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Controlled electrobreakdown of graphene is important for the fabrication of stable
nanometer-size tunnel gaps, large-scale graphene quantum dots, and nanoscale resistive
switches, etc. However, owing to the complex thermal, electronic, and electrochemical
processes at the nanoscale that dictate the rupture of graphene, it is difficult to
generate conclusions from individual devices. We describe here a way to explore the
statistical signature of the graphene electrobreakdown process. Such analysis tells us
that feedback-controlled electrobreakdown of graphene in the air first shows signs of
joule heating-induced cleaning followed by rupturing of the graphene lattice that is
manifested by the lowering of its conductance. We show that when the conductance
of the graphene becomes smaller than around 0.1 G0, the effective graphene notch
width starts to decrease exponentially slower with time. Further, we show how this
signature gets modified as we change the environment and or the substrate. Using
statistical analysis, we show that the electrobreakdown under a high vacuum could lead
to substrate modification and resistive-switching behavior, without the application of
any electroforming voltage. This is attributed to the formation of a semiconducting
filament that makes a Schottky barrier with the graphene. We also provide here the
statistically extracted Schottky barrier threshold voltages for various substrate studies.
Such analysis not only gives a better understanding of the electrobreakdown of graphene
but also can serve as a tool in the future for single-molecule diagnostics.
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Whether it is the confirmation of molecular reality by French physicist Jean Perrin (1)
in 1909 or the famous 1916 article “The Atom and the Molecule” by Gilbert Lewis
(2) to name a few, the dawn of the 20th century demonstrated immense interest and
advancement in our understanding of the fundamental constituents of matter. It was only
in the latter half when, with the work of Aviram and Ratner (3), researchers started to
discuss how to use single molecules and atoms as electronic devices. With the invention of
the scanning tunnelling microscope (STM) (4, 5) in 1981, it became possible to see and
contact single molecules and atoms (6, 7). Soon after in 1992, Muller et al. (8) developed
the mechanically controlled break junction (MCBJ) technique and and in 1993 Agraı̈t
et al. (9) developed the STM break junction (STM-BJ), which can be used to controllably
create atomic-scale point contacts and tunnel junctions. The simplicity of both the
techniques made them immensely popular in the molecular electronics community. In
MCBJ, a metallic notched wire is controllably pulled apart using piezo motors and the
current through the junction is recorded. Similarly, in STM-BJ the tip is moved vertically,
in and out of contact with the substrate to form and break metallic contacts. Later,
Krans et al. (10) inferred by constructing histograms from the junction conductance
values during the rupture of Cu and Al that right before the junction breaks down into
tunnelling a single-atom contact is formed. Later a similar conductance quantization
was also shown for Au junctions (11–13). These conductance histograms became the
workhorse for studying electron transport through single molecules (14). The main benefit
of using such statistical analysis over studying individual traces is that it allows averaging
over many different atomic configurations to find the most stable of them.

In the last decade, researchers in the field of molecular electronics have explored
extensively the use of graphene as electrodes to bind and study single molecules (15–17).
These electrodes are more stable than metallic electrodes even at room temperature, due
to the reduced mobility of carbon atoms connected with sp2 carbon bonds. Graphene’s
two-dimensional structure also allows a reduction in the screening of the gate potential
compared to the metallic electrodes and produces negligible image charge effects. A
controlled joule heating or electrobreakdown (EB) is used to break graphene in a
controlled manner and create electrodes separated by nanometer-sized tunnel gaps. This
process is also called electroburning when oxygen is present in the environment; however,

Significance

We present here the statistical
signature of the joule heating of
graphene nanojunctions up to its
rupture limit. Our results over
different substrates help us derive
conclusions that are rather
difficult to make and comprehend
by studying complex individual IV
traces of electrobreakdown of
graphene in air and vacuum
environments. These statistically
robust conclusions can find their
application in making quantum
dots, resistive switches, and
well-defined single-molecule
junctions and even in rupture
analysis of graphene
interconnects in future
complementary metal-oxide
semiconductor (CMOS) devices.

Author affiliations: aDepartment of Materials, University
of Oxford, Oxford OX1 3PH, United Kingdom; and bSchool
of Physics and Astronomy, Queen Mary University of
London, London E1 4NS, United Kingdom

Author contributions: C.E., S.T., J.T., G.A.D.B., and J.A.M.
designed research; C.E., S.T., J.M.K., J.L.S., and J.C.
performed research; X.B., J.C., and J.T. contributed new
reagents/analytic tools; C.E., S.T., and J.A.M. analyzed
data; and C.E., S.T., and J.A.M. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).
1C.E. and S.T. contributed equally to this work.
2To whom correspondence may be addressed. Email:
mecsumit@gmail.com or ch.evangeli@gmail.com.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2119015119/-/DCSupplemental.

Published June 27, 2022.

PNAS 2022 Vol. 119 No. 27 e2119015119 https://doi.org/10.1073/pnas.2119015119 1 of 8

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2119015119&domain=pdf&date_stamp=2022-06-25
http://orcid.org/0000-0003-3867-8530
http://orcid.org/0000-0002-9229-0038
http://orcid.org/0000-0003-1959-1675
http://orcid.org/0000-0003-1950-2097
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mecsumit@gmail.com
mailto:ch.evangeli@gmail.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119015119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119015119/-/DCSupplemental
https://doi.org/10.1073/pnas.2119015119


as we further discuss, it fails to describe the breakdown process in
vacuum. Both EB and BJ techniques can result in tunnel junctions
with unknown atomic configuration that affects the electronic
transport characteristics of the leads and also the single-molecule
junctions measured with these electrodes (14). Current has been
also used for cleaning of graphene (18) and for sculpting of edges
in graphene (19). In BJs, the junction formation is a purely
mechanical outcome due to the pulling action on the two ends of
a notched wire (with the exception of the electromigrated break
junction) and thus can be modeled using pure molecular dynamic
simulations (20–22). On the contrary, the EB process used to
make graphene junctions has complex electron–atom interactions
in play and cannot be modeled by molecular dynamics. Recently,
we have shown that the start of the electrobreakdown process can
be modeled sufficiently accurately using electron–phonon interac-
tions (23). It is very difficult, however, to model the whole process
amid many dependent factors that can influence it, such as the
substrate, the environment, the quality of the graphene, starting
configuration, localized thickness variation, localized charge accu-
mulations, new defects formation, and more. The characterization
of the width of the nanogap formed by EB is also difficult using
direct measurement methods (like scanning electron microscopy
[SEM]/transmission electron microscopy [TEM]/scanning tun-
nelling microscopy [STM]/atomic force microscopy [AFM]) and
is commonly estimated by fitting the IV characteristics (or resis-
tance) using the Simmons model. The Simmons model has been
derived for three-dimensional (3D) metallic electrodes (24) (along
with a recent erratum) (25) and its use has not been verified
for two-dimensional (2D) electrodes. Currently, for graphene
electrodes, it is used with a few free parameters: the gap width,
the barrier height, the cross-section area of the junction, and
the asymmetry in the bias voltage response. Among others, the
cross-section area of the junction is difficult to estimate, as there
is no reason to assume the cut made by EB forms two parallel
edges on the electrodes. Thus this value has to be fixed manually.
Approximate values for the barrier height reported by different
groups are around 0.24 to 0.5 eV, which are much smaller than the
work function of graphite (around 5 eV) (17). Moreover, substrate
effects (if any) on the tunnelling process could lead to a broad
range of possible values for the barrier height. Thus one should
be leery of the gap width obtained by the Simmons model for
graphene electrodes.

Most of the experimental demonstrations for visualizing EB
or joule heating of graphene using TEM/SEM are performed on
suspended graphene devices (26–28) or on top of thin mem-
branes (29). However, for large-scale fabrication of graphene
quantum dots and stable nanometer gaps, the EB has to be per-
formed on a substrate and thus it is very important to understand
it in this configuration. Candini et al. (30) have shown that
graphene on SiC electroburns normally under ambient condi-
tions, but it does not break at all under vacuum. On comparing
this to electrobreakdown on a SiO2 substrate Candini et al. (30)
claim that the substrate’s oxygen content plays a role in vacuum

electrobreakdown (VEB). On the contrary, El Abbassi et al. (31)
claim that the substrate plays no role in VEB. They used a
pulsed electrobreakdown technique where instead of slow con-
trolled saw-tooth pulses, sharp square pulses of varying heights
were used. Additionally, they report that at higher fields (bias
≈ 9 V) electroforming of the SiO2 substrate can occur (32),
giving rise to switching behavior; however, they did not see any
switching behavior on silicon nitride substrates, thus claiming
that it is a substrate-dependent phenomenon. Electroforming is an
electrical breakdown process usually reported in metal–insulator–
metal junctions. However, it is not an irreversible breakdown, but
is instead followed by resistive switching of the newly formed
conducting pathways in the insulator. There is a simple way to
not confuse between electrobreakdown and electroforming. Elec-
trobreakdown is a term used to represent joule heating of graphene
from nanometer-size junctions to breakdown. Electroforming in
graphene occurs at the end of the electrobreakdown process, when
a small tunnel gap is opened between the two newly formed
graphene electrodes. The electroforming voltage depends on the
size of the gap between the electrodes (33) and usually is above
20 V. Nevertheless, Chang et al. (34) have shown that vertically
stacked SiO2 60-nm thin films can be electroformed at 8 V. He
et al. (35, 36) studied electroforming and resistive switching in a
graphene–SiO2 –graphene structure under vacuum (Table 1). The
graphene is ruptured here via joule heating (without feedback)
and the voltage is increased (even after graphene breakdown) to a
forming voltage (10 V) that initiated resistive switching. The gap
between the two graphene electrodes in their case is around 30
to 100 nm. This gives rise to ON and OFF resistive states with
set and reset voltages of around 2.8 and 5.5 V, respectively. They
have shown via high-resolution TEM images that these resistive
states are formed due to a channel of crystalline Si nanoparticles
created between the two graphene electrodes. Such a switching
is not observed when the rupture is performed under ambient
conditions, where the reduction of SiO2 to Si nanoparticles is not
feasible. Usui et al. (37) laid down three mechanisms according to
which the electrical breakdown of SiO2 thin films can take place—
impact ionization, trap creation, and anode hole injection. They
show that SiO2 films smaller than 10 nm remain stable below
2.7 V/nm field strength and that above this electrical breakdown
takes place. Resistive switching behavior is also observed in sus-
pended graphene devices (i.e., without any substrate effect) (27)
with a comparable switching ON (2.5 to 4.5 V) and OFF (8 V)
pulse.

The exact mechanism of EB in different environments (air or
vacuum) has been debated previously and a primary consensus is
that the EB in air happens due to oxidation while in vacuum it
happens due to sublimation. However, there is no consensus on
the effect of the environment and the substrate. Unlike BJ, the
EB process has not been explored so far by performing detailed
statistical analysis. The underlying reason is that in BJ, continuous
rupture-formation steps can be performed, giving large statistical
sets, which is not feasible in the EB process.

Table 1. Resistive switching: Comparison of various switching parameters derived in our study with others found
in the literature
Ref. MIM Process Tunnel gap, nm Vforming , V Vset , V Vreset , V
He et al. (35) Gr-SiO2-Gr Joule heating > 30 10 2.8 5.5
Chang et al. (34) TaN-SiO2-Si Lithography 60 8 3.5 4
Posa et al. (32) Gr-SiO2-Gr Joule heating < 5 9 4.4 5.5
Our work Gr-SiO2-Gr Joule heating — < 5 2.3 4

Gr-Al2O3-Gr Joule heating — < 5 2.8 5
Gr-AlN-Gr Joule heating — < 5 2.3 4.8

MIM, metal–insulator–metal.
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Fig. 1. (A) Schematic comparison of BJ and electrobreakdown. In MCBJ, a notched metal (M) wire is broken with the help of a piezo that is powered by sawtooth-
shaped voltage ramps [Vp(t)]. These ramps are feedback controlled by the current values measured across the junction. This is similar to electrobreakdown
where a graphene nanoconstriction (Gr) is burned using a feedback-controlled sawtooth-shaped voltage ramp [Ve(t)]. The table provides analogous terms
between the two methods. (B) Typical IV trace fan plot of EB process in ambient conditions. (Inset) Examples of concave-up and concave-down IV traces.
(C) Two-dimensional zero bias conductance histogram for electrobreakdown of graphene on SiO2 under ambient conditions of 132 devices.

In this article we show a way to map the statistical signature
of electrobreakdown in graphene nanojunctions by analyzing lots
of data for hundreds of devices and use this to study the effects of
different environments and substrates. Such an analysis helps to
make conclusions that would be rather difficult to make and com-
prehend by studying individual traces that are collected during
the complex set of events that happen while in electrobreakdown.
Performing a statistical analysis also takes care of the device-to-
device variations.

Statistical Analysis

To understand how, in the absence of continuous rupture–
formation steps, a statistical analysis of electroburned junctions
can be performed, we have to first look closely into how the EB
process takes place. EB corresponds to the rupture of the carbon
lattice of graphene by passing a large electrical current through
it. In 2011, Prins et al. (15) devised a procedure to perform EB
in a feedback-controlled manner that has been widely used since
then. In this paper, first a narrow constriction (a few hundred
nanometers wide) is formed in graphene using a standard electron-
beam lithography technique. A steadily increasing voltage ramp
(around 5 V/s) is then applied over this graphene nanoconstriction
using prefabricated contact pads while continuously monitoring
the current. A feedback loop is switched on if a sudden decrease
in the current of more than 5% is recorded. Once the feedback
loop is initiated, the voltage is quickly ramped down to zero with
a rate of around 500 V/s. The sudden decrease in current is seen
as a sign of the rupture of carbon–carbon bonds close to the
nanoconstriction and thereby a reduction in the constriction’s
width. The cycle is then repeated until the constriction breaks
down completely and a tunnel junction is formed.

Two-Dimensional–Conductance Histogram

The EB process has a close procedural analogy with BJ, which
forms the basis of our statistical analysis. Two-dimensional his-
tograms of normalized conductance on the vertical axis and net
z distance traveled by the piezo in the horizontal axis have been
drawn earlier for analyzing MCBJ experiments (38). They proved
to be useful in detecting multiple stable configurations and to
obtain a size measurement of a molecular bridge, if any. In BJ, the
(metallic) junction is formed and broken in repeated piezo cycles
driven by sawtooth voltage pulses (Vp(t)) swept at a constant
rate (Fig. 1A). Thus, the net z distance swept by the piezo is
proportional to the net accumulated voltage (Vp) or the time
(t). Even though the current (I) is continuously recorded in these
experiments, the conductance values plotted in the 2D histogram
are usually collected at the end of each piezo sweep [G(0V )].
This is done to avoid the effect of cross-talk between the piezo
high-voltage line and the current measurement line.

For EB of the graphene we also utilize a similar feedback-
controlled sawtooth voltage pulse [Ve(t)], which is swept at a
fixed rate (r = 5 V/s); see Fig. 1B for a typical fan plot for
the IV traces during EB. Thus, in analogy with the BJ, one can
construct a 2D histogram with the vertical axis as conductance (in
the units of conductance quantum, G0), measured at the start of
each voltage sweep (thus a zero-bias conductance), while the hor-
izontal axis is forward accumulated voltage (Ve ) or time (Ve/r).
The EB finishes when the junction is broken to a threshold
resistance (around 1 Gohm) or a maximum of 200 cycles. Fig. 1C
shows such a 2D-conductance histogram of electrobreakdown
of graphene on SiO2 substrate in air. The histogram counts are
calculated by binning linearly the time data and logarithmically
the normalized conductance data and the counts are represented
by a color bar. This can be seen as a signature plot of EB of
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graphene on SiO2 in air. We have chosen a colormap with discrete
colors to show all the data at a complete range and to be able to
show all features in the different plots with the same colormap.
This kind of colormap is typically used in 2D histograms of BJ
experiments (39) (see also SI Appendix for a comparison between
linear and nonlinear colormaps).

Before we discuss how this signature 2D-histogram plot mod-
ifies as we change the substrate and/or the environment, let us
point out some marked differences between this and standard 2D-
conductance histograms plotted for metallic junctions. In metallic
junctions formed using the BJ technique the 2D histograms
usually show a sudden drop once the junction is broken. After
this, an exponential drop in conductance signifies the tunnelling
regime. The sudden drop is usually attributed to the pullback
effect or jump out of contact where after the junction is broken the
apex atoms in the two newly formed freely suspended electrodes
relax. This relaxation happens at picosecond timescales, producing
a sudden drop in conductance. Such a sudden jump is not visible
in the case of the graphene EB owing to the stable hexagonal lattice
structure of graphene and the van der Waals interaction between
graphene and the substrate (40).

We see, however, a region where the conductance drops expo-
nentially with time (Fig. 1C ). Fitting suggests that the normalized
conductance (G/G0) drops an order of magnitude roughly every
43 s. Han et al. (41) and Qi et al. (42) have shown experimentally
that the intrinsic conductance of graphene varies linearly with the
width of the notch; i.e., G = 0.15 e2

h w . This linear dependence of
conductance on the width, in combination with the exponential
decrease of conductance with time that we have found in our
statistical analysis, suggests that the effective width of the notch
decreases exponentially slower with time during the end part of
the EB process (enclosed with dashed black lines in Fig. 1C ). Con-
sidering the complexity of a joule-heating–induced breakdown of
graphene lattice, it would be naive to assume that the breakdown
happens edge to edge. Rather, there could also be initiation points
in the bulk of the graphene where the carbon lattice might break
and/or localized increase of disorder can happen. This can cause
formation of multiple potential barriers and scattering centers.
Thus it would be more appropriate to talk in terms of effective
notch width. The exponentially slower decrease of effective notch
width could be attributed to the decrease of the current that passes
through the device as the defects in the vicinity of the notch
increase. There is, however, also a role that the feedback loop plays
here, which we discuss in the next section.

At the start of the EB, the 2D-conductance histogram shows
that there is a rise in the conductance of the graphene nanojunc-
tion. This is due to the current-induced cleaning of the graphene,
which initially improves the transport through the graphene.
After that when the carbon lattice starts to rupture, more and
more defects are formed near the constriction and the effective
notch width decreases and thus the conductance starts to drop.
As we have discussed in our recent publication (23), in vacuum
conditions, the transport through the graphene remains diffusive
until the zero-bias conductance is above 1 G0. In this regime, the
current increases linearly and then starts to saturate at high electric
fields. This has been attributed to the activation of optical phonons
(23).

Effect of the Environment in the Conductance
Histogram

We have shown so far the statistical signature of electrobreakdown
of graphene on SiO2 in the air. In Fig. 2 we show 2D-conductance
histogram plots of electrobreakdown in vacuum. We observe

Fig. 2. (A–C) Change in the statistical signature of the electrobreakdown
process for graphene on a SiO2 substrate for different pressures: (A) P = 1
mbar for 31 devices, (B) P = 0.2 mbar for 38 devices, and (C) P = 0.002 mbar
for 95 devices.

here that just by changing the environment the 2D-conductance
histogram shows a completely different signature while everything
else is kept the same, including the shape and the rate of the voltage
ramps, the feedback condition, the substrate, and the initial
notch size. The three plots Fig. 2 A–C show how the histogram
signature changes while lowering the vacuum chamber’s pressure.
Two important features to note here in the high-vacuum data are
the following: First, the burning takes a much longer time and
many junctions here never progress to a conductance value below
the threshold setpoint and the process has to be aborted after 200
cycles. Second, the histogram does not show a clear exponential
drop of conductance with time as we observed in air; rather, a
horizontal band appears slightly below 1 G0.

To deepen our understanding we built a conductance-curvature
histogram. Here, the individual traces are further classified into
two categories depending on the curvature of the IV plots dur-
ing each trace—a concave-down ( d2I

dV 2 ≤ 0) and a concave-up
( d2I
dV 2 > 0) curvature, as shown in Fig. 1 B, Insets. We then rank

the individual traces based on the strength of their curvature (in
both positive and negative directions). For this, we did an empiri-
cal fit of individual traces to a quadratic polynomial (I = aV 2 +
bV + c) and the coefficient (a) of the quadratic term provided
the required values. Using this we plot a conductance-curvature
histogram shown in Fig. 3B. To construct this, 95 high-vacuum
electrobroken devices were used. For comparison, we also plot a
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Fig. 3. Two-dimensional conductance-curvature histogram for electrobreakdown under (A) ambient conditions for 132 devices and (B) vacuum for 95 devices
(same as in Fig. 2C). The thick black dashed ovals encircle the LCS and HCS. (C) ΔG

G0
histogram constructed with all the vacuum datasets. Here, ΔG =

G[i] − G[i − 1] and G[i] is the zero-bias conductance at the end of the ith cycle. ΔG is negative for reset processes and positive for set processes of the resistive
switching behavior and they are enclosed in light-blue dashed ovals.

similar histogram for EB in air (Fig. 3A). The positive curvature
corresponds to tunnelling (exponential) IV characteristics and so
at low conductance values we see statistically more counts on the
positive side of the curvature. This is visible both in the VEB and
the atmospheric electrobreakdown. Similarly at the start of the EB
when the conductance values are high, we are in a diffusive regime
as mentioned earlier and so we expect to see statistically more
counts on the negative side of the curvature axis. However, in the
VEB case, the conductance curvature histogram shows that there
is an accumulation of points appearing on the positive curvature
side at high conductance values, slightly below 1 G0. Earlier we
noticed that such a localization in the 2D-conductance histogram
occurs only along the conductance axis and was spread around
the time axis; however, we see now that it is localized also around
a specific curvature value. A similar localization is also noted in the
power-curvature histogram in SI Appendix, Fig. S1. Here, power
was calculated from the maximum current and voltage value for
each EB cycle. These two separate localized groups correspond to a
low-conductance state (LCS) and a high-conductance state (HCS)
and point toward a switching behavior. We confirmed this also by
checking individual traces. Fig. 4A shows an individual switching
device during VEB using a normalized zero-bias conductance
variation plot with an EB cycle index. Resistive switching is
initiated after around cycle index 40 in this example and then the
device starts switching between two conductance states. Thirty-
one of 95 devices studied show this behavior. These along with all
the other devices constitute the HCS and LCS regions marked in
Fig. 3B. The IV forward (purple arrow) and return (pink arrow)
traces together selected at the yellow and red points in Fig. 4A
show the set and reset actions (Fig. 4 B and C ). A resistive
switching between a LCS and a HCS points toward some type of
electroforming process happening. For electroforming, the voltage
across the dielectric has to be ramped up until an electroforming

voltage is reached and the resistive switching is activated. This
voltage depends on the width of the dielectric or the gap between
the electrodes. The smaller the gap is, the smaller the electro-
forming voltage. Nevertheless, it has been shown that resistive
switching can also be initiated without electroforming (43–45). In
the feedback-controlled EB protocol that we use, a predetermined
forming voltage was not applied. We do not know whether we
are tapping into an electroforming-free (or self-electroformed)
resistive switching behavior here, but we can extract an upper
limit to the forming voltage, if any, that we might have reached
during EB of the graphene. This will be the maximum voltage
just before the resistive switching is initiated. For the complete
vacuum dataset, the mean set and reset voltages are 2.5 and 4 V,
respectively, and the upper limit of the extracted electroforming
came out to be equal to the mean reset voltage. Fig. 4D has two
one-dimensional (1D) histograms showing the distribution of set
and reset voltages extracted from all the switching points (for
example, the yellow and red points in Fig. 4A) in all the devices.

Discussion on the Effect of Feedback

The electrobreakdown described in this article is performed using
a usual feedback-controlled procedure (16). This feedback plays
a role in the statistical signatures shown earlier and should be
addressed. In Fig. 1C we show that the graphene junction gets ini-
tially cleaned using joule heating with an increase in conductance
followed by a decrease, which signifies the start of the rupture
of graphene lattice, which becomes exponentially slower at the
end. Some of these features should be there even if the burning
is done without feedback; however, the whole process will then
go much faster. The feedback slows down the process leading to
controlled electrobreakdown and pronouncing certain features in
the histogram, which is explained below. The same happens with
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Fig. 4. (A) An example device showing evolution of individual zero-bias
conductance over all the cycles showing the switching behavior observed
statistically in Fig. 3. The yellow and red circles show the first pair of set and
reset points in the device. (B and C) Individual examples of a reset and set
where zero-bias conductance cycles from HCS to LCS (B) and from LCS to HCS
(C). (D) Joint 1D histograms showing the distribution of set and reset voltages,
constructed using devices showing switching behavior for SiO2 substrate (31
of 95).

the VEB and especially the switching behavior. We have shown
how VEB leads to resistive switching behavior. As shown by He
et al. (35, 36), in SiO2 this switching behavior is a result of the
formation and reoxidation of crystalline Si-nanoparticles (cSiNP)
arrays. The feedback control again slows down this oxidation
reduction process. For example, if the system is in the HCS, this
means there is a more dense network of these cSiNP between
the two graphene electrodes. If we ramp up the voltage across
electrodes with the feedback ON, the feedback gets triggered at
small electrostatic rearrangements of the cSiNP and ramps the
voltage back to zero. This will lead to multiple points that we see
in the HCS plateaus (Fig. 4A). The HCS plateaus end when a
reset voltage is reached, causing oxidation of many of the cSiNP
to SiO2, and the system moves to the LCS. A similar effect of
feedback triggering would also lead to the points in the LCS
plateaus. Together these extra points in the HCS and LCS plateaus
give rise to more counts seen in the HCS and LCS regions in Fig. 3
E and G even though only around one-third of the devices were
showing switching behavior. Recently, Pósa et al. (46) showed that
the resistance noise of the junction could also trigger false feedback
events.

As we mentioned, the feedback parameters affect the HCS
and LCS regions, but they cannot affect the set and reset jumps
happening from LCS to HCS and vice versa, respectively. We
constructed earlier (Fig. 4D) 1D histograms to extract the set
and reset voltages. Another way to statistically analyze the set
and reset processes is by constructing a ΔG

G0
histogram, where

ΔG =G [i ]−G [i − 1] and G [i ] is the zero bias conductance
at the end of the i th cycle. A reset (step down) from HCS to LCS
has a negative ΔG while a set has a positive ΔG . Fig. 3C shows
the constructed histogram over all the VEB datasets. The vertical
axis is plotted in logarithmic scale for better visualization. The set
and reset events correspond to bigger changes in the conductance
and thus have larger ΔG values and are present close to zero in
the normalized conductance log scale. These are enclosed by blue
dashed ovals in Fig. 3C. The small fluctuations in the HCS and
LCS plateaus will form groups that will sit far away from the
center with higher negative values. These are enclosed by black
dashed ovals. We can resolve here the set and reset jump events
in the complete statistical dataset, giving an alternate univocal
confirmation of resistive switching. In Fig. 3 D and E we plot the
separate 2D histograms for only the devices that show switching
behavior and otherwise. As expected, the set and reset regions are
visible only in devices that show switching.

Schottky Barrier Evidence

The formation of Si-nanocrystalline pathways between the two
graphene electrodes and their oxidation (to SiOx ) causes resistive
switching as shown by He et al. (35, 36). Although we cannot
directly verify this with our statistical analysis presented here,
we expect that such semiconducting filaments or nanocrystalline
pathways should also create Schottky barriers with the graphene
on top.

To explore this we searched for a Schottky diode signature
in the individual IV traces. The presence of a Schottky barrier
should give a kink at the threshold or “knee” voltage (Vknee ) in
the IV trace. See Fig. 5A for an example trace with a kink. To
extract this we selected first all the positive curvature IV traces.
Then we differentiated the current twice with the voltage, which
should give a peak at the position of the kink (Fig. 5B). To avoid
spurious spikes that could appear while differentiating noise in
the traces, a Savitzky–Golay filter is used for smoothing. We did
this double derivative for each IV trace for all the devices and then
binned their sum over different voltage values. Fig. 5C shows the
generated d2 I/dV2 plot that has a strong positive peak with a
mean of around 2.3 V. The results shown in Fig. 5 A and B are
for an example trace of a single device. Along with the 2.3-V
peak, multiple other kinks and peaks are also visible. We can
speculate that multiple factors contribute to this, which include
atomic-scale fluctuations and geometrical rearrangements due to
the sudden surge (increase) in current as the voltage across the
device exceeds the Schottky limit (46, 47).

To confirm whether this peak indeed corresponds to the Schot-
tky diode, we collected all the individual traces that contribute to
the peak and plotted an IV histogram (Fig. 5D). There is a kink in
IVs in the selected statistical ensemble. Usually, Schottky barriers
are characterized by calculating the barrier heights; however, such
a calculation requires certain preinformation about the semicon-
ductor, like Richardson’s constant. Due to lack of such informa-
tion, we could calculate only the knee voltage (Vknee ) after which
the electrons that are pumped in through the graphene leads have
enough energy to go over the Schottky barrier. These traces with
Schottky diode characteristics are distributed nearly everywhere
on the positive curvature if plotted in the curvature histograms;
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Fig. 5. (A) Example IV trace of an individual device showing a kink structure and a corresponding smooth fit. (B) The d2 I
dV2 plot for above IV trace showing a peak

at the position of the kink. (C) Average of all the d2 I
dV2 traces binned along the voltage axis. (D) IV trace histograms of vacuum electrobreakdown for graphene

on SiO2 showing a sudden rise in current after a knee voltage (diode characteristics) due to the formation of a Schottky barrier between graphene and the
semiconducting filament formed underneath.

however, localization could be spotted near the HCS or ON state
(SI Appendix, Fig. S10). This provides a further confirmation of
why the kinks observed here are not due to Fowler–Nordheim
(FN) tunnelling. FN tunnelling is usually attributed to metal–
insulator–metal systems or for large tunnel gaps. He et al. (35)
also used it to describe their OFF state.

Effect of Substrate

For further investigation, we repeated the VEB also for Al2O3,
AlN, and quartz substrates using the same feedback control pro-
tocol. The EB of graphene over bulk quartz substrate was difficult
and, in many instances, the junction did not break even up to
10 V. This is interesting because Candini et al. (30) have shown
that it was not possible to do VEB for graphene on SiC, while
it works for SiO2 substrate, suggesting the oxygen content in the
substrate is the key to electrobreakdown in vacuum. The quartz
crystal has sufficient oxygen content but the EB still does not
occur. We attribute this to better heat dissipation through bulk
quartz, resulting in less efficient heating of graphene than with the
layered substrates. The addition of thin SiN, Al2O3, or SiO2 layers
adds additional thermal interface resistances between graphene
and the bulk Si heat sink, resulting in a poorer cross-plane heat
dissipation, even if the in-plane heat dissipation within the thin
layers is high. The VEB of graphene on Al2O3 and AlN showed
a similar statistical signature to that for SiO2. All corresponding
plots are provided in SI Appendix, Figs. S2–S8. We observed here
a similar resistive switching and the presence of a Schottky barrier
was also recorded. We thus expect a semiconducting filament is
also being formed here. It will not be crystalline Si nanoparticles,
but something else. We can extract the corresponding Vknee

voltages for these other substrates and they are also tabulated in
Table 2. But it is difficult to say anything about the composition of
the filaments using just that. Also, the switching mechanism here
could be different from the redox mechanism that exists for SiO2

Table 2. Schottky barrier threshold voltage for the
filaments
Substrate Vknee, eV (devices)
SiO2 2.26(95)
Quartz 2.7(31)
AlN 2.48(28)
Al2 O3 2.36(38)

substrate. The corresponding d2 I/dV2 plots for all the substrates
are also provided in SI Appendix, Fig. S9.

Multiple factors could influence the electrical breakdown pro-
cess in graphene, which include oxygen content in substrate and
the environment; the local temperature variations on the graphene
(which can depend on the position of defects, localized charge
accumulations, etc.); and heat conductance pathways through
the substrate, graphene, and the medium or environment. The
differences in the conductance histograms for different substrates
would depend on all of these. To pinpoint their individual contri-
butions and to study what happens to the substrate (for example,
filament formation) would require performing high-resolution
TEM imaging or some type of surface nanochemical analysis
during the electrobreakdown (29). This would be interesting to
see; however, the challenge here is also to do it on a large number
of devices to get statistically relevant conclusions.

Conclusion

We have shown how one can perform statistical analysis on the
data acquired during feedback-controlled electrobreakdown of
graphene. We plotted 2D-conductance histograms for electro-
breakdown in different environments and different substrates.
This analysis suggests that while electrobreakdown is taking place
in air, below a threshold zero-bias conductance (around 0.1 G0),
the graphene effective notch width starts to decrease exponentially.
We have demonstrated how the statistical signature of electro-
breakdown changes drastically as we decrease the pressure. We
studied electrobreakdown on SiO2, AlN, Al2O3, and bulk quartz
substrates and observed that electrobreakdown in a vacuum is
also closely linked to the chosen substrate and the process behind
vacuum electrobreakdown is substrate-mediated sublimation of
graphene. This substrate-mediated sublimation further leads to
the creation of semiconducting filaments, which forms a Schot-
tky barrier with the graphene on top and also causes resistive
switching. These resistive switchings either are activated without
electroforming or require very small electroforming voltage that
could be due to the small controlled nanogaps creation. We
deduced also the threshold voltage of the Schottky barriers for
filaments formed over different substrates. Further theoretical and
experimental studies would be required to deduce the composition
of these filaments in the case of AlN and Al2O3 substrate and learn
the corresponding resistive switching mechanism.
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Our conclusions here are all robust in nature, as the analysis
was performed on a large dataset and thus helps us understand the
electrobreakdown process as a whole rather than the characteristics
derived from individual traces. This could also become a useful
tool to understand the transport properties of single molecules
deposited on such graphene nanojunctions.

Materials and Methods

Identical bowtie graphene devices are fabricated as wafers as follows: The
graphene is grown via chemical vapor deposition (Graphenea S.A.) and
transferred onto a prepatterned quartz or doped Si wafer with 300 nm of SiO2

substrate with Cr/Au electrodes. The graphene is patterned into a 200 nm-wide
bowtie-shaped constriction using electron-beam lithography and oxygen plasma
etching (16). In some cases before graphene transfer an additional 20-nm layer
of Al2O3 or AlN is deposited on top of SiO2 by atomic layer deposition.

Data Availability. Raw data and analysis script have been deposited at the
Oxford University Research Archive (48). All other study data are included in this
article and/or SI Appendix.
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