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An alternative approach to the synthesis of mono-sized and parallel-aligned single-wall carbon
nanotubes ~SWCNs! is reported. The SWCNs are formed in 0.73 nm sized channels of microporous
aluminophosphate crystallites by pyrolysis of tripropylamine molecules in the channels. They are
characterized through transmission electron microscopy, polarized Raman scattering, and electrical
transport measurements. Our results would open a door to further detailed studies on the intrinsic
properties of carbon nanotubes now in progress. © 1998 American Institute of Physics.
@S0003-6951~98!00442-2#

Carbon nanotubes, originally discovered as a byproduct
of fullerene research,1 are attracting increasing interest as
they offer new prospects to fundamental as well as nanotechnological applications.2 An important recent advance in carbon nanotube science is the synthesis of single-wall carbon
nanotubes ~SWCNs! in high yield using the laser ablation
method3 and the electric arc technique.4 In each case, a small
amount of transition metal was added to the carbon target as
a catalyst. However, it is still a big challenge to produce
mono-sized SWCNs with well-defined symmetry, and to
make a good electrical contact to a single nanotube for carrying out experimental investigations. Here we report an alternative approach to the synthesis of mono-sized and
parallel-aligned SWCNs in channels of microporous single
crystal by pyrolysis of tripropylamine ~TPA!. The nanotube
structure is confirmed using the transmission electron microscopy ~TEM! observation. The SWCNs are characterized
by polarized Raman scattering and electrical transport measurements. The fabrication of monodispersed SWCNs in
three-dimensional ordered and nano-sized channels represents an important step towards the development and applications of carbon nanotube materials.
Microporous aluminophosphate AlPO4-5 crystals ~AFI!
with elongated hexagonal prisms of dimensions 110 mm in
cross-section diameter and 300 mm in length were used as
the hosts to encapsulate the SWCNs. The framework of the
AFI crystal is constructed of alternative tetrahedra of
(AlO4) 2 and (PO4) 1 , which form parallel open channels
packed in the hexagonal structure. The coordinate diameter
of the channels is 10.1 Å ~inner diameter 7.3 Å!, and the
separation distance between two neighboring channels is
13.7 Å. The AFI host was synthesized according to the
method given in Ref. 5. TPA molecules were encapsulated in
the channels during the crystal growth. The synthesis procedure of the SWCNs involves the pyrolysis of TPA molecules
in the AFI channels in a vacuum of 1024 Torr at temperaa!
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tures of 350– 450 °C and the formation of carbon nanotubes
at 500– 800 °C. The formation of the SWCNs is very sensitive to the quality of the AFI crystal, the encapsulation of
hydrocarbon molecules in the AFI channels, and the pyrolysis conditions. The carbon nanotube contained AFI crystal
~C-AFI! behaves as a good polarizer with high absorption for
the light polarized parallel to the channel direction (E i c) and
with a high transparency for E'c, consisting of the onedimensional characteristics of the nanotubes.
Figure 1 shows the TEM image of the nanotubes exposed in free space after removing the AFI framework using
HCl acid. The image was taken using a Philips CM200 at
200 keV. Smoothly bent wire-like carbon specimens, with a
separation distance of about 7 Å, are seen in the image. We
attribute the wire-like carbon specimen to SWCNs. The diameter of the SWCNs is expected to be smaller than 7 Å.
The structure of the small SWCNs is stable when they are
confined in the channels of AFI crystal, but they are unstable

FIG. 1. Transmission electron microscope ~TEM! image shows the SWCNs
which are slightly bent. The TEM image was taken after the AFI framework
was removed using HCl acid, and the SWCNs were exposed in free space.

0003-6951/98/73(16)/2287/3/$15.00
2287
© 1998 American Institute of Physics
Downloaded 02 Nov 2009 to 155.69.4.4. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

2288

Appl. Phys. Lett., Vol. 73, No. 16, 19 October 1998

FIG. 2. Raman spectrum of the SWCNs measured at room temperature
using the 632.8 nm line of a He–Ne laser as the excitation.

when they are exposed into free space especially under
electron-beam irradiation. This fact indicates that the onedimensional channels of AFI crystal plays an important role
in stabilizing small carbon nanotubes.
It is difficult to determine the configuration of the
SWCNs accurately from electron microscopy, but the nanotube configuration can be studied in detail using Raman
spectroscopy. Figure 2 shows Raman spectra of the SWCNs
using a 632.8 nm line of a He–Ne laser as excitation. The
Raman spectrum exhibits three main zones at low
(200– 800 cm21), intermediate (1000– 1500 cm21), and
high (1500– 1620 cm21) frequencies. The strongest lowfrequency Raman mode at 534 cm21 is expected to be the
radial breathing A 1g mode. This frequency is in the silent
region for graphite and the other carbon materials. Hence, it
is a good marker for specifying the carbon nanotube structure. The radial breathing A 1g mode is not sensitive to nanotube structure but to the nanotube radius. The observed frequency of 534 cm21 is, however, a little higher than that
expected for a nanotube with a radius of about 3 Å.6 This
high-frequency shift may result from the interaction between
the nanotube wall and the rigid wall of the AFI channel. In
the high-frequency zone, there is a main Raman band at
1615 cm21 with a shoulder at 1598 cm21. According to the
calculation,6,7 some modes with symmetries of A 1g , E 1g ,
and E 2g are expected in this frequency region. These Raman
modes are sensitive to polarization configuration. Thus, measurement of polarized Raman scattering can specify the different vibration modes. Figure 3 shows the polarized Raman
spectra. Curve ~a! is measured in a ZZ configuration in
which the incident and the scattered polarizations are parallel
to each other along the tube direction, while curve ~b! is
measured in a XZ configuration in which the incident and the
scattered polarizations are perpendicular to each other. The
intensity of the Raman signal in the ZZ configuration is
much stronger than those in all other polarization configurations, indicating the one-dimensional characteristics of the
carbon specimen accommodated in the AFI channels. As
seen in Fig. 3, the Raman spectrum in the ZZ configuration
is dominated by the 534 cm21 band in the low-frequency
zone and the 1615 cm21 band in the high-frequency zone.
These two bands are absent in the XZ configuration. Instead,
the spectrum in the XZ configuration is dominated by the
1598 cm21 band. According to the symmetry and the polar-
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FIG. 3. Polarized Raman spectra of the SWCNs measured in ~a! ZZ configurations, and ~b! XZ configuration. In the ZZ configuration, the polarizations of the incident and the scattered lights are parallel to each other and are
polarized along the nanotube direction; in the XZ configuration the polarizations of the incident and the scattered lights are perpendicular to each
other.

ization selection rules for a zigzag (n,0) or an armchair
(n,m) nanotube,6 the A 1g mode is allowed but the E 1g and
E 2g modes are forbidden in the ZZ configuration. The E 1g is
allowed and the A 1g and E 2g modes are forbidden in the XZ
configuration. Comparing the polarization behavior of Raman spectra in Fig. 3 with the polarization selection rules,
the bands at 534 and 1615 cm21 can be assigned to A 1g
modes, and the band at 1598 cm21 to the E 1g mode. The
presence of the E 1g as a shoulder in the ZZ configuration
~curve a! might be due to a slight relaxation of the E 1g mode
selection rule because of some possible structure defects in
the SWCNs.
The electric transport properties are also studied for the
SWCNs. In order to carry out electrical measurements, the
sample was vertically fixed using epoxy inside a small hole
drilled on a machinable ceramic. Both sides of the sample
were then polished until the hexagon ends of the crystal were
exposed. Electrical contacts were made by evaporating a thin
layer of gold on both end surfaces, as shown in Fig. 4~a!.
Current–voltage (I – V) properties are measured in the temperature range from 0.3 to 300 K. The inset of Fig. 4~b!
shows the conductivity s of the SWCNs measured near zero
voltage, plotted in logarithm scale as a function of the temperature T. At room temperature the conductivity of the
SWCN is on the order of 1021 V 21 cm21, which is lower
than the reported conductivity of metallic single-wall carbon
nanotubes.8–10 It is worthwhile to point out that the backbone
of the AFI crystal with or without TPA in the channels is
highly insulating. It contributes a current at least five orders
of magnitude smaller than that of C-AFI samples. The conductivity of the SWCNs is monotonically increased with increasing temperatures, indicating that the SWCN is of semiconductor characteristics. The typical dc I – V curve ~open
circles! measured at different temperatures is plotted in log–
log scale in Fig. 4~b!. The solid lines are fittings with I}V
and I}V 3/2 as indicated in Fig. 4. The current starts out as a
linear function of the voltage, but switches to a V 3/2 behavior
when the bias voltage is high or when the temperature is low.
Since the SWCNs in our experiment are not intentionally
doped, the conducting carriers are expected to be due to the
thermally generated free carriers. Because the electrode
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and n and n 0 are the free carrier density injected from the
electrode and the thermally generated carrier density, respectively. At high temperature or low bias voltage, n 0 @n, the
current is simply given by Eq. ~1!: I V 5I V0 m (n1n 0 )V,
which is bulk limited and is a linear function of bias voltage
V ~ohmic current!. At low temperature or under high bias, n
is comparable with n 0 . Solving Eqs. ~1! and ~2! yields
3/2
I SCL5I S0 m n 1/2
0 V , which is the so-called space-chargelimited ~SCL! current. At a given temperature, the total current of the sample is due to the superposition of the I V and
the I SCL . We expect the current to be dominated by I V at
low bias and high temperature and by I SCL at high bias and
low temperature. The solid lines in Fig. 4~b! show the calculated currents at different temperatures. The good agreement
between experimental data and calculation also indicates that
the SWCN confined in the AFI channel is an intrinsic semiconductor.
In summary, we have fabricated mono-sized SWCNs
with well-defined structure symmetry. They were characterized through TEM, Raman scattering, and electrical transport
measurements. Our results would open a door to further detailed studies on the intrinsic properties of semiconducting
carbon nanotubes presently underway.

FIG. 4. ~a! Schematic diagram illustrating the experimental setup for electrical measurements for the SWCNs, and ~b! the experimental dc I – V
curves ~open circles! at different temperatures plotted on a log–log scale.
The fittings are shown as solid lines with I}V in the low bias region and
I}V 3/2 in the high bias region. The inset of ~b! shows the conductivity
measured near zero bias as a function of temperature.

metal and the SWCN have different work functions, a
Schottky barrier can be formed at the lead–sample contact.
When a bias is applied, the barrier prevents one type of the
thermally excited carriers ~say electrons! to pass through, but
allows the other type of carriers ~say holes! to pass through
freely. Hence, electrical conduction in the SWCN is expected to be a single-carrier process. A quantitative description of the experimental I – V curves can then be obtained by
evaluating the current across the sample by using the transport equation11,12
J5q m ~ n1n 0 ! E

~1!

and the Poisson equation
1 d ~ r 2 E ! qn
5
,
r dr
e

~2!

where q is the carrier charge, m is the carrier drift mobility, E
is the applied electric field, e is the static electric constant,
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