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The authors report negative differential resistance �NDR� characteristics observed in nanodevices
constructed using three types of fullerenes �C60, C70, and C84� encapsulated metallic double-walled
carbon nanotubes. The NDR behavior persists from room temperature �300 K� to lower
temperatures, and a significantly high on-off peak-to-valley current ratio is observed for many of the
devices examined. The fullerene species exerts a strong influence on the peak voltage of the
NDR, which exhibits a linear decrease with increasing fullerene size. The observed current-voltage
curves are highly reproducible during measurements, and fully reversible upon change in the bias
sweep direction. In addition, the peak current of the NDR is found to increase significantly under
light illumination and is recoverable in the absence of light, which indicates potential for
applications such as logic optoelectronic devices. © 2009 American Institute of Physics.
�doi:10.1063/1.3273496�

I. INTRODUCTION

The discovery of negative differential resistance �NDR�
in semiconductors was a significant event in device physics.1

The presence of NDR is a useful feature that has a wide
variety of circuit applications, such as high-speed switches,
high-frequency oscillators, amplifiers, and logic. Over the
past three decades, a large number of NDR devices have
been fabricated based on the GaAs–AlGaAs superlattice
structure, which exhibits resonance-tunneling characteristics.
Recently, many research groups have explored other types of
material systems, such as nanoscale molecular junctions,2 Si
quantum dot structures,3 and Te-filled zeolites,4 to improve
device performance. Although NDR devices employing dif-
ferent materials have been realized, fabrication with high
peak-to-valley current ratio �PVCR� and good reproducibil-
ity remains a significant challenge. In addition, the scaling of
NDR devices designs down to increasingly smaller sizes is
rapidly approaching the fundamental limits, and new devices
based on nanotechnology will begin to be substituted for
conventional systems. In recent years, carbon nanotubes
�CNTs� have become attractive candidates for nanoelectronic
applications, due to their small size, unique structure, and
outstanding electronic properties. A number of nanodevices
based on various types of CNTs, including single-electron
transistors,5 field-effect transistors6 and rectifying diodes7

have been reported. In particular, double-walled CNTs
�DWNTs�, consisting of two concentric cylindrical graphene
layers, have attracted increasing interest because of advan-
tages over other types of CNTs, such as their size and elec-
trical and mechanical properties.8 Tunnel barriers, quantum
dot, or quantum well structures can be easily implemented in
the nanospace of DWNTs by means of built-in heterostruc-
tures, such as encapsulation of other foreign atoms or mol-
ecules within the DWNTs. On the other hand, fullerene mol-

ecules, such as C60, with spherical shape and unique
electronic structure, are already of physical interest for stud-
ies on low-dimensional electron systems.9–11 In this sense,
numerous fullerenes encapsulated in one-dimensional �1D�
DWNTs may provide an ideal superlattice heterostructure for
the testing of quantum mechanical effects.

Here, we report the electrical transport properties of nan-
odevices fabricated with fullerenes �C60, C70, and C84� en-
capsulated metallic DWNTs �fullerene@DWNTs�. The most
attractive feature of the devices is that they exhibit reproduc-
ible NDR characteristics as a result of their strong resonance
tunneling effect. Typical NDR of the devices yields a high
PVCR, up to approximately 104 at room temperature, which
enables the devices to be easily switched on and off. Peak
voltages of NDR are found to be strongly dependent on the
size of the fullerenes and display a linear downshift with an
increase in the size of the encapsulated fullerenes. Further
measurements indicate that the NDR behavior is optically
controllable at room temperature, and the switching charac-
teristics are reversible in the absence of light. The findings
indicate that confined electrons can be sensed via light.

II. EXPERIMENTAL DETAILS

A. Synthesis and characterization of various
fullerene@DWNTs

Raw DWNTs were prepared by arc discharge using Fe as
a catalyst, followed by a purification process to remove the
catalyst and amorphous carbon. Air oxidation was carried out
at 733 K for 30 min to open the DWNTs prior to encapsula-
tion of the fullerenes. Encapsulation of C60, C70, and C84

fullerenes inside DWNTs was realized using a vapor diffu-
sion or plasma-ion irradiation method, similar to that for the
encapsulation of fullerenes inside single-walled CNTs
�SWNTs�.12 The fullerene@DWNT samples obtained during
the encapsulation process were then purified in toluene to
remove the excess fullerene molecules attached to the
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surface of the DWNTs. Transmission electron microscopy
�TEM, Hitachi HF-2000� operated at 200 kV and micro-
Raman scattering spectroscopy with an Ar laser at 488 nm
were used for characterization of the samples.

B. Electrical transport measurements

The electrical transport properties of the various
fullerene@DWNTs were measured by constructing field-
effect transistors �FETs� with the fullerene@DWNTs as the
current channels. An individual nanotube bridging the source
and drain electrodes was identified by atomic force micros-
copy �AFM�. We have previously reported experimental de-
tails for the fabrication of FET devices using various kinds of
CNTs.13 The electrical transport properties were measured
from the source-drain current IDS, as a function of the source-
drain voltage VDS, or gate bias VG. Electrical measurements
were carried using a semiconductor parameter analyzer
�Agilent 4155C� under both dark conditions and under light
illumination in a vacuum �10−4–10−5 Pa�. Light-induced
switching transport measurements were performed under ex-
posure to light with wavelengths in the range of 390–
1100 nm with illumination intensity �50 mW /cm2 gener-
ated by a 150 W Xe lamp �LSX-2501�.

III. RESULTS AND DISCUSSION

A. TEM and Raman spectroscopy characterization

A TEM image of an empty DWNT with inner and outer
diameters of approximately 4.0 and 4.8 nm, respectively, is
shown in Fig. 1�a�. In contrast, Fig. 1�b� presents a typical
TEM image of a DWNT filled with numerous C60 molecules.
In this case, the encapsulation ratio of fullerenes inside

DWNTs �encapsulation DWNTs/total DWNTs� was more
than 80% according to TEM observations. Only an amor-
phous phase of C60 molecules was identified inside the
DWNT, due to the large inner diameter of the DWNT of
approximately 4.5 nm because the packing arrangement of
C60 is very sensitive to the nanotube diameter, which is in
agreement with that previously reported.14 Similarly, amor-
phous C70 or C84 molecules have also been observed inside
DWNTs.

The Raman spectra shown in Fig. 1�c� further confirmed
that various fullerene �C60, C70, and C84� molecules were
encapsulated within the DWNTs, according to the two typi-
cal D-band and G-band peaks observed at 1378 and
1584 cm−1, respectively. However, the radial breathing
mode was not detected in any of the nanotube samples, due
to the larger diameter of the DWNTs. However, significant
signal changes, indicated by arrows in Fig. 1�c�, can be rec-
ognized in the Raman spectra for the three different DWNT-
encapsulated fullerenes, when compared with that for the
pristine DWNTs. In the case of C60-filled DWNTs, a strong
peak at 1476 cm−1, corresponding to intermolecular Raman
active frequency �tangential mode� Ag�2� of C60, is clearly
observed due to C60 encapsulation. The weak peak at
1437 cm−1 near the D-band can be attributed to the Hg�7�
mode of C60 molecules. Another weak peak is also detected
at a low frequency of 271 cm−1, which corresponds to the
Hg�1� mode of C60, which may suggest the formation of
dimers or clusters because a large amount of C60 molecules
can be filled inside DWNTs as indicated by the TEM obser-
vations. For C70-filled DWNTs, the change in the Raman
signals can be assigned as follows according to Refs. 15–17;
1228 cm−1 �A1� ,E1� ,E2��, 1268 cm−1 �E1� ,E2��, 1464 cm−1

�A1� ,E1� ,E2��, and 1484 cm−1 �A1� ,E1��, which is different
from the case of C60-filled DWNTs. Furthermore, after C84

encapsulation, a large signal change is distinguished in the
region between the D-band and Ag mode �1458 cm−1�,
where the Raman spectrum becomes broad and asymmetric.
Therefore, the Raman characterization provides evidence
that the different fullerenes �C60, C70, and C84� have been
encapsulated inside DWNTs.

B. Comparison of NDR behavior observed in different
fullerene@DWNTs

Figures 2�a�–2�c� show IDS-VDS curves measured at a
gate voltage of VG=0 V for three independent nano-
devices that were fabricated using C60, C70, and C84

fullerene@DWNTs, respectively. The inset of Fig. 2�a�
shows an AFM image of the FET device with one
C60@DWNT as the current channel. Compared with the
typical linear behavior of pristine metallic DWNT, the ob-
served IDS-VDS curve shown in Fig. 2�a� for the
C60@DWNT device exhibits strong NDR characteristics at a
positive bias of 6.6 V and a negative bias of �6.9 V. The
initial increase in current is followed by a sharp decrease,
rather than the linear increase expected from Ohm’s law,
when the voltage is more than the absolute value of approxi-
mately 7 V. Unlike previously reported devices, where S- or
N-shaped NDR characteristics are usually observed, this

FIG. 1. �Color online� �a� TEM image of an empty DWNT with inner and
outer diameters of 4.0 and 4.8 nm, respectively. �b� TEM image of
C60@DWNT. �c� Raman spectra of pristine DWNTs, and C60, C70, and C84

fullerene@DWNTs.
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device exhibits strong NDR at room temperature. In the off
region, the valley current is reduced to the level of approxi-
mately 10−4 mA. Despite the difference in the peak position,
robust and sharp NDR characteristics were also found for the
device constructed with a C70@DWNT, as shown in Fig.
2�b�, where a high PVCR of approximately 104 was sym-
metrically observed at 4.5 and �4.3 V with a cutoff current
in the order of 10−4 �A. The PVCR serves as a figure of
merit for resonance tunneling devices; therefore, the intrinsic
device characteristics observed in this study are much better
than those reported for conventional solid-state quantum well
resonance tunneling heterostructures.18,19 In addition to the
large PVCR, all the NDR devices were found to exhibit large
peak currents, and the maximum value was typically several
orders of magnitude larger than the currents measured for
pristine DWNTs at the same corresponding bias, in which no
NDR behavior is observed. Figure 2�c� shows the IDS-VDS

characteristics of the C84@DWNT device, in which the
maximum peak current of NDR reached an unusually high
value of approximately 1.93 mA at a positive bias of 2.7 V
and 2.09 mA at a negative bias of �2.7 V. According to these
observations, it can be concluded that the NDR behavior in
the DWNTs is completely dependent on fullerene encapsula-
tion. It is also interesting to mention that the peak positions
of NDR move toward lower voltages with increasing diam-
eter of the encapsulated fullerenes, as indicated in Fig. 2�d�,
in which the average peak voltages �Vp� for the
C60@DWNT, C70@DWNT, and C84@DWNT devices
were 6.1, 4.1, and 2.7 V, respectively, based on measure-
ments for more than 15 devices of each fullerene@DWNT
type.

The notable difference between the present devices and
conventional ones is that the NDR characteristics are fully
reversible in accordance with the change in the bias sweep
direction or rate, and as a result, clear hysteresis loops are
rarely observed during the entire measurement. For a given

device only fluctuations in peak position and peak current are
recognized, regardless of the type of scan performed, as seen
in Fig. 3�a�, in which clear NDR regions are observed for the
C60@DWNT at 6.8 and �7.3 V in consecutive forward and
backward voltage sweeps. Such reproducible NDR charac-
teristics were also identified in the devices fabricated with
C70@DWNTs and C84@DWNTs, as shown in Figs. 3�b�
and 3�c�, respectively, which indicates that their performance
is superior to that for most conventional devices, in which
limited reproducibility of the NDR behavior mainly appears
during the forward sweep.3,4,20

C. Temperature-dependence of NDR behavior in
fullerene@DWNTs

Another attractive feature of the present devices is that
the NDR characteristic is observed at room temperature and
lower, as indicated by the IDS-VDS curves measured for the
C84@DWNT device in the temperature range of 10–300 K
�Fig. 4�a��. It is noted that the current of the device exhibits
a monotonic decrease with the decrease in temperature.

FIG. 2. �Color online� Characteristic IDS-VDS curves �VG=0 V� for �a�
C60@DWNT, �b� C70@DWNT, and �c� C84@DWNT devices measured at
room temperature. The inset in �a� shows an AFM image of a
C60@DWNT-FET device. �d� Average peak voltages of NDR for
C60@DWNT, C70@DWNT, and C84@DWNT devices showing a linear
decrease with increasing fullerene diameter.

FIG. 3. �Color online� IDS-VDS curves measured under forward and back-
ward voltage sweeps for �a� C60@DWNT, �b� C70@DWNT, and �c�
C84@DWNT devices at room temperature �300 K�.
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There are two possible reasons for the observed phenom-
enon. One is the typical reduction in thermal conductance for
nanotubes with decreasing temperature, as described
elsewhere,21 and the other is the possibility that the coherent
transport of electrons in the superlattice structure of the
C84@DWNT device may be suppressed at low temperatures,
which is considered to diminish the resonance tunneling cur-
rent. As a result, the PVCR appears to decrease when the
temperature is lower than 150 K, and only small PVCR val-
ues �approximately 10� are observed below 100 K. More-
over, it is found that the peak position shifts to larger Vp with
decreasing temperature, as shown in Fig. 4�b�. This tempera-
ture dependent behavior is similar to that observed for pre-
viously reported devices that employ organic molecules to
form the active region.2 However, after the device was
heated to room temperature and measured again, high peak
current and PVCR were again observed, which indicates a
rapid recovery of the NDR characteristics.

A possible physical explanation for the observed NDR
phenomenon is that a quantum dot superlattice structure is
formed in the DWNT after fullerene encapsulation in the
large 1D inner space. In contrast, no such NDR behavior has
been observed in fullerenes encapsulated SWNTs with diam-
eters of 1.4–1.6 nm, which suggests that DWNTs with large

diameter play an important role in the NDR phenomenon.
When the current flows through the nanostructure of
fullerene@DWNTs, many current paths exist in one device
and numerous fullerene molecules are involved in each path,
which results in the capability of carrying a large current at
low bias. This is evident from the measured conductance of
the NDR device shown in Fig. 2�c�, which reaches −128G0

at �2.7 V. This is much larger than the 2G0 limitation re-
ported for a perfectly contacting CNT,22–24 where G0

=2e2 /h is the conductance unit and its value is 77.6 �S �h:
Plank’s constant�. Thus, it is clear that fullerene molecules
participate in the ballistic transport of electrons in multiple
conductance channels. When electrons tunnel through such a
superlattice structure of fullerene@DWNTs, the coherent na-
ture of ballistic electron propagation can generate construc-
tive interference, which leads to the occurrence of resonance
tunneling. With increasing bias voltage, the current increases
rapidly, due to an increase in multitunneling paths for elec-
trons. The peak current will appear when the Fermi level of
the electrodes matches the formed resonant energy level ET

of the fullerenes. If the bias increases to a value somewhat
larger than Vp, at which the Fermi level of the electrodes
becomes higher than ET, the current can suddenly be sup-
pressed, thus causing NDR. In the present study, a sharp
reduction in current is also possible due to the occurrence of
a strong charging effect, in which electrons trapped on
fullerene molecules may screen the applied field and prevent
current flow, resulting in the observed sharp NDR. The close
dependence of the energy levels on the fullerene size appears
to be similar to that for electrons trapped in quantum wells,
in which the energy levels and energy spacing between ad-
jacent energy levels of electrons are inversely proportional to
the width of the quantum wells. The relationship between the
energy levels and the width of an infinite quantum well is
given by En=�2 /2me �n� /Lw�2, where n=1,2 , . . ., Lw is the
width of the quantum well, me is the effective mass of the
electron, and n is the quantum number associated with the
nth energy level of En. Considering this, it can be easily
envisaged that an analogous effect of fullerene size
��1 nm� on the discrete energy levels of trapped electrons
on fullerenes takes place, which may lead to a resultant reso-
nant energy level ET and related switching voltage Vp that
are inversely proportional to the fullerene size.

D. Photoinduced NDR behavior of fullerene@DWNTs

Figure 5�a� presents typical IDS-VDS characteristics of a
C60@DWNT-FET device measured with and without light
at room temperature. Under light illumination, the current
peak �IP� of NDR exhibits a significant increase from 0.2 to
0.6 mA, and the peak position is shifted from 4.1 V to a
lower bias voltage of 3.5 V, due to the reduced tunneling
resistance. Apart from the large photoinduced current peak,
the PVCR �IP / IV� is found to increase under light illumina-
tion. This phenomenon is attributed to the photoinduced neu-
tralization of charge in the quantum dots �or quantum well�
by an accumulation of photogenerated holes, which may lead
to a lowering of the height of the tunneling barrier related to
the dark response. To further elucidate this behavior, the

FIG. 4. �a� IDS-VDS curves of a C84@DWNT device with NDR behavior
measured in the temperature range from 300 to 10 K. �b� Peak voltages of
NDR indicate an increase with decreasing temperature.
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dependence of the photoinduced NDR characteristics on the
wavelength of light was investigated. Figure 5�b� shows the
ratio of peak current IP and the PVCR enhanced by light to
the original current IP0 �IP / IP0� and PVCR0 �PVCR /PVCR0�,
respectively, as a function of wavelength. The change in the
photoinduced peak current becomes less pronounced with
increasing wavelength, the same tendency of which is ob-
served for the value of PVCR. This implies that the main
effect of light energy is on the number of holes generated by
photons. Measurements made on more than 20 independent
devices revealed similar tendencies of wavelength depen-
dence, although not identical. Interestingly, such optically
controlled NDR is also found for other fullerenes such as C70

and C84 encapsulated in DWNTs. The conductance state of
the NDR device is entirely reversible when the light is
switched on and off, and this behavior is reproducible for
multiple cycles. Time resolved measurements were also con-
ducted for the samples in order to further specify the light
response transport phenomenon, as shown in Fig. 6, where
the IDS at VG=0 V and VDS=3 V was measured as a func-
tion of time. Compared with the dark characteristics, the
peak current of NDR was significantly increased, and the
value was more than twice as large as that measured without
illumination. When the light source was switched off, the
current almost returned to its initial operating state with a
lower value.

The sharp NDR behavior is also due to the transient
current induced from the charging effect, in which electrons
trapped in quantum wells �fullerenes� can screen the applied
field, thereby preventing current flow. In this case, oscillation
peaks resulting from a Coulomb blockade �CB� are clearly
observed in the room temperature IDS-VG curves, as shown in

Fig. 7, which implies that the charge on the nanotube is
quantized, and charging and discharging are not continuous.
In other words, the CB in this case leads to a single-electron
tunneling phenomenon, due to the strong charging effect in
C60 encapsulated DWNTs, which agrees with the result
shown in Fig. 5�a�, where the current is blockaded with a VDS

larger than 4.5 V. The average gate voltage period �VG be-
tween adjacent oscillation peaks is 2.2 V in the absence of
light, as seen in Fig. 7�a�. However, �VG becomes much
larger and periodic �6.0 V� under 390 nm light, as shown in
Fig. 7�b�, which implies that the capacitance C of the quan-
tum dots �or quantum well� becomes lower under illumina-
tion according to C=e /�VG. Consequently, the charging en-
ergy Ec=e2 /2C �Ref. 25� of the NDR device becomes
higher, in contrast to that without illumination. These results
can possibly be attributed to the trapping and accumulation

FIG. 5. �Color online� �a� IDS-VDS curves measured with VG=0 V at room
temperature for a C60@DWNT with and without light illumination �390
nm�. �b� IP / IP0 and PVCR /PVCR0 measured as a function of wavelength,
indicating a decrease in the photoinduced current and PVCR with increasing
wavelength.

FIG. 6. �Color online� IDS characteristics measured as a function of time
with and without light illumination �390 nm� for a C60@DWNT-FET de-
vice at VG=0 V and VDS=3 V.

FIG. 7. �Color online� IDS-VG curves of a C60@DWNT-FET device mea-
sured at �a� VDS=6 V without light, showing Coulomb oscillation behavior
with gate period voltage �VG=2.2 V and �b� under 390 nm light illumina-
tion, where �VG is 6.0 V.
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of electrons on C60 fullerenes; redox chemistry studies have
revealed the ability of fullerenes to accommodate up to six
electrons.26,27 In the presence of light, the optical and elec-
tronic properties of fullerenes are considered to undergo a
dramatic change. The oxidation potential of a fullerene in the
excited state �C60

� , 0.1 V� is much lower than that of C60 in
the ground state �2.15 V�,28 and as a result, the electron
drawing ability of the fullerene is reduced, which can then
result in the observed photoinduced CB behavior.

IV. CONCLUSION

The electrical transport properties of three different
fullerenes encapsulated metallic DWNTs were measured. In
contrast to the empty metallic DWNTs, unique NDR is
clearly observed as the result of strong resonance tunneling
in the superlattice heterostructure of the fullerene@DWNTs.
The peak voltages of NDR are strongly dependent on the
type of fullerene, and exhibit a linear decrease with increas-
ing fullerene diameter. The NDR characteristics are revers-
ible, in accordance with variations in the bias sweep direc-
tion, and are stable during measurements performed from
room temperature to lower temperatures. Under light illumi-
nation, the optically controlled NDR phenomenon was ob-
served in the fullerene@DWNTs. The resonance tunneling
effect is optically enhanced and the peak current is signifi-
cantly increased when the device is illuminated. The photo-
induced NDR characteristic is strongly dependent on the
wavelength. Moreover, a remarkable effect of illumination
on the single-electron tunneling phenomenon was observed,
which suggests that it is possible to detect the loss or capture
of electrons in quantum dots. Further optimization of this
effect could be useful for application requiring the detection
of a single-electron.
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