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The coated substrates were left at room temperature for 30 min
before being subjected to controlled-humidity steaming at 150 °C. The
steaming was done in the same reactor described previously [16].

The coated film was examined using atomic force microscopy
(AFM, SEIKO SPA-400), UV-vis spectroscopy (Jasco-V-530), con-
tact-angle measurement (KYAMO CA-D), and XRD (SHIMADZU
XRD-6000) as well as the BL17A1 line of synchrotron radiation in
NSRRC, Taiwan.
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Luminescent Carbon Nanotubes by
Surface Functionalization**
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Surface functionalization of carbon nanotubes is an effec-
tive way of improving the solubility and dispersion of the
nanotubes in aqueous solutions and to design new hybrid ma-
terials by coupling the properties of novel nanostructures to
the carbon nanotubes."* Functionalization of carbon nano-
tubes can be achieved either by covalent or non-covalent
methodologies.[s‘gl The attachment of metal nanoparticles,
particularly Au nanoparticles, to functionalized carbon nano-
tubes has recently been an active field of research for gas-sen-
sor and catalytic applications.[lo’“] In addition, various biolog-
ical applications of the functionalized carbon nanotubes have
been proposed, such as DNA!"! and protein biosensors,*!°!
biocatalysts, and bioseparators.[m

Nanoparticles and nanotubes also find potential applica-
tions in the fields of cancer diagnosis and therapy. In the diag-
nosis and treatment of cancer, nanoparticles not only need a
‘cavity’ structure for the storage and delivery of drugs, but
must also be luminescent in order to track and diagnose the
effectiveness of the treatment. Nanoparticles or nanotubes
can be functionalized for the qualitative or quantitative detec-
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tion of tumor cells. However, targeting cancer cells and the
delivery of drugs to localized regions remains a challenge in
cancer therapy. Thus, the design of novel nanostructures with
multifunctionalities, such as fluorescent signaling, biolinkers,
biocompatibility, and drug-carrying capability, is the key to
the success of this application. A nanotube may be considered
as a ‘reservoir’ for the containment of anticancer drugs. Multi-
walled carbon nanotubes (MWCNTs) have a hollow structure
with inner diameters of the order of 100 nm, which is an ideal
geometry for drug transport and delivery. However, carbon
nanotubes have only been observed to exhibit weak infrared
(IR) emissions."®! For diagnosis, the nanotubes must be func-
tionalized with spectroscopically characteristic fluorescent
dyes.[w] One of the novel approaches in biomarking is through
targeting cancer cells with luminescent nanoparticles, such as
quantum dots.2024 Compared with traditional organic fluoro-
phores, quantum dots have superior properties, which include
a higher quantum yield and much sharper emission spectra.
Here, a novel approach to design luminescent carbon nano-
tubes by depositing europium-doped Y,O; nanophosphors
onto the surfaces of MWCNTs is presented. The surface
morphologies and microstructure have been characterized by
high-resolution transmission electron microscopy (HRTEM)
and electron diffraction spectroscopy (EDS). Fluorescent
spectrometer measurements confirm that the surface-func-
tionalized MWCNTs exhibit luminescence in the visible light
range. This method opens up the possibility of designing func-
tionalized carbon nanotubes for cancer diagnosis and treat-
ment by attaching nanoparticles that are luminescent over a
desired optical range. Therefore, the functionalized MWCNTs
can be used simultaneously as drug carriers and biomarkers.
Figure 1a shows a bright-field TEM image of a MWCNT
surface functionalized with an Eu-doped Y,Oj film heat treat-
ed at 650 °C. The outer surface of the nanotube is uniformly
coated by a thin film of 10 nm. Crystallites that show a dark
contrast with a particle size of ~5 nm were observed to be em-
bedded in the coated thin film. The inset in Figure 1a is the
selected-area electron diffraction (SAED) pattern acquired
from the surface-functionalized carbon nanotubes. The diffuse
diffraction arc corresponds to diffraction from the (002) graph-
ite layers of the carbon nanotubes. The diffraction pattern can
be indexed using structural data of Y,Oj; crystals described by
a hexagonal unit cell. The HRTEM image (Fig. 1b) of a nano-
particle grown at the nanotube surface and the corresponding
Fourier-filtered transformed (FFT) image can be consistently
indexed from the same Y,Oj3 structure. The EDS measure-
ments (Fig. 1c) indicate the major elements carbon, yttrium,
and europium on the nanotube surface, which are consistent
with the coating process and TEM observations. These results
suggest the identity of the nanoparticle as Eu-doped Y,O3. A
HRTEM image (Fig. 1d) clearly shows the crystalline features
of the coating film on the outside surface of a carbon nanotube.
The (002) lattice plane of the graphitic interlayer of the carbon
nanotube was evident. The morphology of the surface coating
changes dramatically as the heat-treatment temperature in-
creases from 650 to 950°C (Fig. 2). The surface coating ap-
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Figure 1. a) A bright-field TEM image showing the deposition of an Eu-
doped Y,0;3 film on a MWCNT heat treated at 650°C. The inset is the se-
lected-area electron diffraction (SAED) pattern acquired from carbon
nanotubes and the coated film. b) A HRTEM image shows that the nano-
particles dispersed into the coating film are Y,03, based on the lattice
fringe spacings and Fourier-filtered transformed (FFT) image (inset in
(b)), and this is consistent with the EDS spectrum (c). d) HRTEM im-
ages showing crystalline Eu-doped Y,O3; on a nanotube heat treated at
650°C. The (002) lattice planes of the graphitic interlayer are clearly
shown.

pears to be transformed from a uniform thin film (Fig. 1a) to
well-dispersed, nanometer-sized nuclei. These nuclei are spher-
oidal in shape as a result of the high-temperature treatment
(Fig. 2a). The spheroidal crystals appear to be deeply em-
bedded in the nanotube wall and are therefore strongly bonded
to it. It is essential that these luminescent particles do not sepa-
rate from the nanotube substrate during transport in bodily
fluids. The EDS results show a similar chemistry as compared
with its counterpart, which was heat treated at 650 °C.

In order to investigate the effects of yttrium concentration
on the surface deposition and optical properties of the surface-
functionalized MWCNTs, pure Er,O; was also deposited on
the nanotube surfaces. The procedure was the same as
that used for depositing Eu-doped Y,O3 on the nanotubes.
After drying, the Er,O3-coated nanotubes were heat treated at
650 °C for 24 h. Well-dispersed nanoparticles were observed
on the nanotube surfaces (Fig. 3). The particle size was typical-
ly 5-20 nm with a ‘rounded’ morphology. These crystallites not
only exhibit clear lattice fringes, but also distinct boundaries
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Figure 2. a) A bright-field TEM image and b) HRTEM image showing the
surface deposition of an Eu-doped Y,0; film on MWCNTs, heat treated
at 950°C.

Figure 3. a) A bright-field TEM image showing the deposition of Er,0;
nanoparticles on the surface of a carbon nanotube heat treated at 650 °C.
The Er,O3 nanoparticles are well dispersed on the outside surface. The
diffraction pattern (inset) can be indexed as cubic Er,O3. b) A HRTEM im-
age showing an Er,O3 nanoparticle with an orientation of [011] absorbed
at the side wall of a carbon nanotube. The (002) graphitic interlayer can
be seen clearly. c,d) Z-contrast images showing Er,O3 deposition on the
surface of MWCNTs. The Er,03 nanoparticles show some non-uniformity
in grain size, which varies from 30 nm to a few nanometers.

within the carbon matrix. Both the HRTEM image (Fig. 3b)
and SAED results (inset in Fig. 3a) indicate that these nano-
particles are cubic Er,Oj. Figures 3c,d show the high-angle an-
nular dark-field scanning transmission electron microscopy
(STEM) images (Z-contrast) of the nanotube surfaces coated
by Er,O; nanoparticles. Owing to the high atomic mass, the
Eu,03 nanoparticles display bright contrast in the Z-contrast
image. The EDS spectra show distinctive features between the
‘naked’ and coated nanotubes, the former contains only carbon
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while the latter exhibits strong signals of erbium. A non-uni-
form distribution of nanoparticles was evident among the dif-
ferent carbon nanotubes and at different locations.

Under a 355 nm pulsed-laser excitation, Eu** luminescence
was observed at room temperature from samples of the coat-
ed MWCNTs heat treated at 650 and 950°C (Fig. 4). As
shown in Figures 4a,b the emission lines are characteristic of
the Eu** °D¢-'F; (J=0, 1, 2) electronic transitions. The effi-
ciency of luminescence emission from the sample treated at
950°C is much higher than that from the sample treated at
650 °C. The sharp lines in the emission spectrum of the sample
treated at 950 °C indicate that Eu** doped in Y,O3 has a well-

(a)
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Fluorescence Intensity (arb. unit)
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Figure 4. Luminescence emission spectra of Eu-doped Y,Oj;-coated
MWCNTs heat treated at a) 650 and b) 950°C.

defined crystalline structure, whereas the broader spectrum of
the sample treated at 650 °C suggests a more disordered atom-
ic-scale structure. No visible luminescence was observed at
room temperature from the nanotubes coated with Er,Os.
Quenching of Er’* fluorescence is expected due to Er**—Er’*
interactions and energy transfer between the Er,O; nanopar-
ticles and the MWCNTs. However, IR fluorescence at a wave-
length of 1.5 um and longer was detected with an IR photon
detector. For Eu**/Y,0;-coated carbon nanotubes, in addition
to the visible fluorescence from Eu**, IR emission with a
wavelength longer than 1.2 pm was observed with 355 nm ex-
citation. Similar IR emission was also observed in the carbon
nanotubes without a Eu** phosphor coating, which indicates
that the IR emission is from the nanotubes. In comparison to
the excitation emission from single-walled carbon nanotubes
(SWCNTs) with energies from 1.21 to 1.36 eV,!"8! the fluores-
cence emission from the nanotubes studied here are also lumi-
nescent, but at much lower energies.
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For successful deposition of Eu-doped Y,O; and surface
functionalization, the Eu-doped Y,O; particles should wet
the nanotube surfaces with a minimum surface energy, y. This
leads to the Eu-doped Y,Oj particles forming a small dihedral
angle 6 with the MWCNT surfaces. Interfaces with small y
may be confirmed by good atomic-scale structural match at
the interface (Fig. 1d). It is assumed that the close-packed
(002) plane of the Y,O5 hexagonal unit cell favors to lie on
the (002) graphitic layer of the carbon nanotubes, which may
lead to a reduction in ¢ and y. Therefore, it is energetically
favorable for the small Y,Oj3 particles to nucleate and grow
on the MWCNT surfaces and to form a uniform film at the
low temperature of 650 °C (Fig. 1). At a considerably higher
temperature of 950 °C, the deposited Eu-doped Y,Oj; parti-
cles tend to become more spherical to further minimize their
surface energies. As can be seen in Figure 1, these nanoparti-
cles are fine crystallites with an average diameter of ~5 nm at
650 °C. It should be noted that nanocrystallites of Eu-doped
Y,0; could only nucleate and grow on the nanotube substrate
under a condition of heterogeneous nucleation. Owing to the
relatively high energies during the initial stage of nucleation
and growth, these fine crystallites are not energetically stable.
At elevated temperatures (Fig. 2), they continue to grow. The
growth of these fine crystallites requires mass transport to-
wards them. Therefore, each crystallite may grow at the ex-
pense of the surface thin film, which leads to separate, dis-
persed, and larger (10-20 nm) nanoparticles of Eu-doped
Y,0;. Interestingly, spheroidal particles occur at much lower
temperatures, e.g., 650 °C, in the case of Er,O; deposition on
MWCNTs. As shown in Figure 3, the Er,O; nanoparticles
have a spherical shape, and the diffraction patterns indicate
that Er,Oj is cubic. This suggests a considerable lattice mis-
match between the Er,Oj; nanoparticles and the MWCNT.
This lattice mismatch will lead to an increased dihedral angle
and will reduce the wetability. Hence, in contrast to Eu-doped
Y,0s, it maybe difficult to deposit a uniform thin film on the
nanotube surface, on the contrary pure Er,Oj; tends to grow
as individual spherical particles on the surface.

In summary, by depositing rare-earth-doped Y,0O3 nano-
phosphors onto the outside surfaces of MWCNTs, the carbon
nanotubes exhibit luminescent emission in the visible-light
range. The surface-functionalized carbon nanotubes may find
important applications in novel optical devices that use car-
bon nanotubes as building blocks. This method can also be ap-
plied to the design of luminescent carbon nanotubes for the
application of cancer diagnosis and treatment, by attaching
optically active rare-earth nanoparticles or quantum dots that
are luminescent over the desired optical range. Thus the func-
tionalized MWCNTs can be used simultaneously as drug car-
riers and biomarkers.

Experimental

Commercial-grade Pyrograf III MWCNTs were used as substrates
[25]. The MWCNTs were 70-200 nm in diameter and several mi-
crometers in length. Rare-earth-doped Y,O5; was deposited on the
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MWCNTs by a solution method [26]. The carbon nanotubes were first
acid treated for oxidation, and then dispersed in 250 mL of distilled
water by ultrasonic vibration for 0.5 h and allowed to stabilize for 1 h.
Certain volumes of the solutions containing europium and yttrium
were added into the MWCNT suspension, and the mixture was vi-
brated for 0.5 h. Aqueous ammonia was added to the solution, and
at least 10 h was allowed for incubation. The solution was heated at
80°C to entirely evaporate the water. The temperature of the drying
process was strictly controlled and the heating rate varied over differ-
ent temperature ranges. The dried powder (a mixture of MWCNTs,
Y,03, and rare-earth elements) was subsequently heat treated at 650
and 950°C for 12h. The functionalized MWCNT surface structure
and morphology were studied by using a JEOL 2010F transmission
electron microscope. The TEM samples of MWCNTSs were prepared
by dispersing them directly on perforated carbon films supported with
Cu grids. Laser spectroscopic experiments were completed in order to
study the optical behavior of the functionalized MWCNTs.
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Defect-Mode Lasing with Lowered
Threshold in a Three-Layered
Hetero-Cholesteric Liquid-Crystal
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Cholesteric liquid crystals (CLCs) are regarded as self-as-
sembling one-dimensional (1D) photonic crystals (PCs). A
helical structure is spontaneously formed to give a unique
property called selective reflection; i.e., circularly polarized
(CP) light having the same handedness as the CLC helix can-
not propagate through the CLCs in a frequency range corre-
sponding to the photonic bandgap (PBG).!"! This optical prop-
erty provides us with promising photonic devices. The most
extensively studied property has been lasing at the PBG
edge, where the photon group velocity approaches zero.
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Many achievements have been reported in low-molecular-
weight CLCs® and polymeric cholesteric liquid crystals
(PCLCs)."! For practical applications, continuous-wave las-
ing is desired. For this purpose, lowering the lasing threshold
is indispensable, and extensive studies have been devoted to
achieving this goal.[w’”] In this paper, we report a novel cavity
structure for defect-mode lasing with a lowered threshold.
The cell used consists of three CLC layers, the middle of
which contains laser dyes and has the opposite handedness
helix and a narrower PBG than those layers on either side. It
was found that the defect states emerge, and the photonic
density of state (DOS) is resonantly enhanced when the
defect mode coincides with the edge mode. The lasing from
this enhanced mode was found to show a lower threshold val-
ue.

In order to reduce the lasing threshold, the emission rate
must be enhanced. According to Fermi’s golden rule,'? the
emission rate w; for i optical eigenmodes is expressed by

w; ~ M;|E; -d[’ 1)

where E; and M; are an electric field and a DOS of the ith
mode, respectively, and d is a transition dipole moment.
Hence, the optimum situation is ascribed to two conditions:
realization of 1) a uniform orientation of d parallel to E,
and 2) a high DOS. The first condition is equivalent to realiz-
ing highly ordered dye molecules along the local director of a
nematic liquid crystal (NLC) host.>%3) It is predicted that a
high DOS and the consequent low-threshold lasing would oc-
cur at the defect modes within the PBG, since the photon
dwell time is enhanced, and gives ample opportunity for am-
plification by stimulated emission.'"*'”! The introduction of a
quarter-wavelength space in the middle of a layered isotropic
1D sample produces a defect in the middle of the PBG and it
is widely used to produce high-Q laser cavities (where Q is a
variable that describes the sharpness of the resonance).[l(’]
Moreover, several types of defects have been studied by the
introduction of an isotropic spacing layer in the middle of the
CLCs,["7 e.g., the creation of a phase jump without any spa-
cing layer in the CLC!"®! and smectic LC structures,"”! and the
local deformation of the helix in the middle of the CLC
layer.?! The Bragg reflection was studied in a CLC Fabry—
Perot cavity by adding a CLC layer between two distributed
Bragg reflectors (DBRs).2!l Schmidtke et al. and Ozaki et al.
demonstrated low-threshold defect-mode lasing by using a
phase jump in CLCs.”**! Phase-retardation defect-mode las-
ing was also demonstrated by the construction of a cell com-
posed of a dye-doped nematic defect layer sandwiched be-
tween PCLC films.?¥ In this study, a sophisticated system
comprising a dye-doped left-handed (L-) helical CLC sand-
wiched by two right-handed (R-) helical PCLC layers was
constructed and low-threshold lasing was achieved.

The main cell structure of a R-PCLC/dye-doped L-CLC/R-
PCLC three-layered cell is shown in Figure 1a. A two-layered
cell (Fig. 1b) and a single-layered cell (a simple dye-doped
L-CLC layer, not shown) were also used as references.
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