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Single-wall carbon nanotubes of the smallest diameter formed in microchannel arrays of Zeolite single crystals IUPAC cord:
AFI) have attractive potential for fundamental and device-oriented optical researches. Here we report on very photosensitive
characteristics of the material at room temperature. We find that tightly focused irradiation of the 488 nm Ar*-ion laser light
causes remarkable suppression of the visible emission from nanotubes. The photo-induced suppression occurs under low-level
irradiation less than 1uW. By the nano-tomography performed with Nanofinder, a three-dimensional spectro-tomographic
system based on a confocal laser microscope, the size of the affected region is estimated to be 1 um x 1 um x 2 um. This is
comparable to the effective volume of the photo-irradiation spot. We discuss the origin of the photo-irradiation effects in view
of the effects of the thermal conduction along the tube axis and of the local electronic effects within the photo-irradiated

region. [DOIL: 10.1143/JJAP.43.868]
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1. Introduction

Since the discovery of carbon nanotubes, CNs,? this
material has been extensively studied in view of fundamen-
tal material science and promising device-oriented research-
es. Recently, it has been reported that single-wall carbon
nanotubes (SWCNs) of 0.4nm diameter are formed in
micro-channel arrays of Zeolite crystals (IUPAC cord:
AFI).Y Comparing with widely studied CNs, one of the
noticeable characters of the present SWCNSs is their small
diameter. Three types of SWCNs with different chiralities,
(5,0), (4,2) and (3,3), are allowed to be formed in the
channels.

Another noticeable character lies in the structure of the
AFI crystal. The AFI crystal is a hexagonal prism of AIPO4-
5. The micro-channels align along the C-axis and form a
hexagonal close-packed array. Therefore, the SWCNs
encapsulated in the channels are also aligned. This character
makes electrical measurements of the AFI-SWCN system
convenient. Since AFI itself is an electrical insulator, all the
SWCNs are electrically insulated by the wall of channels.
Electrical properties including super-conductive character
have been reported in this composite system.* The electrical
conduction is considered to be due to the SWCNs encapsu-
lated in the channels.

As an additional noticeable character, we would like to
take up optical properties, which have not been studied well
so far. The AFI is optically transparent and almost optically
isotropic in the region from near infrared to near ultra-
violet.? Since interband transitions between valence and
conduction bands of the SWCNs are expected to lie in this
energy region, one can study relevant optical properties of
aligned SWCNs as they are encapsulated in the micro-
channel arrays.

CNs can show strong optical anisotropy®™® reflecting the
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quasi one-dimensional structure. Namely, the optical ab-
sorption should show its maximum when the electric field
vector of incident light, E, is parallel to the tube axis. In fact,
such polarization anisotropy has been confirmed by absorp-
tion spectroscopy of aligning nanotubes dispersed in
uniaxially extended organic sheets.”” The AFI-SWCN
system also shows polarization anisotropy, in an even more
sophisticated manner: In this system, the optical absorption
really shows remarkable maximum in the E || C configu-
ration, where C is the C-axis of the AFI crystal. This
anisotropy is considered as direct manifestation of the
anisotropic absorption of respective SWCNs aligning with-
out any distribution in orientation,'%!"

On the other hand, we have reported that AFI-SWCN
system shows strong visible emission under Art-ion laser
light excitation at 488nm at room temperature.'? AFI
crystals themselves show no such strong emission. The
intensity of the emission showed maximum under the E || C
configuration, suggesting that the emission is strongly
correlated to the optical absorption due to the SWCNs. We
have recognized that the spectral shape of the emission
depends strongly on the source of samples, locations in
respective samples and the condition of the photo-irradi-
ation.!?

In this paper, we demonstrate three-dimensional diagnos-
tics of the shape and the size of the region where tightly
focused photo-irradiation affects the visible emission of
SWCNs. A Nanoﬁnder,l) or a three-dimensional spectro-
tomographic system based on a confocal laser microscope,
which has nano-scale spatial resolution, is used to know the
origin of the photo-irradiation effects.

2. Experimental

AFI-SWCN crystals were grown by Tang’s group.® The
typical size of the crystals is about 100 um wide and 300 um
long. One side face of the AFI-SWCN crystal was fixed on a
slide glass at the edge to keep the sample stress-free during
the measurements. A Nanofinder" (Tokyo Instruments, Inc.)
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was used for nano-spectroscopy and three-dimensional
tomography by the emission from nanotubes. This system
is composed of a confocal microscope and a spectrometer
with a CCD camera system.'¥ A piezo positioner system is
installed to scan the location of the observing spot in a
sample. We used an objective lens (x100) of numerical
aperture 0.95, and the spatial resolution was 200 nm in x and
y directions and 1um in z direction. The inset of Fig. 1
shows the schematic illustration of the geometrical config-
uration of the measurements. The C-axis of the crystal was
set parallel to x as shown in the illustration. Ar*-ion laser
light at 488 nm was introduced into the system by a single
mode glass fiber. The sample was irradiated by the laser
light on one of side surfaces through the objective lens. The
intensity of the incident light for tomography was reduced as
possible to avoid photo-irradiation effects. The spectral
shapes were corrected by the transmission spectrum of
Nanofinder, estimated with a calibrated Halogen lamp
(Oriel, 63355).

3. Results and Discussion

Figure 1 shows typical emission spectra of the AFI-
SWCN system in polarization configurations of (a) E || C
and (b) E L C, respectively. The arrow shows the wave-
length of the laser light. The intensity of emission showed its
maximum in E || C geometry corresponding to the polar-
ization anisotropy observed in the absorption spectra.' The
present visibility is estimated to be about 0.85.

One of the authors, H. Sugiyama, has found'> that the
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Fig. 1. Emission spectra under 488 nm Ar*-ion laser light irradiation in
polarization configurations of (a) E || C and (b) E L C. Solid curves show
measured spectra and the dotted curve with circles shows the fitting result
of the superposition of five Gaussian components. Respective compo-
nents are also shown by dashed and dash-dotted lines. The inset shows the
schematic illustration of the experimental configuration.
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spectral shape is reproduced completely as a superposition
of a set of Gaussian components of different intensities, even
if spectral shapes are seemingly different. As shown in the
figure, the spectrum can be decomposed into five Gaussian
bands peaked at 500, 520, 570, 610, and 650 nm. They are
named as A, B, C, D and E, respectively. We have found that
peak energies of A and B, measured from the excitation
photon energy, almost correspond to the energies of Radial
Breathing (534cm™!) and Tangential Graphite (1550—
1600 cm™') modes of SWCNSs, respectively.'® We conclud-
ed, therefore, that the origin of the emission correlates with
the SWCNs. No corresponding Raman lines were observed
because of low-level excitation.

Figure 2(a) shows the intensity distribution of the
emission on the xy plane near the surface of the sample in
the E || C configuration. We took this data before testing the
photo-irradiation effects, by integrating the emission in the
wavelength region between 496nm and 700nm. The
excitation intensity was 0.5 uW. The scanning time to cover
all the xy space was set for 80s. Then, the excitation spot
moves at a speed of 20nm/ms. As seen in the figure, the
emission intensity was not homogeneous. The spectral
shape, however, was almost identical within this scanning
region. P and Q pointed by arrows indicate the locations
selected to test photo-irradiation effects. The polarization
configuration of the photo-irradiation was E || C at P and
E 1 C at Q, with the same excitation density of 1.5uW for
1 min. After the photo-irradiation at respective locations, the
intensity distribution of the emission was measured once
again at 0.5uW in the E || C configuration.

Curves shown in Fig. 2(b) are the emission spectra at P
before and after the photo-irradiation. The spectral shape
was unchanged but the intensity was reduced remarkably.
Figure 2(c) shows the distribution of the difference in
intensities between before and after the photo-irradiation.
Irradiated regions are clearly seen as dark spots at P and Q.
The shape of each printed spot was almost circle.

In the figure, horizontal dark lines and a vertical dark band
are seen. The origin of the horizontal lines is due to the
incomplete subtraction of images obtained before and after
the photo-irradiation. On the other hand, the origin of the
vertical dark band is the trace of scanning on the yz plane
through Q, preliminary tried before the measurement. This
shows that the photo-irradiation effects occur very efficient-
ly.

Figure 2(d) shows the intensities of emission along the
horizontal line through P (solid line) and Q (dashed line).
The depth at P is about two times larger than that at Q. The
difference reflects the different absorption coefficients for
E | C and E L C configurations. The second dip for the
solid line at Q is due to the effect of the pre-scanning
mentioned above.

Figure 3 shows the intensity distributions on the xz plane
through P, (a) before and (b) after the photo-irradiation.
Figure 3(c) was obtained by the pixel subtraction between
the pattern of (b) and that of (a). The pattern on the xy plane
through P was similar to that in Fig. 3(c). The curves in Figs.
3(d) and 3(e) show the intensity distributions in x and z
cross-sections through P, as marked by dashed lines labeled
(1) and (ii) in Fig. 3(c).

The shape of the photo-modulated region provides
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Fig. 2. Spatial feature of the photo-irradiation effects. (a) Intensity distribution of emission integrated in the wavelength region
between 496 nm and 700 nm on the xy plane in the E || C configuration. P and Q indicate the locations selected to test photo-irradiation
effects under E || C and E L C configurations, respectively. (b) Emission spectra at P before and after the photo-irradiation; (c)
distribution of the difference in intensities between before and after photo-irradiation; (d) emission intensities as a function of x

through P (solid line) and Q (dashed line).

information about the origin of the photo-irradiation effects
or photo-induced suppression of the emission. We shall
discuss two origins compatible with our observations that the
spatial pattern of the photo-modulated region is almost
circular on the xy plane.

One is thermal effect caused by the photo-irradiation in
the absorption region. After the electronic excitation, the
excited electrons relax to generate heat. Since Zeolite works
as good thermal insulator, respective tubes within the excited
volume should be heated homogeneously along the tube axis
reflecting the large thermal conductivity.'” If this process is
dominant, the spatial pattern of the photo-modulated region
on the xy plane should be anisotropically expanded along the
tube axis that is parallel to the x-axis. However, this is not
the case of our observation. Generally, thermal conductivity
depends on the density of defects in tubes. If the isotropic
shape on the xy plane is due to the decrease of the thermal
conductivity due to defects, the origin of the photo-induced
suppression would be due to local heating caused by the
photo-irradiation. The shape along z direction was also
limited within the effective excitation volume. This suggests
that effects of heat conduction through Zeolite do not
contribute remarkably to the suppression of the emission as
expected.

Another one is of electronic origin: If photo-excited
electrons can move quickly along the tube axis, the photo-
excited carriers that cause the photo-induced suppression
should homogeneously distribute in a tube. Assuming that
respective tubes are electronically isolated each other, the
shape should be also anisotropically expanded along the tube
axis. To realize the isotropic distribution on xy plane, the
excited carriers should be trapped quickly by self-trapping or
some defects. More study is necessary to identify the reason
of the trapping.

In this paper, we have only discussed the photo-induced
suppression observed in the lowest irradiation power.
According to our preliminary experiments in a higher
irradiation regime, anisotropy in the photo-modulated region
has been observed on the xy plane. In this case, we suppose
that the origin is thermal effects discussed above. In such a
high irradiation regime, the spectral shape of emission also
showed remarkable change. Further systematic study in a
high-density excitation regime seems promising. On the
other hand, we have reported photo-modulation of I-V
characteristics of similar AFI-SWCNs showing metallic
conduction.'® The correlated studies on photo-modulation in
emission and electric conduction are desired. The experi-
ments along this line are in progress.
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Spatial feature of photo-irradiation effects. (a) and (b) Intensity distributions before and after the photo-irradiation on the xz

plane at P. (c) Pixel subtraction of the pattern of (b) from that of (a). (d) Emission intensity as a function of x along dashed line (i)
shown in (c). (e) Emission intensity as a function of z along dashed line (ii) shown in c.

4. Conclusions

Nano-tomographic spectroscopy was performed by using
a Nanofinder to measure the spatial distribution of photo-
induced suppression of visible emission from the AFI-
SWCN system at room temperature. The suppression
occurred effectively in a very low excitation level and was
dominant in the E || C configuration. These are correlated to
the polarization anisotropy of the corresponding optical
absorption. The origin of the photo-irradiation effects was
discussed on the basis of their isotropic geometrical features.
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