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ABSTRACT: Here, we introduce polymer of intrinsic micro-
porosity 1 (PIM-1) to design single-layer and multilayered all-
inorganic antireflective coatings (ARCs) with excellent
mechanical properties. Using PIM-1 as a template in sequential
infiltration synthesis (SIS), we can fabricate highly uniform,
mechanically stable conformal coatings of AlO, with porosities
of ~50% and a refractive index of 1.41 compared to 1.76 for
nonporous AlO, that is perfectly suited for substrates
commonly used in high-end optical systems or touch screens
(e.g., sapphire, conductive glass, bendable glass, etc.). We show
that such films can be used as a single-layer ARC capable of
reduction of the Fresnel reflections of sapphire to as low as 0.1% at 500 nm being deposited only on one side of the substrate.
We also demonstrate that deposition of the second layer with higher porosity using block copolymers enables the design of
graded-index double-layered coatings. AlO, structures with just two layers and a total thickness of less than 200 nm are
capable of reduction of Fresnel reflections under normal illumination to below 0.5% in a broad spectral range with 0.1%
reflection at 700 nm. Additionally, and most importantly, we show that highly porous single-layer and graded-index double-
layered ARCs are characterized by high hardness and scratch resistivity. The hardness and the maximum reached load were 7.5
GPa and 13 mN with a scratch depth of about 130 nm, respectively, that is very promising for the structures consisting of two
porous AlO, layers with 50% and 85% porosities, correspondingly. Such mechanical properties of coatings can also allow their
application as protective layers for other optical coatings.
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INTRODUCTION at normal incidence for destructive interference, which leads to
minimal reflectance over the spectral range around A.

Bulk inorganic materials with n < 1.4 are limited and mainly
restricted to fluorides.” For example, MgF,’ with n ~ 1.38 in
the visible range can lower the reflectance of each side of the
float glass from 4.3% to 1%. However, MgF, thin film
deposition involves the use of hydrofluoric acid”® or other
aggressive precursors of fluorine.” Additionally, MgF, is
somewhat soluble in water (~0.013 g/100 mL)'? and exposure

Antireflective coatings (ARCs) are widely used to reduce the
light reflection at interfaces, and thereby enhance the
transmittance of light."”” ARCs with low refractive indices are
important for a broad range of applications such as solar cells,
displays (mobile phones, computer and television screens),
telescope lenses, cameras, and eyeglasses.” The optical
components in such devices are often made out of different
types of glass with varying refractive indices, n, (e.g, fused glass
(n = 1.458), sapphire glass (n = 1.768), Gorilla glass (n = Received:  June 7, 2022
1.50), indium tin oxide (ITO) glass (n = 1.827) at 630 nm). Accepted: August 24, 2022
According to the Fresnel equation,’ to minimize the Published: September 1, 2022
reflectance of glass substrates in the visible range of the light
spectrum, a single-layer ARC with n ~ 1.2—1.4 is required. The

optimal thickness of the ARC for a given wavelength A is ~ 4i
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Figure 1. AFM images (a) of as-spin-coated PIM-1 template (b) and PIM-1 templates after methanol treatment for 1 h at 55 °C; QCM data
(c) on PIM-1 template before and after methanol treatment; FTIR spectra (d) of as spin-coated PIM-1 and infiltrated PIM-1 with AlO,; the
refractive indices measured using ellipsometry (e) of nanoporous AlO, film obtained via infiltration of PIM-1 (AlO,”™) and PS(79)-

PVP(36.5) (AlO,"CF) followed by polymer removal via annealing.

to inorganic fluorides can be associated with health
concerns.'”"" These factors reasonably impose some con-
straints on the applicability of fluorides in the fabrication of
touchable devices and optical systems exposed to the
environment. To achieve safe, nontoxic and stable coatings
with lower refractive indexes, nanoporous thin films have been
introduced for the fabrication of ARCs.””™"> According to
effective medium theory, the refractive index of the thin
composite film is determined by the fractions of different
materials as long as the feature sizes are much smaller than the
wavelength of the incident light.'® In the case of dry porous
films, their refractive indices will be determined by the
refractive index of the inorganic material and air with the
refractive index of 1. The higher porosity will be associated
with the smaller refractive index. Therefore, proper control
over the porosity is the key to nanoporous ARCs with the
desired antireflectivity.

Compared to the single-layered ARCs, which can only
reduce the reflection in a narrow spectral range, multilayered
ARCs consisting of several alternating layers with different
thicknesses and refractive indices can provide a better
antireflection performance by minimizing the light reflection
in a broad spectral range as a result of the destructive
interference of wavefronts reflected at each interface. In turn, a
gradual decrease of the refractive index (graded-index ARCs)
allows for avoiding a sharp transition between interfacin
optical media resulting in minimal Fresnel reflection losses.'
The conventional techniques used to fabricate ARCs include
layer-by-layer deposition of low index materials with vacuum
coating techniques.'®™* This technology can produce ARCs
with industrial-level optical and mechanical performance.
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However, the significant drawback is the resulting high cost
for the high-quality multilayer structures. Alternative techni-
ques, including nanoporous thin film via polymer with
porosities’ and lithography-produced nanostructure coat-
ings,””** have also been researched for high-quality ARCs.
However, porosity can compromise the mechanical properties
of materials resulting in increased brittleness, lower hardness
and scratch resistance.”* Moreover, due to the high optical
contrast between scratched and unscratched areas originated
from differences in the refractive index, the ARCs are subject
to high scratch visibility.”® It is equally important for optical
coatings to have adequate mechanical properties in terms of
hardness and abrasion resistance in order to withstand day-to-
day handling.”® Therefore, it is critical to develop approaches
that can finely tune the refractive index and thickness of the
nanoporous inorganic coatings used to design graded-index
multilayer ARCs, while preserving the low cost and suitability
for large-scale manufacturing of advanced thin films with good
resistance to mechanical wear.

Infiltration of block copolymers (BCPs) with inorganic
precursors from the vapor phase (sequential infiltration
synthesis, SIS) followed by polymer removal was previously
shown by us to enable the fabrication of low refractive index
nanoporous all-inorganic thin films."> However, as it is shown
below the mechanical properties of such structures require
improvement. Here, we introduce a member of a class of
polymers with intrinsic microporosity (PIM), such as PIM-
1°7?% that has pores smaller than 2 nm®’ and high gas
permeability’”’" fostering the infiltration of the polymer
template with the precursors from the vapor phase, as a
template for the design of mechanically robust highly porous
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Figure 2. Depiction of the steps involved in the fabrication of single-layer and double-layered AlO, ARCs using PIM-1. PIM-1 serves as a
template for the synthesis of the porous AlO, (Layer 1). More porous structures can be deposited on the top of Layer 1 using BCP as a

template for the formation of more porous double-layered structures.

all-inorganic single coatings with the refractive index of ~1.41
that is well suited for high refractive index glasses that are
crucial for high-end optical systems.'” We show that such films
can be used as a single-layer ARC capable of reduction of the
Fresnel reflections of sapphire to as low as 0.1% at 500 nm
being deposited only on one side of the substrate. We also
demonstrate that PIM templates can be used in combination
with the BCP templates, enabling the design of graded-index
ARCs. AlO, structures with just two layers and a total
thickness of ~200 nm are capable of reduction of Fresnel
reflections under normal illumination to below 0.5% in a broad
spectral range with 0.1% reflection at 700 nm. In addition, we
show that optical all-inorganic porous alumina coatings
fabricated using PIM-1 templates demonstrate promising
mechanical properties revealing a hardness of ~7.5 GPa. The
maximum reached load was 13 mN with a scratch depth of
~130 nm, a promising value for highly porous films consisting
of AlO, layers with 50% and 85% porosities.

RESULTS AND DISCUSSION

PIM-1 as a Template for Single Layer Alumina ARCs.
PIMs have been studied in the past’*’ because of their
potential for CO, adsorption.’* Researchers have infiltrated
metal oxide networks into PIMs mostly for mechanical
purposes of reinforcing the PIM structure®*>° or constricting
swelling.32 In our case, we use PIMs as a degradable three-
dimensional scaffold or template that allows us to infiltrate
metal oxide precursors, burn the PIM off, leaving fully
inorganic metal oxide films with the desired porosity.

Our initial results indicated a low efficiency of infiltration of
metal oxide precursors into spin-coated PIM-1 layers (it was
evidenced by the formation of very thin (~20 nm) alumina
films after polymer removal) unless alcohol treatment of the
polymer was performed. Methanol treatment of PIM-1 was
reported to increase the free volume in the polymer template®”
and increase gas permeability’® that can facilitate the
infiltration process. Therefore, we immersed the substrates
with the ~60 nm thick spin-coated PIM-1 films into methanol
heated up to 55 °C for 1 h that resulted in an increase in the
thickness of the polymer film. The thickness of 60 nm for the
PIM-1 films was chosen experimentally as one that allows
achieving the targeted 80 nm thickness of the final AlO,
coating.

The atomic force microscopy (AFM) analysis performed on
the PIM-1 film indicated that the spin-coated films are uniform
with sub-nm roughness and some ordering of the structure
(Figure la). The methanol treatment of the PIMs (see the
“Experimental Details” section), however, affects the morphol-
ogy of the conformal PIM-1 coating, resulting in an increased
roughness and a loss of the structural ordering in the polymer
template (Figure 1b, Figure S1). It appears that methanol
treatment leads to the densification of some structural
elements of PIM-1 into sphere-like aggregates, thereby
increasing the free space dispersed within the volume of the
polymer. These transformations are on the order of sub-nm
length scales, and therefore not expected to affect the optical
properties of the material in the visible part of the optical
spectrum. We also used quartz crystal microbalance (QCM)
analysis to monitor the change in mass of PIM-1 as a result of
the methanol treatment (Figure 1c). The QCM data showed a
small decrease in the mass of the PIM-1 after the methanol
treatment (Figure 1c). We attribute this to the removal of
small amounts of oligomers possibly present in original PIM-1
or solvent molecules (chloroform) possibly trapped in the
polymer matrix. As it was mentioned, we, indeed, observed that
methanol treatment of PIM-1 improved its infiltration
efficiency with trimethylaluminum (TMA) as evidenced by
the thicker AlO, films formed after polymer removal.
Therefore, we performed methanol treatment for all PIM-1
samples. The X-ray photoelectron spectroscopy (XPS) results
(Figure S2) indicate that a small number of methanol
molecules can be trapped in the structure of PIM-1 as a result
of its methanol treatment that can, in turn, also facilitate the
deposition of AlO, via providing polar groups for interaction
with TMA.”

The Fourier transform infrared (FTIR) data (Figure 1d)
shows that the peak positions do not shift after 10 SIS cycles,
which implies that the alumina precursors from the infiltration
synthesis intertwined with the PIM polymer chains without
forming chemical bonds.”* Exposure of PIM-1 to TMA likely
results in the interactions of C=N bonds with TMA
molecules’*® that is also confirmed by theoretical calcu-
lations.®® It was proposed that metal oxide clusters could
percolate throughout the hybrid structure without the
formation of chemical bonds with the PIM-1 polymer via
nucleation of semipermanent metal—organic adducts of metal
oxide precursors with PIM-1’s C=N groups.”” Upon water
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Figure 3. SEM images of single 80 and 105 nm thin AlO, layers formed as a result of 10 SIS cycles on PIM-1 (AlO,”™, Layer 1) and
(A1O,PCP, Layer 2) (panels a and b, respectively). (c) SEM image of the double-layered AlO, ARC (AlO,"™/B?)_ (d) Top view SEM image
showing the interface between AlO, layers with different porosities in double-layered AlO, ARC (bottom and top layers were ~80 and 105
nm, respectively). (e) SAXS data obtained for AlO, layers shown in panels a—c.

exposure in the second half of the SIS cycle, the aluminum
oxide clusters are formed and become unbonded from the
C=N bonds” still forming a porous scaffold of AlOx. This
mechanism is different from the mechanism reported for SIS
when BCP polymer templates are used.’~*" After deposition
of BCP polymer, polar and nonpolar parts of BCP molecules
phase-segregate forming patterns determined by the character-
istics of the BCP molecules.*”** Note that in the case of BCPs
templates, the peak positions corresponding to, for example,
C=0 and —C—O-—R groups in polar domains of BCPs were
found to shift upon BCPs exposure to the vapors of TMA or
other metal precursors indicating the formation of chemical
bonds with TMA.*"** For example, in the case of PS(79)-
PVP(36.5) during the infiltration cycles, the TMA precursors
interact mainly with functional groups of polar domains
formed by P4VP, while no infiltration into PS domains occurs,
leading to selective infiltration of polar domains of PS(79)-
PVP(36.5) used in our study. Since the size of polar and
nonpolar parts of selected for our application BCP molecules is
in the nanometer range, further polymer removal leads to the
formation of nanoporous AlO, structures, as shown in our
previous study.'> Here 10 cycles of SIS was found to be
sufficient to achieve the desired optical and mechanical
properties in the final alumina conformal coating.

After an annealing treatment at 500 °C under airflow for 3 h,
the PIM-1 template was removed and only a porous AlO,
scaffold (A1O,”™) was left on the substrate (Figure 2, Figure
S$3). The final porosity of alumina film formed via 10 SIS cycles
was ~50%. The thickness of the alumina film was estimated by
ellipsometry to be ~80 nm. The scanning electron microscopy
(SEM) data indicates that the obtained alumina films
(deposited on silicon) are smooth (Figure 3a). Small-angle
X-ray scattering (SAXS) data show that AlO, obtained using
the PIM-1 template has a mesoscale poorly ordered structure
(Figure 3e). A very broad peak at the higher Q region suggests
the presence of spherical features of ~10 nm with a rather
broad size distribution in the AlO, layer that agrees with the
SEM data (Figure 3a). The PIM-1 layer during spin coating
can trap air between the polymer and the substrate. During the
polymer removal via thermal annealing, such areas slightly
deflate forming darker circular features in the SEM images
obtained on AlO,"™ (Figure 3d, Figure S4). Energy dispersive
spectroscopy (EDS) mapping data show the uniform
distribution of Al and O (Figure S4). Analysis of delaminated

fragments of the AlO,”™ films by SEM also points to a
uniform nature of the porous coating. Importantly, such
features do not affect the deposition of the consecutive layers
(Figures 3d, S4, and S5). The refractive index of 80 nm porous
alumina single layer with 50% porosity obtained with the PIM-
1 template is ~1.41 in the spectral range between 300 and
1000 nm (Figure le). Such a refractive index is well suited to
minimize the reflectance for high refractive index substrates
such as sapphire (n = 1.768) or ITO glass (n = 1.827).

Graded-Index Double-Layered Alumina ARCs. To
further decrease the reflectance of the sapphire glass, we
deposited the second porous layer using BCP as a template,"
which enables the fabrication of porous coatings with a
porosity above 50%." For that, we spin-coated a 50 nm thick
PS(79)-PVP(36.5) film on the porous AlO, layer obtained
using the PIM-1 template (Figure 2). The nonsolvent swelling
treatment of BCP was conducted to increase the infiltration
depth of the JJolymer and the porosity of the final metal oxide
thin film.*>*® The infiltration mechanism of BCPs has been
previously described in detail.">*’~* Here 10 SIS cycles were
applied to infiltrate the PS-P4PV with alumina precursors; after
that, the polymer template was removed via 1 h thermal
annealing, resulting in the formation of the double-layered
gradient structure. The film thickness of porous alumina was
estimated by ellipsometry to be ~105 nm. SEM data indicated
that alumina coatings obtained using PS-P4VP templates
consisted of rather tangled porous tubular micelles (Figure 3).
The porosity of the second layer was estimated by ellipsometry
measurements to be 85%. To visualize the interface between
AlO,”™ and AlO,C? in AIOX"™/BCP we prepared the sample
shown in Figure 3d in which we mechanically removed the
fragment of PS(79)-PVP(36.5) film spin-coated on the top of
AIO "™ before SIS.

SAXS data indicates that being deposited on porous AlO,"™
(Layer 1), AlO,”F (Layer 2) has a smaller domain spacing as
compared to that deposed directly on the Si substrate. The
SAXS pattern from of AlO.*“" grown directly on Si and the
position of the diffraction peak from its microphase separated
cylindrical structure, g = 0.0089 A™' corresponding to d-
spacing of 70.5 nm (Figure 2e), are similar to those of neat PS-
PVP.*”*" On the other hand, the SAXS peak from the
AlOX™/BCP appears at a much higher g, suggesting that the
degree of microphase separation of the BCP is suppressed on
PIM. However, the SAXS pattern of the AlO"™/BCP 4150
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Figure 4. Optical performance of single (AlO,”™) and graded-index double-layered (AlO,”™/®CF) ARCs deposited on sapphire glass: the
reflectance (a) and the transmittance (b) data; the optical micrographs (c,d) visualizing the performance of the porous ARCs. The images
were taken at normal incidence and at an ~45° angle (top and bottom, respectively). Images shown in panel d were taken at an ~45° angle
to the substrate. (e) Contact angle measurements on sapphire and sapphire coated with graded-index double-layered (AlO,”™/5<?) after

hexamethyldisilazane (HMDS) treatment.

shows a diminished peak at the same position as AlO,*" at g =
0.0089 AL, Therefore, we conclude that the structures of both
samples are not much different from each other at their top
surfaces as seen from SEM images (Figure 3b,c), where the
morphologies are affected more by the polymer/air interaction
than the polymer/substrate interaction.

Optical Properties of the Single- and Graded-Index
Double-Layered ARC Coatings. The refractive index of 1.41
characteristic to a porous alumina single layer with 50%
porosity obtained with PIM-1 template (Figure le) is well
suited to minimize the reflectance of high refractive index
substrates such as sapphire (n = 1.768) or ITO glass (n =
1.827). Indeed, Figure 4 demonstrates that the reflectance of
sapphire can be lowered from ~7.9% to 0.1% at 500 nm due to
the porous alumina coating on only one side of sapphire while
the transmittance increased from ~85% to ~90—91% in the
spectral range between 380 and 650 nm (Figure 4a).

In double-layered ARC coating the thicknesses of Layer 1
and Layer 2 were 80 and 105 nm, respectively. According to
the quarter wavelength optimized thickness theory for ARC,
these layers should enable destructive interference for the
wavelengths in the visible range. Two layers of porous alumina
prepared as described (Figure 2) resulted in the design of the
graded-index ARC for a sapphire substrate that lowered its
reflectance from 7.9% to below 0.5% in a broad spectral range
(Figure 4a). Moreover, the reflectance of sapphire was lowered
to 0.1% at ~700 nm. The light transmission of sapphire was
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increased from ~85% to ~91—93% just as a result of deposited
ARC on one side of the sapphire. Note that such a significant
reduction of the reflectance and increase in the transparency of
the sapphire was realized by deposition of only two gradient-
index layers with a total thickness smaller than 200 nm.
Photographs of the uncoated and coated sapphire glass are
shown in Figure 4c,d to visualize the performance of the single-
layer and graded-index double-layered (AIO,”™/*CF) and to
highlight the better transparency and less reflection of the
sapphire coated with porous ARCs.

The double-layered ARC worked well also for the Gorilla
glass (n = 1.50), which is one of the commercial glass
candidates for high-performance screens.”” With only just two
layers of porous AlO,, we observed in our double-layered
structure (AlO,”™/BCP) 4 significant reduction of the
reflectance at normal incidence from 4% to below 0.8% over
the visible range (Figure Sa). The transmittance was improved
from 92% to above 95% in the visible range with just a single
side coating (Figure Sb). Figure Sc shows the optical image of
Gorilla glass coated with graded-index double-layered ARC,
demonstrating the transparency of the coated sample and
elimination of the light reflection at the substrate coated with
double-layered AIO ,"™/B” ARC. One can see no reflection of
the light at the coated substrate, while surrounding uncoated
Gorilla glass samples demonstrate the pronounced reflection
(Figure Sc, bottom image).
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types of polymer templates sufficiently reduced the reflection
of the typical optical substrates such as sapphire (n = 1.768)
and Gorilla glass (n = 1.50) over a broad wavelength range.

Mechanical Properties of the Single- and Graded-
Index Double-Layered Porous Alumina Coatings.
Mechanical properties of the ARC coatings need to be
appropriate for protection against scratches and abrasion
during their use. We measured the hardness and scratch
resistance of our films, parameters commonly used to
characterize the mechanical performance of the optical
coatings.””>? While we were mostly interested in the
mechanical properties of graded-index double-layered porous
films on sapphire, we also studied such structures deposited on
Si.

Our hardness and scratch test results (Figure 6) indicate that
despite the porous nature our PIM-templated and PIM/BCP
double-layered coatings have excellent mechanical properties
and are superior to the BCP-only coatings. Figure 6a shows the
plots of the hardness versus the nanoindentation depth. The
hardness of graded-index double-layered ARC structures
(AIO,"™/BCP) "on sapphire at a nanoindentation of 150 nm
can be as high as 7.5 GPa (Figure 6b), which is, in fact, higher
than the hardness of, for example, bulk fused silica glass (~6
GPa).>* Note, the hardness of sapphire (@-alumina) is around
20 GPa."” Conducting the hardness measurements on AlO,
deposited on different substrates, we observed the effect of the
substrate on the hardness that is expected for thin films.”
Interestingly, at smaller loads AlO, deposited on sapphire
shows a higher tendency toward its deformation, as evidenced
by lower hardness than coatings deposited on the Si (Figure
6b). Since sapphire has a higher hardness than Si, the effect of
the substrate only should result in the opposite trend.
However, at higher loadings the hardness values of both
coatings start to be similar for graded-index double-layered
porous coatings deposited on sapphire and Si substrates and
therefore we propose that this observation can be associated
with the position of sharp Berkovich-type indenter with respect
to the pores in the top layer and orientation of the pores. In
general, in order to minimize the effect of the substrate, it is
recommended to analyze samples in which the deformation
takes place only in the top 10—20% of the volume.”>*° This is,
however, an unreasonable condition for our structures that
have a thickness below 200 nm, dictated by the optical needs
of the application.

Figure 6¢ shows the scratch load during the scratching tests.
In such tests the critical load can be used as a measure to
compare the scratch resistivity of different coatings if the
experimental parameters are kept constant. The maximum load
is detected by the instrument using acoustic emission feedback
picked by a piezoelectric detector arranged next to the
indenter. The maximum reached load was 13 mN with a
scratch depth of about 130 nm (Figure 6d), which is much
higher than that of the porous anodic aluminum oxide (AAO)
ARC structures in which the indenter can penetrate down to
350 nm at 2 mN load,”” and approximately two times better
than we achieved for optical coatings on commercial lenses
tested using the same testing parameters. (Figure S6,
Supporting Information). The scratch tests indicated higher
scratch resistivity of coatings deposited on the sapphire
substrate as compared to coatings on Si (Figure 6¢,d) that is
reasonable since sapphire and the graded-index double-layered
coating have a similar chemical composition that can result in
their better adhesion of the coatings to the substrate.

Our results indicate that the films containing PIM (whether
single layer or double-layered) are significantly harder (Figures
6a,e). The advanced mechanical properties of graded-index
ARC are most likely due to the underlying AlIO,"™ (Layer 1)
formed via infiltration of PIM-1 (Figure 6f). The hardness of
AlO,"™ is much higher than that of AlO,*“* and comparable
to the hardness of the double-layered ARCs on Si (Figure 6b).
The scratch test data demonstrate the same trend (Figure 6c).
Therefore, Layer 1 fabricated via SIS in PIM not only served as
the first antireflection layer with a higher refractive index as
expected but also performed as a mechanical supporting layer
for the porous film above it. The higher hardness and scratch
resistance of the AlIO,"™ films as compared to AlO,*" films
can be attributed to their lower porosity and smaller size of the
pores. The mechanical test results on the double layer ARCs
on Gorilla glass are presented in the Supporting Information
(Figure S7).

The videos visualizing the mechanical stability of the
gradient-index double-layered ARC under standard cleaning
procedures are given in the Supporting Information (Video 1
and Video 2). Note, the double-layered coatings shown in both
videos were deposited on a Si substrate. Porous AlO, coatings
being deposited on Si are colored due to light interference
between the light reflected from the top and the bottom
surfaces of the film deposited on the nontransparent substrate.
As a result, it is easier to notice any scratches or delamination
in the films on a Si substrate than on transparent sapphire or
glass. Videos (Video 1 and Video 2) demonstrate that double-
layered coatings can withstand standard cleaning procedures.

It is worth noting that as-prepared double-layered ARCs are
hydrophilic; however, they can be hydrophobized by
hexamethyldisilazane (HMDS) treatment. Figure 4e shows
that such treatment almost “restores” the contact angle of
hydrophobic sapphire. Thus, the contact angle of water droplet
at sapphire and sapphire with HMDS treated double-layered
ARC are ~85° and ~75° respectively. There also other
standard treatments enabling surface hydrophilization that can
be applied to an alumina surface if hydrophobicity of the
surface is desired.'

It is also worth noting that we also conducted sample
preparation of graded-index double-layered coatings using
annealing of both polymers at once to minimize the number of
the steps in this synthetic procedure. The rationale behind this
effort was that PIM-1 was expected to have only very slight
solubility in the solvent that is used for dissolution of a BCP
such as toluene.® Moreover, infiltration of PIM-1 with
inorganic metal oxides has been previously reported to prevent
their solubility even in good solvents (e.g, THF).”* However,
while we were able to construct coating with rather promising
optical performance (Figure S8), such samples were different
from samples prepared according to the scheme shown in
Figure 2. We assume that this is a result of the slight solubility
of PIM-1 in toluene even after its infiltration with AlO,
precursors, and further studies on the improvement and
simplification of the fabrication process are needed.

CONCLUSION

In conclusion, PIM-1 can be used as a highly promising
template for the robust deposition of uniform porous AlO,
conformal films with porosity of ~50% and a refractive index
of 1.41 using SIS. Such a refractive index works well for high
refractive index substrates (e.g,, sapphire, etc.) actively used in
optical elements. For instance, a single layer AlO, coating
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obtained using a PIM-1 template deposited only on one side of
the substrate reduces the Fresnel reflections of sapphire to as
low as 0.1% at 500 nm. Moreover, such layers can be further
used in more complex architectures. We also demonstrate that
deposition of the second layer with higher porosity using block
copolymers enables the design of graded-index double-layered
coatings reducing Fresnel reflections under normal illumina-
tion to below 0.5% in a broad spectral range with 0.1%
reflection at 700 nm. It is achieved by nontoxic, stable AlO,
structures with just two layers and a total thickness of below
200 nm. Single-layer and graded-index double-layered AlO,
ARCs are characterized by high hardness and scratch
resistivity. Importantly, the mechanical properties of graded-
index double-layered coatings are determined by advanced
properties of a mechanically more robust layer formed by
infiltration of PIM-1 with a metal oxide precursor. The
maximum reached load was 13 mN with a scratch depth of
about 130 nm, and that is promising for the structures
consisting of two porous AlO, layers with 50% and 85%
porosities, respectively.

The BCP templates enable the control over porosity in a
broad range, while porosity of a metal oxide achieved with
PIMs is likely to be around 50%. However, the use of PIMs for
the fabrication of ARCs offers its own advantages. First, high-
end optical systems and products utilize higher refractive index
substrates and a refractive index of ~1.41 is well suited for such
substrates. For instance, infiltration of PIM-1 with metal oxide
precursors can be used to deposit porous films on sapphire and
other structures, such as the ITO glasss8 or flexible borosilicate
glass.”” Second, PIMs can be more cost efficient polymer
templates as compared to BCPs: the synthesis of high-quality
BCPs assumes the rigorous control over the polymerization
reaction and requires purification from traces of homopol-
ymers while the synthesis of PIM-1 is a rather straightforward
and simple process.27 Third, as we show here, porous metal
oxide coatings fabricated using the PIM-1 template can have
rather advanced mechanical properties. Fourth, the stability of
PIMs at a high temperature® provides the possibility for the
synthesis of various oxides materials, precursors of those are
decomposed at higher temperatures, which can further
broaden the library of porous materials with lower refractive
indices or make porous structures for other applications. The
use of PIM-1 as a template results in potentially cost and
process-efficient fabrication of coatings combining promising
optical and, importantly, mechanical properties.

EXPERIMENTAL DETAILS

Materials. Substrates in the experiments were silicon, sapphire,
and Gorilla glass. The silicon substrates with 300 nm thermal oxide
were purchased from Silicon Valley Microelectronics, Inc. The half-
inch sapphire glass windows were purchased from Meller Optics.
Gorilla glass was purchased from Abrisa Technologies. The polymer
of intrinsic microporosity such as PIM-1 was synthesized in DMAc at
160 °C following the previously reported procedure.”” Dimethylace-
tamide (DMAc, Sigma-Aldrich) and anhydrous potassium carbonate
(K,CO;, Sigma-Aldrich) were used as received. $,5,6,6'-Tetrahy-
droxy-3,3,3’,3'-tetramethylspirobisindane (TTSBI, Sigma-Aldrich)
was purified by crystallization from methanol. Tetrafluorotereph-
thalonitrile (TFTPN, Sigma-Aldrich) was purified by vacuum
sublimation at 150 °C under an inert atmosphere. The block
copolymer poly(styrene-block-4-vinylpyridine) (PS-P4VP) (specifi-
cally in this study (PS(79)-PVP(36.5)) was purchased from Polymer
Source, Inc.

Polymer Film Deposition. The dry PIM-1 powder was dissolved
in anhydrous chloroform with a concentration of 20 mg/mL. The dry
PS(79)-PVP(36.5) powder was dissolved in toluene to obtain 13 mg/
mL. After dissolution, the polymer solutions were filtered through a
polytetrafluoroethylene (PTFE) 0.4S um pore size filter and spin-
coated onto the clean substrate at 2000 and 4000 rpm for PIM-1 and
PS(79)-PVP(36.5), respectively. The cleaning process of the
substrates was the following: sonication in DI water (2 min),
followed by sonication in acetone (2 min) and in isopropyl alcohol (2
min).

Solution Treatment of the Deposited Polymer. For PIM thin
films, the substrates with the deposited coatings were immersed in
methanol heated to 55 °C for ~1 h and then kept at room
temperature overnight in a fume hood. For BCP thin films, the
samples were immersed in ethanol heated to 75 °C for 2 h. After
completion, the samples were dried under nitrogen gas flow and used
for infiltration with inorganic precursors from the vapor phase
immediately.

Infiltration of the Polymer Templates with Alumina
Precursors. The infiltration of polymer templates with alumina
precursors was performed using a SIS method that has been described
carlier.'**'7® A GEMStar thermal atomic layer deposition (ALD)
system was used for the process for convenience, though we note that
our process is not an ALD process (deposition rates are much higher
and the deposition is not atomic layer-by-layer) and could be carried
out in other appropriately configured chemical vapor deposition
systems as well. TMA and H,O were used as gas-phase precursors. In
the first half of a SIS cycle (~400s), the TMA vapors (0.08 s pulse
length through the ALD actuator) infiltrate into the polymer
template, selectively binding to the functional groups."> The
selectively bound precursors then react with water vapor (0.08 s
pulse length through the ALD actuator) locally producing AlO, in the
next half of the synthesis cycle (~120 s). At the end of each SIS cycle,
the unreacted gases are purged out of the chamber with 200 sccm N,
gas flow for 20 s. The procedure was repeated 10 times. The
infiltration was performed at 90 °C. The recipe used in SIS is
provided in the Supporting Information (Table S1).

Thermal Annealing. After SIS, the samples were annealed at 500
°C for 1 to 3 h to remove the polymer template under airflow in the
quartz tube in a Thermolyne 21100 Tube Furnace.

Fabrication of Single-Layer Alumina ARCs. Single-layer
alumina ARCs (further referred as AlO,”™) were prepared following
the procedures described above.

Fabrication of Graded-Index Double-Layered Alumina
ARCs. Graded-index double-layered alumina ARCs, further referred
as AlO,"™/BCP " yere prepared via spin-coating of a solution of
PS(79)-PVP(36.5) on the top of the porous AIO,"™ film. The details
of the fabrication steps are provided above. For double-layered ARCs,
10 cycles of SIS were exerted both on the PIM and the BCP templates
to obtain Layer 1 and Layer 2, respectively. Hexamethyldisilazane
(HMDS) treatment was performed using YES-3/STA. The process
parameters were 150 °C, pressure 1 Torr, and 3 cycles of N, and
HMDS purging for 5 min

Hexamethyldisilazane (HMDS) Treatment. HMDS treatment
was performed using YES-3/STA. The process parameters were 150
°C, pressure 1 Torr, and 3 cycles of N, and HMDS purging for 5 min

Characterization. A Horiba Jobin Yvon UVISEL spectroscopic
ellipsometer was used to measure the film thickness, porosity, and
refractive index of the nanoporous thin film. Refractive indices were
measured for at least 5 samples for each type of sample. QCM
experiments were conducted for the quantitative analysis of the effect
of methanol treatment on the PIM-1 using an SRS QCM200
controller. PS(79)-PVP(36.5) and PIM-1 films were deposited on the
titanium QCM substrates via spin-coating of the corresponding
polymer solutions. The AFM analysis of the coating morphology was
performed with a Bruker Multimode AFM in the tapping mode using
a silicon tip (0.5 Hz scanning speed). The SEM images were obtained
using a JEOL JSM-7500F microscope. Film reflectance was measured
by a Filmetrics F40 thin film analyzer. The transmittance of the
samples was characterized using an UV—vis spectrophotometer Cary-
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50. The FTIR analysis was performed using a Nicolet 6700
spectrometer. Contact angle measurements were conducted using a
Kruss DSA100 drop shape analyzer. The mechanical properties of the
thin films were characterized by a KLA iNano nanoindenter. The
fused silica reference material was tested for instrument verification.
The hardness tests were performed with the Berkovich tip. The
scratch tests were performed with a conical tip with a radius of 5 ym
by continuously increasing the load on the film as the indenter moved
along the surface of the substrate with a velocity of 20 ym/s. The
ramp-load started at 0.04 mN and ended upon reaching a load
necessary to cause some identifiable film failure (critical load) or until
reaching 20 mN if the film did not deform. All scratch tests were run
using the same parameters to compare the critical load values from
different samples more accurately. The critical load was automatically
determined by the instrument using acoustic emission feedback
picked by a piezoelectric detector arranged next to the indenter. A
critical load was defined as the load value at which the acoustic
emission suddenly increased. Depth profiles of the scratch vectors
were also recorded and analyzed. SAXS data were collected at
beamline 12-ID-B at Advanced Photon Source. The XPS analysis was
performed using a PHI 5000 Versaprobe spectrometer with
monochromatic 1486.6 eV Al Ka radiation.
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