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arbon nanotubes (CNTs) attract a

great deal of attention because of

their unique properties as nanoma-
terials. In recent years, several theoretical
studies have been published regarding the
optical properties of aligned CNT films. In
1997, Vidal et al. presented an effective me-
dium approach to analyze the optical prop-
erties of CNT films.! They also developed
the Maxwell—Garnett (MG) approach to
study composite films of aligned CNTs. The
MG approach appears to be a good ap-
proximation for systems in which the CNTs
are separated by large and intermediate dis-
tances. The consideration of full electro-
magnetic (EM) wave coupling between the
CNTs was essential when studying the
close-packed structures that appear in
aligned CNT films.2 The good agreement
between the numerical and experimental
data revealed that this MG model was a use-
ful tool for analyzing the optical properties
of CNTs. Acros et al. also used reflectivity
measurements in the visible range to inves-
tigate the optical properties of vertically
aligned CNTs.2 With graphite as the host
medium and air as the inclusion substance,
they developed an effective medium layer
(EML) method to determine the thickness
and effective refractive index of aligned-
CNT films. Although the effective refractive
indexes of CNT films can be determined
through the fitting of reflectance spectra,
their effective extinction coefficients have
not been reported previously—even
though refractive indices and extinction co-
efficients are two important factors influ-
encing the optical behavior of CNT films.

Recently, few theoretical calculations'?

and experimental measurements?? re-
vealed that materials displaying extremely
low refractive indices (n = 1.01—1.10) could
be prepared using low-density CNT arrays,
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ABSTRACT In this study, we prepared carbon nanotube (CNT) forests exhibiting two types of optical properties:
so-called “darkest materials” and films displaying iridescence phenomena. The darkest materials, comprising
vertically aligned CNT (VA-CNT) forests, displayed extremely low reflections as a result of the rough surface and
the trapping of light in the CNT forests. The lengths of the CNTs in the CNT forests had a strong influence on
whether the light transmitted through the CNT forest or reflected from the substrate. From an investigation of
the limitations of the darkest materials of CNT forests, we prepared CNT surfaces running the gamut from dark
materials to iridescent. To study iridescence phenomena, we prepared two kinds of patterns of CNT forests on
flexible polycarbonate substrates: CNTs arrayed in hexagonal-hole patterns and broccoli-like CNTs, the latter
formed through a combination of inverse nanosphere lithography (INSL) and a poisoned-catalyst mechanism. In
the patterned CNT forests, even though the refractive index difference between the CNT film and air was extremely
low and even though the CNTs could trap the incident light, the iridescence phenomenon remained, inducing
colorful images from the CNT films.

KEYWORDS: carbon nanotubes (CNTs) - darkest material - iridescence - flexible
substrates - inverse nanosphere lithography

Such nanotube arrays can be viewed as ex-
tremely black objects because of their low
reflection and high absorption. Besides, a
rough surface of other materials also reveals
an ultralow reflection due to the random
scattering.*”7 Yang et al. reported that low-
density aligned nanotubes exhibit high ab-
sorption coefficients in the direction parallel
to the CNTs and, more importantly, ex-
tremely low refractive indices for light in
the visible wavelength regime.® This ar-
rangement provides a material having a
rough surface with no repeating topology,
causing light to scatter in random directions
and, thereby, making the surface extremely
black. Arrays of vertically aligned carbon
nanotubes (VA-CNTs) can also exhibit such
properties through a mechanism for mini-
mizing reflection that is fundamentally dif-
ferent from that of conventional antireflec-
tion coatings or roughened surfaces.
Nevertheless, arrays of VA-CNTs films might
have limitations when used to prepare ex-
tremely dark materials. To understand these
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limitations, in this study we investigated the optical
properties of CNT films, including their refractive indi-
ces, extinction coefficients, and interference and diffrac-
tion phenomena.

The special optical characteristics of periodical nano-
structures have attracted much interest in both the
physical and biological sciences.” ' Nanopatterned
CNT arrays have potential applications in many fields,
for example, as field emission displays, biosensors, en-
ergy storage systems, and photonic devices. Controlling
the density of nanopatterned CNTs can enhance the
field emission properties of devices, for example, by
preventing CNT cathodes from undergoing screen
effects.’> 1> In this study, we also transferred the nano-
patterned CNTs onto flexible substrates to increase
their practicality in the applications requiring flexible
devices.

Typically, the nanopatterning method used for the
fabrication of CNT arrays involves electron-beam
(E-beam) lithography, an expensive and time-
consuming process. Recently, nanosphere lithography
(NSL) was developed as an effective and economical
fabrication technique; self-assembled monolayers of
polystyrene (PS) spheres are used as a mask to form pat-
terned catalysts, which can then be adopted for the
growth of aligned and spatially controlled CNT arrays
and ZnO nanorods.'®" '8 Using NSL, several two-
dimensional periodical nanostructures have been dem-
onstrated, including nanobowl,'®? nanotube,?'~2
nanorod,'®* nanohoneycomb,?® and nanoscale ring ar-
rays.® In the NSL method, a monolayer of PS spheres
covers a substrate as a mask layer; the presence of
boundaries in the monolayer of PS spheres is inevi-
table.?” After depositing the catalyst, the PS monolayer
is removed from the substrate. The catalyst layer is,

therefore, arranged on the defect
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tiple reflections from multilayered,
semitransparent surfaces in which
phase shifts and the interference of
reflections modulate the incident
light by amplifying or attenuating
some frequencies more than others.
In this study, we used a patterned
template and inverse NSL lithogra-
phy to fabricate patterned CNT for-
ests on flexible substrates. To inves-
tigate the limitations of CNT forests
as extremely dark materials, we ex-
amined the optical properties of
VA-CNT films to further understand

PITT a1t their optical phenomena. In addi-
VYVVVVYYYYYYY tion to preparing extremely dark
' P materials, we also observed irides-
Si cence from patterned CNT forests,
which can be applied in flexible de-
vices, such as solar cells and dis-
PP plays featuring shiny decorations.
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Broccoli CNTs RESULTS AND DISCUSSION

Figure 1 displays schematic rep-

Figure 1. Schematic representations of the processing of (a) VA-CNTs, (b) CNTs aligned with

hexagonal holes, and (c) broccoli-shaped CNTs on flexible substrates.
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resentation of the processes used
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to pattern VA-CNTs on flexible sub-
strates. The fabrication procedures are
described in the Methods section in de-
tail. Figure 1a illustrates the preparation
of the flat VA-CNT films?832 and the trans-
fer of the CNT films from the Si sub-
strates to flexible polycarbonate (PC)
substrates. The CNT forest grown on the
patterned template is displayed sche-
matically in Figure 1b. To fabricate the
broccoli-shaped CNTs, a monolayer of PS
spheres was defined as the template, as
displayed in Figure 1c. The lengths of VA-
CNTs were affected significantly by the
growth temperature. Figure 2 panels a,
b, ¢, and d display VA-CNTs having
heights of 0.5, 2, 8, and 80 pm that we
synthesized at temperatures of 500, 600,
700, and 800 °C, respectively. The densi-
ties of these VA-CNTs were in the range
from 10" to 10" cm ™2, as depicted in the
enlarged SEM images. According to the
SEM images of the CNT films, the densi-
ties of these four VA-CNT films were all
similar. Moreover, the growth tempera-
ture controlled the growth rates of the
CNT films, allowing us to obtain CNTs of
various lengths. Besides, these CNT films
with various lengths show similar rough-
ness values of ca. 15—20 nm. The trans-
parencies of the VA-CNT films of differ-
ent thicknesses are revealed in the
bottom photographs in Figures 2a—d.
The letters “CNT” printed under the VA-
CNTs on the PC substrates gradually be-
came opaque upon increasing the
length of the CNTs. That is, the absorp-
tion of the VA-CNTs films increased upon
increasing the length of the CNTs,
thereby inhibiting the light from pass-
ing through the CNT forest.

We further investigated the optical
properties of the VA-CNTs to under-
stand the reasons for the extreme
darkness of the VA-CNTs, using the
EML model to consider the VA-CNT
films as graphite-based materials fea-
turing air as the inclusion material. The
optical behavior of such a layer can
be calculated using the effective me-
dium approximation. In particular, we
selected the Bruggemann approxima-
tion,?° which can be used in those
cases where the content of inclusion
material is large with respect to that of

the host, as was the case in our systems. The effec-
tive optical behavior of a layer is described by the
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Figure 2. SEM images and photographs of the letters “CNT” under the VA-CNT films having

lengths of (a) 0.5, (b) 2 (inset: magnification of the VA-CNT tips), (c) 8, and (d) 80 uwm. (e) Trans-
mittance spectra of VA-CNT films of various lengths on PC substrates.

following combination of optical constants of the
host and inclusion materials:
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where ng, n,, and n. are the complex refractive indi-
ces of the graphite-like material (host), air (inclu-
sion), and the effective medium, respectively, and f
represents the volume fraction of the included air. In
this calculation, the filling fraction of the CNTs in
the 2 pm VA-CNT film was ca. 10%. We estimated
the density of the VA-CNT films from SEM images;
the air fraction (ca. 82%) corresponded with the cal-
culated value obtained using the effective medium
approximation and optical measurements.

Figure 3a displays the measured reflectance spectra
of VA-CNT films of various thicknesses on Si substrates.
In the reflectance spectrum of the 2 um VA-CNT film
with sinusoidal variation, we estimated the optical con-
stants using the “envelope method” for an absorbed
film. Thus, we calculated the refractive index and extinc-
tion coefficient from the sinusoidal interference spec-
trum of the 2 pm VA-CNT film. As indicated by the solid
line in Figure 3a, the simulated reflectance spectrum
was obtained from the calculated optical constants. The
slight difference between the measured and simulated
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Figure 3. (a) Reflectance spectra of VA-CNT films of various lengths

on Si substrates. (b) Optical constants of the VA-CNT film having a
length of 2 pm.
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spectra in the short wavelength regime was caused by
the roughness of the VA-CNT surface; that is, the surface
roughness induced an interference phenomenon to
disappear in the short wavelength regime. Besides, the
measured ultralow-reflection spectra of the VA-CNT
films having a length of 8 and 80 um were also agree-
able with the simulated results though there was a
small difference due to the limit of measurement. Fig-
ure 3b reveals the refractive index and extinction coef-
ficient of the 2 wm VA-CNT films in the visible wave-
length regime; these values could be used for further
optical simulation. The calculated optical constants n
and k of the VA-CNT film at 633 nm were ca. 1.07 and
0.038, respectively. The refractive index of 1.07 indicates
that most of the VA-CNT film was air (n = 1); the extinc-
tion coefficient of 0.038 is much smaller than the extinc-
tion coefficients of most metal films, even a Si film, in
the visible regime. Thus, the VA-CNT film has finite ab-
sorption property, but it is not the most absorbent ma-
terial. Previous reports® have declared that VA-CNT
films are the darkest known materials, implying that
the incident light is totally absorbed without any trans-
mission or reflection. In this present study, we found
that some limitations are imposed upon this darkest
material. First, the thickness of the VA-CNT films must
be sufficiently thick such that the transmission of light
can be ignored. Second, if the VA-CNT film is coated on
a substrate, then the CNT film should also be suffi-
ciently thick that it can absorb all of the light reflected
from the substrate. As indicated in Figure 3, we mea-
sured a reflectance of ca. 3% from the VA-CNT film hav-
ing a thickness of 2 wm. This reflected light arose from
the incident light penetrating the VA-CNT film, reflect-
ing off the Si substrate, and then passing through the
VA-CNT film again. Therefore, we observed both re-
flected and transmitted light in the VA-CNT film hav-
ing a thickness of 2 pm.

Figure 2 reveals that the transmission of light van-
ished and the letters “CNT” underneath changed from
semitransparent to dark upon increasing the thickness
of the VA-CNT film. We attribute this phenomenon to
the incident light being trapped and gradually ab-
sorbed by the CNT forest comprising longer CNTs. Be-
sides, Figure 2e displays a transmission spectrum corre-
sponding to the optical images of Figure 2a—d.
Especially, the letters “CNT” in Figure 2¢,d were com-
pletely vanished because the transmittance values of
the CNT films were dropped to less than 1%. As evi-
dence, a part of the green letter “N” can be seen
through the scraped defect of the CNT film as shown
in Figure 2¢; however, nothing can be seen through the
complete CNT film having a thickness of 8 um. As dis-
played in Figure 3a, the interference phenomenon in
the sinusoidal reflectance spectra is absent in the thick
VA-CNTs films. When the VA-CNTs films in Figures 2 and
3 were sufficiently thick to prevent light from passing
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Figure 4. Plane waves propagated from 1 um above the air—structure interface to Si substrates (a) without structure and (b, c) pos-
sessing (b) VA-CNTs and (c) pyramidal structures having a period of 15 nm and a height of 2 pm.

through the CNT forest, they appeared dark and had ex-
tremely low reflection.

To study the optical behavior of light within the
near-field regime propagating on the VA-CNTs struc-
ture, we used the three-dimensional finite difference
time domain (FDTD) method to analyze nonclose
packed VA-CNTs. The FDTD is a rigorous solution to
Maxwell’s equations and does not have any approxima-
tions or theoretical restrictions.>*32 Moreover, the
FDTD simulations were widely used to analyze the near-
field optical behavior when an incident light propa-
gated to an antireflection structure.3*73 In this study,
the surface reflection from the VA-CNT films was simu-

Www.acsnano.org

lated by the three-dimensional FDTD method that was
used in the previous study of antireflection structures
for solar cells. As indicated in Figure 4, a plane wave
having a wavelength of 475 nm was propagated from
1 wm above the air-structure interface to the Si surface
in either the presence or absence of VA-CNTSs structures.
The entire electric field above a value of z equal to 1
pm was contributed by the light reflected from the
air—structure—substrate interfaces. Figure 4a displays
the plane wave that propagated to the air—silicon sur-
face in the absence of VA-CNTs structures. The apparent
reflection electric field existed above the Si surface. Fig-
ure 4b displays a plane wave that propagated to the

VOL. 4 = NO.3 = 1327-1336 = 2010 A@i

N—Mi \

1331



ARTICLE

1332

(f)

(i)

Figure 5. (a) CNTs grown on hexagonal-Si template (inset, SEM image of hexagonal-Si template having a hole diameter of
400 nm and a period of 800 nm); (b) CNTs on the template transferred to a PC substrate; (c) surface morphology of the hex-
agonally patterned CNT film on a PC substrate after performing the adhesion and lift-off process; (d) color photograph of
the reflection of light from the CNT film featuring the hexagonal holes pattern on a PC substrate; (e) monolayer of PS spheres
having a diameter of 1 um, arranged in hexagonal close-packed arrays; (f) honeycomb pattern of a Mo film formed on the
Si substrate; (g) SEM image of broccoli-shaped CNTs on a Si substrate; (inset, broccoli-shaped CNTs transferred to a PC sub-
strate); (h) color photograph of the reflection of light from the broccoli-shaped CNT film on a PC substrate.

VA-CNTs having a diameter of 10 nm, a period of 15
nm, and a height of 2 um; the reflection field was re-
duced significantly. The simulations suggest that the re-
flectance dropped from 25.5% to 1.9% after adding
the VA-CNTs on a Si substrate; this change is compa-
rable with the measured value from Figure 3. Recently,
subwavelength moth-eye structures serving as antire-
flection coatings have attracted much attention.36~38
Such natural antireflection structures are a superior so-
lution toward suppressing Fresnel reflection. By com-
bining a refractive index gradient with light trapping,
Si moth-eyes structures can maintain their antireflec-
tive ability over a broad range of wavelengths of incom-
ing light.® Here, we also used the three-dimensional
FDTD method to simulate pyramidal Si structures hav-
ing the same period (15 nm) and height (2 wm) as the
VA-CNTs. Figure 4c reveals that only a small reflection
field existed above the pyramidal Si structures. The
simulation suggested that the reflectance dropped to
0.2% after adding the pyramidal Si structures; this value
is smaller than that of the VA-CNTs of the same period
and height in Figure 4b. This result demonstrates that
there is another limitation for the darkest material
formed from VA-CNTs: the length of the VA-CNTs
should be sufficiently long to absorb all of the incom-
ing light.

Figure 5 displays SEM and photographic images of
the patterned CNT forests on flexible substrates. The in-
set to Figure 5a reveals a Si template with a hexagonal
pattern having a period, hole-diameter, and depth of
ca. 800, 400, and 500 nm, respectively. As indicated in
Figure 5a, we grew the VA-CNT films on the patterned

ACINAN() voL. 4 = NO.3 = HSIEH ET AL

template by using the rapid heating CVD process. The
CNTs were no longer aligned well, with some of them
intertwining on the hexagonally patterned template.
Because the template had a pyramid structure, the
growth of the CNTs was affected by the tilt of the sub-
strate planes. Although the CNTs were poorly aligned,
the surface profiles of the patterns could be observed
clearly. Figure 5b displays SEM images of the hexago-
nally patterned CNT film transferred to a flexible PC sub-
strate. To improve the surface morphology contrast,
Figure 5c presents the patterned CNT film on a PC sub-
strate obtained after it had been adhered to and lifted
off using a cellophane tape to remove the nontrans-
ferred CNTSs. After performing this process, the surface
morphology of the hexagonally patterned CNT film,
which had a period and hole diameter of 800 and 400
nm, respectively, became clearer. Figure 5d reveals the
colorful reflection from this hexagonally patterned CNT
sample.

Figure 1c outlines the approach we took toward fab-
ricating unique broccoli-shaped profiles of CNTs
through NSL with a poisoned catalyst. Figure 5 panels
e—h display SEM images of the samples obtained dur-
ing this fabrication procedure. In Figure 5e, a monolayer
of PS spheres having a diameter of 1 wm is arranged
in a hexagonal close-packed (HCP) array. We deposited
a Mo layer on top of the PS spheres and then removed
the PS spheres to form a honeycomb-patterned Mo film
on the Si substrate (Figure 5f). A multitarget sputter sys-
tem was then used to sputter the layered Co/Ti cata-
lyst (0.5 nm/0.5 nm) on the patterned Mo film. The pres-
ence of Mo poisoned the Co/Ti catalyst, thereby

Wwww.acsnano.org



preventing the CNTs from growing on
the sites occupied by the Mo metal. As
a result, we obtained a hexagonal array
of broccoli-shaped CNTs. Figure 59 re-
veals that each broccoli-shaped CNT
had a diameter of ca. 700 nm and a
height of ca. 500 nm. The inset to Fig-
ure 5g displays the broccoli-shaped
CNTs after they had been transferred
to the flexible PC substrate. The cata-
lyst and Mo layer remained on the Si
substrate and did not influence the iri-
descence of the CNTs on the PC sub-
strate. The images of the honeycomb-
structured CNTs in Figure 5c¢ and the
broccoli-shaped CNTs in Figure 5g are
readily distinguishable. The method we
used to fabricate the broccoli-shaped
CNTs is known as inverse nanosphere
lithography (INSL). Large-area pat-
terned CNT arrays were obtained using
the INSL process, with the boundaries
of the broccoli-shaped CNTs corre-
sponding to the domain boundaries of
the PS spheres. Figure 5h reveals the
colorful image of the film of the
broccoli-shaped CNTs.

The AFM image in Figure 6a dis-
plays the surface morphology—namely
the honeycomb pattern of the Mo
layer—of the sample used to obtain
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the SEM image in Figure 5f. Defect po-
sitions in the original PS sphere mono-

Figure 6. (a) Surface morphology of the honeycomb-patterned Mo film; (b) XPS spectra of the
Co/Ti catalyst coated on Si substrates, with and without the Mo layer, before and after
annealing.

layer appeared as deposited Mo ridges.

The diameter of each hole was ca. 800 nm, slightly
smaller than the average diameter of the PS spheres,
presumably due to the deposition of high-mobility Mo
ions beneath the spheres. To investigate the effect of
the catalyst-poisoning Mo layer on CNT growth, we pre-
pared three samples having different coatings on Si
substrates: one was a coating of Co/Ti/Mo (0.5 nm/0.5
nm/100 nm) and the other two were coatings of Co/Ti
(0.5 nm/0.5 nm). The Co/Ti/Mo sample and one of the
Co/Ti samples were annealed at 700 °C, while the other
Co/Ti sample was maintained at room temperature. Fig-
ure 6b presents the XPS spectra of these samples. The
peaks are assigned for each element according to their
binding energies. Prior to annealing, only signals for Co
atoms were evident for the sample lacking the Mo coat-
ing; both Co and Ti peaks were present after anneal-
ing. In contrast, the peaks for the Co atoms disappeared
after annealing the sample coated with the Mo layer.
The inactivation of the Co catalyst presumably arose
from the diffusion of Co atoms into the Mo layer dur-
ing the high temperature of the CNT growth process.
This result suggests that the Co/Mo ratio is a critical fea-
ture controlling the extent of CNT synthesis. A suitable

www.acsnano.org

ratio promotes CNT synthesis, whereas a high Mo con-
tent results in a poisoned catalyst and suppressed CNT
growth. In this study, we fabricated a unique broccoli-
shaped profile of CNTs through NSL using a poisoned-
catalyst mechanism.

To study the optical behavior of the colorful CNTs,
we measured the diffraction spectra from normal inci-
dent light and after changing the detection angle. As
displayed in Figure 7a, the diffraction spectra of the
CNTs featuring the hexagonal hole pattern red-shifted
upon increasing the detection angle. Thus, the colorful
image of the patterned CNTs arose from the diffraction
of light from the periodical CNT forests. Figure 7a also
displays the diffraction spectra of the patterned CNT
film on the PC plate, before and after performing the
adhesion and lift-off process. After removing the non-
transferred CNTs using Scotch tape, the diffraction in-
tensity increased dramatically as a result of a reduction
in the amount of randomly scattered light. We can use
the diffraction theory to explain the peak shift, which is
described in the following equation®

m). = (V3/2)P(sin 6, + sin 0,) )
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Figure 7. (a) Diffraction spectra of films of CNTs featuring hexagonal-hole patterns
on a PC plate before (top) and after (bottom) performing the adhesion and lift-off
process. (b) Diffraction spectra of broccoli-shaped CNTs prepared using templates of

Transmittance (a.u.)

before adhesion
—=—40°
—e—50°
—a—60°
——70°
—o—80°

after adhesion
—o—40°

—o—50°

Wavelength (nm)
(a)

1 um PS spheres

—a— 40
—e— 50

tion of light from the periodical arrays of CNTs,
even though CNTs are high absorption materi-
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fractive indices of the CNT film (n = ca. 1.07) and
air (n = ca. 1). Because the VA-CNTs trapped
the incident light in the CNT forests almost with-
out any reflection, transmission, or scattering,
the previous study? called them the “darkest
material.” We have found, however, that the
darkest VA-CNT surfaces must be sufficiently
thick to prevent light from transmitting or re-
flecting from the surface of the substrates. We
observed that patterned CNTs were colorful,
possibly due to the leakage of light of a differ-
ent optical phase as it passed through the pat-
terned CNT forest. Although the contrast be-
tween the refractive indices of the CNT film and
air was low, constructive or destructive interfer-
ence could still occur in CNTs featuring periodi-
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where \ is the diffraction peak wavelength, 6, and 6,
are the incident and diffraction angles, P is the period,
and m is an integer. In the CNTs possessing hexagonal-
hole patterns, the theoretical peak wavelengths at dif-
fraction angles of 40, 50, 60, 70, and 80° are 445, 530,
600, 651, and 682 nm, respectively. Thus, the measured
values of the peak wavelengths agree well with the
theoretical values.

The top and bottom traces in Figure 7b are the dif-
fraction spectra of the broccoli-shaped CNTs prepared
using templates of PS spheres having average diam-
eters of 1 and 0.5 wm, respectively. The diffraction peak
wavelengths of the broccoli-shaped CNTs having a pe-
riod of 1 wm are approximately twice those of the
broccoli-shaped CNTs having a period of 0.5 wm. The
diffraction peaks shifted to longer wavelengths upon
increasing the detection angle. The measured peak
wavelengths also agree well with the theoretical val-
ues for both sets of broccoli-shaped CNTs. These results
indicate that the colorful images arose from the diffrac-
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materials” and those of iridescence phenom-
ena. The VA-CNT forests behaving as darkest
materials exhibited extremely low reflection,
which was caused by light trapping and absorp-
tion in the CNT forests. Nevertheless, the thick-
nesses of CNT forest must be chosen carefully to
prevent light from transmitting through the
CNT forest or reflecting from the substrate. The
calculated optical constants n and k of the VA-
CNTs film at the wavelength of 633 nm were ca.
1.07 and 0.038, respectively. The low refractive
index indicates that most of the VA-CNT film
was air; the extinction coefficient of the VA-CNT film
was much smaller than the extinction coefficients of
most metal films, even a Si film, in the visible regime.
Thus, the VA-CNT films had finite absorption, but they
were not the most absorbent materials. The limitation
of a darkest material featuring CNT forests requires that
the length of the VA-CNTs should be greater than ca.
10 wm if they are to entirely absorb the transmitted
light. On the basis of the FDTD simulation, we also
found that the reflectance from Si moth'’s eye struc-
tures was smaller than that from VA-CNTs having the
same period and height. To study the iridescence of the
CNTs, we prepared two kinds of patterned CNT forests
on flexible PC substrates: a CNT array featuring
hexagonal-hole patterns and a broccoli-like CNT array,
the latter being prepared using INSL in conjunction
with a poisoned-catalyst mechanism. In the patterned
CNT forests, even though the difference between the
refractive indices of the CNT film and air was extremely
low and even though the CNTs could trap incident
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light, the iridescence phenomenon remained to in-
duce colorful CNT images. The iridescence of patterned

METHODS

VA-CNTs Synthesis. The catalysts were prepared in layered forms
and deposited using a general sputtering method. A layered
Co/Ti catalyst (0.5 nm/0.5 nm) was sputtered on the patterned
substrates using a multitarget DC-power sputtering system. The
sample was then placed in a cold-wall of a rapid heating and
cooling chemical vapor deposition (CVD) chamber, which was
evacuated to 3 mtorr prior to CNT growth. A mixture of H, and
Ar (1:9), the reduction agent and buffer gas, respectively, was in-
troduced into the reactor at the pressure of 10 Torr. The sample
was heated from room temperature to the processing tempera-
tures (500—800 °C) within 2 min, and then it was maintained at
that temperature for 5 min. Then C;H, gas was channeled into
the reactor at a flow rate of 60 sccm to grow the CNTs for 5 min. 2
The density was manually calculated from the enlarged SEM im-
ages. The characterization of the CNTs was reported in our pre-
vious work.* The CNTs were analyzed by a high resolution trans-
mission electronic microscope (HRTEM). We found that the CNTs
have a multiwalled structure and a diameter of ca. 10 nm.*

Synthesis of CNTs Aligned with Hexagonal Holes. The patterned Si
templates were fabricated using sequential electron beam
lithography and reactive ion etching. A high density plasma re-
active ion etching (HDP-RIE) system (Duratek, Multiplex Cluster)
equipped with an inductively coupled plasma (ICP) source was
used to fabricate the hexagonally patterned template. The tem-
plate was composed of periodic holes, 400 nm in diameter and
800 nm in period.

Broccoli-Shaped CNTs Synthesis. The Si substrate was cleaned
with deionized water in an ultrasonic bath for 10 min, and then
it was treated hydrophilically at 70 °C for 45 min. The solution for
hydrophilic treatment was made from 500 mL of deionized wa-
ter, 100 mL of hydrogen peroxide (H,0,, 26%), and 100 mL of am-
monia (NH;OH, 38%). A 10 wt % solution of monodisperse PS
spheres (Microparticles GmbH, Germany) was mixed with metha-
nol at a volume ratio of 4:1. A drop of the mixed solution was
placed on the hydrophilic Si substrate, following spinning of the
substrate at a controlled rate of 800 rpm for 60 s. Once a mono-
layer of the close-packed PS sphere array was obtained, a thin
film of Mo having a thickness of 100 nm was sputtered onto the
periodically patterned PS spheres. The PS spheres were removed
from the Si substrate through ultrasonic cleaning, and then the
substrate was dried under N, gas.

Transferring to PC Substrates. To transfer the CNT forests onto a
flexible substrate, a PC plate was placed on the top of the VA-
CNTs, and then the sample was heated at 150 °C for 5 min un-
der a pressure of 1 MPa.

Characterization. The Si and flexible substrates presenting the
patterned CNT forests were examined using a field-emission
scanning electron microscope (FE-SEM, JEOL-6500F); the sur-
face profile was observed using an atomic force microscope
(AFM, Digital Instrument-DI3100). Surface analysis was per-
formed using X-ray photoelectron spectroscopy (XPS, HPI 1600)
to investigate the influence of the Mo layer on the activity of the
Co/Ti catalyst. The optical spectra were measured using a Hita-
chi U4100 spectrophotometer.
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