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Single layer graphene nano-gaps are fabricated by apply-
ing the method of feedback-controlled electroburning to
notched ribbon devices, which are plasma etched from
CVD grown graphene that is wet-transferred onto pre-
patterned metal electrodes. Electrical and structural char-
acterizations show that nanometer size gaps form at the
center of the notch. We have processed a total number of
1079 devices using this method with a fabrication yield of
71%. Our results demonstrate precise control over the size
and position of the nano-gaps, and open up the possibility
of graphene electrodes for large-scale integrated molecu-
lar devices.

Integrated circuits where each functional unit is formed by
only a single molecule will be the ultimate form of electronic
device scaling!. Experimental demonstrations of molecular
device functionality include rectifiers>3, switches* and tran-
sistors>®, and effects of quantum interference have been ob-
served in charge transport through single molecules’. To har-
ness the full potential of individual molecules, technological
progress towards robust and identical three-terminal devices
is necessary, including alternative electrode materials that are
stable at room temperature. Graphene is a promising candi-
date for the replacement of metal electrodes because of the
high-temperature stability of the covalent bond-structure (the
strongest C-C bond is the three fold coordinated sp> bond
in graphene), the ability to anchor diverse molecules cova-
lently or using ® — 7 stacking and the reduced screening of
the gate—field due to the extreme thinness of the electrodes (a
single atomic layer). Wafer-scale growth® and integration of
graphene with conventional silicon electronics® have recently
been been demonstrated.

Recent studies have reported two distinct approaches to-
wards the fabrication of graphene-based molecular junctions
based on electroburning '%!! and plasma etching'?. The for-
mer approach relies on the current induced breakdown of
graphene. The size of the nano-gaps can be controlled by ei-
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ther varying the partial pressure of oxygen!! or by feedback-
controlled electroburninglo, a method similar to feedback-
controlled electromigration !4, The feedback allows for pre-
cise control over the gap size which is typically 1-2 nanome-
ters. Although the fabrication yield of of electroburning is
high (9219-9511%), the position of nano-gaps fabricated is not
well controlled due to the random nature of the electroburn-
ing process. The latter approach is based on plasma etching
of chemical vapour deposition (CVD) grown graphene point
contacts. Over-etching the lithographically defined pattern
produces nano-gaps that are less than or equal to nanometer.
The use of large area CVD graphene enables the fabrication
of nano-gaps arrays on a wafer scale with precise control over
the position of the nano-gaps, however the yield of the plasma
etched devices is only 33%. In this letter we present a method
of fabricating arrays of single layer graphene nano-gaps that
combines these two approaches and provides a viable route for
achieving high-yield fabrication on a wafer scale.

The nano-gap fabrication strategy comprises a lithography
process where the minimum feature size is 200 nm followed
by a feedback-controlled electroburning process which results
in 0.5-2.5 nm sized gaps. We have processed a total number
of 1079 devices resulting in 776 nano-gaps. In this paper we
characterized the devices before and after the electroburning
process and studied the geometry of individual nano-gaps us-
ing atomic force microscopy (AFM). We have further investi-
gated the nano-gap formation by modelling the current density
in our device geometry.

We fabricated the graphene devices using a passive-first
active-last process flow, where the graphene is transferred onto
a pre-patterned silicon chip as illustrated in Figure 1(a-d). This
passive-first active-last fabrication process enables integration
of graphene into conventional silicon logic circuits®. Single
layer graphene (SLG) was prepared using a 1% CHg4:Ar gas
mixture at atmospheric pressure on liquid copper in a CVD
furnace at 1090°C. This method produces large area single
layer graphene!>. PMMA was spun across the SLG/copper
stack before etching the copper away with a 0.1M solution of
ammonium persulfate. The PMMA/graphene stack was rinsed
in DI water before being transferred onto the pre-patterned
1 x 1 cm? Si/SiO, chip (Figure 1 (a-b)). Each chip contains
540 pairs of Cr/Au electrodes that were patterned using elec-
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tron beam lithography and metal evaporation. After the SLG
is transferred onto the metal electrodes it is patterned into
notched ribbons by exposing a negative resist using electron
beam lithography followed by oxygen plasma etching (Fig-
ure 1(c-d)). Before electroburning the devices were annealed
at 350°C for 1 hour in an Ar atmosphere to remove residual
resist.

(a) (b)

Fig. 1 (a-d) Schematics for the the process flow of our device
fabrication. (e)Scanning electron micrograph of a single layer
graphene (SLG) notched ribbon between two Cr/Au contacts. (f)
Current — voltage (/-V) traces recorded during the
feedback-controlled electroburning. The feedback conditions used
were Alger = 6,9,12 and 15 pA for Vi, > 1.9,1.6,1.3and 1.0V
respectively.

Figure 1(e) shows a scanning electron micrograph of a SLG
notched ribbon between two Cr/Au electrodes. The feedback-
controlled electroburning is performed in air at room temper-
ature using an automated probestation. A voltage (V') applied
across the devices is ramped up at a rate of 0.75 V/s, while
the current (/) is recorded with a 200 us sampling rate. When
the feedback condition, which is set at a drop Al of the cur-
rent within the past 15 mV, is met the voltage is ramped down

to zero at a rate of 225 V/s. After each voltage ramp the re-
sistance of the SLG device is measured and the process is re-
peated until the low-bias resistance exceeds Rge;. To prevent
the SLG device from electroburning too abruptly at the initial
voltage ramps we adjust the feedback condition for each volt-
age ramp depending on the threshold voltage Vj;, at which the
previous current drop occurred.

A typical evolution of the current — voltage (I — V) traces
is shown in Figure 1(f). The first voltage ramp (red trace in
Figure 1(f)) shows a distinct region of negative differential
conductance (NDC). Regions of NDC or ’kinks’ in the / —V
characteristics of single layer graphene devices are a charac-
teristic feature of bipolar transport in single layer graphene '°.
Typically, graphene on SiO, is p-doped, with holes being the
majority carriers throughout the entire channel. When the
source—drain voltage V is increased, the current starts to sat-
urate as the electrochemical potential at the drain end of the
channel moves towards the Dirac point. At a particular volt-
age Viyink', the electrochemical potential at the drain end cor-
responds to the Dirac point resulting in a pinch-off at the drain
contact. By increasing V beyond Vi the pinch-off is moved
through the channel until the entire channel switches to elec-
tron carriers and the current will increase again. The value
for Vipine 1s dependent on the relative position of the Fermi
level from the Dirac point for the graphene electrodes, and is
therefore dependent on the doping level. We observe a shift
of Vikinke towards lower source—drain voltages with each elec-
troburning voltage ramp event. We attribute this to the removal
of residual resist from current annealing!”. The removal of
residual resist shifts the Fermi level closer towards the Dirac
point which corresponds to the shift of Ve towards lower
voltages. This increase in conductance has previously been
observed in electroburning of few-layer graphene flakes and
is attributed to the removal of residual resist by Joule heating
of the graphene. From the AFM image of the device in Fig-
ure 3, it can be observed that close to the notched region, the
graphene is much cleaner compared to regions further away.
This is an indication of residual resist removal from current
annealing during our electroburning process.

The geometry of the nano-gaps is characterized by measur-
ing the current—voltage curves using the same setup used for
the feedback controlled electroburning. Figure 2 shows a typ-
ical I —V trace of a SLG nano-gap after completion of the
electroburning process, i.e. after the low-bias resistance be-
comes larger than Ry. The non-Ohmic / —V traces measured
after the electroburning process are characteristic of transport
through a single tunnel junction. The size of the tunnel-barrier
can be estimated by fitting the / — V traces to the Simmons
model using the barrier height, width and asymmetry as fit-
ting parameters '%%19 The controllability and reproducibil-
ity of the nano-gap fabrication process were investigated by
fitting 328 devices to the Simmons model. The average gap-
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Fig. 2 Typical / —V trace of a SLG nano-gap. The / — V trace was
fitted to the Simmons model for tunnelling through a trapezoidal
barrier with the fitting parameters: barrier height ¢ = 0.26 eV;
barrier width (gap-size) d = 1.50+ 0.03 nm; and barrier asymmetry
o= —0.89£0.05. A fit to the Simmons model of 328 devices
yields an average gap-size of 0.5-2.5 for 96.5% .

size of 140 devices that underwent the electroburning process
with a stop condition Ry = 300 MQ is d = 1.42+£0.56 nm.
For the 167 devices that were processed with a stop condition
R = 500 MQ, the gap-size is d = 1.39 £0.46 nm. 94.8%
of 307 devices fitted return a gap size within the range of 0.5-
2.5nm, which make these graphene nano-gaps appealing for
contacting single molecules in molecular devices. The av-
erage fitted barrier heights is 0.24 £ 0.11 eV. Similar barrier
heights have previously been observed in electroburned few-
layer graphene nano-gaps ' and in electromigrated metal elec-
trodes .

To further investigate the formation of the nano-gaps, we
performed AFM on several devices after the electroburning
process. Figure 3(a,b) shows an AFM image of an elec-
troburned nano-gap. The AFM images show that the nano-
gap forms at the narrowest part of the notch. The formation of
the nano-gap at the narrowest part of the notch can be under-
stood from the fact that the current density, and therefore the
Joule heating, will be largest at the this point. We determine
the breakdown current as the current at which the feedback
condition is met for the first voltage ramp. The breakdown
current for the device shown in Figure 3(a,b) is 310 A, which
corresponds to a current density j = 4.7 x 10® A/cm? assum-
ing a van der Waals thickness of 0.355 nm as sheet thick-
ness. Breakdown current densities of j =~ 5 x 108 A/cm?® have
previously been reported for mechanically exfoliated SLG2C.
For 1079 devices we found an average breakdown current of
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Fig. 3 (a,b) AFM images of a typical graphene nano-gap after the
electroburning process. Light areas are graphene and dark areas are
the SiO, substrate. A gap can be discerned in the narrowest part of
the notch. Close to the notch, the graphene is free of residual resist
due to current annealing. Height profiles alongside and across the
nano-gap are shown in the Supplementary Information. (c)
Calculated current density profile for a pristine device. The thick
solid lines indicate the edges of the device, the narrow stream lines
illustrate the current flow. (d) Calculated current density profile in
the case of a partially formed nano-gap. The current flows around
the cracks extending inwards from the notch apex resulting in a
“hotspot’ at the crack-tip.
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324 £ 163 upA. Previous studies have suggested that the elec-
troburning process relies on a thermally activated reaction be-
tween carbon atoms and oxygen, based on the fact that the
nano-gap formation in graphene flakes takes places furthest
from the metal electrodes, where the temperature due to Joule
heating is highest. Our observation that the nano-gaps form
at the point where the current density, and therefore the Joule
heating, is maximum verifies this interpretation. The forma-
tion of the nano-gaps is expected to be mediated by the break-
ing of carbon bonds at the graphene edges because of the
higher reactivity of the edge-carbon atoms due to incomplete
sp2-hybridization?!->2>. We observe that the formation of the
nano-gap proceeds via a crack developing across the narrow-
est region of the notch instead of a gradual narrowing of the
entire notch region.

We have investigated the nano-gap formation by calculat-
ing the current density profile in the graphene notch. To cal-
culate the current density (j(r) = Vp(r), where p(r) is the
charge density) as function of position r, the Laplace equa-
tion V2p(r) = 0 was solved using conformal mapping (see
Supplementary Information). The current density is highest
at the apex of the notch (see Figure 3(c)), which is where ex-
perimentally observe the formation of the nano-gap. Figure
3(d) shows the current flow around a crack extending from
the apex of each notch, which was calculated using a Schwarz
transformation?®. Since the current is forced to flow around
the cracks, the current density is highest at the crack-tip. Once
a crack forms at the apex of the notch, it is therefore expected
to propagate through the material, rather than becoming wider,
in accordance with our observations. Our calculations and ex-
perimental findings demonstrate the ability to lithographically
control the position of the nano-gaps, which allows for the
precise alignment of the nano-gaps with other lithographically
defined structures.

Table 1 gives an overview of the success rate of the elec-
troburning process for a total number of 1079 devices on 5
chips. We identified three ways in which the electroburning
process can fail: i) the current required to start the electroburn-
ing process is larger than the maximum current supplied by
our voltage source; ii) the feedback-control did not ramp the
voltage back to zero fast enough, resulting in a nano-gap with
an infinite resistance (> 100 GQ); iii) the feedback-control is
too sensitive and ramps the voltage before electroburning oc-
curs. Whereas the second and third failures are intrinsic to
the feedback-controled electroburning process, the first fail-
ure occurs if the lithographically defined notch is too wide.
Because the first failure is not intrinsic to the electroburning
process and could be overcome by using a different voltage
source, we define the yield of the electroburning process by
only considering those devices where the threshold current is
within the range of our setup. Using this definition, we find
that the yield of the electroburning process is 85%. The total

Table 1 Fabrication yield of the feedback-controlled electroburning
process.

# of devices
Devices before electroburning 1079
Threshold current too high 167
Feedback not fast enough 67
Feedback too sensitive 69
Nano-gaps after electroburning 776

fabrication yield is 71%.

In this work, we have demonstrated the large scale fabrica-
tion of CVD graphene nano-gaps with a yield of 71%, through
a combined approach of conventional lithographically defined
plasma etching and feedback-controlled electroburning. AFM
images display a nano-gap located at the narrowest part of
the graphene notched ribbon. Fits of (I — V) data of 307 de-
vices to the Simmons model yield a gap size of 0.5-2.5nm
for 94.8% of the devices. The ability to controllably fabricate
and position nanogaps of 0.5-2.5nm make this technique an at-
tractive technique for contacting single molecules with litho-
graphically aligned gates. Our use of CVD graphene means
that this technique can be scaled up using wafer-scale grown
graphene. The passive-first-active-last process adopted in this
technique enables integration into conventional silicon logic
circuits. This scalable approach paves the way towards em-
ploying graphene electrodes for large-scale integrated molec-
ular circuits.
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