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ver the past decade or so, the in-

terest of the scientific commu-

nity in carbon nanotubes (CNTs)
has greatly increased because of their po-
tential as novel materials for a variety of ap-
plications ranging from nanoelectronic de-
vices to sensors' 3 as well as for the study of
their fundamental properties.*~¢

In this context, one area of research
that has been gaining growing importance
is the design, development, and character-
ization of carbon nanotube-based hybrid
structures, for example, those comprising
nanoscale metal particles and carbon nano-
tubes. Owing to their quantum confined ge-
ometry and enhanced surface-to-volume
ratio, metallic nanostructures can develop
unique electronic, optical, magnetic, and
catalytic properties.”°

The combination of metals and their car-
bides or oxides with carbon nanotubes may
give rise to significantly novel electronic,
optical, and mechanical properties.’”'? Par-
tially or fully filled carbon nanotubes with
magnetic materials present both small size
and enhanced magnetic coercitivity,'* a
condition which opens up the way to appli-
cations in magnetic data storage technol-
ogy. In those hybrid materials, the carbon
shells provide a valuable barrier against oxi-
dation, ensuring a long-term stability of
the ferromagnetic core.

Further, carbon nanotubes also repre-
sent an interesting platform to investigate
phenomenon like the Kondo effect’ 6 in
the case of magnetic impurities, as well as
enhanced spin—orbit coupling.'”'® Recently
it has been shown that in the case of cobalt-
nanoclusters-filled MWNTSs the charge
transport properties of the hosting tube
are extremely sensitive to the magnetic
state of the Co clusters inside the tube it-
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ABSTRACT Perfect vertically aligned and periodically arranged arrays of multidielectric heterostructures are
ideal platforms both for photonic crystals and photonic bandgap materials. Carbon nanotubes grown inside anodic
alumina templates form a novel class of heterostructured materials ideally suited for building such platforms. By
engineering metallic (cobalt) nanoclusters inside the nanotubes, we present a novel method for tailoring the
photonic bandgap as well as the magnitude of the reflectivity in these systems. We present spectroscopic
ellipsometry (SE) and reflectivity measurements to investigate the effect of the presence of cobalt clusters on the
optical response of multiwall carbon nanotubes (MWNT) grown in anodized alumina template. The real (/) and
imaginary (g,) part of the pseudodielectric function of the MWNT and Co-MWNT system have been studied in a
wide energy range (1.4—5 eV). We found that the cobalt filling modifies the electronic structure of the nanotubes,
suggesting that the insertion of the clusters leads to a semiconductor behavior. Angle-resolved reflectivity
measurements further show that the metal filling drastically enhances the optical response up to 2 orders of
magnitude.

KEYWORDS: carbon nanotube arrays - cobalt clusters-filled tube -
spectroscopic enhancers - low reflectivity materials

self.’® All these properties render these hy-
brid materials promising candidates for de-
vice applications with multiple and diverse
functionalities.

The electronic band structure of a vari-
ety of such systems is commonly studied us-
ing optical reflectivity techniques, which of-
ten require complex and lengthy
simulations and numerical analysis to re-
trieve optical constants.~2? In particular,
spectroscopic ellipsometry (SE) is an opti-
cal technique that measures the complex
ratio 6 = xi/x, (= tan(¥)e’) between the
amplitudes of the polarization states of the
reflected and the incident waves, r and i, re-
spectively.? Here, tan(W) represents the
amplitude ratio upon reflection, and A is
the phase shift. This technique is frequently
used for in situ real-time monitoring of mo-
lecular beam epitaxy (MBE) growth of semi-
conductor thin films, heterostructures, and
low-dimensional systems.?* In the case of

*Address correspondence to
bellani@unipv.it.

Received for review July 28, 2010
and accepted October 01, 2010.

Published online October 11, 2010.
10.1021/nn101801y

© 2010 American Chemical Society

VOL. 4 = NO.11 = 6573-6578 = 2010 A@q%{g) 6573



Figure 1. (a) Scanning electron microscopy (SEM) image of large diameter tubes grown in alumina template (AAO), where the
tubes are only partially released from the template itself. (b) SEM image of MWNT: filled with cobalt clusters (bright areas).

ambient-bulk material interfaces (two-phase model)
the ratio G = x//x, is directly related to the dielectric
function of the material. In nanostructured materials,
which are often more complex than multilayered struc-
tures, this model no longer entirely applies. Neverthe-
less, it is very useful to represent the complex reflec-
tance ratio as a pseudodielectric function in a two-
phase model description. In the case of template-grown
tubes, the two-phase model gives an average response
of the template-nanotubes system. This methodology
has been fruitfully used to study the dielectric and opti-
cal properties of nanostructure materials like semicon-
ductor superlattices.?>?® Despite its broad applicability,
there have been only a very limited number of studies
of carbon nanotubes using SE; Fagan and co-workers
used transmission ellipsometry to study the polarizabil-
ity of excitons in this system.?” In a previous work, we
have explored the electronic transport properties of in-
dividual hybrid structures of template-grown multiwall
carbon nanotubes (MWNTs).'28 |n this work, we
present a detailed investigation of both spectroscopic
ellipsometry and optical reflectivity of Co-nanoclusters-
filled template grown MWNTs. We find that the inser-
tion of the cobalt clusters in the nanotubes leads to (a)
a large band gap semiconductor behavior, (b) a great
enhancement of the reflectivity signal, and (c) an oscil-
latory and anisotropic reflectivity which undergoes a
significant transformation in both its magnitude and
photon-energy dependence.

Multiwall carbon nanotubes (MWNTs) are grown in
anodized alumina (AAO) template (diameter ~250 nm)
by chemical vapor deposition with acetylene precursor
gas at a temperature of 650 °C. Tubes grown in tem-
plate are uniform in size (depending on the template
pore diameter) and all vertically aligned in hexagonal
array. Compared to other types of nanotubes growth,
the template growth does not need any external metal
catalyst since the template itself acts as a catalyst.

Figure 1 shows a high magnification scanning elec-
tron microscopy (SEM) image of MWNTs grown inside
the AAO template, where the template is partially
etched to provide better visibility of the nanotubes,
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while the rest of the template continues to keep the
tubes well aligned and isolated from each other. Elec-
trochemistry is then used to insert cobalt clusters inside
the nanotube, after the MWNT growth (we refer to
those as Co-MWNTs).2%3° Compared to electroless?
and sol—gel®? methods, electrodeposition in nanopore
templates allows for a selective deposition of material
inside each individual tube. Figure 1b is an SEM image
of individual Co-MWNTs. Here, the structure has been
released completely from the host AAO matrix for im-
aging purposes, and the bright areas represent
metal clusters located within the inner volume of
the MWNTSs. Note that the SE measurements, both
in bare- and Co-filled nanotubes have been per-
formed with the tubes in their perfectly aligned ge-
ometry within the template.

RESULTS AND DISCUSSION

Spectroscopic Ellipsometry. Figure 2 shows the varia-
tion of the real (¢;) and imaginary part (g,) of the di-
electric functions with photon energy (1 eV < E <
5 eV) ranging over the UV—visible—NIR regions of
optical wavelengths. The dielectric functions have
been numerically obtained using a two-phase
(air/nanostructure) model?*2* from the measured SE
functions tan(¥) and cos(A), for both the cobalt-
filled and unfilled nanotubes. The complex
pseudodielectric function &, of the MWNT sample in-
creases gradually with increasing energies and pre-
sents a wide peak-like structure Ey in the near-
ultraviolet region at 4.2 eV; the real part of the
pseudodielectric function &; presents, at the same
energy, a point of inflection which evidences the
dispersive-like line shape of this transition in g4, as
observed in other nanostructured materials.?” The
energy of this transition suggests the insulating be-
havior of the MWNT sample, with an optical energy
gap that can be estimated, from the rapid increases
of &,, at around 3.2 eV. The optical energy gap is es-
timated from &,, separating (i) the low energy contri-
bution due to impurities which is responsible of the
small linear increase below 3 eV, (ii) the sudden ex-
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ponential increase of ¢, related to the onset of the
interband fundamental transition, and (iii) the
Gaussian E, peaked-structure associated to the inter-
band transition between states of the fundamental
energy band at higher energy than the gap. We veri-
fied that regimes ii and iii are well fitted by an expo-
nential function and Gaussian line-shapes, respec-
tively; further, at around 3.2 eV a crossover between
regimes ii and iii is found which identifies the opti-
cal energy gap.

From the independent electronic transport mea-
surement as a function of temperature in individual
AAO-MWNTs, we find that the approximate electronic
bandgap is only about 0.055 eV.% This suggests that the
photonic transition observed in our samples, whose ex-
citation energy is orders-of-magnitude larger, is not re-
lated to the excitations across the narrow electronic
bandgap of the individual tubes, but is possibly an out-
come of photonic bandgaps of the composite periodic
array of MWNTSs within the host AAO, which have differ-
ent effective dielectric constants. The inclusion of co-
balt clusters markedly changes the dielectric response,
evidencing the modification of the energy band struc-
ture of the material. Indeed, in the Co-MWNT the funda-
mental interband transition £, lies at much lower en-
ergy than in the MWNT, and the optical gap, obtained
from the rapid increase of &, in the left side of the £,
structure, is around 2.6 €V, red-shifted into the blue
region of the spectrum. Thus, the SE data suggest, in
the case of the Co-MWNT sample, a wide-gap semi-
conducting behavior. At higher energy we observe
for &, the development of a second feature labeled
E;. The high-energy limit of the experimental setup
at 5 eV prevents us from observing the complete
evolution of the feature itself. The presence of E; in-
terband transition at higher energy could be either
due to a red-shifted structure in the host MWNT ar-
ray that was beyond 5 eV or an additional structure
due to the inclusion of Co clusters that enriches the
overall photonic band structure.

Reflectivity. The reflectivity R has been first simulated
by finite difference time domain (FDTD) analysis at nor-
mal incidence (Figure 3) for the unfilled case, and then
measured at different incident angles (10° < 6 < 80°)
on the same sample in the Co-filled (Rcomwnt) and un-
filled (Rmwnr) areas (Figure 4). In our simulation (see Ma-
terials and Method for more details), the sample under
investigation is approximated to an ordered array of
vertically aligned CNTs with a diameter of ~250 nm,
separated one from the other by ca. 20—30 nm, as sche-
matically represented in Figure 3a. Two main behav-
iors clearly emerge in the calculated reflectance spec-
trum in Figure 3b. First, the very low reflectivity values
in the unfilled system (R < 0.01), and second, the pres-
ence of seemingly periodic oscillations, which are ob-
servable in the entire energy range of the simulation
(intentionally wider than the one used in the experi-
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Figure 2. (Top) Imaginary €, and (bottom) real €, part of the

pseudodielectric function for MWNT and Co-MWNT from spectro-
scopic ellipsometry measurements. The segments in the lower panel
show the points of inflection, related to the interband transitions E,

and E;.

ments) and which have a growing amplitude as en-
ergy increases. We have also included some of our ex-
perimental results which will be discussed in more
details later on, to clearly show the oscillatory motion.
Presented data are for incident angle of 10°, which rep-
resents the experimental conditions closest to the simu-
lation configuration and are decoupled from the linear
trend.

The optical response of carbon nanotubes arrays de-
pends on the atomic structure of each individual tube
as well as their overall arrangement. In particular, single-
wall carbon nanotubes with a diameter less than 1 nm
present a strong dependence of the chirality of the tube
itself.3* On the other hand, multiwall carbon nano-
tubes show a more uniform and regular response,
mainly due to their large size.3*

Further, the optical properties of an array of tubes
strongly depend on their arrangement, size, and inter-
tube separation. In fact, in the case of more disordered
tubes orientation, the co- and cross-polarized absor-
bance (parallel and perpendicular to the tube axis, re-
spectively) are extremely sensitive to the alignment of
the tubes within the matrix array.3> Then, when consid-
ering the quality of the MWNT, the presence of disor-
der in the tube can affect the value of the permittivity
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Figure 3. (a) Schematics of the alumina template-grown multiwall carbon nanotubes array in the normal incidence configu-
ration (0 = 0°) for reflectivity measurements. (b) Simulated reflectance spectrum from an ordered array as shown in part a.
(Inset) Experimental reflectivity measurement (6 = 10°) clearly shows the oscillatory behavior component.

of the sample,*® because those defects behave as polar-
ized centers. It has been shown that arrays of vertically
aligned carbon nanotubes behave as an array of
charged harmonic oscillators upon light irradiation.?*3’
Such systems are commonly described by a Drude-
Lorentz multioscillators system, for which it is possible
to write the complex frequency dependent permittivity
as a combination of a frequency-independent contribu-
tion and a series of charge harmonic oscillators. Fur-
ther, CVD-grown MWNTSs on a Fe-coated silicon sub-
strate present angular-dependent oscillations with
increasing degree of (vertical) alignment in the
s-component of the polarization.??

Figure 4 panels a and b present the angular depen-
dence of the measured reflectivity in MWNTs and Co-
filled MWNTSs, respectively. We distinguish two separate
effects: (i) the angular dependence and (ii) the effect
of the presence of the clusters. In our unfilled sample
(MWNT) we identify a general oscillatory behavior, as in-
dicated by the arrows, where the amplitude of those os-
cillations is quite small and tends to smoothen out
with increasing incident angle, while the overall reflec-
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Figure 4. Angular dependence of the reflectivity of (a) MWNTs, (b)
Co-MWNTs, and (c) normalized reflectivity (=AR/Ruwnr) in the
[6000 cm™"; 10000 cm~"]. Arrows in panels a and b indicate the ob-
served oscillations. Angles and colors are labeled consistently in
the three panels.
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tivity decreases for increasing angles (Figure 4a). Simple
geometrical considerations explain this result: for in-
creasing incident angle, the illuminated area increases,
leading to an increased number of “charged” tubes.
Thus, the observed smooth and small oscillations are
the signature of the alignment of the tubes; in addition,
compared to available literature, our sample presents
a perfect vertical alignment due to the physical con-
straint provided by the template itself. It is thus pos-
sible to suggest that those oscillations additionally rep-
resent individual tubes which are illuminated from the
incident light. We can hence assume that the number of
oscillations is the number of excited tubes. Thus, if
4—5 tubes (~oscillations) are excited, we can roughly
estimate a beam diameter of 1 um, a value which is in
good agreement with the experimental spot size.

Further, we found that close to normal incidence
(i.e., at 10°), the reflectivity is well below 0.004 at the
lowest photon energy. This result is very consistent with
the one reported by Yang et al.,* which showed that
low-density vertically aligned multiwall carbon nano-
tubes can have total reflectance as small as 0.045% due
to their low density and high surface roughness. In our
case, the nanotubes are much better aligned and the
overall surface is much smoother, which may be the
reason for the slightly higher reflectivity. Nevertheless,
such high absorption of light over a large range of pho-
ton energies in the IR range renders those hybrid struc-
tures suitable for a number of applications ranging
from solar energy harvesting to stealth technologies.*
In addition, these structures are much more robust as
they are impregnated inside the AAO matrix and hence
are far more suitable for long-term applications in ex-
treme conditions.

However, the larger oscillations (indicated by the ar-
rows) observed in the case of Co-MWNTs (Figure 4b)
cannot be only considered as the signature of the de-
gree of alignment of the system, but necessarily the re-
sult of the effect of the presence of the clusters. In fact,
in metal (Aqg) partially filled tubes the reflectivity pre-
sents collective response and enhancement also identi-
fied as surface plasmons.*® Further, the reflectivity of
our filled tubes could exhibit similar features with re-
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spect to the reflectivity of an array of metal nanoparti-
cles.*” The angular dependence of Rcomwnr Mimics the
overall behavior of Rywnr up to 40° (signal decreasing
for increasing incidence angle); for angles greater than
40° the dependence of Reo-mwnr clearly changes, with
the onset of an enhancement effect as a function of
both increasing wavenumber and increasing angles.
We calculated the normalized reflectivity (AR/Rywnt =
(Rco-mwnt — Rmwnt)/Rwmwnr as a tool to quantify the effect
of the presence of the clusters inside the tubes (Figure
4¢). For each incident angle we found that the reflectiv-
ity in the case of Co-MWNT is enhanced by factors rang-
ing from ~25 to ~225 compared to the MWNT coun-
terpart; this strong enhancement due to the presence
of cobalt increases with increasing incident angle and at
a fixed angle decreases for increasing energy. We be-
lieve that the component of the electric field of the ra-
diation parallel to the tube is the one mostly respon-
sible for inducing a collective response of the Co
clusters.

Detailed analysis of the dependence of those oscilla-
tions shows that each peak is shifted toward higher
wavenumber for increasing incident angles, as shown
in Figure 5, where w; represents the peak frequency of
the jth oscillation. For each peak, we observed a slight
increase of the central position (6 < 50°), followed by a
smooth decrease. In the case of an error of 5% (ca.
30—50 cm™) in the determination of the peak posi-
tion, which nevertheless represents an overestimate,
the trend remains unchanged. We note that for the first
oscillation, although visible, it is hard to precisely deter-
mine the position of the peak itself. This could be the re-
sult of the change in the geometry of the illuminated
surface when the angle of incidence of the light is
changing.

MATERIALS AND METHOD

Spectroscopic ellipsometry spectra have been recorded at
room temperature with an automatic rotating polarizer SOPRA
MOSS-ESA4G instrument, in the spectral range between 1.4 and
5.0 eV, with an incidence angle of 75° using a p-spot setup which
allowed the use of a light spot with a diameter of 1 mm. Variable-
angle specular reflectance was measured in the [6000 cm™’;
10000 cm™] spectral range by means of a Fourier transform
spectrophotometer Bruker IFS66. The light of a Xe arc-lamp was
collimated and then focused on the sample into a spot of ap-
proximately 1T wm in diameter. An in-house built 6—26 goniom-
eter allows varying the value of the incidence angle between 0
and 80°, with a resolution of 1°.

Finite difference time domain (FDTD) numerical simulations
were also performed to calculate the reflectance spectrum of
the investigated unfilled sample. It was modeled as a 40 p.m-
thick AlLOs film with cylindrical holes of radius 125 nm arranged
in a hexagonal lattice of period 280 nm. The carbon nanotubes
inside the holes were mimicked by circular rings with inner and
outer radii of 115 and 125 nm, respectively, while their height
was equal to the entire Al,O; membrane thickness. The refrac-
tive index of Al,O3 and carbon nanotubes was set as 1.6 and 1.36,
respectively. The carbon nanotubes refractive index was as-
sumed to be isotropic. The investigated system was normally il-
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Figure 5. Angular dependence of the position, w; of the jth peak

(2 <j < 6), as labeled on the right side, for Co-MWNTs array.
Dashed lines represent a guide to the eye.

CONCLUSION

We have studied the effect of the presence of co-
balt clusters on the optical response of multiwall car-
bon nanotubes grown in alumina template. Spectro-
scopic ellipsometry measurements reveal that the
incorporation of cobalt drastically changes the dielec-
tric response of the material, showing an enrichment of
the energy band structure, with evidence of a wide-
gap semiconducting behavior. Measurements of opti-
cal reflectivity show an enhancement due to the metal
filling and an oscillatory response due to the degree of
alignment of the tube, in good qualitative agreement
with the simulation. This investigation opens up the
way to exploring hybrid AAO-grown MWNT arrays as
platforms to develop photonic band gap materials
based on enhanced optical response, for which appro-
priate pore size and/or filling materials could be tailored
for selective applications.

luminated by a plane wave source polarized along the
x-direction and propagating along the z-direction. The source
spectrum covered the wavelength range 0.625—1.66667 pm
(6000—16000 cm™"). The reflectance spectrum was recorded by
a 2D z-normal frequency domain power monitor characterized
by 100 frequency points in the same spectral range of the ap-
plied source.
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