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ABSTRACT  

A switch element with a minimal fullerene chain was prepared by spin coating a C60 

pyrrolidine trisaccharide (CPTA) film between vertically stacked two metallic 

electrodes. In this structure, the nanoscale length of the fullerene chain can be adjusted 

by changing the thickness of the CPTA film by changing spin coating condition. The CPTA 

film had a rough surface that led to cause distance fluctuations between the two 

electrodes. At the thinnest point, a nanoscale chain could be selectively formed as a 

conductive channel that exhibited binary resistance switching between high- and low-

resistance states. This resistance change was primarily caused by the polymerization 

and depolymerization of the nanoscale C60 chain in response to external voltage inputs. 

When the film thickness was reduced to approximately 3.7 nm, corresponding to 3-4 

fullerene chains bridging the two electrodes, a stable switching sequence was 

reproducibly achieved.  
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INTRODUCTION 

The amount of information is expected to increase explosively in the future because 

of the utilization of big data from artificial intelligence and the Internet of Things. 

Therefore, highly integrated electronic devices are expected to be developed. Among 

these devices, the resistive random access memory (ReRAM) is a promising candidate. 

ReRAM is composed of an oxide layer that is vertically sandwiched between two metal 

electrodes and has features such as non-volatility and high integration.1–7 ReRAM is a 

promising high-density device8 that has a variable resistance layer with a thickness of 

30–50 nm based on the principle of oxygen vacancies.9 However, further 

miniaturization has been facing difficulty by fluctuations in the operating voltage during 

the resistance change transition process because the filaments in the channel layer are 

randomly formed during the setting process.10,11 ReRAM has been developed using 

organic molecules12–15 to achieve low costs and easy manufacturing, although the 

operation of these devices is unstable in high temperature and humidity environments. 

Furthermore, miniaturization and integration are difficult because the organic elements 

are easily damaged and/or structurally changed in the conventional electron device 

fabrication process. Soft chemical materials can easily be damaged during the cyclic 

operation of switching and/or memory functions.  

Fullerene devices, which are intermediate materials between inorganic and organic 

materials, have been developed.16–19 The individual C60 molecule is a rigid spherical 

shell composed of carbon atoms and can be functionalized similarly to organic 
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molecules.20,21 Although fullerene surfaces can be chemically functionalized for various 

applications, the intrinsic structure of fullerene is stable even in conventional device 

fabrication processes.22–24 Fullerene C60 can accept up to six electrons into the lowest 

unoccupied molecular orbital (LUMO) at a low energy level, providing excellent electron 

acceptor characteristics in n-type semiconductors.25–27 Furthermore, intermolecular 

bonds between fullerenes can be connected to form a polymer chain in the film and/or 

bulk, allowing the electrical function of a device to be controlled by bond connections. 

Based on these properties, fullerene has been proposed as a material in electrical 

devices. 

Single fullerene devices are expected to find applications in various devices. However, 

an electrode needs to be developed for the device structure. Fullerene devices require 

a precise fabrication method to fix a 1 nm fullerene between electrodes, thus functional 

applications of single-fullerene devices, particularly in integrated circuits, have to 

overcome concerns of reproducibility issues in device fabrication. Therefore, we 

developed fullerene devices using a different strategy: bulk and/or film.16-19 

We have demonstrated the electrical switching behavior of device structures with 

fullerene crystal wires16,17 or thin films based on fullerene derivatives.18,19 Fullerene 

crystal nanowires fabricated by the liquid-liquid interfacial precipitation (LLIP) method 

were treated with devices that bridged metal electrodes.16,17 In particular, we prepared 

a C60 pyrrolidine tris-acid (CPTA) film device by spin coating from a solution. In general, 

CPTA has been used as an efficient electron transport layer in perovskite solar cells.28–
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31 An advantage of CPTA is its good solubility in organic solution and uniform thin film 

coating on the substrate because the carboxylic acid groups in CPTA form interfacial 

chemical bonds with the oxygen-deficient oxide film on the surface, which solves the 

problem of agglomeration during film formation.28,32,33 Furthermore, an amorphous 

CPTA film having poor conductivity can be locally activated by electron beam (EB) 

lithography to form conduction channels in devices.34–38 In our previous report, 

submicron-scale conductive paths between the pre-patterned metallic electrodes were 

prepared using EB irradiation of CPTA films. Two-terminal measurements of the 

activated CPTA films show binary resistance switching in response to external inputs.18 

Very recently, we have fabricated a 10−20 nm prototype device as an ideal resistance 

switch composed of a narrow, short channel and a C60 chain of approximately 20 

fullerenes in the nanogap.19  

In this study, we developed a fullerene switch with nonvolatile memory function using 

a CPTA thin film sandwiched between two vertically stacked electrodes. The thickness 

of the CPTA thin film formed by spin coating corresponded to the channel length, which 

can potentially shrink to the nanoscale level. The thickness of the CPTA thin films was 

adjusted by varying the spin-coating conditions. We demonstrate a resistance switch in 

a minimal-fullerene chain using this vertically stacked structure with CPTA. The 

observed channel length of 3.7 nm corresponded to 3–4 fullerene chains, which is much 

shorter than that in CPTA nanogap devices19 where approximately 20 fullerenes form 

fullerene nanochains. This device had a vertical structure similar to that of ReRAM, thus 
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this device is expected to be advantageous in future high-density integration 

applications. 

 

EXPERIMENTAL SECTION 

The device structure, with detailed observations, is shown in Figure 1. A vertically 

stacked fullerene device was fabricated on a silicon substrate with a 250 nm thick oxide 

film (Figure 1a). A bottom electrode composed of a 10-nm-thick gold palladium (AuPd: 

Au/Pd = 8/2) film with a 1 µm width was patterned by EB lithography and then 

deposited by thermal evaporation. The surface of the bottom electrode was coated with 

a 1-nm-thick layer of InOx by atomic layer deposition. Thin films of InOx are highly 

resistive in in-plane DC resistance measurements and work as adhesion layers to 

uniformly spin coat the nanoscale-thick CPTA film. Average thickness of CPTA ranged 

from a few nanometers to tens of nanometers and was reproducibly controlled by the 

spin-coating condition. A second 10-nm-thick AuPd electrode was deposited on the 

CPTA film through a metal stencil mask. Even though the thinnest CPTA film was a few 

nanometers thick, the two-terminal measurement through the film was non-conductive, 

which was reproducibly obtained in the fabricated devices, indicating that the 

nanometer-thin CPTA film had no pinhole in the electrode overlapping region 

(Supporting Information: Figure S1). The dense packing of the CPTA film without 

pinholes ensured the uniform adhesion of the molecules on the oxide surface. Although 

the CPTA film is widely used as an electron transport layer in perovskite solar cells,28–
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30,32 solar cells are centimeter-scale or larger, and the work-function alignment is 

carefully adjusted at the interface. In our vertically stacked device with only 

micrometer-scale electrode overlapping, the as-prepared film showed extremely low 

conduction below the detection limit of the measurement system. To activate the CPTA 

channel and form a conductive spot area, a 1 µm x 1 µm square region on the bottom 

electrode was irradiated by EB before the top electrode evaporation.  

A large-energy EB current in the EB irradiation (50 keV) of the CPTA film may 

decompose CPTA into fullerene C60s and chemical functional additives. In addition to 

the preset EB exposure, high density current flow under a high electric field causes local 

heating and stimulates decomposition. In a reference experiment using (6,6)-phenyl-

C61 butyric acid methyl ester (PCBM), its chemical substituent element was removed at 

340 °C to return to the original C60s.39 After the removal of the functional additive, the 

C60 positions could be rearranged under a high electric field between the narrow 

nanogaps, allowing denser packing of C60s to increase the current. 
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Figure 1. (a) Optical photo image with a schematic diagram of the vertical 

structural element, (b) Cross-sectional transmission electron microscopy 

(TEM) image of the vertical structural element. C60 pyrrolidine tris-acid 

(CPTA) was coated at 4000 rpm. 

A cross-sectional image of the electrode overlapping the region with the CPTA layer 

was obtained using transmission electron microscopy (TEM) (Figure 1b). The surface 

roughness of the bottom electrode was a root mean square roughness (Rms) of 0.13 nm 

(Figure 2a), and the top electrode was winding with a constant thickness. This image 

suggests that the spin-coated CPTA film forms a rough surface because of its special 

volume and partial self-aggregation. In the observed image areas, the thinnest section 

of the CPTA film was approximately 3.7 nm with an extra roughness of 3 nm. In addition 

to the TEM cross-sectional observations, atomic force microscopy (AFM) showed 

morphology of the surface (Figure 2b). The Rms value of the CPTA surface obtained by 

AFM was 0.90 nm, indicating the CPTA surface was much rougher than the InOx surface. 
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Deep hollows in the AFM image were potential electron injection points, which 

appeared at 3–5 points in every 1 µm square.  

 

Figure 2. Atomic force microscopy (AFM) morphology image of the 

electrode surface and C60 pyrrolidine tris-acid (CPTA) surface spin coated 

at 4000 rpm. (a) Surface of the InOx film on the bottom electrode. (b) CPTA 

surface. CPTA was spin coated on the surface of InOx (a). Scanned area of 

the images was 50 µm square, and the magnified area in (b) was 1 µm 

square. Each inset of the height profile shows surface roughness at the 

cutting line marked by A. Abbreviations: Average roughness (Ra) and Root 

mean square roughness (Rms).  

Current-voltage (I–V) measurements were performed in a CPTA vertically stacked 

electrode device by applying a DC voltage from the bottom to the top electrode. 

Measurements were performed at room temperature in an environment of 1.0×10-3 Pa 

or less. 
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Figure 3. (a) One cycle of the external voltage input sequence for the 

resistance switching effect in a vertically stacked structure. set voltage 

changed the system from the HRS to the LRS. reset voltage was for the NDR 

operation. Read voltage was for reading the voltages of the LRS and HRS. 

One cycle of the input voltage sequence was 66 sec. (b) set operation I-V 

characteristic as a function of input voltage and reset operation (c). (d) 

Sequential resistance changes of 100 cycles. 

Sequential switching was achieved (Figure 3). For the status-reading operation of the 

channel, a low voltage (0.2 V) was applied to measure the channel resistance. For set 

operation to change the device resistance from a high-resistance state (HRS) to a low-

resistance state (LRS), a gradual voltage input was applied between the two metallic 

electrodes (Figure 3a). With a gradual increase in voltage, a small nonlinear current was 

generated, and the current sharply increased at 3.2 V (Figure 3b). With a sharp increase 

in current, the set operation generated a C60 polymer chain between the two electrodes. 

In addition, the reset operation was executed by applying a gradual input voltage of 8 V 

(Figure 3c). Before the voltage reached 8 V, a rapid drop in the current was observed at 

6.5 V. This rapid decrease is recognized as the negative differential resistance (NDR) 

change, indicating the disconnection of the conductive chain of fullerenes between the 
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two electrodes. At the NDR, the resistance decreased from the LRS to the HRS. If the set 

operation was applied again to the HRS, the resistance changed to the LRS. Subsequently, 

the sequential cyclic operation of switching between the LRS and HRS was obtained, as 

shown in Figure 3(d). Note that no current flowed through the channel between the two 

electrodes without preset EB exposure; therefore, this switching behavior was not 

observed (Figure S1). Furthermore, when an inverse polarity in the voltage application 

was performed, current might flow from top electrode to bottom electrode. This 

measurement configuration did not show the switching behavior. 

The NDR and turn-on characteristics were systematically measured as a function of 

the CPTA film thickness. Three films of different thicknesses were prepared by changing 

the spin-coating rotation speed (Table 1), which resulted in a thickness change from 3.7 

to 15.3 nm. At these variable spin-speeds, the CPTA solution was fixed: 100 μg of CPTA 

was dissolved in 10 ml N, N-dimethylformamide (DMF).18,40 The film thickness was 

measured at the step edge of the film by AFM with reasonable reproducibility.  

Table 1. Thicknesses of the C60 pyrrolidine tris-acid (CPTA) films prepared 

by different spin-coating conditions. The thickness was measured by 

atomic force microscopy (AFM) at the step of the film edge.  

Spin-coating condition [rpm] Thickness [nm] 

4000 (thin) 3.7 ± 0.5 

 3000 (middle) 7.5 ± 1.9 

 2000 (thick) 15.3 ± 1.2  
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Figure 4. Relationship between the dose of electron beam exposure and 

voltage for different film thicknesses. Voltage of the negative differential 

resistance (NDR) transition at the reset voltage (a), and turn-on transition 

at the set voltage (b). The average voltages of the NDR and turn-on were 

evaluated for 100 cycles of I–V measurements. 

Using a vertical structure, the film thickness dependence, corresponding to the 

fullerene chain length dependence, was investigated in terms of the switching 

characteristics (Figure 4). The average voltages of the NDR observed in the reset 

operation (Figure 3c) and turn-on in the set operation (Figure 3b) were evaluated in 

one hundred I–V measurements, as shown in Figures 4a and 4b. Both voltages were 

plotted in terms of the EB dose density exposed to the film (Figure S1). The voltage of 

the NDR transition decreased as the film thickness decreased (Figure 4a). Although the 

turn-on voltage showed a similar trend to the NDR voltage, the decrease in voltage as a 

function of decreasing film thickness was less significant (Figure 4b). The difference in 

these results could be due to different transition mechanisms.19 The NDR transition 

relied on the depolymerization of the fullerene polymer chain, which could be caused 

by the local heating effect in and near the chain channel. Then, current flow through the 
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thicker film with the larger resistance required a larger voltage to achieve a sufficient 

temperature for the depolymerization. In contrast, the turn-on transition is caused by a 

local voltage applied to the locally disconnected section in the fullerene chain. The 

voltage was always slightly greater than 3 volts in a different device configuration.19 

Although the total remaining section of the continuous fullerene chain might have a 

larger resistance for the longer chain, the resistance at the disconnected section could 

be dominant. The thickness dependence of the turn-on voltage hardly changed even 

when the film thickness changed. Fluctuation distributions of the NDR voltage and turn-

on voltage were depicted in Supporting Information (Figure S2).  

The dose-density dependence of EB irradiation (Figure 4) on both transition voltages 

was also plotted. The NDR transition voltage in the thick film exhibited pronounced 

dose dependence, whereas the thin film showed independence. This dose dependence 

supports the above discussion on the transition mechanism: a thick film with a large 

resistive section in the conduction chain could be influenced by electron irradiation 

forming the polymer connection. The turn-on transition voltage was insensitive to the 

NDR transition voltage. This also supports the above turn-on repair mechanism in the 

local disconnected area caused by the applied voltage. Interestingly, the NDR voltage in 

the thin film was also insensitive to the dose density, indicating that a few minimal 

fullerene chains in the vertically stacked electrode structure could be dominated by the 

direct current injection between the electrodes through the 3–4 fullerene space.  
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CONCLUSIONS 

A short nanoscale fullerene chain with a binary resistance switch was fabricated in a 

vertically stacked two-electrode structure with a fullerene-derivative CPTA layer. The 

advantage of this scheme is that the thickness of the CPTA channel layer can be 

reproducibly controlled by changing the spin-coating conditions. Furthermore, self-

aggregation of individual CPTA molecules causes the rough surface, resulting in the 

forming current injection points between the two electrodes. Even when the channel 

length was narrowed to 3.7 nm, corresponding to 3–4 fullerene chain lengths bridging 

the two electrodes, a stable switching sequence was reproducibly achieved. A thinner 

fullerene layer, which is a conductive channel, lowers the operating voltage. The 

operating voltage was reduced by controlling the amount of electron beam irradiation 

to promote the polymerization and depolymerization of fullerene polymers. The low 

voltages, simple device structure, and straightforward method are advantageous for 

future applications.   
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FIGURE CAPTIONS 

Figure 1. (a) Optical photo image with a schematic diagram of the vertical structural 

element, (b) Cross-sectional transmission electron microscopy (TEM) image of the 

vertical structural element. C60 pyrrolidine tris-acid (CPTA) was coated at 4000 rpm. 

Figure 2. Atomic force microscopy (AFM) morphology image of the electrode surface 

and C60 pyrrolidine tris-acid (CPTA) surface spin-coated at 4000 rpm. (a) Surface of 

the InOx film on the bottom electrode. (b) CPTA surface. CPTA was spin coated on the 

surface of InOx (a). Scanned area of the images was 50 µm square, and the magnified 

area in (b) was 1 µm square. Each inset of the height profile shows surface roughness 

at the cutting line marked by A. Abbreviations: Average roughness (Ra) and Root 

mean square roughness (Rms). 

Figure 3. (a) One cycle of the external voltage input sequence for the resistance 

switching effect in a vertically stacked structure. set voltage changes the system from 

the HRS to the LRS. reset voltage is for the NDR operation. Read voltage is for reading 

the voltages of the LRS and HRS. One cycle of the input voltage sequence was 66 sec. 

(b) set operation I-V characteristic as a function of input voltage and reset operation 

(c). (d) Sequential resistance changes of 100 cycles. 

Figure 4. Relationship between the dose of electron beam exposure and voltage for 

different film thicknesses. Voltage of the negative differential resistance (NDR) 

transition at the reset voltage (a), and turn-on transition at the set voltage (b). The 

average voltages of the NDR and turn-on were evaluated for 100 cycles of I–V 

measurements. 

Table 1. Thicknesses of the C60 pyrrolidine tris-acid (CPTA) films prepared by 

different spin-coating conditions. The thickness was measured by atomic force 

microscopy (AFM) at the step of the film edge.  
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