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ABSTRACT: Control over refractive index and thickness of surface coatings is
central to the design of low refraction films used in applications ranging from
optical computing to antireflective coatings. Here, we introduce gas-phase
sequential infiltration synthesis (SIS) as a robust, powerful, and efficient
approach to deposit conformal coatings with very low refractive indices. We
demonstrate that the refractive indices of inorganic coatings can be efficiently
tuned by the number of cycles used in the SIS process, composition, and
selective swelling of the of the polymer template. We show that the refractive
index of AL, O; can be lowered from 1.76 down to 1.1 using this method. The
thickness of the Al,O; coating can be efficiently controlled by the swelling of the
block copolymer template in ethanol at elevated temperature, thereby enabling
deposition of both single-layer and graded-index broadband antireflective
coatings. Using this technique, Fresnel reflections of glass can be reduced to as
low as 0.1% under normal illumination over a broad spectral range.
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broad array of applications ranging from high- reflection of the light and improve efficiency. For example, an
Aperformance computing to antireflective coatings can ARC of MgF, on the surface of float glass can decrease the
benefit from the ability to manipulate refractive index in amount of the reflected light from 4.3% to almost 1% at the
thin films. The refractive index of surface coatings is determined specified center wavelength and normal incidence, thereby
by a combination of composition and structure. The availability increasing transmission in a given spectral range.2
of materials with suitable refractive indices, especially for optical ARCs on the surfaces of materials with relatively low
applications, is limited. Coatings with low refractive indices refractive indices, such as fused glass (1.458), crown glass
improve the performance of light emitting diodes, solar cells, (1.485), sapphire glass (1.768), Gorilla glass ( 1.5), and

and eye glasses." Materials with refractive indices below 1.20 are
highly desired for distributed Bragg reflectors used in
waveguides and other high-performance optics; however,
dense materials with such low refractive indices do not exist.
The reduction of light reflected off surfaces relies on adjusting
both the thickness and refractive index of the antireflective
coating (ARC) in a way that the light reflected off two
interfaces, such as air/coating and coating/substrate, interferes
destructively. According to the Fresnel equation, this condition
can be achieved for a given wavelength 4 and angle of incidence
when the thickness of the ARC is ~A/4 and refractive index of

polycarbonate (1.586) are of particular interest for corrective
lenses, telescopes, and flat-panel displays. In telescopes that
typically have several optical components, additive energy loss
of reflected light can be substantial, hence effective ARCs are
required. ARCs on flat-panel displays of electronic devices help
eliminate stray reflections that cause unwanted veil glares.
Single-layer MgF, (with a refractive index of 1.38) is the most
commonly used ARC for surfaces with low refractive index.
Even though its performance is not exceptional, it still provides

the ARC equals the square-root of the substrate refractive Received: December 13, 2016
index. The ability to lower the refractive index of the materials Accepted: January 31, 2017
is critical for the design of ARCs that help to minimize the Published: January 31, 2017
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decent antireflective properties in the middle of the visible band
and works reasonably well for the entire spectral range.” Better
performing ARCs for surfaces with low refractive indices
typically consist of several metal oxide layers (e.g., TiO,, ITO,
etc.), SiO,, and polymers.” While one’s ability to prepare high
refractive index coatings is limited by the nature of available
materials, the refractive index of optical films can be lowered by
inducing suboptical porosity. For example, the refractive index
of bulk silica (SiO,) is 1.46; however, nanoporous SiO, films
with refractive index of 1.08 have been reported,” which
represents a value far below the lowest refractive index known
for dense inorganic materials, such as 1.38 for MgF,.* Widely
used conventional single-layer ARCs target only a particular
wavelength at normal incidence, while graded-index coatings
allow omnidirectional broadband properties.” ARCs can be
deposited (i) chemically, for example, by spin-casting of silica
sols® or by layer-by-layer (LBL) deposition of charged colloids
and polymers,”'” (i) using vacuum-based coating techniques,”
or (iii) by texturing the surface using lithographic and chemical
approaches (eg, via etching).''~"> These methods allow
synthesis of porous films with different degrees of control
over the film porosity. Since polymers are typically less stable
against heat and UV light compared to inorganic materials,"®
porous inorganic coatings are preferred for a broad range of
applications. When employing chemical approaches, the
porosity of inorganic films can be tuned mainly by the size of
the particles in the deposited nanoparticle arrays or by the size
of the introduced polymeric fillers that are subsequently
removed by solvent treatment or oxidative annealing.'’
Chemical approaches are straightforward for single-layer
ARCs; however, they do not work well for graded-index
coatings. Also, chemical deposition efforts have largely focused
on silica coatings, which limits the control over the refractive
index. Physical vapor deposition performed at a glancing angle
yields nanostructured films with controllable porosity as a result
of the self-shadowing effect and surface diffusion.'® This
technique has achieved the record low refractive index of 1.05.”
In vacuum methods, graded-index ARCs are obtained via
deposition of a number of layers with different porosity and
composition. Such methods are usually applied for ARCs on
small area surfaces due to their high cost of fabrication.

In general, the tuning of the refractive index of ARCs is a
labor-intensive process, both in physical and chemical
approaches. Lithographic and physical methods can produce
ARC:s with finely tuned refractive indices, resulting in excellent
optical performance, however, this is achieved at the expense of
high cost. In turn, the cost of chemically fabricated ARCs is
reasonable; however, their performance is somewhat compro-
mised, mainly because of the inability to finely control the
refractive index. Design of multilayered ARCs by chemical
methods, such as sol—gels, dipping or spinning processes, is
challenging since each layer requires thermal annealing that can
alter the porosity in the previously deposited layers affecting
their optical properties. Also, chemical methods based on
etching are not well suited to fabricate gradient structures due
to potential impact of the etching agents on structures
fabricated in the previous steps. However, the biggest challenge
for ARCs on surfaces with low refractive indices is that
regardless of the fabrication method, state-of-the art graded-
index ARCs on surfaces with low refractive indices assume the
initial deposition of coatings with high refractive indices. This
step of artificial increase of refractive index of the surface is
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needed since there is only a limited number of materials (and
approaches leading to materials) with refractive index <1.5.

Here we propose an efficient combined chemo-physical
approach to finely control refractive index that can be used for
single-layer and graded-index surface ARC coatings. The
strategy is based on sequential infiltration synthesis (SIS),
which involves diffusion-controlled penetration and subsequent
chemisorption of inorganic precursor molecules inside a
polymer template. In SIS, the precursors are introduced to
the substrate in the vapor phase. Following SIS, the polymer
matrix is removed via thermal annealing. When using block
copolymer (BCP) films as substrates for SIS, one can achieve
growth of the inorganic phase selectively within one of the
polymer blocks. In this way, the self-assembled nanostructures
of the BCP can be replicated in a functional, inorganic material.
As SIS is diffusion controlled, growth within thick films can be
cumbersome with difficult to predict reaction kinetics.' In this
study, we report that swelling of the block copolymer template
in ethanol at different temperatures prior to SIS efliciently
tunes the thickness and porosity of the resulting ARCs and
enables the fabrication of optical surface coatings for a desired
spectral range. Solvent-assisted SIS can also produce multi-
layered graded index structures to deposit broadband ARCs.
We believe the solvent-assisted SIS approach offers an
opportunity to eliminate the commonly accepted artificial
increase of surface refractive index in broadband multilayered
ARC:s for the materials with low refractive indices.

RESULTS AND DISCUSSION

When SIS is performed on a polymer such as poly(methyl
methacrylate) (PMMA), the vapors of the inorganic precursor
molecules infiltrate the bulk of the film and react with C=0
and —C—O-R functional polar groups of the polymer
macromolecule.”” ™' In the case of diblock copolymers with
a purely hydrocarbon block, such as polystyrene (PS),
connected to a block exhibiting polar groups (eg, PS-b-
PMMA), the overall molecular weight and the volume fractions
of the two blocks determine the morphology and size of the
nanoscopic domains, which serve as a template for the SIS
processed material. Earlier studies demonstrated that SIS in
diblock copolymer films is a strategy to synthesize nanophase
inorganic materials and to improve the quality of litho-
graphically prepared features.”””” However, the optical proper-
ties of SIS-modified diblock copolymers have not yet been
explored.

In this work, we demonstrate the ability to tune refractive
indices by SIS and utilize this capability to synthesize
antireflective coatings. We studied two types of block
copolymers, polystyrene-block-poly(methyl methacrylate) (PS-
b-PMMA) and poly(styrene-block-4-vinylpyridine) (PS-b-
P4VP), as templates for SIS of inorganic materials with tunable
refractive indices and antireflective properties.

PS-b-PMMA is one of the most popular BCPs and is
frequently used in SIS.”>**7° PS-b-PMMA has been used as a
template to pattern ZnO, Al,O,; SiO,, TiO,, W and other
materials with different degrees of control over periodicity and
structure.' 427 AL,O; SIS, in particular, has a robust
chemistry with well-understood kinetics. Thus, we chose PS-
b-PMMA-templated Al,O5 SIS as a model system for this study.
Spin-casting 2 wt % toluene solutions of PS-b-PMMA with
different percentage of PS followed by 1 h thermal annealing in
argon atmosphere at 180 °C resulted in uniform, 70 + 5 nm-
thick films with microphase-separated domains. Since the long-
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Figure 1. Depiction of the SIS (a—c) and solvent-assisted SIS (d—f) procedures leading to formation of porous Al,O; coatings. Hydrophilic
polymer domains (e.g., PMMA or P4VP, shown in red) are infiltrated with the precursor of Al,O, (shown in green) and converted into porous
Al,O; upon oxidative annealing.
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Figure 2. SEM images and the corresponding refractive indices of porous alumina films grown by the infiltration (5 SIS cycles) of PS-b-PMMA
polymers with different volume fraction of polystyrene: (a) 15k-b-65k, (b) 37k-b-37k, and (c) 42k-b-16k.
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Figure 3. Porous alumina films grown by the infiltration of PS-b-P4VP with TMA/water as a function of number of SIS cycles. (a) Refractive
indices measured at 785 nm wavelength and porosity show variation with the number of cycles. (b) Refractive index values vs wavelength for
films obtained with different numbers of SIS cycles. (c) Representative SEM images of the grown Al,O, films demonstrate evolution of the
material structure as a function of the SIS cycle number. The thickness of the films shown in (c—f) is 48.7 + S.1 nm.
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Figure 4. GISAXS (a—d) and transmission SAXS (e) data and fit (solid red line) for Al,O; SIS films obtained with different number of SIS
cycles. In (e), the data are arbitrarily scaled for better visualization.

450 °C. Figure 1 captures the processes involved in the
formation of porous metal oxide films by infiltration of
polymers without (a—c) and with swelling (d—f). The oxidative
annealing of the SIS films proved to be more efficient than
either ozone or plasma etching, which resulted in bubbling and
rupture of the AL O; films due to rapid release of CO, (Figure
S1).

Figure 2 shows SEM images of thin Al,O; films with a
different degree of porosity controlled by the PS/PMMA ratio
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on a silicon surface. Ellipsometry reveals that refractive indices
are inversely proportional to the porosity and vary from 1.2 at
60% porosity to 1.39 at 25% porosity at a wavelength of 785
nm. These values are far below the 1.768 value characteristic to
bulk alumina and also significantly below the value of 1.6 for
amorphous ALD Al,O,.*° Thus, we have demonstrated tuning
of refractive indices of Al,O; SIS films and satisfied one
criterion for design of ARCs. The thickness of these films was
not sufficient to provide antireflective properties to the coatings
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Figure S. Porous alumina films grown by the infiltration of PS-b-P4VP polymers (10 cycles) without swelling in ethanol (a) and after swelling
for 1 h at different temperatures at 55 °C (b), 65 °C (c), and 75 °C (d). The refractive indices of alumina films obtained with no polymer

swelling and at different swelling regimes (e).

in the spectral range above 200 nm. Increase in the thickness of
the PS-b-PMMA template achieved by increase of the
concentration of the polymer in toluene solution did not lead
to thicker final AlL,O; films, likely due to limited diffusion of
TMA through the as-deposited film under these SIS conditions.

Swelling of BCPs in certain solvents was previously reported
to induce porosity that potentially could assist the growth of
thicker SIS films.”" Swelling of our polymer templates with
acetic acid, a procedure that worked well for periodic pre-
aligned PS-b-PMMA,”" was found to be partially successful.
Acetic acid swelling allowed us to increase the overall thickness
of the AL,O; SIS films; however, the films were laterally non-
uniform and were rather rough. In an effort to integrate
swelling-induced porosity with a more controllable morphol-
ogy, we turned our attention to another polymer system, PS-b-
P4VP, as this is a model system for studying swelling
phenomena in polymers.*”

First, we conducted the set of experiments to confirm that
PS-b-P4VP would work as an efficient template for deposition
of alumina by SIS. We used a 2 wt % of PS-b-P4VP (75k-b-25k)
BCP solution in toluene to spin-cast 80 nm-thick polymer
templates and successfully obtained porous Al,O; with
refractive indices in the range between 1.11 and 1.25 following
AL, Oy SIS and heat treatment procedures (Figure 3). We found
that the porosity could be tuned by adjusting the number of SIS
AlLO; cycles. In particular, the porosity decreased monotoni-
cally with the number of SIS Al,O; cycles. Dispersion of feature
sizes in the Al,O; SIS films prepared using PS-b-P4VP is a
result of polydispersity present in the BCP material (most likely
due to the presence of homopolymer) causing some size
distribution of P4VP domains. The thickness of the alumina
films produced by SIS, as measured by ellipsometry, was 48.7 &
S.1 nm.

Grazing incidence small-angle X-ray scattering (GISAXS)
patterns of samples prepared with 3 and 5 SIS cycles are similar
(Figure 4). Both patterns presented a peak at g, = 0.0165 A,
indicating 2D nanostructures laterally ordered with a d-spacing
of ~38 nm. GISAXS pattern obtained for the sample with 3 SIS
cycles allowed for estimation of the thickness of the Al,O; film
as ~45 nm, which is in agreement with the ellipsometry data
(Table S1). The shape of the peaks is generally a circular spot
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along the vertical direction, indicating that the lateral structure
is as tall as the film thickness, although the peaks’ weak vertical
tails suggest coexistence of smaller features. The vertical sizes of
the smaller features ranged from 5.0 to 6.0 nm and increased
slightly with the number of SIS cycles. These values, obtained
by fitting the data to a polydisperse sphere model, are
summarized in Table S1. We also found at least two feature
sizes along the horizontal direction, which are about 25 and 10
nm, respectively. These scattering results suggest that Al,O;
pillars seen in Figure 3 are made of smaller Al,O; grains. After
10 SIS Al,O; cycles, the sample completely lost lateral ordering
peaks, and only randomly distributed spherical 8 nm particles
are observed, indicating that the Al,O; particles are probably
grown on the surface of the polymer film. Electron densities
obtained from the GISAXS pattern533’34 are 0.243, 0.214, 0.403,
and ~0.7 e/A? for Al,O; SIS films obtained with 3, 5, 8, and 10
SIS cycles, respectively. Considering the electron density of
ALOj is 1.17 e/A?, their porosities of 2—5, 8, and 10 SIS cycles
are 80, 65, and 40%, respectively. The summary of the GISAXS
and SAXS data is given in Table S1. Ellipsometry measure-
ments estimated the porosity of the same structures as 68, S8,
and 40%, which is in relatively good agreement with SAXS data.

We have demonstrated that Al,O; SIS in PS-b-P4VP
templates yields even lower refractive indices values compared
to PS-b-PMMA. However, as in the case of PS-b-PMMA,
increasing the thickness of the PS-b-P4VP template did not
increase the resulting Al,O; film thickness beyond ~48 nm,
which again relates to slow diffusion of the TMA precursor
through the free volume of the PS-b-P4VP film. In order to
introduce porosity to enhance diffusivity, we explored swelling.
Swelling is a nondestructive strategy to induce and modify the
porosity in BCP materials.”" It is performed by immersing the
BCP film in a solvent that is selective to the minority block.
Upon drying, pores are generated throughout the film in the
positions where the minority block has collapsed. Swelling of
PS-b-P4VP in ethanol at different temperatures allows the
formation of interconnected pores in the range between 10 and
50 nm.”" These pores are much larger than the molecular-scale
pores that define the polymer-free volume. Given that Knudsen
diffusion scales as the diameter squared,” we expect a much
more rapid and effective infiltration of the TMA into the
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Figure 6. Porous alumina films grown by the infiltration during 5 SIS cycles of spin-cast 400 nm-thick PS-b-P4VP polymer (75k-b-25k)
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Figure 7. Two cases of antireflective coatings with single wavelength minimized reflection (a,b) and wide range minimized reflection
deposited on the glass substrate (c,d). Figures (b) and (d) demonstrate the SEM images of porous Al,O; coatings on silicon substrate
fabricated by solvent-assisted SIS technique using the same synthesis parameters that were used for deposition on a glass substrate. Porous
ALO; film deposited on glass with the use of PS-b-P4VP (75k-b-25k) precursor demonstrates minimized reflection for 785 nm light in
comparison to bare glass (a); a three-layer Al,O; deposited on glass in sequence with the assistance of three different polymer films
demonstrates reduced reflection over the broad wavelength range of 400—1050 nm (c).

solvent-treated PS-b-P4VP films compared to the untreated
films.

We immersed 80 nm-thick PS-b-P4VP films for 1 h in
ethanol at different temperatures. After drying the samples
under dry nitrogen for 10 min to remove excess ethanol, the
AlO; SIS was performed. We increased the number of SIS
cycles to 10 in order to target thicker films. Figure Sa
demonstrates that Al,O; SIS films prepared with 10 SIS cycles
are still porous but rather dense. The porosity of the film
estimated by ellipsometry is ~40%, which is in a good
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agreement with SAXS data (Figure 4e). Figure Sb—d shows
that swelling of the PS-b-4PVP template at different temper-
atures increases the porosity of the Al,O; films, resulting in
substantially lower refractive indices (Figure Se). More
importantly, the polymer swelling also yielded thicker Al,O;
SIS films. Figure 1 depicts the effect of swelling on the
morphology of the final Al,O; films. The AL, O; films prepared
using an untreated 80 nm-thick PS-b-P4VP template were only
~48 nm in thickness. However, swelling the 80 nm-thick PS-b-
P4VP template films in ethanol at temperatures of 55, 65, and
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75 °C yielded AlL,O; film thicknesses of 53, 75, and 105 nm,
respectively. We attribute this increase in thickness to the more
effective diffusion of TMA through the 10—50 nm void spaces
remaining after removing the PS component of the polymer
template films.

The refractive indices of the AL, O5 SIS films obtained at
different swelling temperatures were in the range between 1.17
and 1.14. These values are far below the lowest refractive index
known for bulk inorganic materials such as the widely used
MgF, in the design of ARCs.*® The swelling property of the
BCP is essential for the deposition of ARC:s since it allows for
tuning the thickness of the surface coating, which is critical for
achieving a low reflectivity in a specific, targeted spectral range.
Figure 6 shows that swelling of a 400 nm-thick PS-b-P4VP film
in ethanol for 1 h at 75 °C leads to a 447 nm-thick porous
Al,Oj SIS film, while no swelling results in the thickness limited
by ~48 nm value (Figure 6a).

With control established over both the refractive index and
thickness of the deposited films, we proceeded to explore the
SIS process to prepare ARC coatings. For a single-layer ARC,
light reflection will be minimized when the coating satisfies
certain criteria for its refractive index and thickness. The
refractive index of the antireflection coating (n;;) should be

ngn,., where ng and n;, are the refractive indices of the

g = ' fair 1

substrate and air, respectively. The optimum thickness of the
ARC (dy) should be d;, = j—n”, where 4, is the wavelength of
1

the light to be fully transmitted. For example, in order to
eliminate the reflection of 785 nm wavelength light at a glass
substrate with refractive index of 1.54, an 158 nm-thick ARC
with refractive index of 1.24 is required. We prepared such an
Al,O; SIS coating by spin coating 80 nm-thick PS-b-P4VP and
swelling it at 75 °C, followed by 10 SIS cycles. The thickness of
this coating was 152 + 8 nm, and the refractive index was 1.24.
Reflectivity measurements indicate that only 0.1% of the light is
reflected at ~780 nm, while the uncoated glass substrate
reflected ~4% (Figure 7a). Figure 7a demonstrates that, in fact,
the deposited single-layer Al,O; SIS coating lowered the
reflectivity in the entire 400—800 nm spectral range.

The main challenge for synthesis of ARCs that can eliminate
the Fresnel reflection over a broad spectral range is
unavailability of materials with very low refractive indices that
can closely match the refractive index of air. Light reflection is
minimized when the coating refractive index exhibits a
continuous gradient change along the thickness from the
value of the substrate material at the substrate/coating interface
down to the air refractive index at the coating/air inter-
face.”” = The deposition of films with uniform gradient change
is challenging. Previous studies have demonstrated dramatic
reduction in the light reflection for a coating made of several
discrete layers with different constant refractive indices.”
Control over the refractive index in graded-index structures
of this nature minimized reflectivity over a broad spectral
range.” Previous studies demonstrated that this goal can be
achieved by deposition of layers of certain materials with
controlled thickness and porosity by oblique-angle deposition.
However, even though oblique-angle deposition obtained a
record low refractive index of 1.05 for multilayers of TiO, and
SiO,, it is challenging to use this method for larger scales.

We explored the potential of SIS to design graded-index
ARCs. To this end, we deposited three stacked layers of Al,O4
SIS films. Figure 7c shows the strategy we followed in terms of
parameters selected for each layer. In order to minimize the
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reflectivity of the glass surface in spectral range 400—1050 nm,
a minimum of three layers with the following refractive indices
and thicknesses are required: 1.54 and 50 nm (first layer); 1.4
and 190 nm (second layer); and 1.1 and 200 nm (third layer).
First layer was obtained by SIS using 80 nm-thick PS-b-PMMA
and 10 SIS cycles. PS-b-P4VP templates of 80 nm and 10 and §
SIS cycles, respectively, were used to form the second and third
layers. The first and second layers were annealed at 450 °C
under air flow for 1 h to remove the polymer prior to spin-
casting of the second and third layers of a polymer template,
correspondingly.

As evidenced from SEM imaging, the final film is porous and
rather uniform (Figure 7d). Wavelength dependence of
specular reflectivity demonstrated that the glass with three
layers of Al,O; SIS coating reflects between 0.4% and 0.1% of
the light in the range of 400—1050 nm at normal incidence.
Photographs of the uncoated glass and glass with single and
multilayer coatings with optical characteristics are shown in
Figure 8. The blue background in the area covered by uncoated
glass is darker as compared with the uncovered area, whereas
there is no visually detectable difference in the color of the blue
background in the areas uncovered and covered with glass
substrates with single- and three-layered ARCs. In order to
quantify this observation, we analyzed the color of the images
shown in Figure 8a in the areas uncovered (n) and covered
with glass substrates (n*). We compared the color histograms
in the areas covered by coated glass within the neighboring
uncovered areas. Figure 8b demonstrates that the significant
shift toward the darker color is observed in the area covered by
plain glass, while a minor shift and no change in color
histogram are observed for one- and three-layer coatings,
respectively. These data indicate better light transmittance and
the absence of residual carbon in the thermally annealed films.
Energy dispersive X-ray analysis confirms that no carbon
remains in the thermally annealed samples (Figure S2). As
shown in Figure 8¢, transmittance increased from ~92.5%
(uncoated glass sample) to ~96.5% in a narrow range around
785 nm for the single-layer coated sample. In the case of three-
layer films, the transmittance is improved to ~95% in the whole
visible light spectral range. Since the reflectance both in case of
single-layer and gradient coatings was found to be <1%
(Figures 7a and 7c), we attribute the losses in the transmittance
in the coated samples to the light scattering at the larger
features present in the Al,O, (Figure 7b,d) formed as a result of
polydispersity and/or homopolymer present in the original
BCP template.

Contact angle measurements demonstrated that the Al,O;
SIS coatings rendered the glass surface more hydrophobic
(Figure 8c). The contact angle of water droplet at the surface of
uncoated glass was 32 + 2°. Deposition of single-layer Al,O;
SIS coating resulted in contacted angles of 42 + 3°. Three-layer
Al,O; SIS coating demonstrated a contact angle of 57 + 3°.
This trend can be explained by increased porosity of the
surface.

CONCLUSIONS

In conclusion, low refractive index coatings can be successfully
obtained using gas-phase SIS. We have shown that the
refractive indices of inorganic coatings can be efficiently
tuned by the volume fraction of the SIS-binding block in the
BCP and by the number of SIS cycles. The refractive index of
Al,O; can be lowered down to 1.1 by SIS. We have
demonstrated that the thickness of the Al,O; surface coating
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Figure 8. Photograph of uncoated glass and glass with single-layer
and graded index ARCs (a). Color histograms (b) obtained for the
selected areas of the blue background denoted in (a) as n and n*.
(c) Transmittance spectra of glass and glass samples coated with
single- and gradient three-layers aluminum oxide. (d) Photographs
demonstrating the contact angle of water droplet at the surface of
plain glass and glass with single-layer and graded index ARCs.

can be efficiently controlled by solvent swelling of the template,
which induces porosity in the BCP and, as a result, facilitates
rapid diffusion for the precursor molecules and complete
infiltration of the polymer film. Control over the thickness of
the SIS coating has enabled the deposition of both particular
spectral range and graded-index broadband ARCs. Fresnel
reflections have been shown to decrease down to 0.1% under
normal illumination over a broad spectral range. The deposition
of low refractive index coating by SIS is simple and robust.
Since porosity and thickness of the films can be efficiently
tuned in a broad range, solvent-assisted SIS does not require an
artificial increase of the refractive index of the low refractivity
substrate surface as is commonly accepted in the design of
broad band antireflective coatings. We believe that SIS can be
easily applied to a broad range of materials and can be
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considered as a cost-efficient alternative to the oblique-angle
techniques currently used for deposition of broadband ARCs.

METHODS AND EXPERIMENTAL DETAILS

Materials. Two types of block copolymers used in the study,
poly(styrene-block-4-vinylpyridine) (PS-b-P4VP) and polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA) with different lengths
of polar and nonpolar blocks (PS,q-b-PMMA,, PS,5-b-PMMAgq,
PS3-b-PMMAyy, PS5 -b-PMMA 4 ) were purchased from Polymer
Source, Inc. BCP films were prepared by spin coating from 2 and 6 wt
% toluene solutions (to prepare the films of different thicknesses) onto
clean silicon substrates with native silicon dioxide films and with ALD-
deposited 5 nm alumina adhesion layers. Samples demonstrating
antireflection properties were prepared on clean glass substrates. In the
case of the glass samples, no adhesion layer was necessary for
producing a uniform antireflective coatings. Cleaning of the substrates
was performed as following: 20 min of sonication in acetone, followed
by 20 min of sonication in isopropanol, followed by 30 min of UV
ozone exposure. After BCP deposition, the samples were kept on a hot
plate at 180 °C for 10 min to evaporate residual toluene and to induce
microphase separation. The thicknesses of resulting polymer films
varied from 70 + 5 nm to 400 + 12 nm for 2 and 6 wt % toluene
solutions, respectively.

Sequential infiltration synthesis reactants such as trimethyl
aluminum (Al(CH,);, TMA 96%) were purchased from Sigma-Aldrich
and used as received. Deionized water was used in the deposition
process.

Polymer Swelling. Swelling of the polymer films to increase the
film thickness and to introduce pores for rapid infiltration with metal
oxide was performed by immersing the whole sample into pure
ethanol, and the samples were kept at 55, 65, or 75 °C for 1 h. Upon
completion, the samples were dried under nitrogen gas flow.

Sequential Infiltration Synthesis. SIS was performed using
GEMStar Thermal ALD system. The Al,O; coatings were produced by
infiltrating the polymer films using binary reactions of TMA/H,O0.
Exposure of BCP films to TMA vapor results in selective binding to
polar groups in microphase separated polymer domains. Selectively
bound Al-(CH;), reacts with water molecules in the subsequent SIS
half-cycle. The SIS was performed at 90 °C (below the polymer glass
transition temperatures) to avoid the flow of swelling-formed
predefined polymer structures. All precursors were introduced into
the reactor as room temperature vapors. Silicon or glass substrates
with polymer films were loaded on a stainless steel tray and kept in a
200 sccm nitrogen flow for at least 30 min prior to deposition. One
cycle of SIS was performed as follows: 10 mTorr of the synthesis
reactant precursor was admitted into the reactor for 400 s. After that,
the excess of the reactant was evacuated and followed by admitting 10
mTorr of H,O for 120 s; the chamber was then purged with 200 sccm
of nitrogen to remove not-infiltrated byproducts. The cycle was
repeated several times to grow films of different porosity.

Thermal Annealing of the Polymers. Following SIS, the
polymer component of the resulting film was removed by baking
the samples in a Thermo Fisher Scientific tube furnace at 450 °C for 1
h while flowing oxygen gas at 50 sccm. Upon cooling, near-complete
removal of carbon was confirmed with energy dispersive X-ray
spectroscopy analysis of the film.

Characterization. Scanning electron microscopy (SEM) images
were obtained using a FEI Nova 600 Nanolab dual-beam microscope
with EDX capabilities. Spectroscopic ellipsometry (Horiba Uvisel
Ellipsometer) was used to evaluate the film thickness and porosity.
Specular reflectivity of the samples prepared on a glass substrate was
measured with a Filmetrics f40 thin-film analyzer. SAXS and GISAXS
data were collected at beamline 12-ID-B at Advanced Photon Source
(APS). The transmittance of the samples was characterized using UV—
vis spectrophotometer Cary-50. A 14 keV X-ray beam was exposed to
thin-film samples using both transmission and grazing incidence
reflection modes for SAXS and GISAXS measurements, respectively.
The scattering data are collected with a Pilatus 2 M detector located
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about 2 m away from samples. The contact angle measurements were
conducted using a Kriiss DSA100 drop shape analyzer.
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