kQ corresponded to widths of
100200 nm, whereas resistances >50kQ corresponded to
widths of 50-100nm.***' The width of samples with the
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FIG. 2. (a) Sketch of CVD graphene patterned on top of Ti/Au electrodes
showing the laser path on both sides. Top view and side view of the cutting
procedure, also depicting the folding process of graphene layers. (b)
Resistance vs time behavior for a 100k constriction at 100 mV bias. The
inset shows the correspondent current vs time behavior for the same struc-
ture. The red diagram indicates the on/off laser state that can be set via a re-
sistance setpoint value. (c) SEM image of two opposite cuts that produce a
folded nanoconstriction (left) and nanochannel (right) in the graphene sheet.

highest resistance (in the MQ range) were too small to be
measured.

The I-V curves for devices before and after cutting are
shown in Fig. 3. Before cutting, the behavior is linear, as
shown in Fig. 3(a). After cutting, the /-V curve becomes
increasingly nonlinear as the device resistance grows, as
seen in Figs. 3(b) and 3(c) for an 80kQ and 300 kQ channel,
respectively (where the resistance was measured at 100 mV
bias). This behavior suggests that the constriction is behav-
ing as a tunnel barrier for current flow. This is further sup-
ported by the fact that the resistances are significantly higher
than for a single spin-degenerate channel, hi2e® = 12kQ.
The non-linear behavior found for our samples is consistent
with others reported in literature both for very confined gra-
phene bridges®* > and nanogaps formed when graphene
junctions undergo electrical breakdown.*® As a final probe of
the electronic properties, we use electrochemical gating with
a 10 mM KCl ionic solution to change the charge density in
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the device. Typical behavior for the conductance versus elec-
trolyte voltage is given in Fig. 3(d), showing a maximum in
the resistance at the Dirac point. This is similar to nanochan-
nel devices fabricated by standard lithographic techniques.

If the high resistance and electrical non-linear behavior
were due to the formation of a nanogap in the graphene and
tunneling across this gap, a gate dependence of the conductance
would not be expected.36 Consequently, the non-linear behavior
observed should be related to the formation of barriers within
the graphene. The origin of such barriers in graphene constric-
tions and nanoribbons has been the subject of intense debate.
Mechanisms proposed include the opening of an energy band
gap due to confinement effects (for widths < 10 nm), the forma-
tion of series of quantum dots due to a disorder potential,32’37_39
and/or Anderson localization.** Non-linear tunable transport
has also been observed due to localized states on graphene/gra-
phene oxide/graphene junctions and by defect induced localiza-
tion in graphene constrictions.***!

In fact, the non-linear behavior found in our folded chan-
nels is very similar to the ones reported in Ref. 34. In this
work, the authors have produced nanochannels with different
defect densities. The electrical behavior of the nanochannels
shows a non-linear behavior as the defect density increases.
For nanochannels with high defect densities, a strong suppres-
sion of the conductance with the back gate voltage was also
observed. The authors conclude that electrical characteristics
are dominated by strong localization of the carriers even at
room temperature and that the embedded low-defect density
induced a metal-insulator transition. However, a deeper
study must be performed in our samples to better clarify the
non-linear behavior observed, which was not the scope of the
present work.

In conclusion, we present a method to produce folded
graphene nanochannels with a controllable resistance using a
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laser ablation technique. In our measurements, the laser step
size was 30 nm, which ultimately set the limit of the channel
width. This suggests that this technique can likely be pushed
further to make even narrower channels. The cutting process
can be performed in a variety of different environments (liq-
uid, gas, etc), opening up interesting new possibilities in
manipulating the chemistry of the graphene edges created in
situ, as well as in introducing intercalating compounds
within the graphene folds. Finally, this method could also be
applied to produce nanochannels/nanoconstrictions in other
2D materials.*?
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