
Effective Conduction Path of a C60 Chain in a Nanogap Electrode
Masato Takei, Takuma Hirama, Hiroshi Suga,* Katsunori Wakabayashi, and Kazuhito Tsukagoshi*

Cite This: ACS Appl. Electron. Mater. 2024, 6, 1740−1745 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The electrical current path of fullerene-derived films between microfabricated
sharpened metal electrodes (gaps of 10−20 nm) was evaluated. When a high voltage was
applied, a space-charge-limited current (SCLC) flowed through the fullerene film. The effective
conduction path length estimated from the SCLC voltage was slightly longer than the shortest
distance between the electrodes. This indicates that the effective current path was tortuous
because of the amorphous packing of the spherical fullerenes. Correlations between the
effective path length and switching parameters such as operating voltages were used to show
that the minimum operating power required for a minimum-sized fullerene switch is expected
to be in the subpicowatt range.
KEYWORDS: fullerene, polymerization, C60 pyrrolidine tris-acid (CPTA), resistance switching, nanogap electrode, fullerene derivative,
Poole−Frenkel effect, space-charge-limited current (SCLC)

■ INTRODUCTION
A fundamental understanding of the effective electrical current
path in electronic devices is useful for designing device
structures and developing advanced functions.1−3 For con-
ductive channel materials with a sufficiently large size, current
paths can be visualized using discharge phenomena caused by
high-frequency magnetic fields.4 When an electrical bias is
applied, current is induced in the material, and its path is
deformed. The deformed material along the current path can
be observed by scanning electron microscopy (SEM) or
transmission electron microscopy (TEM) imaging.2,5−7 In
addition, the deformed material trace can be spatially mapped
using Raman spectroscopy.8 For conductive media at the
single-molecule scale, TEM images provide a direct visual-
ization of the conductive channel, such as metallic atoms9

bridging the gap between two metallic contacts or a fullerene
dimer within the gap.10 Computational image construction
based on energy spectra is currently a powerful tool to
precisely define the molecular-scale conduction channel.11,12

However, when the conduction channel is placed on an
insulating substrate and no clear trace of current flow in the
material remains, it is extremely difficult to clarify the effective
current path between the two electrodes.13,14 In particular,
material with a length of several nanometers exceeds the range
of computational image construction, even though the
phenomena occurring between electrodes can be understood.
When current flows between two sharpened electrodes, it is

widely believed that the current is simply injected from the top
of the electrode and flows through the medium at the shortest
distance between the two electrodes. This assumption can be
applied to large-scale channels and media with homogeneous
elemental distributions. For media with countable particles
within the conduction space, the current flows through the
media via connections between adjacent particles.

In this study, we estimated the current path length by
performing space-charge-limited current (SCLC) character-
ization of C60 chains within electrode gaps of different widths.
The effective path length evaluated from the SCLC voltage was
longer than that obtained from the SEM images. This is
attributed to the tortuous path formed by the amorphous
packing of spherical fullerenes. The characteristics of a very
small switch element were inferred from the current path
length, with respect to the switch characteristics observed for
the C60 chains.

■ EXPERIMENTAL SECTION
We investigated the effective current path based on the SCLC
conduction principle of fullerene.15−23 This mechanism is reprodu-
cibly observed as a current flowing through a fullerene-derived film
between electrodes under a high applied electric field.24 Within the
low-voltage regime, the dominant conduction mechanism of nano-
scale C60 chains is Poole−Frenkel (PF) conduction, characterized by
hopping conduction. When larger voltages are applied, SCLC is
observed.24 An SCLC occurs when the electron injection from the
electrical contact to the conductive media exceeds the equilibrium
concentration of the electrical current flow in the channel, limiting
further electron injection.

Source and drain electrodes with nanogaps between them were
fabricated using an electron beam lithography process and electro-
migration.25 Gapless wire electrodes were fabricated by using thermal
evaporation and lift-off techniques and were subsequently dis-
connected by electromigration (Figure 1a). A 10 nm-thick narrow
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AuPd wire (Au:Pd = 8:2) was prepared. Electromigration using the
feedback scheme was then used to gently open the gap, and its
feedback parameters, such as current limitation, were used to adjust
the width of the gap. A variable gap is useful for characterizing the C60
nanochain length dependence. Three lengths of 11, 17, and 20 nm (as
measured by SEM) were prepared. These three gaps are denoted as
the short (S), medium (M), and long (L) channels. Although the gap
width was carefully measured from the highly magnified SEM image,
typical SEM images show a dim edge of a subnanometer object on a
thick insulating substrate (Figure S1).26 In addition to the surface
conditions of the metallic electrode, the actual contact point with the
nanoscale spherical fullerene could potentially be selected by using
another current injection point near the top of the tip. Therefore, it is

difficult to precisely define the actual current path from SEM images
of the nanoscale electrode.

A Si substrate with a 250 nm SiO2 film was coated with a 2 nm film
of AlOx by atomic layer deposition to allow C60 pyrrolidine tris-acid
(CPTA) to be applied uniformly on the substrate surface.14 CPTA
dispersed in dimethylformamide was deposited by spin coating.27 The
thickness of a typical CPTA layer was 5 nm. The nanogap showed no
current during I−V characterization before CPTA coating and
showed reproducible currents after coating (Figure S2).

The actual diameter of C60 is 0.7 nm with a space of 0.37 nm
between the C60 molecules,28 which is similar to the typical layer
spacing of graphite. Then, the C60 period was identified as

Figure 1. (a) SEM image (50 kV) of an 11 nm nanogap electrode (S channel device) formed by electron beam lithography. (b) Schematic of C60
chains bridging the electrode gap. I−V characteristics of (c) set with turn-on and (d) reset with NDR. Inset in panel (d): I−V2 plot to visualize
SCLC characteristics. (e) Sequential resistance changes were observed over 500 cycles of the input for panels (c, d).

Figure 2. (a, b) Set and (c, d) reset characteristics in the M channel device. I−V plots for the (a) set and (c) reset operations plotted over 1000
measurements. (a) In the set operation, the current transition occurred at 3.4 V as a turn-on point from the LRS to HRS. (b) Turn-on voltage as a
function of the gap width measured by the SEM. (c) Inflection point in the I−V plots at 4.5 V was taken as VSCLC. (d) Average VNDR as a function
of the gap width measured by SEM.
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approximately 1.1 nm, indicating that the number of C60 molecules in
the 17 nm gap was 16 or less.

In this study, a fullerene derivative of CPTA was used as the
conductive channel material. Simple fullerenes such as C60 and C70
and variable endohedral fullerenes have been employed as single-
molecule29−33 or film13−16,34−45 devices. In comparison with these
fullerenes, CPTA has advantages such as oversolvability in solution
and uniform adhesion on the substrate surface.46 Thus, CPTA has
been widely used as an efficient electron-transport layer in perovskite
solar cells.45 Because of the nanoscale short-range path of vertical
transport in solar cells and in-plane transport in the case of our
nanogap experiment, hopping conduction due to the PF effect could
occur to generate a current flow.

Measurements (Figure 1b) were performed at room temperature
and a pressure of 5.0 × 10−3 Pa. Electrical conductivity measurements
were performed in a light-shielded chamber to avoid unintended
exposure of the device to light. For the preset switching operation, a
voltage was gradually applied between the electrodes by increasing it
from zero. The current injected into the CPTA film from the
electrode results in hopping conduction23 because of the PF effect.47

It should be noted that the CPTA film placed between sharpened
metal electrodes with a 10−20 nm gap width did not require electron
beam irradiation to preset the initial film conduction, whereas a large-
area fullerene film required a preset polymerization process.

When a further voltage was applied, the current increased
nonlinearly, promoting fullerene polymerization in the film between
the two electrodes.48,49 When a larger current is applied, a step-like
current reduction in the I−V characteristics occurs and the resistance
between the electrodes becomes high. This decrease in current is
termed negative differential resistance (NDR) and is denoted as a
reset process. NDR can be understood as the current decrease when
the C60 chain is disconnected, which is induced by the heat generated
by the high current density, resulting in an increase in the two-
terminal resistance. This condition can be regarded as a high-
resistance state (HRS). When the voltage was applied again from zero,
the current showed a step-like increase, and the two-terminal
resistance changed to a low-resistance state (LRS) (Figure 1c). In
this process, the C60 chain was reconnected between the two
electrodes; when the voltage was applied to the LRS, the NDR
occurred again (Figure 1e). This switching sequence can be cyclically
repeated as the voltage input was cycled (Figure S3).13,14,42,50 Further
details can be found in a previous report.24

Figure 1c illustrates the I−V characteristics of the set process,
where the voltage was reapplied after the resistance increased owing
to the NDR. During voltage application, SCLC occurred on the high-
voltage regime following the PF effect in the low-voltage regime.
SCLC and PF conduction were distinguished based on their different
voltage characteristics. PF conduction was identified using a linear I−
V1/2 plot, whereas SCLC was characterized using a linear I−V2 plot
(inset of Figure 1d). The SCLC transition voltage (VSCLC) is defined
by the pronounced inflection point in the I−V curves.

To obtain the statistical average VSCLC value, the switch operation
(Figure 1d) was repeated 1000 times, and the I−V characteristics of
the reset process were plotted (Figure 2a). All I−V curves exhibited
inflection points used to determine VSCLC (marked by an arrow),
proving that SCLC occurred in the narrow gap. The parts of the I−V
curves between VSCLC and VNDR (the voltage at which NDR occurs)
exhibit SCLC properties, as confirmed by the I−V2 plots (Figure 1d,
inset). The average value for VSCLC was derived from the second-order
differentiation of 1000 I−V curves. For a 20 nm gap, the average
VSCLC was 5.5 ± 0.8 V.

This highly reproducible VSCLC suggests that SCLC between the
fixed nanogap electrodes occurred with reasonable reproducibility,
depending on the nanogap width. The current in the PF regime
exhibited only small variations, whereas large variations in the current
were observed after switching to SCLC. However, the cause for this
variation remains unknown.

The average VNDR is plotted as a function of the gap width
(measured using SEM) in Figure 2b. As the gap width increases, VNDR

increases, supporting the understanding that NDR is generated by the
local heating effect through the conduction channel in an LRS.

The I−V curves obtained from 1000 repeated measurements of the
set process were also plotted, and the turn-on transition voltage
(Vturn‑on) was determined (Figure 2c). Although there were large
differences in the initial currents, Vturn‑on was consistently 3.3 V and
was independent of the gap width (Figure 2d). This suggests that the
turn-on transition occurs because of the applied voltage between the
disconnected conducting chains of the electrodes.

To analyze the reset process, I−V plots measured for devices with
different gap widths were characterized (Figure S4 in the Supporting
Information). From these plots, VSCLC values of 5.5 ± 0.8, 4.5 ± 0.6,
and 4.0 ± 0.4 V were obtained for SEM-determined lengths of 20, 17,
and 11 nm, respectively. These VSCLC values were used to calculate
the conduction path length (d) of the SCLC medium using the
following formula:51,52

V
qd n

2SCLC

2
t= (1)

where nt is the trap density, ε is the permittivity, and q is the
elementary charge. The conduction path lengths for the M and S
channel devices were calculated by normalizing the data with respect
to the L channel device (assuming a nominal gap width of 20 nm).
The trap densities of the three channels were assumed to be the same
because the CPTA spin-coating conditions were the same. Then, the
following relationship was used:

d
V

V
d x( M or S)x

x2 SCLC

20 SCLC
20

2x

20

= =
(2)

where d20, ε20, and VSCLC20 are the conduction path length,
permittivity, and starting voltage of SCLC in the L (20 nm) channel,
respectively. We did not use a specific value for the trap density
because this was a relative length estimation. Although the
permittivity (εx) in the CPTA films of all samples should be similar,
experimental values were used to estimate dx. The experimental εx
values were extracted from the inverse gradients of the I−V curve in
the PF regime,53 which varied slightly in each I−V curve. The slight
variations in the I−V curves in the PF regime are attributed to local
fluctuations in the degree of polymerization in and around the
nanogap channel.

The extracted effective path lengths for the M and S channels were
longer than the SEM-determined lengths (Table 1). This implies that

the current did not flow through the shortest straight path in the
image, where the electric field was intuitively concentrated. Instead, it
meanders through tortuous conductive media composed of 1 nm
spherical nanoparticles. This was attributed to the disordered
fullerene arrangement in the amorphous film between the electrodes
(in contrast to the ordered crystalline structure). Alternatively, it is
possible that the point at which the current was injected into the
media was the same as that assumed to calculate the shortest distance
between the electrodess from the SEM images and that the other
actual surface tip could not be resolved well by SEM.
VNDR and the required current (INDR) were extracted for each gap

and plotted as histograms (Figure 3a,b). As the channel length

Table 1. SEM-Determined Length, Average VSCLC, and
Effective Current Path Lengths Determined from VSCLC

a

SEM-determined
length (nm)

average
VSCLC (V)

path lengths extracted
from VSCLC (nm)

L (long) 20 5.5 ± 0.8 (20)
M
(medium)

17 4.5 ± 0.6 18

S (short) 11 4.2 ± 0.4 14
aThe effective current path is a relative length based on the measured
width of the long channel. The average VSCLC was derived from
second-order differentiation of 1000 I−V curves.
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increases, the VNDR and INDR also increase. The required NDR power
(VNDR × INDR) is also plotted (Figure 3c). As expected from VNDR and
INDR, a longer channel requires greater power, and the electric power
increases nonlinearly with the effective current path length (Figure 4).

This suggests that shorter current paths result in more efficient local
heating and that the bonds in the C60 chain can be resolved by
depolymerization. The gap-dependent power was linear when plotted
logarithmically (Figure 4, inset), although the mechanism remains
unknown. Extrapolation to the nanometer scale predicts that the
required power is on the order of nanowatts. For example, a 2 nm gap
should reduce the power to 0.24 pW. In contrast, the turn-on voltage
was always observed at approximately 3.3 V regardless of the gap
(Figure 3d), but there was no clear channel length dependence of the
turn-on current (Figure 3e). These voltage and current results show
that, although there is no clear channel length dependence, the
required turn-on power is 1 order of magnitude lower than the NDR
power (Figure 3f).

The effective conduction path length of the fullerene polymer
chains introduced between the nanoscale electrodes was estimated by
using SCLC. The effective path length was evaluated by averaging
1000 measurements of the voltage at which the SCLC appeared. This
effective path length tends to be longer than the shortest distance
between the electrodes obtained from the SEM images, presumably
because of the tortuous path through the spherical fullerenes
distributed in the amorphous film. Furthermore, the correlation
between the path length and power required for NDR generated by

heat near the channel was found to be logarithmic, indicating that
nanowatt-scale (or lower) switch element operations can be expected
in optimized nanometer-scale switching devices.
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