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ABSTRACT

We investigated a nanoelectronic device based on multi
endo-fullerenes shuttle memory element based on
nanopeapods  using classical molecular dynamics
simulations. We suggested the model schematics of endo-
fullerene shuttle memory device fabrication. The endo-
fullerene shuttle memory element could operate a
nonvolatile nano memory device. The switching speed, the
applied force field, and the active region should be
considered to design the endo-fullerene shuttle memory
element.
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memory device, nano nonvolatile memory, endo-fullerene,
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1 INTRODUCTION

The nanospaces inside nanocapsules or nanotubes have
opened various applications as storage materials with high
capacity and stability. In particular, self-assembled hybrid
structures called “carbon nanopeapods” have been reported
[1-3]. Recently, “boron-nitride nanopeapods” were also
synthesized [4]. The application of nanopeapods ranges
from nanometer-sized containers of chemical reactant to
data storage [5,6]. Kwon et al [5] investigated ‘bucky
shuttle’ memory device, which acted as nanometer-sized
memory element, using molecular dynamics (MD)
simulations. A lot of endo-fullerenes and endo-fullerene-
encapsulated carbon nanotubes (CNTs) have been
synthesized and investigated by experimental and
theoretical methods [7-11]. Several field-effect molecule-
shuttle memory elements based on nanopeapods have been
investigated using classical MD simulations in our previous
works [12-17].

While aligned bucky shuttle structures are difficult to be
in self-assembly, nanopeapods can be synthesized in the

aligned structures using bundles of single-walled nanotubes.

If some processes, such as endo-fullerenes intercalation
control, nanolithography, nanotube etching or -cutting,
nanotube capping or metal fillings for electrodes, are
treated appropriately to the aligned nanotubes, the aligned
bucky shuttles can be synthesized. Hence molecule-shuttle
memory devices based on nanopeapods have been expected

to bee realized by nanoscience and nanotechnology. This
paper, using classical MD simulations, shows model
schematics and probability of the molecule-shuttle
electronic devices based on endo-fullerene nanopeapods.
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Figure 1. Model schematics of nano-memory-element based
on nanopeapod. (a) The gate electrode is fabricated on the
substrate covered with SiO, thin film; then nanopeapods are
deposited on the SiO, thin film. (b) SiO, film growth on the
surface. (c) A part of the nanopeapod is exposed by the
SiO, removal process. (d) The exposed region of the
nanopeapod is removed by the carbon etching processes. (€)
Using the endo-fullerene electroemission process, some
endo-fullerenes are emitted from the nanopeapod under the
gate bias. (f) The electrode to detect the current impulse is
deposited in the etched SiO, region. (g) The cut side view
of the final structure.

2 MODEL SCHEMATICS

Figure 1 shows the model schematics of endo-fullerene
shuttle memory device fabrication. The gate electrode is
fabricated on the substrate covered with SiO, thin film; then
nanopeapods are deposited on the SiO, thin film shown in
Fig. 1(a). After the nanopeapod deposition, as Fig. 1(b)
shows, SiO, film is grown on the structure of Fig. 1(a). On
the opposite side of the nanopeapod for the gate electrode
along the tube axis, the SiO, etching process is achieved
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after masking and lithograph processes; then a part of the
nanopeapod is exposed by the SiO, removal process shown
in Fig. 1(c). The exposed region of the nanopeapod is
removed by the nanotube etching processes; then, the
structure shown in Fig. 1(d) is achieved. At this process, the
edge of the nanotube should be opened to achieve the endo-
fullerene electroemission from the nanotube. When the
nanotube is fully filled with the endo-fullerenes, the endo-
fullerene electroemission from the nanotube should be
achieved for endo-fullerenes to migrate in the nanotube.
Using the endo-fullerene electroemission process, some
endo-fullerenes are emitted from the nanopeapod under the
gate bias shown in Fig. 1(e). After the endo-fullerene
electroemission process, the electrode to detect the current
impulse is deposited in the etched SiO, region shown in Fig.
1(f). Figure 1(g) shows the cut side view of the final
structure of Fig. 1(f). Since fully ionized endo-fullerene can
be accelerated under external force fields, the endo-
fullerene can be shuttled by the alternative external force
fields. When the bits of the molecular-shuttle memory
elements are defined by the positions of the endo-fullerenes,
the data writing/erasing can be achieved from the gate bias.
The positions of the endo-fullerenes can be controlled by
the gate bias whereas the bit as the stored data can be
detected by the current pulse of the detecting electrode as
suggested by Kwon et al. [5].

3 INTERATOMIC POTENTIALS

3.1 Charge of endo-fullerene in nanotube

A lot of endo-fullerene peapods have been investigated
in experimental and theoretical studies. In this work, we
assume that the charge of the endo metal encapsulated in
fullerene is fully ionized such as F~, Ne, Na*, K*, Mg*,

and AP’ [18]. In order to move the encapsulated endo-
fullerenes, the endo-fullerenes should carry a net charge. As
the number of carbon atoms composed of fullerenes
increases, the electron affinity generally increases [19]. The
electron affinities of the endo-fullerenes are generally
higher than those of the empty fullerenes [20-23]. Some ab
initio calculations for the endo-fullerene peapods have
shown the charge transfer from nanotubes to endo-
fullerenes or fullerenes [24-26]. Chen and Lue [27] showed
that the electron affinities of the CNTs were 1.0 ~ 1.5 eV by
the theoretical fitting based on field emission experiments
of CNTs. The above results imply that the charge of the
encapsulated endo-fullerene is negative due to the charge
transfer from nanotubes to endo-fullerenes. However,
contrary results for the charge transfer have been reported.
Cioslowski et al. [28] showed that the electron affinities of
nanotubes with a finite length were generally higher than
those of empty fullerenes. Kazaoui et al. [29] estimated that
the average electron affinity of semiconductor single-wall
CNTs was 4.8 eV by in situ measurements of optical
absorption spectra. Hirahara er al. [30] discussed the
possibility of the charge transfer from Gd@Cs, endo-

fullerenes to single-wall CNTs. These results imply that the
charge of the encapsulated endo-fullerenes can be positive.
Therefore, we think that the charge transfer of endo-
fullerene peapods should be investigated in further studies.
Although there are contrary results for the charge transfer,
the endo-fullerenes can have either a negative or a positive
net charge. In this work, we follow the assumption by
Kwon et al. [5] for the charge of the endo-fullerenes
encapsulated in CNTs. In K@C,, endo-fullerenes, which

are known to form spontaneously under synthesis
conditions in the presence of potassium, the valence
electron of the encapsulated potassium atom is completely

transferred to the Cq shell, and then K* @C,,~ is formed

[31-34]. Kwon et al. assumed that the Cq shell is likely to
transfer the extra electron to the graphitic outer capsule.
The extra electron on the outer capsule will likely be further
transferred to the structure that holds the bucky shuttle
device. Therefore, Kwon ef al. modeled the dynamics of the
K@C,," ion in the neutral carbon capsule by uniformly

distributing a static charge of +le over the Cgp shell.
However, in our MD code, the endo metals were not
included for computational efficiency, whereas the mass of
Ceo increased with the mass of the potassium atom and the
charge of the Cq was assumed to be +le and was
uniformly distributed on the Cg, such as in the previous
study by Kwon ef al. Therefore, the charge per carbon atom
was assumed to be +¢/60.

For Cg fullerene as a Faraday cage [35], when the
applying electrostatic force field is 1 V/A, the electrostatic
force acting on K* is around 0.25 V/A because of the field
screening of the Csqy fullerene. Therefore, the average
electrostatic force field acting on carbon atom composed of
the Cgo fullerene will be 0.004 167 V/A.

3.2 Interatomic potentials

For C-C interactions, we used the Tersoff-Brenner
potential function that has been widely applied to C systems
[36-38]. The long-range interactions were characterized
with the Lennard-Jones 12-6 (LJ12-6) potential that was
continually connected by the cubic spline functions with the
Tersoff-Brenner potential such as methods by Mao et al
[39] when the interatomic distance (r) is between 2.0 and
2.7 A. The cutoff distance of the LJ12-6 with parameters
&.=0.0024 €V and 5. =337 A was 10 A. We assumed

the Cu nanowires as the conductor material. For Cu—Cu and
Cu-C, we used the Mores-type potential, a pair interatomic
potential function, which have been widely used in many
atomistic studies for nanoindentations and nanomechanics
[40,41].

The MD simulations used the same MD methods as
were used in our previous works [42,43]. The MD code
used the velocity Verlet algorithm, and neighbor lists to
improve computing performance. MD time step was 5x107*
ps. A Gunsteren-Berendsen thermostat was used to control
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temperature for all atoms except for fullerenes. The
structure was initially relaxed by the steepest descent
method; then the atoms of both edges were fixed during the
MD simulations and on the other atoms, MD methods were
applied.

Figure 2. (a) The positions of the Cgo s and (b) the total

potential energy as a function of MD time when the
external applying field is 0.2 V/A.

4 RESULTS AND DISCUSSION

Figure 2 shows the initial structure for the MD
simulations of the endo-fullerene shuttle in the nanotube.
Six endo-fullerenes were encapsulated into a (10, 10) CNT
with 117 A length, and both Cu electrodes with 7 A was
obtained from our previous work [43] that shows the Cu
nanowires encapsulated in the armchair CNT. The
minimum potential energies were found near the both ends
of the nanopeapod and the activation energy barrier was
0.399 eV [14]. Since the binding energy between a Cu
electrode and a C4 was higher than that between Cgps,
active elements became the structure as shown in Fig. 2
after alternative force fields were successively applied. Two
endo-fullerenes labeled by 1 and 6 were always attached at
the both end electrodes and the shuttle media were always
the central four endo-fullerenes.

The position control of the endo-fullerenes by the
electromigration processes is the basis of the bucky-shuttle
memory device of Kwon et al. [5]. Figure 4 shows the total
potential energy of the system (Fig. 3(a)) and the position
variations of the shuttle fullerenes along the tube axis (Fig.
3(b)) as a function of MD time. The applied force field is
shown in Fig. 3(c). External force field was initially 0.06
V/A to 5 ps, increased to 0.12 V/A by a exponential
function to 6 ps, continually maintained 0.12 V/A to 25 ps,
and then decreased to 0.06 V/A by an exponential function
to 30 ps. The applied force fields were disappeared after 30
ps. Peaks in the total potential energies were found when
the endo-fullerenes collided with the electrode or with each
other.

Times required for entire bit flop were about 80 ps due
to the rebound events of the endo-fullerenes, as shown in
Fig. 3. Though the external force field vanished, the endo-
fullerenes were safely settled at the expected bit flop. This
means that the force fields for bit writing/erasing need not
be applied during entire bit flop. Since the activation energy
barrier of an endo-fullerene inside the (10, 10) CNT was
0.399 eV [14], the memory system based on endo-fullerene
peapods can be applied to a nonvolatile nano memory
element. When the magnitude and the duration of the
external force fields are appropriately applied to this system,
the rebound events during the bit flop can be reduced and

i et o ool 4 . T

the bit flop speed can be also upgraded. When the active
region and the number of the endo-fullerenes are also
properly selected, the rebounded events may be
unimportant in the operation of this system. When the
applied force fields were very low in the conditions that the
endo-fullerenes can be switched, these rebounded events
were not found. The switching speed was very low under
the very low applied fields. When high external force fields
were applied, the speeds of the endo-fullerenes were also
high whereas the entire bit flops were achieved after a long
time because of several rebounded events. Therefore, to
design the system suggested in this work, the switching
speed, the applied force field, and the active region should
be considered.
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Figure 3. (a) Total potential energy of the system and (b)
the position variations of the Cgos along the tube axis as

functions of MD time and external force field.

5 SUMMARY

In summary, we studied the endo-fullerene shuttle
memory element based on nanopeapods using classical
molecular dynamics simulations. We suggested the model
schematics of endo-fullerene shuttle memory device
fabrication. The systems could operate nonvolatile nano
memory devices when the positions of endo-fullerenes were
controlled by gate bias. Our molecular dynamics
simulations showed that the switching speed, the applied
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force field, and the active region should be considered to
design the nano device suggested in this work.
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