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A Study of Carbon Nanotube Channel Field-Effect Devices
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Abstract We investigated field-effect ion-transport devices based on carbon nanotubes by using classical
molecular dynamics simulations under applied external force fields, and we present model schematics that can
be applied to the nanoscale data storage devices and unipolar ionic field-effect transistors. As the applied
external force field is increased, potassium ions rapidly flow through the nanochannel. Under low external force
fields, thermal fluctuations of the nanochannels affect tunneling of the potassium ions whereas the effects of
thermal fluctuations are negligible under high external force fields. Since the electric current conductivity
increases when potassium ions are inserted into fullerenes or carbon nanotubes, the field effect due to the gate,
which can modify the position of the potassium ions, changes the tunneling current between the drain and the
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1. INTRODUCTION transport in CNTs for ion-channel-based biosensors, and
Tuzun et al. [6,7] investigated the fluid flow of Ceo, He, or Ne
Ion transport in nanochannels due to external electric inside CNTs. Thus, nanospaces or nanochannels inside CNTs
fields can significantly modify the surface charge density of have also opened new applications as storage materials and
the nanochannels, the ion concentration, and the ionic fluid flow channels with high capacity and stability. It is
current. Therefore, ion and molecule transports in nanoscale anticipated that systems based on ion transport in
channels have recently received increasing attention [1].  nanochannels can be applied to nanoscale data storage
Rai-Tabar [1] reviewed recent computational modeling of the ~ devices [8] and unipolar ionic field-effect transistors [2].
transport properties inside carbon nanotubes. Daiguji et al. After the investigation of bucky shuttle memory elements by
[2] investigated theoretical modeling of the ionic distribution Kwon et al. [9], using classical MD simulations under
and transport in nanofluidic channels using silica nanotubes, electrostatic force fields, various molecule shuttle devices

30 nm in diameter and 5 m long. Using molecular dynamics have been investigated: the metallofullerene shuttle memory

(MD) simulations, Chan et al. [3] investigated ion transport in element in carbon nanocapsules [10], the bucky shuttle

simple nanopores, Hanasaki et al. {4] investigated Ar or He  three-terminal switching device [11], and memory devices
flow inside carbon nanotube (CNT) junction as a molecular ~ based on carbon peapods [12] and boron-nitride peapods
nozzle and diuser, Joseph et al. [5] investigated ionic ~ [13]. Also, the structural and the electrical properties of

alkali-metal-doped CNTs have been investigated by Jeong et

IDepartment of Computer System Engineering, Sangmyung al. [14,15] who attempted both experimental and theoretical

Univeristy investigations of cesium ions encapsulated in single-walled
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CNTs. For the bucky shuttle memory of Kwon et al. [9],
stored data can be measured by using the current pulse in the
connecting wires; that current is caused by the motions of
charged molecules or ions due to the applied probing voltage.
Therefore, if the stored data is to be read, the K+@Cso or ions
should be shuttled. For example, when the K+@Cqo settles in
the position of ‘bit 1', the K+@Cso has to move toward the
position of "bit 0' during the data reading processes; then, “bit
1' can be measured. After the data has been read, the K+@Ceo
should be returned to the position of "bit 1' to maintain its
original data. Therefore, data reading processes have to
include data erasing/writing processes, so both the power
consumption and the data processing time will increase. For
the bucky shuttle memory device of Kwon et al., a decrease in
the electric field is clearly achieved from the field-screening
effectof the outer capsule; then, the penetrating field also
partially acts on the endo metallic ions because of the
field-screening effectof the Ceo fullerene. CNTs with
hemisphere caps can act as Faraday cages or cups, screening
the field from the trapped nanotube. Delaney and Greer [16]
found that the Cg acted eectively as a small Faraday cage,
with only 25 % of the field penetrating the interior of the Cep.
They also predicted that the field penetration would increase
with the fullerene radius. Therefore, the CNT with both side
caps in this work is a semiconductor. Although the
endohedral ions are partially shielded from external electrical
fields due to the hemisphere cap acting as a Faraday cage, the
penetrating field can act on the endohedral ions. Therefore,
the nal electric field acting on the endo metallic ion is as low
as 0.0625 of the applied external field. However, for the ion
shuttle device in this work, the electric field acting on the
encapsulated ions is 0.25 of the applied external field. The
force acting on the encapsulated ion is higher than that acting
on the Ceo fullerene. The mass of encapsulated ion (such as Li,
Na, and K) is lower than the mass of Ceo fullerene. Since the
binding energy of the encapsulated ion in the CNT is lower
than that of Ceo fullerene in the CNT, the encapsulated ions
are easily accelerated. Therefore, ion shuttle devices are more
eective than endo-fullerene shuttle devices in the viewpoint
of operating speed and power consumption. In this work, we
consider potassium ions as the encapsulated ions because
potassium atoms are a low-mass impurity and are fully
ionized when they are intercalated between graphite plates or
into CNTs [17-19]. Also the electronic properties of the

CNTs are modied with the intercalation of potassium ions;
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then, the electric current conductivity increases when the
potassium ions are inserted into fullerene [20-22] or CNT
[23]. In some cases, fullerenes and CNTs with intercalated
potassium ions have shown superconductivity [20-22].
However, since the potassium ions easily diuse in the CNTs
due to the low binding energy of the potassium ion in the
CNT, the energetic or structural barriers that prohibit the
potassium ions from diusing in the CNT should be considered
for ion shuttle memory devices. This can be achieved for a
nanochannel that prohibits the potassium ions from diusing in
the CNT. In this paper, we investigate potassium ion transport
through a (5, 5) CNT as a nanochannel by using classical MD
simulations under applied external force fields. We present
controllable potassium ion transport in (5, 5) CNT by using
the MD simulations. We also show model schematics that can
be applied to nanoscale data storage devices and unipolar

ionic field-effect transistors.

2. METHODS
For carbon-carbon interactions, we wused the
Terso-Brenner potential function [24-26] that has been
widely applied to carbon systems. For the

potassium-potassium and the potassium-carbon interactions,
we employed the force-field method developed and used by
Goddard and co-authors for studying potassium-intercalated
fullerenes [17-19]. They assumed that the potassium is fully
ionized to K+ and that the charges are distributed uniformly
on the single-walled CNT. This assumption is consistent with
the assumptions used in the derivation of the van der Waals
parameter for K+-K+ and C-K+; then, the force-field method
by Goddard and co-authors give accurate results for the
lattice and  other for

parameter properties

potassium-intercalated graphite compounds. Since the
binding energies between K atoms or K+ ions are very low,
the potassium ions moved as individual particles when the
potassium ions are accelerated under an external force field.
Partially ionized potassium clusters can be achieved in
endohedral potassium clusters encaged in a nanocapsule [27].
However, the MD simulations showed that each potassium
atom moved as an individual particle when external force
fields were applied [8]. Individual potassium ions can be fully
ionized in CNTs. Therefore, during the MD simulations, we

assumed that the potassium atoms encapsulated in the CNT
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were fully ionized under the external force fields [8]. We used
both steepest descent (SD) and MD methods.

Q

8

Positions of potassium ions (A)

Fig 1. (@) - (c) show the trajectories of [3 potassium ions
along the z-axis at temperatures of 100, 300, and
500 K without external force fields, respectively.
(d) Atomic structures with temperatures at 200 ps.

The MD code used the velocity Verlet algorithm and
neighbor lists to improve computing performance. The MD
time step was 5104 ps. Initial velocities were assigned from
the Maxwell distribution, and the magnitudes were adjusted
S0 as to maintain the temperature in the system constant. A
Gunsteren-Berendsen thermostat was used to control the
temperature for all carbon atoms but not for potassium ions
[33]. Figure 1(d) shows the structure used in this work. The
nanochannel is a (5, 5) CNT that is seamlessly connected with
both side cages. When a semiconducting CNT is used as the
nanochannel instead of a metallic CNT, the field intensity in
the semiconducting CNT is slightly lower than that in the
metallic CNT. Therefore, field-effect ion transport can be
eectively achieved when a metallic CNT is used as a
nanochannel. The cages are extended C240 fullerenes,
truncated icosahedral cages. The bandgap of the €240
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fullerene used as the cage in this work is 1.241072 eV. As the
radii and the lengths of the fullerenes and the nanocages
increase, since their bandgaps are decreased, the bandgap of
the nanocage used in this work is lower than that of the C240
fullerene. The length of the system along the tube axis
(z-axis) is 80 A. The numbers of encapsulated potassium
ions used are 3 to 13. The initial structure was relaxed by
using the SD method. We performed the MD simulation for
the encapsulated potassium ions at various values of the

temperature and the external force field.

3. RESULTS AND DISCUSSION

When the external force field was not applied to the
system, the trajectories of 13 potassium ions along the z-axis
are shown for 100, 300, and 500 Kin Fig. 1(a) 1(c),
respectively. Figure 1(d) shows the atomic structures for the
same temperatures at 200 ps. When the 13 potassium ions
were encapsulated in the bottom cage, the potassium ions
diffused through the nanochannel toward the other side cage.
As the temperature was increased, since the thermal
fluctuation of the nanocahnnel increased, the rate of the ion
injection into the nanochannel slightly increased; and then,
the injected ions easily moved toward the other side without
disturbance. Therefore, a few ions remained in nanochannel
whereas most of ions remained in the two nanocages. As the
temperature was decreased, the potassium ions injected into
the nanochannel were almost uniformly distributed in the
nanochannel because of low diffusivity of the potassium ions
in the nanochannel. Therefore, when bit classification is
achieved by position detection of the encapsulated potassium
ions, such as in previous works {8], we anticipate that data
storage in nanochannel devices, as shown in Fig. 1, can be
achieved from position control of the encapsulated potassium
ions by the external force fields. We performed the MD
simulations as functions of the number of the potassium ions,
the external force field, and the temperature. The external
force fields were 0.005 to 0.02 V/A and the temperatures
were 100, 300 and 500 K. Positive force fields were applied
from 0 to 100 ps, and the negative force fields were applied
from 100 to 200 ps. Figure 2 shows the trajectories of 13

potassium ions under applied external force fields at 300 K.
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Fig 2. (a) - (c) show the trajectories of 13 potassium ions
under the applied external force elds of 0.005, 0.01,
and 0.02 V/A by using MD simulations at 300 K.
(d) Atomic structures for an applied force field of
0.02 V/A at 99.5 and 199.5 ps.
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Fig 3. (a) Mean position of the 13 potassium ions as a
function of the MD time for the MD simulation of
13 potassium jons wunder 002 V/A. (b)
Distributions of the number of ions along the tube
axis for various MD times.

As the applied external force field was increased, the
potassium ions rapidly went through the nanochannel. Under
low external force fields, thermal fluctuations of the
nanochannel affected the tunneling of potassium ions
whereas the effects of thermal fluctuations were negligible

under high external force fields. Figure 2(d) shows the atomic
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structures at 99.5 and 199.9 ps under an external force field of
0.02 V/A. For the case of 0.005 V/A, not all potassium ions go
through the nanochannel. For the case of 0.02 V/A, all
potassium ions go through the nanochannel. Therefore, for
data storage devices based on ion transport in a nanochannel,
a high speed bit-op can be achieved with a high force field
under the condition that the high field cannot break the atomic
bonds of the CNT. However, a switching device can operate
when only a few ions transport through the nanochannel. This
will be discussed with Fig. 4. Figure 3(a) shows the mean
position of the 13 potassium ions as a function of the MD time
for the MD simulation of 13 potassium ions under 0.02 V/A.
We can see that all ions were transported during 30 ps.
Therefore, for the cases investigated in this work, the bit-op
speed should be above 30 ps; then, the maximum switching
frequency will be below 33 GHz for a data storage device.
Figure 3(b) shows the distributions of the number of ions
along the tube axis for various MD times. In the condition that
all encapsulated potassium atoms are fully ionized, as
discussed in Section II, we can consider these distributions to
be the same as the surface charges of the nanotube along the
axis of the nanochannel. As the MD time increases to 20 ps,
the number of ions encapsulated in the bottom cage decreases
whereas the number of ions encapsulated in the upper cage
increases because of ion transport from the bottom to the
upper cage. At 31 ps, all ions are transported. For the bucky
shuttle memory of Kown et al. [9], the stored data can be
measured by using the current pulse in the connecting wires;
this current is caused by the motions of the charged molecules
or ions due to the applied probing voltage. Therefore, if the
stored data is to be read, the K+@Cse or ions should be
shuttled. For example, when the K+@Csqo settles in the
position of "bit 1', the K+@Cso should be moved toward the
position of "bit 0" during the data reading processes; then, bit
1" can be measured. After the data is read, K+@Cs the should
be returned to the position of “bit 1' to maintain its original
data. Therefore, the data reading processes have to include
so both

consumption and the data processing time will increase. The

data erasing/writing processes, the power
bit classifications by this method are very complicated to
dene and to detect by using connected electrodes. Another
methodology for bit classification can be achieved from the
direction of the applied force fields. For bit writing/erasing, a
high external force field is applied; when all ions transport the

nanochannel, the positions of the ions can be maintained in
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the cage by a weak external force field. Therefore, bit can be
classified with the direction of the weak applied force field.
By this method, data reading processes need not include the
data erasing/writing processes suggested by Kwon et al. [9].
The data reading speed with the second method is higher than
that with the previous method [9] whereas electric power is
continually consumed because a weak field should be
continually applied to maintain the bit. If diffusion of ions
through the nano channel does not occur, bit classification
can be achieved from the electric field induced by the surface
charge distributions, as shown in Fig. 3(b). However, for the
system investigated in this work, thermal diffusion of ions
through the nanochannel was found, as shown in Fig. 1.
Another schematic of a data storage device is shown in Fig. 4.
In this method, the stored data can be detected by the
positions of the ions as with the previous method of Kwon et
al. [9] whereas to read the stored data, there is no ion transport
through the nanochannel. The data are detected by using the
drain-source current (ids). The electronic properties of the
CNTs are modied by the intercalation of potassium ions; then,
the electric current conductivity increases when the
potassium ions are inserted into the fullerene [20-22] or the
CNT [23]. In some cases, fullerenes and CNTs with
intercalated potassium ions have shown superconductivity
[20-22]. The bandgap of the C240 fullerene is 1.241072 eV.
As the number of carbon atoms composed of fullerenes and
the length of the carbon nanocages increase, since their
bandgaps are decreased [34,35], the bandgap of the nanocage
used in this work must be considerably lower than that of the
C240 fullerene. For the fullerene intercalated with potassium,
the density of states at the Fermi level is observed to increase
and the electron-hole pair excitations also increases [22].
Therefore, when the potassium ions stay between the drain
and the source, the current ids is Lymon, as shown in Fig. 4(a)
whereas when there are no ions between the drain and the
source, the current ids is lumorr as shown in Fig. 4(b). From
previous works [20-23], Tumon 18 clearly higher than Iumosr
.The device in Figs. 4(a) and 4(b) can be used a nanoscale
ionic field-effect transistor [2]. When the potassium ions are
controlled by the bias of the gate, this device can be used as a
three-terminal switching device. Both sides of the right-hand
cage are connected to the drain and the source electrodes.
Therefore, the right-hand cage is the current tunneling
channel. Since the field effect by the gate can modify the
tunneling current (ids) between the drain and the source, this
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device is very similar to the field-effect transistors that have
been widely applied to the contemporary electronic memory
and switching devices. The turn-on state of the device can be
achieved when some ions partially transport to the cage
between the drain and the source.

However, the tum-on state of the device should be
achieved when no ion remains inside the cage between the
drain and the Figure 4(c)
voltage-current schematics for the operation of the ionic
field-effect transistor. When the potential drop (Vps) between

source. shows simple

the drain and the source is always positive, the tunneling
current (ids) between the drain and the source changes with
the gate bais. When the gate bias is in the turn-on state for the
ionic field-effect transistor (Viumon), ids becomes Iturnon with
a time delay of td. The time delay td is almost 30 ps when the
gate bias Vg is 1.6 V, as shown in Figs. 2 and 3 in this work.
When the gate bias is in the turn-ostate for the ionic
field-effect transistor (Viumotr), ids becomes Iymoss with a time
delay of td. We anticipate that unipolar ionic field-effect

transistors can be realized with several nanotechnologies.
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Fig 4. Device schematics that can be used as a nanoscale
ionic field-effect memory and transistor: (a) turn-on
state and (b) turn-on state. (c) Simple voltage-current
schematics for the operation of the ionic field-effect
transistor.
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4, SUMMARY

A field-effect ion-transport device based on carbon
nanotubes has been investigated by using classical molecular
dynamics simulations under applied external force fields. We
found controllable potassium ion transport in the (5, 5)
carbon nanotube and presented a model schematics that could
be applied to a nanoscale data storage device and a unipolar
ionic field-effect transistor. When the applied external force
field is increased, the potassium ions rapidly go through the
nanochannel. Under low external force fields, thermal
fluctuations of the nanochannel affect the tunneling of the
potassium ions whereas the effects of thermal fluctuations are
negligible under high external force fields. We proposed
several data reading methods and then showed model
schematics for a nanoscale ionic field-effect memory and
transistor. The electronic properties of the carbon nanotubes
are modied with the intercalation of potassium ions, and he
electric current conductivity increases when potassium ions
are inserted into fullerenes or carbon nanotubes. Since the
field effect due to the gate can modify the tunneling current
between the drain and the source, this device is very similar to
the field-effect transistors that have been widely applied to

the contemporary electronic memory and switching devices.
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