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Nanostructures and electronic properties of carbon and boron nitride nanocap-
sules

Hidehiko Kitahara and Takeo Oku*
Institute of Scientific and Industrial Research, Osaka University, Mihogaoka 8-1, Ibaraki, Osaka 567-0047, Japan

Carbon (C) nanocapsules with gold nanoparticles and boron nitride (BN) nanocapsules with cobalt nanoparticles were
fabricated, and their electronic properties were investigated by scanning tunneling microscopy at room temperature. The
current-voltage characteristics of the BN nanocapsules showed Coulomb staircase-like behavior, and the photoluminescence
spectrum of BN nanocapsules showed a peak at 3.8 eV. It is believed that the BN layers would act as tunnel barriers and that
double-barrier tunnel junctions would be formed. 
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Introduction

In recent years, downsizing of electric devices has
become difficult, and consumption of the electric power
has become high. Single-electron charging effects in
small tunnel junctions were observed in 1987 [1],
which means a single electron device is feasible [2-8].
Single electron devices have received considerable atten-
tion because they are operated at low electric power.
The single electron transistors consist of electrodes and
quantum dots of extremely small size. The smaller the
size of the quantum dot, the higher the operating
temperature of the single electron device. For operation
of the devices at room temperature, the size of the
quantum dots should be below dozens of nanometers.
Nanocapsule structures are one of the candidates that is
applicable for quantum dots of single electron transistors.

Various carbon (C) nanocapsules encaging nanoparticles
have been produced [9-12] after the discovery of C60

[13]. C has heat and chemical resistance, and C nano-
capsules have various properties such as cluster-protec-
tion, lubricity, amongst others. Boron nitride (BN)
nanocapsules were also produced recently [11, 14-18].
BN has excellent properties of high temperature stability
and chemical stability. Although C shows metallic
behavior, BN has insulation properties. 

The purpose of the present work is to investigate the
electronic properties of C and BN nanocapsules, and to
discuss the possibility of their application for single
electron transistors. Gold (Au) nanoparticles were selected
for C nanocapsule formation in the present work because
of easy control of cluster size [19], and gold colloids

have been used for the formation of single electron
transistors [4]. Cobalt (Co) nanoparticles were also
selected for BN nanocapsule formation in the present
work because they worked as catalytic metal for prod-
uction of carbon nanocapsules and single wall carbon
nanotubes [20, 21]. To investigate the microstructure,
high-resolution transmission electron microscopy (HREM)
was carried out [22-24]. Scanning tunneling microscopy
(STM) was used to investigate the electronic properties
of the C and BN nanocapsules. The electronic states of
a single nanocapsule can be measured from the current-
voltage (I-V) behavior by using STM. Photoluminescence
(PL) measurements of the BN nanocapsules were also
carried out by fluorescence spectrophotometer to
investigate the energy gap [25]. These studies will give
us a guideline for designing C and BN nanocapsules,
which are postulated for future nanoscale devices.

Experimental procedures

Au nanoparticles (ULVAC Ltd.) with a size of ca. 5
nm were used in the present work for the synthesis of
carbon nanocapsules. The surface of these nanoparticles
was stabilized by α-terpineol (C10H18O) in toluene
solution. The solution of Au nanoparticles was dispers-
ed on holey carbon grids with a thickness ca. 15 nm
(Oken Syoji. Co. Ltd.). After drying the specimens,
they were loaded into a vacuum chamber and annealed
at 200oC for 30 minutes in vacuum of ca. 7 × 10−4 Pa. 

For the synthesis of BN nanocapsules, boron particles
(99%, 40 µm, 1 g, Niraco) were mixed with Co nano-
particles (<100 nm, ULVAC Co. Ltd.). The mixed
powder was set on an alumina boat and heated up to a
temperature of 800oC in a NH3 (30%) and H2 (70%)
flow for three hours in a furnace. The atomic ratio of
B : Co was 1 : 1. 
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HREM observations were performed with a 300 kV
transmission electron microscope (JEM-3000F), which
has a point-to-point resolution of 0.17 nm. STM
observations were performed with an STM system
(easyScan, Nanosurf AG) in air at room temperature.
Pt/Ir wires with a diameter of 0.25 mm were used for
STM tips. The STM tips were checked by imaging
atoms on highly-oriented, pyrolytic graphite (HOPG).
PL measurements were carried out at room temperature
(fluorescence spectrophotometer, Hitachi, F-4500), and
the excitation wave length of the Xe lamp was 215 nm.

Results and Discussion

Figure 1(a) shows an HREM image of Au nano-
particles annealed at 200oC on an amorphous carbon
(a-C) thin film. Au nanoparticles grow by coalescence
during the annealing, and the particle size is in the
range of 10~30 nm. An enlarged image of the interface
between a Au nanoparticle and carbon layers is shown
in Fig. 1(b). The carbon layers indicated by arrows in
Fig. 1(b) have a disordered structure, and the thickness
is ~1 nm. Figure 2(a) shows an STM image of carbon
nanocapsules with gold nanoparticles on a-C thin films.
The measurement conditions were constant current
mode with a current of 1 nA, a sample bias of +0.5 V
and a scanning area of 60 × 60 nm. The carbon nano-
capsules show white contrast, and the diameter is in the

range of 10~30 nm, which agrees well with the HREM
results. Figure 2(b) shows I-V curves of background (a-
C) and a single C nanocapsule (with a diameter and
height of 15 nm) indicated by an arrow in Fig. 2(a).
The I-V curve of the single C nanocapsule, which was
calculated by subtracting background data from the
whole data in Fig. 2(b), is shown in Fig. 2(c). These
data were obtained from four I-V measurements. The
first data was taken on the carbon nanocapsule, and the
other data were taken on the background of the a-C
thin film. Figure 2(d) is the conductivity (dI/dV) curve
of the carbon nanocapsule calculated from the I-V
curve in Fig. 2(c), which shows the V shape behavior.

Figure 3(a) shows an HREM image of BN nano-
capsules with cobalt nanoparticles. The size of the BN
nanocapsules is in the range of 20~60 nm, and the
thickness of boron nitride layers is in the range of 3~5
nm. An enlarged image of a BN nanocapsule with a Co
nanoparticle is shown in Fig. 3(b). Lattice fringes of
0.34 nm, plane spacings of {002} planes of hexagonal
BN, are observed on the outside of the Co nano-
particles. Lattice fringes with plane spacings of {111}
and {200} planes of Co were also observed in the
nanoparticle. 

Figure 4(a) shows an STM image of a BN nano-
capsule with a Co nanoparticle on the HOPG. The
measurement conditions were the same as for the C
nanocapsules and the scanned area was 74 × 74 nm.
The BN nanocapsules show white contrast, and the
diameter is in the range of 10~15 nm. The I-V charac-
teristic of the single BN nanocapsule (with a diameter

Fig. 1. (a) HREM image of annealed Au nanoparticles on a-C thin
film. (b) Enlarged image of the interface between the Au
nanoparticle and carbon layers.

Fig. 2. (a) STM image of carbon nanocapsules with gold
nanoparticles on the a-C thin film. (b) I-V curves of background
and the single C nanocapsule indicated by an arrow in Fig. 2(a). (c)
I-V curve of the single C nanocapsule, calculated by subtracting
background data from whole data in Fig. 2(b). (d) Conductivity
curve of the carbon nanocapsule calculated from the I-V curve in
Fig. 2(c).
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of 12 nm), which is indicated by an arrow in Fig. 4(a),
is shown in Fig. 4(b). The I-V data in Fig. 4(b) shows
Coulomb staircase-like behavior. Figure 4(c) shows the

I-V characteristic of the HOPG (background). Figure
4(d) is the conductivity (dI/dV) curve of the BN nano-
capsule calculated from the I-V curve in Fig. 4(b),
which shows the conductivity is close to 0 at a sample
bias of 0 V. 

The PL spectrum of Co nanoparticles in BN nano-
capsules is shown in Fig. 5(a). The background data of
the PL spectrum was deducted from the spectrum data.
Figure 5(b) shows a schematic illustration of the PL of
the BN nanocapsules. The PL measurements of BN
nanocapsules shows a peak at 3.8 eV (327 nm), which
is considered to be impurity level (oxygen or hydrogen)
of the BN layers (5 eV). A schematic illustration of the
impurity level is shown in Fig. 5(a) as an inset. 

The atomic scale observations by HREM indicated
that the carbon nanocapsules with gold nanoparticles
have diameters in the range of 10~30 nm, and that the
nanocapsules are covered with disordered carbon layers
with ca. 1 nm thickness. The disordered carbon layers
would be formed from amorphous carbon which was
graphitized by the catalytic effect of the active Au
surface at the lower temperature of 200oC compared to
that of the ordinary chemical formation of carbon
nanocapsules [11]. All nanoparticles are surrounded
and isolated by double or triple carbon sheets, which
would prevent the nanoparticles from growing and act
as a protection against clustering. The HREM observ-
ations of the BN nanocapsules with Co nanoparticles
show the diameters to be in the range of 20~60 nm,
and the nanocapsules are covered with BN layers with
ca. 5 nm thickness. The Co nanoparticles would play
the role of a catalyst because the BN did not form

Fig. 3. (a) HREM image of BN nanocapsules with cobalt
nanoparticles. (b) Enlarged image of a BN nanocapsule with a Co
nanoparticle.

Fig. 4. (a) STM image of the BN nanocapsule with the Co
nanoparticle on HOPG. (b) I-V characteristic of the single BN
nanocapsule, indicated by an arrow in Fig. 4(a). (c) I-V
characteristic of HOPG. (d) Conductivity curve of the BN
nanocapsule calculated from the I-V curve in Fig. 4 (b).

Fig. 5. (a) PL spectrum of BN nanocapsules with Co nanoparticles.
(b) Schematic illustration of PL of BN nanocapsules.
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without the Co nanoparticles in the present method.
The chemical reaction of BN nanocapsules is calculat-
ed as follows: 2B + 2NH3(g) → 2BN + 3H2(g) + 93
kcal/mol (800oC), which indicates the reaction is exo-
thermic.

The dI/dV of the C nanocapsule, which is propor-
tional to the local density of states, showed V shape
characteristics, but it did not approach to 0 at the
sample bias of 0 V. This result indicates that the carbon
nanocapsules would not have semiconductor-like beha-
vior but metallic behavior. Coulomb staircase-like
behavior is observed in the I-V measurements of BN
nanocapsules at room temperature in Fig. 4(b). A
schematic illustration of the I-V measurements of a C
nanocapsule and a BN nanocapsule are shown in Fig.
6(a) and (b), respectively. Although the C layers have
no tunnel barrier, the BN layers would produce a
double tunnel junction. One tunnel junction is provided
by the BN layers and the gap between the STM tip and
BN nanocapsule. The other is provided only by BN
layers. It is believed that the present Coulomb stair-
case-like behavior would be due to the BN layers
around the Co nanoparticles. The BN layers would be
the barrier, which have suitable tunnel height and
thickness. First, an electron transports through the BN
layers when the sample bias goes beyond the Coulomb
gap. Second, the electron is blocked in the Co nano-
particle with BN layers. At last, it also transports
through the BN layers when the sample bias goes
beyond the next Coulomb gap. Since the impurities
such as oxygen or hydrogen would be doped in BN, the

luminescence would be due to the impurity level of 3.8
eV in the energy gap of BN. BN nanocapsules would
be suitable for quantum dots of single electron transi-
stors. 

Conclusion

C and BN nanocapsules with metal (Au and Co)
nanoparticles were produced, and the nanostructures
were investigated by HREM. STM was used for I-V
measurements of these nanocapsules, and the I-V
characteristic of the C nanocapsule showed metallic
behavior for the disordered carbon layers around Au
nanoparticles. The I-V characteristic of the BN nano-
capsule showed Coulomb staircase-like behavior, and
the energy gap of BN nanocapsules was measured to
be 3.8 eV from the PL spectrum. The present work
indicates that BN nanocapsules could be applied to
quantum dots for single electron transistors. 

Acknowledgments

The authors would like to thank Mr. T. Hirano and
Prof. K. Suganuma for experimental help and warm
encouragements.

References

1. T.A. Fulton, and G.J. Dolan, Phys. Rev. Lett. 59 (1987)
109-112.

2. M. Amman, R. Wilkins, E. Ben-Jacob, P.D. Maker, and
R.C. Jaklevic, Phys. Rev. B 43 (1991) 1146-1149.

3. M. Dorogi, J. Gomez, R. Osifchin, R.P. Andres, and R.
Reifenberger, Phys. Rev. B 52 (1995) 9071-9077.

4. D.L. Klein, R. Roth, A.K.L. Lim, A.P. Alivisatos, and P.L.
McEuen, Nature 389 (1997) 699-701.

5. T. Sato, H. Ahmed, D. Brown, and B.F.G. Johnson, J.
Appl. Phys. 82 (1997) 696-701.

6. L. Roschier, J. Penttila, M. Martin, P. Hakonen, M.
Paalanen, U. Tapper, E.I. Kauppinen, C. Journet, and P.
Bernier, Phys. Rev. Lett. 75 (1999) 728-730.

7. U.W. Grummt, M. Geissler, T. Drechsler, H. Fuchs, and R.
Staub, Angew. Chem. Int. Ed. 37 (1998) 3286-3289.

8. Z. Klusek, M. Luczak, and W. Olejnicxak, Appl. Surf. Sci.
151 (1999) 262-270.

9. Y. Saito, T. Yoshikawa, M. Okuda, N. Fujimoto, K.
Sumiyama, K. Suzuki, A. Kasuya, and Y. Nishina, J. Phys.
Chem. Solids 54 (1993) 1849-1860.

10. B.S. Xu, and S.-I. Tanaka, Acta Mater. 46 (1998) 5249-
5257.

11. T. Oku, M. Kuno, H. Kitahara, and I. Narita, Int. J. Inorg.
Mater. 3 (2001) 597-612.

12. T. Oku, I. Narita, R. Hatakeyama, T. Hirata, N.Y. Sato, T.
Mieno, and N. Sato, Diamond and Related Mater. 11
(2002) 935-939.

13. H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, and R.E.
Smalley, Nature 318 (1985) 162-163.

14. N.G. Chopra, R.J. Luyken, K. Cherrey, V.H. Crespi, M.L.
Cohen, S.G. Louie, and A. Zettl, Science 269 (1995) 966-
967.

15. A. Loiseau, F. Willaime, N. Demoncy, G. Hug, and H.

Fig. 6. Schematic illustration of the I-V measurements for (a) C
nanocapsule and (b) BN nanocapsule.



Nanostructures and electronic properties of carbon and boron nitride nanocapsules 93

Pascard, Phys. Rev. Lett. 76 (1996) 4737-4740.
16. T. Oku, T. Hirano, M. Kuno, T. Kusunose, K. Niihara, and

K. Suganuma, Mater. Sci. Eng. B74 (2000) 206-217.
17. T. Oku, M. Kuno and I. Narita, Diamond, and Related

Mater. 11 (2002) 940-944.
18. I. Narita, and T. Oku, Diamond and Related Mater. 11

(2002) 949-952.
19. G. Schmid, Chem. Rev. 92 (1992) 1709-1727.
20. S. Iijima, and T. Ichihashi, Nature 363 (1993) 603-605.
21. D.S. Bethune, C.H. Kiang, M.S. de Vries, G. Gorman, R.

Savoy, J. Vazquez, and R. Beyers, Nature 363 (1993) 605-
607.

22. T. Oku, Chem. Comm. (2002) 302-303.
23. T. Oku, Sol. State Comm. 127 (2003) 689-693.
24. T. Oku, K. Hiraga, T. Matsuda, T. Hirai, and M. Hirabayashi,

Diamond and Related Mater. 12 (2003) 1918-1926.
25. T. Oku, T. Nakayama, M. Kuno, Y. Nozue, L.R. Wallenberg,

K. Niihara, and K. Suganuma, Mater. Sci. Eng. B74 (2000)
242-247.


