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Abstract

Glassy carbon nanofibers (GCNFs) are considered promising candidates for the fabrication of nanosensors for
biosensing applications. Importantly, in part due to their great stability, carbon electrodes with sub-10 nm nanogaps
represent an attractive platform for probing the electrical characteristics of molecules. The fabrication of sub-10 nm
nanogap electrodes in these GCNFs, which is achieved by electrically stimulating the fibers until they break, was
previously found to require fibers shorter than 2 um; however, this process is generally hampered by the limitations
inherent to photolithographic methods. In this work, to obtain nanogaps on the order of 10 nm without the need for
sub-2 um GCNFs, we employed a fabrication strategy in which the fibers were gradually thinned down by
continuously monitoring the changes in the electrical resistance of the fiber and adjusting the applied voltage
accordingly. To further reduce the nanogap size, we studied the mechanism behind the thinning and eventual
breakdown of the suspended GCNFs by controlling the environmental conditions and pressure during the
experiment. Following this approach, which includes performing the experiments in a high-vacuum chamber after a
series of carbon dioxide (CO,) purging cycles, nanogaps on the order of 10 nm were produced in suspended GCNFs
52 um in length, much longer than the ~2 um GCNFs needed to produce such small gaps without the procedure
employed in this work. Furthermore, the electrodes showed no apparent change in their shape or nanogap width

after being stored at room temperature for approximately 6 months.

Introduction

One of the many challenges toward the development of
molecular-scale sensing devices is the issue of how to
connect molecules or similar sized nanostructures to the
outside world. To this end, electrodes separated by a few
nanometers, known as nanogap electrodes, are commonly
used to probe the electrical properties of these nanoscale
objects. Consequently, the fabrication of nanogap elec-
trodes has been the subject of great interest for
researchers in the field of molecular-scale devices who
employ techniques such as mechanical break junction
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(MB))}, focused ion beam (FIB)? electromigration3 and
photolithography™”. Usually, the choice of fabrication
technique is made according to the type of nanogap
geometry required for the intended application. For
example, MB]J or electromigration is suitable for obtaining
fine point-like electrode tips, with surface areas appro-
priate for direct interfacing at the molecular-scale. Pho-
tolithography which can be used for the fabrication of larg
rectangular nanogap electrodes whose surface area is
increased to improve their performance in electro-
chemical sensing applications®. In all of these fabrication
methods, the most frequently used material has been
gold®™®. As a result of numerous studies performed using
this metal, the technology is now at a point where
nanogaps of only a few nanometers can be produced with
yields close to 100%. However, some drawbacks from the
use of this metal for the construction of nanogaps have
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been reported. Among the drawbacks of this type of
electrode is stability; some studies have reported that after
a few days at room temperature, gold nanogaps experi-
ence a widening of several nanometers, which was
attributed to the surface energy and high-mobility of the
material>>'°. To solve this issue, different materials, such
as platinum, which is a more stable metal than gold, have
been used for nanogap electrodes™"".

A different approach to using metals such as gold or
platinum for nanogap electrodes is to explore nanos-
tructured carbon as the material which can present
advantages in terms of resistance to electromigration, better
stability at or above room temperature, and easier binding
to a greater variety of molecules for biosensing applica-
tions'®'%, Fabricating carbon-based nanogap devices for
molecular-scale sensing applications is usually accom-
plished by temperature-activated electrical breakdown of
carbon nanotubes (CNTs), graphene sheets, or carbon
nanofibers (CNFs)'>™'°. In numerous studies, the break-
down mechanism in these carbon devices was found to be
related to both the electron transport in the sample and the
experimental conditions'*'*?,

Because CNTs and graphene exhibit higher electrical
and thermal conductivities than that exhibited by the
more disordered glassy carbon nanofibers (GCNFs)
obtained by the pyrolysis of some organic precursors, the
former two have received considerably more attention
and have been subjected to a greater number of studies
detailing their breakdown process. For instance, Collins
et al."® reported that under a high electrical bias, the
power that multiwalled CNTs are able to withstand before
breakdown depends on the presence of oxygen (in air). It
was concluded that, in air, the power is limited by oxi-
dation, whereas in vacuum, the power is limited only by
the current-carrying capacity of the CNTs, which can
withstand a higher power level before failure. Wei et al.*
studied the breakdown of CNT bundles induced by Joule
heating under vacuum, and this breakdown was attributed
to the sublimation/evaporation of carbon at high tem-
peratures (>3000 K). Interestingly, the authors reported
that high-temperature annealing of the CNTs before
breakdown led to an increase in electrical conductivity.
Recently, Otsuka et al.’, in a study on the field emission
in nanogaps fabricated from single-walled CNTs, reported
nanogap sizes of less than 100nm when performing
experiments in a dry-oxygen environment. However,
experiments conducted in ambient air and wet-O, con-
ditions (relative humidity: 30-100%) resulted in much
larger gaps (>500 nm). The presence of water vapor was
found to play a major role in post-breakdown etching,
which afforded electrodes with larger nanogaps. In addi-
tion, Marquardt et al.'® studied the electrical breakdown
of single CNTs under controlled environments of high
vacuum, argon, air, and O,. High vacuum was the best
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condition for obtaining sub-10 nm nanogaps. Graphene
deposited between two electrodes can be broken down
under the influence of voltage. During the breakdown
process, which is achieved by applying a feedback-
controlled voltage under high vacuum', a bowtie-like
nanoconstriction structure is formed, enhancing the on/
off ratio when used as a field-effect transistor. Nanocon-
strictions in graphene have been the subject of many
studies regarding their electric transport properties and
the observation of ballistic quantum conduction®' 2,

While the breakdown in CNTs and graphene has been
extensively reported, fewer studies exist on the more
disordered GCNFs'>**"%%, A’ common method for the
synthesis of carbon nanofibers is to derive them from a
polymer by a two-part process consisting of: (1) electro-
spinning, to produce the polymeric nanofibers®”*® and (2)
pyrolysis, where the nanofibers are carbonized, provided
that an appropriate carbon polymeric precursor, such as
polyacrylonitrile (PAN) or the epoxy-based negative
photoresist SU-8, is selected®* ™!, The question of how
the polymer carbon source affects the final structure of
the carbon nanofibers has been of great interest for
researchers and continues to this day. In general,
polymer-derived carbon is classified as either graphitizing
or non-graphitizing, depending on the capability of the
material to be transformed into graphite above a certain
temperature®”. Different authors have proposed how the
graphitizing nature of carbon is related to the arrange-
ment of the polymer chains and the conditions at which
cross-linking occurs in the precursor, which may lead to
the formation of fullerene-like structures that prevent the
graphitization of the material even at very high-
temperatures>>*>, For the particular case of the carboni-
zation of SU-8, which has a composition that consists of a
bisphenol A novolak resin dissolved in cyclopentanone
and up to 10 wt% triarylsulfonium hexafluoroantimonate
salt as a photoacid generator®®, studies indicate a resulting
non-graphitizing allotrope of carbon known as glassy
carbon, which has particularly good resistance to chemical
attacks, thermal stability, and biocompatibility and has
been widely used in electrochemical applications®=>>?°,
Therefore, while GCNFs exhibit lower electrical and
thermal conductivities than those of CNTs and graphene,
the simplicity in production and the above mentioned
characteristics of glassy carbon, make them an attractive
alternative for the fabrication of stable carbon-based
nanodevices®>*.

In studies on the electrical breakdown of carbon
nanofibers, the phenomenon is also attributed to the high
temperatures reached in the wires, the pressure, and the
O, levels during the experiment'>?®%”. Previously, our
group reported on the fabrication of electrospun-
suspended GCNF devices and the correlation between
the electrical and thermal conductivities and the
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volumetric changes that occur during the carbonization
process>**°, We also studied nanogap formation on these
electrospun GCNFs, revealing a correlation between the
gap size and the length of the fiber, with shorter fibers
producing smaller nanogaps*’. Establishing a separation
of 10 nm or less as an appropriate goal for applications in
molecular-scale sensors, we learned from these previous
results that GCNFs that are less than ~2 pum long were
required. However, the limitations of photolithographic
processes make the production of such short fibers very
challenging.

Therefore, developing a process capable of achieving sub-
10 nm GCNF nanogap devices without the need for sub-
2 um long GCNFs is highly desirable. The main challenge is
to prevent an uncontrolled breakdown during the heating
process by gradual thinning of the fiber, which would form
smaller and smaller constrictions until the eventual break-
down of the fiber. In this work, a voltage application pro-
gram based on monitoring the resistance changes that occur
during the electrical stimulation of suspended GCNFs was
implemented. In addition, to further reduce the size of the
nanogaps, the mechanism behind the thinning and eventual
breakdown of the suspended GCNFs was studied by carry-
ing out experiments under four experimental conditions: (i)
in a dry-air-filled chamber at atmospheric pressure, (ii) in a
carbon dioxide (CO,-)-filled chamber at atmospheric pres-
sure, (iii) at high vacuum in a chamber that was previously
purged with dry-air, and (iv) at high vacuum in a chamber
that was previously purged with CO,. Following the pro-
posed procedure, for the case of a chamber at a high-
vacuum previously purged with CO,, the average nanogap
size was 9.8 nm for GCNFs with an average length of 52 um,
and separations as small as ~4nm were produced. Fur-
thermore, the devices proved to have excellent stability by
showing no sign of degradation after approximately
6 months of storage at room-temperature.

Materials and methods
Glassy carbon device fabrication

The first step was to deposit a fine layer of the negative
photoresist SU-8 2025 (MicroChem Inc., Westborough,
MA, USA) with a thickness of 20 pm on an N-type silicon
wafer (100 mm) with a 1 pum thermal oxide layer (Uni-
versity Wafer, Boston, MA, USA) by spin coating (model
WS-650-23; Laurell, North Wales, PA, USA) at a speed of
4000 rpm for 30 s. The coated surface was baked for 5 min
at 95 °C on an HS61 hotplate (Torrey Pines Scientific, Inc.,
Carlsbad, CA, USA) to remove the solvent. Subsequently,
the pattern was defined by selective exposure to ultra-
violet (UV) light (2000-EC UV lamp; Dymax, Torrington,
CT, USA) for 4 s. The unexposed segments were removed
by submerging the wafer in a developer solution (Micro-
Chem Inc.), leaving behind a six-wall device (Fig. 1a).
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The second step was the deposition of an SU-8 2025 fiber
was performed using the Electromechanical Spinning (EMS)
technique in a custom-made Newport uFab electrospinning
platform (Newport Corp., Irvine, CA, USA). By adjusting the
needle-to-collector distance to ~1 mm and the voltage to
400V, high control of the position of a single polymer fiber
on the supporting walls was achieved. Detailed optimization
of CNF fabrication using EMS was described in our previous
publications*>*!,

Finally, the complete device, including the supporting
walls and suspended fibers, was placed inside a PEO 601
furnace (ATV Technologie GmbH, Vaterstetten, Germany)
for pyrolysis. During this process, the structures were
heated up to 900 °C in an inert N, environment, resulting in
the loss of noncarbon atoms of SU-8. The pyrolysis of SU-8,
as previously demonstrated, yields glassy carbon struc-
tures”**"**, In Fig. 1, a representation of the fabrication
process of the suspended GCNF device is presented.

Experimental chamber with controlled conditions

The experimental conditions were controlled by placing
the samples in a 3L chamber connected to a Pfeiffer
HiPace 80 vacuum turbopump (Pfeiffer Vacuum, Asslar,
Germany). Electrical feed-through connections were used
to connect the carbon device to the voltage supply. Gas
input lines were used to fill the chamber with dry-air and
CO,. The experiments were performed under four dif-
ferent conditions: (i) in a dry-air-filled chamber at atmo-
spheric pressure, (ii) in a CO,-filled chamber at
atmospheric pressure, (iii) in high vacuum in a chamber
that was previously purged with dry-air, and (iv) in high
vacuum in a previously CO,-purged chamber. Purging
cycles with dry-air and CO, were performed by filling the
chamber with the gas and pumping to a vacuum of 1 x
10 * mbar. The process was repeated twice. A value of
2x 107 mbar was established for all experiments per-
formed under high-vacuum conditions.

SEM characterization

The samples were mounted on a double-sided carbon
tape and analyzed using a field emission scanning electron
microscope (FE-SEM) model Nova NanoSEM 200 (FEI,
Thermo Fisher Scientific, OR, USA), using an acceleration
voltage of 15 kV under high vacuum with a TLD detector.
The samples were also analyzed using an SEM EVO
MAZ25 (Zeiss, Germany).

TEM characterization

Transmission electron microscopy (TEM) experiments
were performed on an FEI/Philips CM-20 conventional
TEM. The samples were prepared by electrospinning
directly on a silicon TEM grid with a 50 nm SiN support
film and two apertures of 1.5 mm length and 100 pm width.
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Fig. 1 Fabrication process of the carbon-based devices. a Schematic representation of the photolithography fabrication procedure of the
suspended GCNF device. b Pyrolysis was performed in a quartz tube furnace. Zoomed-in sections showing the fibers and diameter change from
micro- to nano-scales before and after pyrolysis.
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Results and discussion
Electrical stimulation of GCNFs for nanogap formation
The nanogap formation was performed using a voltage
application program running a feedback-controlled loop
and monitoring the electrical resistance changes (AR) of the
fiber. Although no direct temperature measurements were
performed on the GCNF, an indication of the effects caused
by heating of the GCNF can be inferred from this AR value
when the fiber is electrically stimulated. The AR parameter
was therefore selected as the main indicator of changes
occurring in the GCNEF. A negative AR indicates a decrease
in the electrical resistance as the fiber is heated, as expected
from the negative coefficient of resistance of carbon. A
positive AR represents the loss of mass that leads to the
thinning and eventual breakdown of the GCNEF. The voltage
application process started by applying a low voltage (0.2 V)
and the resistance was measured. The voltage was subse-
quently increased in steps of 0.1-0.2 V until a threshold AR
value was observed, above which a reduction in the cross-
sectional area of the fiber began to occur. To avoid an
uncontrolled breakdown process, abrupt changes in AR
must be prevented. From our experiments, we found that a
positive electrical resistance change larger than AR = 0.05%
is suitable to allow the system to reach the activation
temperature needed to form a constriction, while prevent-
ing the breakdown process from taking place in an
uncontrolled manner. An additional measure to prevent the
uncontrolled breakdown of the CNFs was implemented by
limiting the value at which the voltage could be increased
(Vinax)- Before the start of the program, an initial V};,,, was
selected based on previous experiments on fibers of similar
diameters and lengths. The voltage application program

automatically adjusted the time at each voltage step
between 1 and 4 s to further control the energy imparted on
the fiber. Once AR exceeded the threshold value, the elec-
trical stimulation was interrupted, and a new voltage
application cycle started. The process was repeated until an
open circuit was detected, which was indicative of the for-
mation of a nanogap. Based on the assumption that as the
CNFs were gradually thinned down, the condition at which
AR > 0.05% was reached occurred at lower threshold vol-
tages (Vin), the maximum voltage was decreased at each
voltage application cycle as Vi, = Vi —0.2 to follow this
tread. Thus, at any given point during the experiment, the
thinned fiber that in a previous iteration caused the con-
dition AR > 0.05% to be met was not allowed to be taken to
a voltage. Figure 2 illustrates the thinning and breakdown
process of a GCNF, where a fiber of 44.5 ym length and
14 pum diameter (Fig. 2a) was thinned down to a nano-
constriction of 351 nm (Fig. 2b). The voltage application was
then allowed to run until an open circuit was detected, with
the concomitant production of a 20 nm nanogap (Fig. 2c).

In addition to the voltage application, another impor-
tant factor for the fabrication of sub-10 nm nanogaps is
the choice of the experimental conditions for the break-
down of the fiber. According to previous reports'**® and
as will be explained in detail in the next sections, carbon
can lose mass upon heating by two main mechanisms: (i)
an oxidation reaction with O, or CO, and (ii) sublimation
(solid to gas) at high temperatures, estimated to be
approximately 4000 K at atmospheric pressure and 3000 K
in high vacuum®. The following sections describe
experiments performed under atmospheric and high-
vacuum conditions.
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Fig. 2 Thinning and breakdown of a GCNF due to the voltage application procedure. SEM images of a The original GCNF with L = 44.5 ym and
D= 14um. b Constriction of 351 nm after the first voltage application. ¢ Nanogap of 20 nm produced when the voltage was applied until an open
circuit was detected.
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Nanogap formation under atmospheric pressure

The nanogap formation mechanism was first studied in
a chamber at atmospheric pressure filled with dry-air
using the above-described voltage application procedure.
Figure 3a shows the resistance evolution for the GCNF
thinning process under these conditions. The voltage was
stepped up from 0.2 to V. =3.8V, with a step size of
0.2V, and the resistance first decreased from 18 to 10 kQ
and then increased at the end of this voltage range. Once
the condition AR >0.05% was detected, the voltage
application was interrupted, V.« was decreased to 3.6V,
and the process was repeated. From 500 to 1750, a slow
and gradual increase in the electrical resistance was
recorded at 3.6V, followed by an abrupt increase in
resistance at the end of this period. This performance was
always observed for experiments in air at atmospheric
pressure and could be explained in terms of the two main
factors that consume the GCNF: oxidation and sublima-
tion. Oxidation, which is due to the presence of O, in the
chamber, is an expected process because the autoignition
temperature of carbon is ~973 K. This observation sug-
gests that, even at temperatures lower than the sublima-
tion temperature of carbon, the fiber could be thinned
down by burning. When the temperature reaches the
sublimation temperature of carbon, which is estimated to
be approximately 4000 K under atmospheric pressure, the
thinning mechanism switches from reaction-driven to
sublimation-driven, producing a rapid and abrupt jump in
the electrical resistance, which hinders the control of the
breakdown. Using the above described method for ten
GCNFs of an average length of 43.3 um under these
conditions, nanogaps with an average size of 154 nm with

a standard deviation of 43.3 nm were obtained. Fig. S1 in
the supplementary information shows the SEM images of
some GCNFs broken under these conditions.

To avoid reactions due to the presence of O, in the
experimental setup, tests were also performed at atmo-
spheric pressure in a chamber filled with CO, (see the
experimental section). Figure 3b shows a typical plot for a
GCNF treated under these conditions. With initial V.
=4.8YV, from 0 to 500, two cycles of voltage application
were performed, to avoid the rapid breakdown of the
fiber. Then, at approximately 650s, with the maximum
voltage set at 4.4V, a much faster electrical resistance
increase than that in Fig. 3a was observed. In this case, the
reactions were promoted not by the presence of O, but by
CO,. From the comparison of the resistance slopes of Fig.
3a, b, it can be immediately inferred that the fiber was
consumed at a higher rate in CO, than in air. This is most
likely because the reaction in the CO,-filled chamber
(100% CO, content) (i.e., C + CO, = 2CO) was thermo-
dynamically favored at temperatures above ~1600 K and
the reaction rate was high compared with the reaction
rate in air (21% O, content) (i.e., 2C 4+ O, = 2CO)*>**,
Similar to the case of the reaction in air, a sudden and
abrupt increase in the electrical resistance at 1400 s was
observed, indicating that sublimation was activated due to
the high temperature, which resulted in the breaking of
the fiber. Ten GCNFs with an average length of 50 um
were thinned and broken, resulting in gaps with an
average size of ~144nm and a standard deviation of
13.5nm. Fig. S2 shows the SEM images of some of the
GCNFs broken in a CO, filled chamber at atmospheric
pressure.
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Fig. 3 Resistance evolution for the thinning and breakdown process for: a dry-air at atmospheric pressure (GCNF with L =41.5um and D=
1.1 um), b CO, at atmospheric pressure (GCNF with L =394 um and D = 1.0 um), ¢ high vacuum after purging the chamber with dry-air (GCNF with
L =487 um and D= 1.6um), and d high vacuum after purging the chamber with CO, (GCNF with L =57.2 um and D= 1.2 um).
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Nanogap formation in high vacuum

Under atmospheric pressure in either an air-filled or a
CO,-filled chamber, the oxidation reactions during the
experiment contribute significantly to the unpredict-
ability/uncontrollability of the breakdown process and
thus larger nanogaps. Furthermore, at atmospheric pres-
sure, sublimation is expected to occur at the extremely
high temperature of ~4000 K. With the aim of further
reducing the nanogap size, we used the voltage applica-
tion method for samples in high vacuum (2 x 10> mbar).
Figure 3c shows a typical plot of the applied voltage and
the resistance evolution of a GCNF during voltage sti-
mulation. As observed, the process ran for 10 cycles
without experiencing the unpredictability that was
observed at atmospheric pressure. By performing the
experiments under vacuum conditions, ten fibers 45 pm
in length with an average nanogap size of 102 nm and a
standard deviation of 52.7nm were obtained. Fig. S3
shows the SEM images of several of the GCNFs broken
under these conditions. In this scenario, fiber thinning is
mainly related to sublimation, which facilitates the control
of the process. In contrast, the thinning/breakdown of the
GCNF under atmospheric pressure is dependent on the
reactions of C with O, or CO,, as well as on the sub-
limation process. Upon approaching fiber breakdown,

these oxidation reactions speed up the breakdown pro-
cess, whereas in the absence of reactive gases such as O,
or CO,, only sublimation is expected to influence the
breakdown process. Thus, the voltage application method
exhibits excellent performance under high-vacuum con-
ditions, resulting in small nanogaps. Moreover, the sub-
limation of GCNFs could occur at lower temperatures
(~3000 K) under these conditions.

When reaching even smaller nanogap sizes, one can
expect that as the constrictions in the GCNF become
thinner, the process becomes more difficult to control. As
discussed in the previous sections, the presence of O, or
CO,, can lead to reactions that promote the burning of the
GCNEF. In high vacuum of ~2 x 10> mbar, although the
rate of the oxidation reactions is reduced, there might still
be traces of CO, and O,, which can have an effect on the
nanowire thinning/breakdown mechanism. To remove
any remnant of oxygen, the chamber was purged with
CO, before the high-vacuum experiments were per-
formed. As shown in Figs. 3¢, d, the resistance response
was similar in both high-vacuum processes (with or
without CO, purging). However, the nanogaps produced
after the chamber was purged with CO, were significantly
smaller, with an average size of 9.8 nm and a standard
deviation of 7.4 nm for ten GCNFs with an average length
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Fig. 4 Resulting nanogaps after following the voltage application procedure under four different environments. a Measured nanogaps for
the four different environments tested. b SEM image showing the ~4 nm nanogap produced under high vacuum after purging the chamber with
CO,. The GCNF was 57.5 um in length, with an initial diameter of 1.2 um. ¢ SEM image of the nanogap shown in b taken after 6 months of storage at
room temperature. There is no apparent change in the separation between the electrodes.

of 52 um. Considering a stringent 10 nm or less gap as the
target separation, a yield of 50% was achieved for the ten
CNFs broken under high vacuum after CO, purge; how-
ever, all fibers were below 20 nm. This reduction in the
nanogap size can be observed in Fig. 4a, where the mea-
sured data points for all four environments are shown. A
minimum nanogap size of ~4nm was achieved in these
experiments, as shown in the SEM image in Fig. 4b. The
stability of the carbon nanogaps was tested by performing
SEM analysis of several samples after they were stored at
room-temperature for approximately 6 months. The new
SEM images show no change in shape or nanogap
separation, demonstrating the good stability of these
structures. Figure 4c shows the SEM image of the ~4 nm
nanogaps after 6 months. Fig. S4 shows the SEM images
of several of the sub-10 nm nanogaps broken under these
conditions.

From these results, it can be concluded that the use of
the reported voltage application procedure under high
vacuum in a chamber that was previously purged with
CO, afforded a good approach for the fabrication of sub-
10 nm nanogaps on suspended GCNFs without the need
of fibers that are sub-2 um long. As in the case of high-
vacuum conditions, the sublimation temperature for a
chamber filled with air is expected to be lower than that
for a chamber at atmospheric pressure (~3000 K), and the
process would be driven mostly by the sublimation of the
fiber. Further reduction in the nanogap size may be
accomplished considering the traces of particles that
remain in the chamber after vacuum conditions are
reached. In the case of air, the presence of small quantities
of O, may lead to exothermic reactions that release
energy into the system, causing the fiber to continue
burning even after the electrical stimulation is stopped. In
contrast, for CO,, the remaining particles undergo an
endothermic reaction that consumes energy from the
system, thereby contributing to a better control over the
breakdown of the fiber, with the concomitant production
of sub-10 nm nanogaps.

Surface and structural effects on the GCNFs

In this section, we analyze the surface of the resulting
GCNFs after the thinning and breakdown processes. In
Fig. 5, the SEM images of four different fibers are pre-
sented. It can be clearly observed that the experiments
performed under an atmospheric pressure of air and CO,
(Fig. 5a, b, respectively) resulted in a smooth, almost
polished, surface. This effect can be attributed to the
reactions that drive the burning of the fiber prior to
sublimation, because the oxidation of fibers in air and
even in CO, has been previously reported and used to
treat the surface of CNFs**#. On the other hand, in the
high-vacuum cases, the sublimation-driven process can be
envisaged as responsible for the breaking of the bonds in
the disordered GCNF, leading to the very rough surfaces
observed in Fig. 5¢, d.

Finally, the effect of the high temperatures reached in
the GCNF during the thinning process was studied by
TEM. Figure 6 displays the TEM image of fullerene-like
rings at the edges of a broken fiber. The presence of these
fullerene structures on carbons obtained through the
pyrolysis of organic precursors has been associated with
the bending of the polymeric chains during cross-linking
in the fabrication process®. Furthermore, given the sta-
bility of fullerenes at high temperatures, their presence in
non-graphitizing carbons has been proposed as the main
factor responsible for preventing graphitization®**.
Interestingly, at the very tip of the broken electrodes, the
region where the maximum temperature was expected to
occur, we observed high concentration of graphitic frin-
ges, which, when considered with the bright zones
observed in the rings of the diffraction pattern, indicates
the presence of a certain order at the breakdown point.
Rearrangement of the structure of non-graphitizing glassy
carbon, resulting in a greater degree of order, was recently
reported for a sample that was subjected to a very high
compression pressure (45 GPa) and was attributed to the
destruction of the fullerene bonds that prevented gra-
phitization*®. Although further studies are required to
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Fig. 5 Different morphologies of the resulting nanogap electrodes under the four different environments tested. SEM images showing the
smooth and rough GCNF surfaces broken under a dry-air at atmospheric pressure, b CO, at atmospheric pressure, ¢ high vacuum in a chamber that
was previously purged with dry-air, and d high vacuum in a chamber that was purged with CO,.

explain the apparent reordering of glassy carbon that
occurs during the nanogap formation process, this initial
result indicates that the decomposition of the GCNF
bonds at extremely high temperatures may indeed result
in a more extensive graphitic region at the very tip of the
electrode.

Conclusion

With the goal of using the Joule-heating induced
breakdown of GCNFs to fabricate ~10 nm nanogap elec-
trodes, suitable for molecular-scale sensing applications,
without the need to use fibers with lengths on the order of
2 um or less, we studied a nanogap fabrication strategy in
which a feedback loop was used to thin down and break
the fibers under four different environmental conditions.
The stimulation voltage was manipulated as a function of
the change in fiber resistance. In addition, we studied the
impact of the fiber thinning conditions on the resulting
gaps. Thus, for fibers thinned at atmospheric pressure in

the presence of O, or CO,, gaps above 130 nm were
created by the reaction-driven burning of the fiber at a
high sublimation temperature. However, in the experi-
ments performed at high vacuum, the main thinning/
breakdown mechanism was the sublimation of carbon,
which was reached at a lower temperature than that
reached under atmospheric pressure. Under these con-
ditions, the nanogap formation was better controlled.
Finally, the presence of traces of O, was minimized by
purging the chamber with CO, before creating the high
vacuum, which allowed the fabrication of nanogaps with
an average size of 9.8 nm in fibers with a length of 52 pm,
with a minimum recorded gap of ~4 nm. The SEM images
of the carbon nanogap electrodes, after being stored for
6 months at room temperature, show no apparent change
in nanogap size or electrode shape. This observation
proves the great stability of CNFs as an electrode material.
Our strategy offers a relatively simple method for sub-
10 nm nanogap fabrication using GCNFs with lengths of a
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Graphitic
fringes

Diffraction
pattern

P

Fig. 6 TEM images of a nanogap obtained under high-vacuum conditions. The magnified images show the fullerene-like rings present at the
edge of the fiber, as well as the graphitic fringes and the diffraction pattern on the tip of the electrode.

few tens of micrometers, which could open a window of
opportunity for the fabrication of nanoscale devices for
biosensing applications. Finally, as the graphitic regions in
the TEM images indicate, an additional benefit of our
nanogap fabrication method, is that it facilitates the study
of the transformation of disordered carbons, acting as
nanofurnace platforms that allow for the study of the
structure of carbon at extreme temperatures, given the
difficulty of using furnaces that can reach temperatures
above 3000 K.
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