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ABSTRACT: Coatings with surfaces packed with pointed
projections with subwavelength sizes are known as “moth-eye”,
whose graded index structure gives superior antireflection (AR)
properties with a small dependence on wavelength and incident
angle. However, the optical interface between the AR coating
and a substrate still causes reflection, unless the refractive index
of the coating is matched to that of the substrate. Here, we show
a new AR coating with both graded and tunable refractive index,
which completely eliminates distinct optical interfaces. The
coating is made of a mesoporous silica film, whose surface is
spontaneously converted to an assembly of pointed nanostruc-
ture by reactive ion etching, and its refractive index is matched
universally to that of a substrate by controlled incorporation of
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titanium dioxide into the mesopores. This AR coating enables universal ultralow reflection on a substrate over the index range

from 1.2 to 1.8 and will be applied widely in practical optics.
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C appadocia in the central Anatolia of Turkey is famous for
its characteristic pinnacled rocks, which have been formed
by long-term erosion. The formation of such a pinnacled shape
by erosion can be downsized to nanometer scales, wherein the
erosion is intentionally driven by a chemical reaction during
reactive ion etching (RIE)."™® Surfaces covered by such
subwavelength-scale pinnacles are known as “moth-eye”
surfaces” '* and are used on various devices such as lenses,"*
light-emitting diodes,* photonics sensors,”> and solar cells'®
using their significant antireflection (AR) effect over a broad
spectral bandwidth with a small dependence on the incident
angle because of their graded index structure.">'”~"" These
moth-eye structures are superior to other types of graded index
structures®® with respect to the continuity of the refractive
index change. When these pointed subwavelength structures
(SWS) are used for an AR coating of a substrate, the refractive
index of the coating needs to be matched to that of the
substrate; otherwise, the optical interface between the coating
and the substrate causes Fresnel reflection irrespective of the
significant suppression of the reflectance at the surface of the
AR coating. However, universal fine matching to substrates
over a wide range of refractive indices is difficult to achieve
because of the restriction of the available materials that allow
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the formation of the pointed SWs, 10712 although various
methods, including those without a RIE process, have been
proposed to form those fine structures.”* > In this paper, we
report the concept of novel AR coatings based on pointed SWS
with tunable refractive indices. The graded index is due to the
pointed shape, and the index matching between the coating and
the substrate eliminates the reflection at the interfaces of air/
coating and coating/substrate, respectively. Consequently, the
incident visible light enters the substrate with a given refractive
index without meeting any distinct optical interface that causes
reflection. Therefore, the configuration of AR reported in this
paper provides the ultimate AR coating that can realize “zero
reflection”.

The concept of the AR coating in this study is schematically
shown in Figure 1. The coating is made of a mesoporous silica
(MPS) film with honeycomb-packed cylindrical mesopores,
which is prepared by the sol—gel method using a surfactant as a
template.””*® The surface of the MPS film is spontaneously
converted into an assembly of pointed subwavelength structure
by an RIE process using a fluorine-containing gas (Figure 1a,
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Figure 1. Concept of the AR coating with tunable graded refractive indices. (a) Schematic illustrations of the pointed SWS-MPS films with
cylindrical mesopores and (b) the refractive index diagrams of the films before (left) and after (right) the index matching by controlled incorporation
of TiO,. No definite optical interface exists between air and the substrate after the index matching. The notations of n_coat and n_sub represent the
refractive index of the SiO,—TiO, composite coating and the substrate, respectively.
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Figure 2. (a) SEM image of the MPS nanopinnacles formed by RIE without pretreatment. Inset: High-resolution HAADF-STEM image. (b) XPS
depth profiles of O, Si, F, and C in the MPS film in an early stage of the SWS formation. (c) SEM and (d) high-resolution HAADF-STEM images of
the MPS nanopinnacles formed by the RIE after silylation. The scale bars in (a) and (c) are 100 and 300 nm, respectively.

left). This SWS causes the refractive index to change gradually high refractive index, titanium dioxide (TiO,), by low-pressure
from air to the MPS film (graded index) and eliminates the chemical vapor deposition (LPCVD) to match its refractive
optical interface between air and the MPS film (Figure 1b, left). index with that of a substrate (Figure 1a right). For the MPS
The SWS-MPS film undergoes incorporation of a material with film used in this study with a porosity of 50%, the refractive
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Figure 3. Optical properties of the SWS-MPS AR coatings: (a) relationship between the Ti/Si ratio and the refractive index; (b) dependence of the
reflectance (averaged in the range from 400 to 700 nm) on the number of CVD cycles for TiO, incorporation; wavelength dependence on the
reflectance of (c) silica glass and (d) BK7 substrates with the SWS-MPS.

index can be tuned as desired from 1.2 to 1.8, by varying the
filling ratio. After index matching, no abrupt optical interfaces
exist anymore on the way from air to the substrate (Figure 1b
right). The AR coating in this report with substantially no
optical interfaces can suppress the reflection completely on a
wide range of substrates with the above refractive index range.

A scanning electron micrograph of the pointed SWS formed
by the RIE process is shown in Figure 2a. The surface is packed
with submicrometer-scale tiny cones with ~100 nm average
height and similar interval. The size and the aspect ratio depend
both on the gas species and the conditions of RIE such as
power, gas pressure, and bias. The mesopores, which are
formed using Pluronic P123 (nonionic surfactant) as a
template, completely remain after the SWS formation even at
the top and side regions of the cones (Figure 2a inset). The
profile of each cone is very smooth, as if it were cut with a sharp
knife. With such a morphology, the apparent volume of the
MPS continuously increases from top to bottom, which results
in an ideal graded refractive index.

The pointed SWS are spontaneously formed without
complicated processes for the formation of microscopic
masks, which has been indispensable for the formation of
such SWS by conventional lithography. Until now, there are no
reports on the spontaneous formation of such pointed SWS
with silica, presumably because of the high chemical stability of
silica. We found that the pointed SWS are specifically formed in
mesoporus materials using common etching gases containing
fluorine. Apparently, the presence of mosopores is responsible
for the formation of the SWS; dense silica is evenly etched
under the same conditions. We found that the specificity of
MPS for the formation of SWS comes from the uptake of
fluorine-containing species into the mesopores and the
consequent retardation of etching. Figure 2b shows the depth
profiles of the main elements in the MPS film in the course of
the SWS formation, recorded by X-ray photoelectron spectros-
copy (XPS). It is clearly seen that fluorine is uniformly
distributed in the film with a F/Si atomic ratio of ~1/4. In
contrast to this, fluorine is detected only at the surface of dense
silica, which is smoothly etched by the same RIE process
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(Supporting Information Figure S1). It is most likely that the
reaction products of the RIE process are incorporated into the
mesopores and form aggregates, which cause the retardation of
the etching rate. This proposed mechanism is supported by the
fact that the SWS formation as well as the uptake of fluorine
does not take place when the MPS film is heated to 200 °C
during the RIE process to suppress the deposition of reaction
products (Supporting Information Figure S2).

The proposed formation model, which involves the uptake
and the subsequent aggregation of fluorine-containing com-
pounds in the mesopores, suggests that the morphology of the
SWS-MPS can be modified by changing the surface energy of
the MPS film, which should influence the aggregation behavior.
On the basis of this idea, we modified the surface of the MPS
film by silylation before the RIE process. The SWS-MPS
formed after the silylation with chlorotrimethylsilane consists of
cones with much larger aspect ratio, as shown in Figure 2¢. This
is quite reasonable because lowering of the surface energy
should hasten the migration of the deposited species and
consequently increase the aggregation, which enhances the
resistance to RIE, to increase the aspect ratio. The average
height of the cones increases to ~300 nm, keeping the ~100
nm intervals. It is confirmed that the SWS-MPS entirely
consists of mesoporous silica (Figure 2d). This SWS with
improved height and aspect ratio results in a sufficient graded
index for high antireflection performance. The graded index
structure of SWS-MPS can eliminate the optical interface
between air and the MPS film. However, as described before,
reflection takes place at the interface between the MPS and the
substrate because of the extremely small refractive index of
MPS. In the AR coating in this study, this optical interface can
also be eliminated by the precisely controlled incorporation of
TiO, (n = 22 @550 nm)* into the mesopores and the
consequent matching of the refractive indices of the two.

We incorporated TiO, by LPCVD using titanium
tetraisopropoxide (TTIP) as a titanium source. This developed
process is based on the surface sol—gel chemistry,®® which
enables the deposition of an oxide layer with a precision of a
monolayer. In this process, TTIP and water vapor are
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Figure 4. Cross-sectional HAADF-STEM images of the SWS-MPS after (a) four and (b) two cycles of CVD for TiO, incorporation. Insets: High-
magnification images. (c) High-magnification image of the MPS-SWS after four cycles of CVD and the superimposed Ti profile recorded by STEM-

EDX analysis.

alternatively introduced into a chamber, in which the SWS-
MPS is placed. This procedure achieves uniform introduction
of TiO,, and the amount of the incorporated TiO, can be
controlled by the number of cycles of CVD (Supporting
Information Figure S3). A linear relationship between the
amount of the incorporated TiO, (Ti/Si ratio) and the
refractive index is confirmed, as shown in Figure 3a. This is
taken from a continuous MPS film with a flat surface because
refractive indices of the films cannot be measured by
ellipsometry after the formation of the SWS. It is shown that
the refractive index of the flat MPS film can be tuned in the
range from 1.2 to 1.7 by controlling the TiO, loading into the
mesopores. The porosity of the film is estimated to be ~50%
from the refractive index of the hollow MPS film (1.2), by
assuming the refractive index of the silica walls is equal to that
of dense silica glass, 1.46. With this porosity, the available
maximum refractive index is estimated to be ~1.8, when all the
mesopores are entirely filled with TiO,. It is likely that the film
with the maximum refractive index and Ti/Si ratio in Figure 3a
has not been completely filled with TiO, because of problems
of the continuous MPS film with complete filling by diffusion.
Although the refractive index of the MPS film cannot be
measured by ellipsometry after the formation of the SWS, we
can estimate it from the Ti/Si ratio obtained by an elemental
analysis. After the SWS formation, the incorporation of TiO, is
much less affected by diffusion of TTIP, because the required
diffusion length is drastically reduced. Therefore, we can
control the TiO, loading simply by the number of CVD cycles
up to complete filling.

We formed the SWS-MPS on two kinds of glass substrates,
silica glass (n = 1.46) and BK7 (n = 1.52), and incorporated
TiO, to reduce the reflection by matching the refractive index.
The number of CVD cycles for obtaining the lowest reflectance
is one and two for silica glass and BK7, respectively, as shown
in Figure 3b. For both substrates, excess loading makes the
refractive index of the SWS-MPS larger than that of the
substrates, which increases the reflectance again. Thus, fine
index matching by the optimized cycle of the CVD process is
demonstrated on plural substrates with different refractive
indices. Even lower reflectance could be achieved by finer
control of loading by changing the pressure of TTIP or the
temperature during the CVD process.

The reflectance profiles on the two substrates with respective
index-matched SWS-MPSs in the visible spectral range (400—
700 nm) are shown in Figure 3c and d. It is clearly shown that
the reflectance on the two substrates is drastically suppressed.
The effect of index matching is remarkable especially on BK7,
with a higher refractive index. The reflectance is still larger than
1% when the substrate is coated with a hollow SWS-MPS,
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although the graded index prevents the reflection at the air/
MPS interface.

As described above, the concept of the AR coating has been
proven, but we still need to confirm the retention of the
original shape of SWS-MPS and the selective deposition of
TiO, in the mesopores. A high-resolution scanning trans-
mission electron microscopy (STEM) image in a high-angle
annular dark field (HAADF) mode recorded for the SWS-MPS
after the full TiO, incorporation is shown in Figure 4a. In the
image, the positions of the mesopores appear brighter than the
pore walls. This proves that the pores of MPS are filled with
TiO, because the contrast of the STEM-HAADF signal is
proportional to the square of the atomic number. Thus, the
incorporation of TiO, into the mesopores without changing the
shape of the nanopinnacles is directly confirmed. It is likely that
TiO, is initially formed on the walls of the mesopores as a
uniform layer, and the thickness grows with the CVD cycle to
eventually block the mesopores. This is evidenced by the
comparison of the images with a smaller TiO, loading (Figure
4b), in which the existence of hollow pores is still seen. This
layer-by-layer formation of TiO, on the wall of the MPS is
advantageous for improving the uniformity. The line scan
profile of Ti shows complete correspondence of the Ti signal
with the period of the mesostructure (Figure 4c). This proves
the selective incorporation of TiO, into the mesopores.

In general, the moth-eye-type AR coatings have small
incident-angle dependence. It is reported that the angle
dependence is influenced by the packing and the shape of
the projections, and close-packed nanocones allow very low
reflectance over a wide range of incident angles.*' Because the
projections of the AR coatings in this paper are closely packed
and each shape resembles a cone, the AR coating in this report
should have high potential for wide-angle optics. “Zero”
reflectance over a wide angle region will truly be realized by
the improvement of the controllability of the shape of the
nanopinnacles.

In summary, we have demonstrated a novel AR coating,
which enables “zero reflection” on substrates with a wide
refractive index range, by completely eliminating definite optical
interfaces. The superior AR is achieved by the combination of
graded refractive index at the surface and index matching at the
coating/substrate interface. Such a unique structure is realized
by spontaneous formation of pointed subwavelength structures
on the surface of a mesoporous silica film and the subsequent
controlled incorporation of TiO, into the mesopores. The AR
coating in this study will widely be applied in practical optics
such as lenses, wherein light impinges on a transparent medium
from air, because of the advantages in superior performance and
facile fabrication.
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B METHODS

Preparation of MPS Films. The MPS films were formed
on a substrate (Si wafer, silica glass, BK7) by dip-coating using
a poly-(ethylene oxide),,-b-poly(propylene oxide),o-b-poly-
(ethylene oxide),, triblock copolymer (Pluronic P123, BASF)
as a structure-directing agent. The precursor solution was
prepared by adding tetraethoxysilane (TEOS) in an ethanolic
solution of P123 containing hydrochloric acid (HCI) and water
followed by aging at 25 °C for 3 h. The final molar ratio was
TEOS:P123:HCI:H,O:ETOH = 1.0: 0.0095:0.0011:6.0:8.7.
The dip-coating was conducted under an atmosphere of 25
°C, 40% RH, with a withdrawal speed of 1.5 mm/s. The films
were subsequently dried in the same atmosphere over 16 h and
then calcined, to remove the surfactant, at 400 °C for 4 h in air.

RIE for the SWS Formation. The RIE was performed with
a RIE-101ipH (Samco Instruments) using C;Fg as an etching
gas at a flow rate of 20 SCCM (3 Pa). The RF power and the
bias power were set to 500 W and 50 W, respectively. The
etching time was set to 90 s.

LPCVD Process for the Incorporation of TiO,. The MPS
films were placed in a stainless chamber, and it was evacuated
to 1 X 107° Pa. Then TTIP was introduced into the chamber,
passing over the sample for 2 h at room temperature. The
sample was then evacuated under vacuum (107°Pa) and finally
hydrolyzed at room temperature in air.

Characterization. The morphologies of the MPS-SWS
were characterized using a Hitachi S-5500 high-resolution
scanning electron microscope at a low accelerating voltage of
2.0 kV. Cross-sectional STEM images were recorded on a
Tecnai F30 at an accelerating voltage of 300 kV in HAADF
mode, and the distributions of Ti and Si in the images were
recorded by energy-dispersive X-ray spectroscopy (EDX) using
a silicon solid-state detector. Depth profiles of the elements
were recorded by XPS using a PHI Quantera II (ULVAC-PHI)
equipped with an Ar ion gun. Reflectance was measured with a
SGRM200 (SIGMA-KOKI) in the range from 400 to 700 nm.

B ASSOCIATED CONTENT

© Supporting Information

SEM image and XPS depth profiles of the main elements in the
dense silica film after the RIE process; SEM images and XPS
depth profiles of the SWS-MPS prepared at different
temperature during RIE; profiles of Ti/Si ratio in the flat
MPS films after different numbers of CVD cycles for the
incorporation of TiO,. This material is available free of charge
via the Internet at http://pubs.acs.org.
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