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Efficient Visible Photoluminescence from Carbon Nanotubes in Zeolite Templates
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We have found strong visible photoluminescence (PL) from 0.4 nm carbon nanotubes embedded in
the ordered channels of a zeolite crystal matrix. The PL exhibits a broad emission band with an
efficiency of �1%–5%. Strong polarization dependence is observed both on the excitation and emission,
indicating a preferential optical dipole along the axis of carbon nanotubes. By correlating with the
absorption and Raman spectra, we identify �3; 3� and �4; 2� tubes to be responsible for the PL peaks at
�2:6 and �1:7 eV, respectively.
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FIG. 1 (color online). (a) PL spectrum from a type I SWNT
sample at room temperature when excited at 488 nm. For
comparison, the PL spectra from (b) amorphous carbon in
AFI, (c) TPA in AFI, (d) pure AFI, and (e) graphite are also
plotted. (f) Together is shown the absorption spectrum of the
corresponding sample. The inset shows the geometry and the
polarization arrangement in the far-field PL measurements.
diameter and about 400 �m in length and were uniform
in color. In the far-field PL measurements, an Ar� laser

The hexagonal prism represents the AFI zeolite crystal with
carbon nanotubes aligned parallel to the axis.
Single-walled carbon nanotubes are known to exhibit
many interesting mechanical and electrical properties
due to their unique one-dimensional (1D) structures and
are regarded as one of the most important materials for
nanoscale device applications [1]. Recent reports of pho-
toluminescence (PL) [2–4] from the direct band-gap
semiconducting carbon nanotubes extend the possible
applications to optoelectronics. Here we report one-
dimensional �4; 2� carbon nanotubes, which are semicon-
ducting with an indirect narrow band gap (�0:2 eV) in
pristine form, and metallic �3; 3� tubes as efficient visible
PL materials, with a PL efficiency on the order of 1%–5%.

The carbon nanotubes that emit visible PL are grown
by pyrolysis of tripropylamine [�CH3CH2CH2�3N;TPA]
in the channels of the host single crystalline alumino-
phosphate AlPO4-5 (AFI) zeolite [5,6]. These carbon
nanotubes are monosized and parallel in alignment.
They offer the opportunity to study the intrinsic aniso-
tropic physical properties of 1D single walled nanotubes
(SWNTs) in the form of macroscopic samples. From
high-resolution transmission electron microscopy [7]
and Raman scattering measurement [6,8], our SWNTs
are 0.4 nm in diameter and can take only a limited num-
ber of possible structures: �5; 0�, �3; 3�, and �4; 2�. Two
types of sample are prepared: A type I sample, containing
�5; 0�, �3; 3�, and �4; 2� tubes, is fabricated by pyrolysis of
TPA@AFI crystal at 580 �C without pumping out the
hydrocarbon radicals such as CH3 and C2H5 that were
decomposed from the TPA molecules in the zeolite chan-
nels from the reaction chamber. A type II sample, mainly
containing �5; 0� and �3; 3� tubes, is fabricated in a similar
way except by pumping away all the hydrocarbon radi-
cals. These two types of sample can be distinguished
through their absorption and Raman spectra.

The AFI crystals containing SWNTs used in the
present work had a typical size of about 100 �m in
0031-9007=04=93(1)=017402(4)$22.50 
beam at 488 nm was incident onto the sample with a spot
size of �25 �m. The PL was collected at an angle of
�10� away from the incident beam and was dispersed by
a 1

2 meter monochromator, before entering a photomulti-
plier tube or a Ge detector. The inset in Fig. 1 shows the
geometry of the far-field PL measurements, including the
polarizations of the excitation laser beam and the emis-
sion light. In the near-field PL measurements, laser beams
with different wavelengths were coupled into an optical
fiber one at a time and directed to a tapered tip in a near-
field scanning optical microscope (NSOM). The illumi-
nated spot size on the sample was �1 �m and the PL was
2004 The American Physical Society 017402-1
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collected in the far-field mode with a 1=4 meter mono-
chromator and a charge-coupled device detector. In both
cases, a mercury lamp was used for calibrating the wave-
length of the monochromators and a quartz-tungsten-
halogen irradiation source was used for calibrating the
detection sensitivities of the system at different wave-
lengths [9].

In Fig. 1, we show a PL spectrum (curve a) from a
type I SWNT sample at room temperature from 530 to
1500 nm when excited by a 488 nm laser beam at � � 0�

and collected at ’ � 0�. A broad and intense emission
band is observed centered at �730 nm (1.70 eV). The
overall PL efficiency has been determined as 1%–5%,
depending on samples. We have also plotted the absorp-
tion spectrum (curve f) in Fig. 1 with incident light
polarization parallel to the nanotubes in the same spectral
range. While the absorption has three bands, one in the
near infrared (�1:4 eV), one in the visible (�2:1 eV),
and the other in UV (�3:0 eV, not shown here), the PL
emission spectrum is clearly below the visible absorption
band. By varying the excitation power from 0.02 to
1.6 mW, over a dynamic range of �80-fold, we found
that the PL intensity and shape is linear to the input laser
power. In order to rule out the PL contribution from other
possible species [10] in the AFI crystal, the PL spectra
from a TPA (precursor) contained and an amorphous
carbon contained (heat treatment of TPA contained AFI
sample to only 400 �C [6]) AFI zeolite samples together
with bare AFI and graphite samples are also plotted in
Fig. 1. Clearly, TPA (curve c) and amorphous carbon
(curve b) reveal very different spectral features both in
emission wavelength and intensity from the SWNTs.
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FIG. 2 (color online). (a) PL spectrum from a type II SWNT
sample at room temperature when excited at 325 nm. (b) The
corresponding absorption spectrum. The PL data are taken by
NSOM. The inset shows the Raman spectra of type I and type II
samples at 632.8 nm laser excitation. RBM of �4; 2� is absent in
type II sample. Without resonant enhancement, the RBM of
�3; 3� cannot be observed in both samples.
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These evidences lead to the assignment of PL at 1.7 eV
as arising from the 0.4 nm carbon nanotubes.

In comparison, the type II sample has absorption bands
only at 1.4 and 3.0 eV, but not at 2.1 eV (Fig. 2). When
excited by a 488 nm laser beam, the PL at 1.7 eV com-
pletely disappears. As shown in Fig. 2, a broad emission
near 2.6 eV is detected instead when excited by a 325 nm
laser beam. For a type I sample, the emission at �2:6 eV
also shows up in addition to the 1.7 eV PL peak when
excited at 325 nm with moderate to high laser power.
According to Refs. [11,12], the absorption band at 2.1 eV is
solely due to the �4; 2� tubes, while the 1.4 and 3.0 eV
absorptions originate from �5; 0� and �3; 3�, respectively.
This indicates that type I samples contain all �4; 2�, �5; 0�,
and �3; 3� tubes but type II samples contain only �5; 0� and
�3; 3� tubes. The Raman spectra of the radial breathing
modes (RBM) (inset in Fig. 2) further indicate that �4; 2�
tubes are absent in type II samples [13]. Thus, the PL at
�1:7 eV shown in Fig. 1 (curve a) must have originated
from the �4; 2� tubes. Since the absorption band at
�3:0 eV comes only from the �3; 3� tubes, the PL shown
in Fig. 2 must be due to the �3; 3� tubes but not the �5; 0�
tubes. The PL at �2:6 eV from both type I and type II
samples clearly provides strong evidence that metallic
�3; 3� tubes emit light at a high efficiency.

In order to understand the correlation between the 1D
structure of the SWNTs and the PL emission, we have
measured the polarization dependence for both excitation
and emission for a type I sample. Figure 3(a) shows the
anisotropy in the total PL signal (no discrimination of the
emission light polarization) at room temperature when
the excitation polarization varies from nearly parallel to
the nanotubes to perpendicular to them. The integrated
PL intensity [see inset in Fig. 3(a)] is observed to decrease
monotonically by about 5 times from � � 0� (longitu-
dinal excitation) to � � 90� (transversal excitation) and
follows a cos2� law. In Fig. 3(b), an analysis of the
polarization of the emitted light is shown for longitudi-
nal excitation. The emitted PL is mainly polarized along
the sample axis, with the intensity of the axis-parallel
component �10 times larger than that of the axis-
perpendicular component. The distinctive anisotropy
implies that the absorption and emission dipoles are
basically along the nanotube axis, indicating that the
electronic states of the nanotubes are much easier to be
polarized along the nanotube than perpendicular to it.
Because of the 1D nature of the carbon nanotubes, this
conclusion is reasonable [14].

The large polarization dependence of the PL spectra
for both excitation and emission further confirms that the
PL peaked at 730 nm (1.70 eV) originates from the 0.4 nm
carbon nanotubes. In contrast, aside from the weaker
intensity and different spectral range, the PL signals
from the precursor TPA molecules and the amorphous
carbons in the AFI crystals have a very weak polarization
dependence. Only a �20% (10%) decrease in PL intensity
is observed when the excitation (emission) polarization
017402-2
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FIG. 4 (color). The band structure of pure �4; 2�, N-doped
�4; 2� (1.8% of carbon substituted by N), and pure �3; 3� tubes
near the Fermi level. The bands with dipole allowed optical
transitions that lead to strong absorption are labeled in colors.
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FIG. 3 (color online). (a) PL spectra for different excitation
polarizations at room temperature. The solid squares in the
inset show the integrated PL intensity as a function of the
excitation polarization angle �, with the solid line being a cos2�
law fitting. (b) PL spectra as a function of emission light
polarization angle ’ for longitudinal excitation at room tem-
perature. The solid squares in the inset show the integrated PL
intensity as a function of the emission light polarization angle
’, with the solid line being a cos2’ law fitting.
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rotates from parallel to perpendicular to the zeolite crys-
tal axis, consistent with their non-1D structures.

Using density functional methods [15], the band struc-
tures of the pure and nitrogen-incorporated (C55N) �4; 2�
tubes together with the pure �3; 3� tube are calculated and
shown in panels (a), (b), and (c) of Fig. 4, respectively.
The band structures indicate that the pure �3; 3� nanotube
is a metal and the pure �4; 2� nanotube is an indirect band-
gap ( � 0:2 eV) semiconductor [11,12]. Therefore, the
mechanism responsible for PL of direct band-gap semi-
conducting carbon nanotubes [2–4], i.e., photon emission
through a recombination between the electrons in con-
duction band and the holes in valence band, cannot ac-
count for the observation of visible PL from �4; 2� and
�3; 3� tubes.

The absorption spectra of �4; 2� and �3; 3� tubes have
been explained by Refs. [11,12,14]. Electron excitation
through a dipole allowed transition from the van Hove
singularities originated from bands with E10g symmetry
(in red color) to bands with E10u symmetry (in blue color)
for �4; 2� tubes, and Eg to Eu for �3; 3� tubes, gives rise to
an absorption band at 2.1 eV [Fig. 4(a)] for �4; 2� tubes
017402-3
and at 3.0 eV [Fig. 4(c)] for �3; 3� tubes, respectively.
However, in contrast to the 3D case, the crossings be-
tween different bands in carbon nanotubes as a quasi-one-
dimensional system take place only at a few k points,
leading to slow interband relaxation through scatterings
via such k points with or without phonons. In the case of
�3; 3� tubes, for instance, electrons relaxed to the bottom
region of the blue bands and the holes relaxed to the top
region of red bands would be stuck there. Dipole allowed
photon emission could occur to give rise to the observed
PL at 2.6 eV, which has a lower energy than the absorption
due to Stokes shift.

In contrast, the 1.7 eV PL from �4; 2� tubes is more
difficult to interpret. It must invoke a new mechanism
that is different from the conventional band-edge emis-
sion mechanism for direct band-gap semiconductors. The
�4; 2� has a strong absorption peak at 2.1 eV that comes
from the van Hove singularities of the bands labeled red
and blue in Fig. 4(a). However, the band structure of the
pristine �4; 2� tube, as shown in Fig. 4(a), shows that the
electron (hole) can relax to lower (higher) energy bands,
and the resulting PL should be �0:2 eV, rather than 1.7 eV,
unless there is some new mechanism that suppresses
interband and intraband relaxations. A plausible explana-
tion is that the tubes contain substitutional defects such as
N. Two reasons support the N-doping hypothesis: one is
that the precursor TPA molecules, �CH3CH2CH2�3N, have
a fairly large percentage of N. The other is that the x-ray
photoemission spectroscopy signal from these carbon
nanotube samples with or without the zeolite matrix
indicates the existence of �2% N in the aromatic form.
With 1 N substituting a C atom per unit cell of 56 atoms in
�4; 2� tubes, the resultant C55N tube (1.8% N) has energy
band structures shown in Fig. 4(b). The effect of the N
substitution is twofold: (i) The additional electron from
the N atom raises the Fermi level, making the tube
017402-3
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metallic. (ii) The defect breaks the symmetry of the tube,
leading to repulsion between crossing bands and thereby
creating gaps. Such avoided band crossings in one direc-
tion would hardly be of any consequence in 3D metals,
but in 1D systems, the minigaps would block the only
available relaxation channels. This is indeed found to be
the case in Fig. 4(b), where the blue and red bands now
give rise to van Hove singularities that electrons and
holes cannot further relax towards the Fermi level. We
note that while Fig. 4(b) pertains to an idealized ordered
structure of a particular N substitution concentrations, it
is reasonable to expect that randomly positioned substitu-
tional impurities would have similar effects of minigap
opening due to symmetry breaking, which may serve to
block the very limited channels of intraband relaxations
in these quasi-1D systems. The energy difference between
the two dipole allowed transition bands in Fig. 4(b)
matches well with the 1.7 eV PL peak and thus provides
a plausible explanation to �4; 2� tubes. The broad PL width
may arise from the nonuniform N doping and the large
Stokes shift associated with energy transfer from the pure
carbon part to the N-doped part of the tubes.

Our above interpretation makes use of the band struc-
tures for �3; 3� and N-doped �4; 2� tubes and assumes a
lower nonradiative recombination rate for electrons and
holes to relax to the Fermi level due to limited relaxation
pathways offered by the 1D band structure in contrast to
3D case. While this proposed mechanism can explain
well the peak positions and the polarization dependence
for the emission from both �3; 3� and �4; 2� tubes, the
N-doping assumption based on circumstantial evidence
rather than a definitive microscopic characterization re-
mains as its weak point.

Other defect states such as tube end states may provide
a second possible mechanism for PL. As indicated by
some new calculations by Louie [16], other defects may
exist and provide density of states in the band gap. In
particular, it is worth pointing out that the carbon nano-
tubes produced in the zeolite matrix are not ideal; e.g., the
tubes have finite lengths and a length distribution [17]. At
this stage, we have little knowledge on the nature of these
end states and other various kinds of defect state in terms
of their energy levels, transition dipole moments, etc.
Assuming that these defect states exist, either due to
different configurations of the defects or due to the inter-
action between the end atoms and atoms within the tubes
in various lengths, a range of energy levels may result,
which can thus account for the PL peak position as well as
the broad spectral width. However, it is not easy for this
mechanism to explain the observed strong polarization
dependence.

In summary, we have observed efficient PL from �4; 2�
and �3; 3� tubes, which has a strong polarization effect in
both excitation and emission. We have proposed two plau-
017402-4
sible mechanisms to explain our observation: one in-
volves a suppression of nonradiative decay due to the
one-dimensionality of the carbon nanotubes’ band struc-
tures, and the other involves defect states such as end
states of the carbon nanotubes.
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