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ABSTRACT

Flexible broadband anti-reflective and light absorbing nanostructured gold thin films are
fabricated by gold vapor deposition onto teflon films modified with nanocone arrays. The
nanostructures are created by the oxygen plasma etching of polystyrene bead monolayers on
teflon surfaces. The periodicity and height of the nanocone arrays are controlled by the bead
diameter and the overall etching time. The gold nanocone arrays exhibit a reflectivity of less than
1% over a wide spectral range (450 to 900 nm) and a wide range of incident angles (0 to 70 deg);
this unique optical response is attributed to a combination of diffractive scattering loss and
localized plasmonic absorption. In addition to nanocones, periodic nanostructures of nanocups,
nanopyramids and nanocavities can be created by the plasma etching of colloidal bilayers. This

fabrication method can be used to create flexible nanocone-structured gold thin films over large



surface areas (cm?) and should be rapidly incorporated into new technological applications that

require wide-angle and broadband anti-reflective coatings.



Arrays of nanostructures such as nanocones, nanotips, nanopillars and nanowires have
attracted great attention recently due to their notable characteristics such as broadband anti-
reflection and light trapping properties, '™ strong hydrophobicity®® and high surface area,’ with
applications in photonic!® and photovoltaic devices,!!' biological and chemical sensors'? and self-

cleaning surfaces.!® To date, a variety of nanostructures created from metals,'*6

5,11,13,17 1,3,18

semiconductors, oxides and polymers* have been reported. For example, silicon
nanostructured arrays are currently studied intensively, as their excellent anti-reflective
properties can provide better efficiency in solar cell applications.!®> Noble metal nanostructured
arrays are also studied extensively due to their remarkable mass-transfer properties when used as
nanoelectrodes'® and their notable surface plasmon properties.?* 2! Sharp nanocones and nanotips
made with noble metals exhibit strong electromagnetic field enhancement at the tips when they
are exposed to a light.?% 2! This plasmonic field enhancement effect has been employed for

16.20 surface-enhanced fluorescence®” and secondary

surface-enhanced Raman spectroscopy,
harmonic generation.'* The arrays of metal nanostructures also hold a potential as a blackbody
materials due to their broadband anti-reflective and light absorption properties, which are
induced by the excitation of localized surface plasmon resonances and their interactive
coupling.?** Xu et al. fabricated “black silver” by coating the silicone nanocone arrays with thin

silver layer.?? Sendergaard et al. reported the fabrication of “plasmonic black gold” by creating

two dimensional arrays of sharp convex groove in gold film.*

Incorporation of the excellent optical properties of metal nanocone arrays into devices and
components requires the development of simple, rapid and scalable fabrication methods. Serial,
“top-down” fabrication methods such as focused ion beam etching and e-beam lithography have

been used to create metallic nanostructures with precise control.>* 2> However, the fabrication of



arrays with these technologies is slow and limited in total obtainable structured area. A parallel
“bottom up” approach that combines colloidal lithography and reactive ion etching is an
alternative way to fabricate nanocone arrays.'%?? By using the colloidal monolayer as an etching
mask, large scale fabrication of nanocone arrays can be achieved. However, such processes often

require multiple etching steps in order to create the desired nanocone structures.

In this paper, we demonstrate a new and very simple fabrication method for creating two
dimensional periodic gold nanocones arrays on flexible teflon films. In this approach, a
combination of colloidal lithography and oxygen plasma etching is employed. The simultaneous
competitive differential etching of polystyrene bead layers and teflon films allows us to fabricate
nanocones arrays on the centimeter scale with a single etching step. The periodicity and size of
nanocone arrays are easily tuned by changing the bead diameter and the etching time. Unique
structures such as nanocups, nanopyramids, nanotips and nanocavities arrays can also be created
by applying the same differential etching method to colloid bilayers. After depositing a thin gold
layer on top of the nanocone arrays, the surface of nanocone arrays exhibits highly hydrophobic
properties and the color of the sample turns matte-black indicating that the film has acquired
broadband anti-reflection and light absorption properties. Optical measurements reveals that the
gold nanocone arrays exhibit low reflectivity (below 1 %) and strong absorption (around 90 %)

at wide angle and wavelength range (450 — 900 nm).

Fabrication of nanocone arrays. The fabrication process of gold nanocone arrays is
described in Figure 1. The detailed experimental procedure is provided in supporting
information. The colored SEM images in middle and bottom rows show the representative
samples at each fabrication steps from top and tilted view, respectively. Firstly, a colloidal

monolayer is formed on top of flexible teflon film by spincoating a solution of polystyrene (PS)



beads with a diameter of 0.75 um. After drying the solvent, the PS beads assemble in hexagonal
packed arrays on the teflon film as shown Figure 1a. The surface is then etched by oxygen
plasma. During exposure to the oxygen plasma, the PS beads and the teflon film underneath are
etched simultaneously and the nanocone structures are created on the teflon film (Figure 1b-c).
For a short etching time (3 min), a hybrid structure consisting of shrunk PS beads (in pink) and
teflon nanopillars (in green) is created (Figure 1b). As the etching time increases, the PS beads
decrease and the heads of nanopillars sharpen. This is illustrated by Figure 1c, obtained for 6 min
of etching, which shows that only small PS residues remain on the top of nanocones. Finally, the
teflon nanocones are coated with a thin gold layer (50 nm thick) by thermal evaporation (Figure
1d). As it can be observed on these SEM images, the surface roughness increases after the gold
evaporation but the nanocones structure is retained. Figure 2a-b show photographs of a nanocone
array (0.75 um PS beads, 5 min of oxygen plasma etching) before and after coating of the gold
thin film (50 nm thick), respectively. First, one can note that the flexibility of the teflon film is
retained after the fabrication process. Second, the color gives important information about the
macroscopic optical properties of these nanostructures. As shown in Figure 2a, due to the
formation of the nanocone array, the surfaces of teflon film turns from glossy transparent to
matte-white indicating strong light scattering by the nanostructures. The teflon nanocone array
exhibited anti-reflective property (reflectivity spectrum is shown in Figure S1 in supporting
information) which is attributed to a gradual effective refractive index changes from air to
teflon.t” As shown in Figure 2b, the color of the film becomes matte-black after deposition of
gold indicating strong light absorption by gold in addition to anti-reflective property. Moreover,
the surface becomes conductive after deposition of gold with a measured conductivity of 22

mS.cm™ which suggests that the gold thin film is continuous over the whole surface. Figure 2¢



shows an SEM image presenting a large view of gold nanocone arrays. This SEM image reveals
that the nanocone array consists of multiple oriented domains of hexagonally-packed nanocones.
The characteristic dimension of single oriented domains is of several tens of micrometers. Figure
2d shows a photograph of a water drop (10 ul) on the gold nanocone array. The contact angle
was measured to be 145°, which is really close to a value of a super-hydrophobic surface, 150°.
This indicates that the structure of nanocone arrays makes the surface highly hydrophobic in
contrast to a plane gold surface (the measured contact angle is 52°), due to the air pockets
trapped in the interspaces among nanocones. This structural hydrophobicity of nanocone arrays
agrees with the previous works reported by other groups.” The array structure in a single domain
was studied by the atomic force microscopy (AFM) measurement shown in Figure 2e. This AFM

image reveals the hexagonally-packed nanocones have a homogenous height of about 1 pum.

The geometry of the nanocone arrays was controlled by changing the size of PS beads. Figure
3a-d show the SEM images of nanocone arrays created with PS beads with different diameters, 1
um, 0.75 um, 0.5 um and 0.35 um, respectively. The tilted large view, the top view and the side
view of gold nanocone arrays are presented in top row, bottom left row and bottom right row,
respectively. Let us note that the nanocone arrays were fabricated with the same O plasma
etching time and the SEM images of Figure 3 are directly comparable since they were taken with
the same magnification. The large tilted views of nanocone arrays clearly show the significant
changes in their dimensions and surface densities depending on the bead diameter. The period of
the arrays was obtained from the top view SEM images by fast Fourier transform (FFT) analysis.
The heights of nanocones were determined by AFM measurements, shown in Figure S2 in
supporting information. The period, height and aspect ratio of each nanocone arrays are

summarized in Table 1. The period and height of nanocone array were found to decrease as the



bead diameter decreases. The measured periods are slightly smaller than the expected bead
diameter for all samples, which could be explained by the slight difference of bead diameter
obtained by dynamic light scattering and SEM measurements. The aspect ratio of nanocones,
which is obtained from the height of nanocones divided by the period, was determined to vary
from 1.4 to 1.0 with the bead diameter from larger to smaller. The hydrophobic properties of the
nanocone surfaces shown in Figure 3 were studied by contact angle measurements and were
summarized in Table 1. The results revealed that the surface hydrophobicity was enhanced as
bead diameter decreased from 1 um to 0.35 um with contact angles ranging from 130° to 155°.
This size effect can be attributed to the sharpness of the cones and the density of the nanocone

arrays.

Fabrication of complex structures using colloidal double layers. In addition to the geometry
control of nanocones by the bead diameter, the presented fabrication technique allows us to
create more complicated structures such as nanocup, nanopyramid, nanotip and nanocavity
arrays by using bilayers of PS beads. The scheme of a colloidal bilayer structure is shown in
Figure 4a. The central positions of PS beads in both top and bottom layers are marked with
crosses in the top view image illustrated in bottom row. Figure 4b-d are colored SEM pictures
showing characteristic structures created by using colloidal bilayers (0.75 um PS beads) with
different plasma etching time from 3 to 12 min. For short etching time (3 min), the PS beads in
the top layer become smaller but still keep their circular shape, as shown in the top view SEM
image in Figure 4b. The PS beads in the bottom layer form a cup-like shape as a result of
simultaneous etching of first and second layers of PS beads. The portions of the teflon film that
are not protected with colloids are also etched with triangle shape holes. A similar nanostructure

was created by using reactive ion etching of PS beads bilayers by Choi et al.?® For longer etching



time (6 min), the PS beads are totally etched and the teflon film forms a hybrid structure of nano-
triangle pyramids and nanocavity arrays. As marked in Figure 4c, the highest peaks correspond
to the center position of the bottom colloidal layer, which are the most protected areas against
oxygen plasma. The second peaks correspond to the center of the top colloidal layer.
Nanocavities are observed at the center of the triangles made by cross marks where the teflon
film is less protected. When the sample is etched longer (12 min), the nanopyramids become

nanotips and the cavities among nanotips enlarge, as presented by Figure 4d.

Optical properties of gold nanocone arrays. As we described the fabrication of nanocone
arrays and the other structures from a materials science point of view, we now focus on the
optical properties of gold nanocone arrays. As briefly mentioned in the previous section, the gold
nanocone arrays hold outstanding optical properties which produce their matte-black color (see
Figure 2b). Firstly, the color of gold nanocone arrays is controlled by their structure. In the
experiment reported in Figure 5, nanocone arrays were fabricated with 0.75 um PS beads with
various oxygen plasma etching times. The fabricated teflon nanocone arrays were then coated
with 50 nm of gold. Figure 5a-c show the structures and the corresponding colors depending on
the plasma etching time: 3, 6 and 12 min. For 3 min plasma etching, the SEM image shows that
the colloidal beads are still remained on the top of the cones and the color of the sample is
similar to a flat gold film (Figure 5a). As shown in Figure 5b, the color of the sample becomes
black with 6 min plasma etching, as the colloidal beads are completely etched and the tips of
nanocones get sharper. The color gets slightly brighter for longer etching time (12 min, Figure
5c¢). This phenomenon is attributed to the lower aspect ratio of nanocones compared to that

created by 6 min plasma etching.



Furthermore, we investigated the anti-reflective properties of gold nanocone arrays prepared
with 0.75 um PS beads and 6 min plasma etching. Figure 6a-b show the beam path from a He-Ne
laser with a wavelength of 633 nm made incident on and reflected by a flat silver mirror (200 nm
thickness) and gold nanocone arrays, respectively. In the case of a gold nanocone array, the
photograph clearly shows that almost no light is reflected and no spot is observed on the screen
in contrast with the flat silver film that exhibit strong reflection. The wavelength reflectivity
spectra from gold nanocone arrays at several angles of incident 6, 4°, 45° and 67.5° are presented
in Figure 6c¢. The reference spectrum was taken with a silver mirror. When the angle of incident
is set to 4°, the reflectivity R from the gold nanocone array is below 1 % at whole wavelength
range. The minimum reflectivity Rmin = 0.05 % is observed in a wavelength range between 500 to
550 nm. At 633 nm wavelength, the reflectivity R = 0.1 % and transmittance T = 8 % (the
transmittance spectrum at normal incident is shown in Figure S3). By using a simple equation to
determine the absorbance A (A=1-R-T), it is calculated that the gold nanocone array absorbs over
90 % of incident light at this wavelength. Even though the reflectivity slightly increases as the
angle of incident increases, the reflectance is kept below 1 % for almost whole visible spectrum
range above 480 nm in wavelength. Reflectivity measurements were performed on the gold
nanocone surfaces obtained with PS beads having different diameters from 0.35to 1 um
(presented in Figure 3) at normal incident (6=4°), and showed similar broadband anti-reflective
properties; those data are shown in supplementary information (Figure S4). This black coloring
is attributed to a combination of diffractive scattering loss from the periodic structure and
localized plasmonic absorption from the rough gold film (see Figure 1d).2> Compared to other

metallic nanostructures proposed for anti-reflective black silver? and black gold,?* our gold



nanocone arrays exhibit excellent anti-reflective properties with a lower reflectance at a visible

wavelength range.

In conclusion, we have presented a simple two step method for the fabrication of gold
nanocone arrays on flexible films which exhibit excellent broadband anti-reflective and light
absorption properties as well as high hydrophobicity. The nanocone structures were fabricated by
the simultaneous oxgen plasma etching of polystyrene colloidal monolayers and the underlying
teflon film. We showed that the periodicity and height of nanocone arrays were tunable with the
size of colloid and oxygen plasma etching time. Various unique two dimensional arrays with
structures including nanocups, nanopyramids and nanotips and nanocavities arrays could also be
created by etching colloidal bilayers. After deposition of a thin gold film, the nanocone arrays
acquire strong black coloring. Reflectivity measurements revealed that the gold nanocone arrays
are strongly anti-reflective (reflectivity below 1 %) through the entire visible spectrum and over
a wide range of incident angles (0° to 70°). The flexible nature of these films and the ability to
fabricate nanocone arrays on large areas opens up new technologic applications for these wide-
angle and broadband anti-reflective coatings. The strong absorptive properties of the gold
nanocone arrays also suggests their potential application in plasmonic black body? and
photovoltaic devices.?’ In the future, we plan to explore the application of nanocone arrays as

superhydrophobic and anti-bactericidal surfaces.?®
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FIGURES

a)  O,plasma

PS bead

Teflon film

Figure 1. a-d) Schematic illustration of the fabrication process (top row) and colored SEM
images of the corresponding samples in both top (middle row) and tilted (bottom row) views. a)
Fabrication of a PS bead monolayer on a flexible teflon film. b-c) Formation of nanocone arrays
by simultaneous plasma etching of PS beads and teflon film. d) Deposition of gold thin film on

the teflon nanocone array. In all the SEM images, the scalebars indicate 2 pm.
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Figure 2. Photographs of the nanocone arrays on teflon film a) before and b) after coating with
50 nm thick gold layer. ¢) SEM image of the gold nanocone array in tilted view. d) Photograph
of a water droplet on gold nanocone array showing the hydrophobicity of the surface.

e) Three-dimensional AFM image of the gold nanocone array.
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Figure 3. SEM images of nanocone arrays fabricated with PS beads with different diameter, a) 1

um, b) 0.75 um, ¢) 0.5 um and d) 0.35 um. The top row shows large tilted views. In the bottom
row, left and right images show top view and side view of nanocones, respectively. In all the top

and bottom SEM images, the scalebars indicate 2 um and 1 pm, respectively.
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3) b) Side view

First layer
Second layer

Figure 4 a) Schematic representation of a colloidal bilayer structure (top: tilted view, bottom:
top view). b-d) Colored SEM images of colloidal bilayer structures after 3, 6 and 12 min O;
plasma treatment, respectively. The areas corresponding to the first and second PS beads layers
and teflon film are colored following the schematic drawing. In all the SEM pictures, crosses
indicate the central position of PS beads at first (blue) and second (magenta) layers and the

scalebars indicate 1 pum.
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a) Etching time: 3 min

Figure 5. a-c) SEM images of gold nanocone arrays (top row) and individual nanocones (left
figures in bottom row), and photographs of the samples (right figures in bottom row)
corresponding to the SEM images which show color of each sample. In all the top SEM images,
the scalebars indicate 2 um and in all the bottom SEM images, the scalebars indicate 1 um. In all

the photographs, the scalebars indicate 1 mm.
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Figure 6. Photographs showing the laser beam path reflected by a) a silver mirror and b) a gold
nanocone array. c¢) Reflectivity spectra from gold nanocone arrays at different angles of

incidence, 4° (black), 45° (red) and 67.5° (blue). The inserted schematic shows the optical setup

used for reflectivity measurement.
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TABLES.

Table 1 Bead diameters, periods of arrays, heights, aspect ratios and contact angles of nanocones

etched for 6 min.

Bead diameter Contact angle
Period [um] Height [um] Aspect ratio
[nm] [deg]
1.0 0.86 £0.1 1.21+£0.1 1.4 130 £15
0.75 0.70 £ 0.07 1.01+£0.13 1.4 145+2
0.5 0.45+£0.04 0.59 £0.09 1.3 145+ 4
0.35 0.32+£0.02 0.31£0.05 1.0 154 +5
ASSOCIATED CONTENT

Supporting Information. The experimental procedure, the reflectivity spectrum, AFM
measurements and the transmittance spectrum is available in supplementary information. This

material is available free of charge via the Internet at http://pubs.acs.org.
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