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ABSTRACT:

The vast majority of LED and LCD displays, solar panels, and windows in residential and
industrial buildings use glass panels owing to their high mechanical stability, chemical resistance,
and optical properties. Glass surfaces reflect about 4-5% of incident light if no antireflective
coating is applied. In addition to energy losses in displays, surface reflections diminish picture
quality. Engineering of antireflective coatings can be beneficial for all types of glass screens,
specifically for large screens and touch-screen devices when scratch-resistance and self-cleaning
properties of the glass surface are also desired. A scalable and robust approach to produce
antireflective coatings for glass surfaces with desired optical and mechanical properties is
introduced in this work. The developed coating mimics the structure of a moth-eye cornea. The
coating is a subwavelength microstructured thin layer on the glass surface made of a monolayer of
hemispherical silica nanoparticles obtained by hydrothermal fusion of spherical particles to the
glass substrate. The sequence of the particle deposition in the layer-by-layer process is adjusted to
balance attractive-repulsive interactions among nanoparticles and between the nanoparticles and
the glass surface to generate coatings with a high surface coverage, up to 70%, which exceeds
54.7% limit of the random sequential addition model. This level of surface coverage allows for a

combination of properties beneficial for the described applications: (i) an average reflectance of



0.5+0.2% for visible and near-infrared optical spectrum, (i) an improved mechanical stability and

scratch resistance, and (iii) non-wetting behavior.
Introduction

Antireflective (AR) coatings that subdue the light reflection of substrates are continuously
attracting considerable attention due to their practical benefits for a wide range of optical and
optoelectronic devices, such as optical lenses, displays, solar panels, light moduli, anti-glare glass
surfaces, etc.!” The light reflection of a flat glass surface in contact with air is about 4-5 %. For
both sides of the glass-air interface, the reflected light energy approaches 8-10 %. Direct outcomes
of an AR coating are improved efficiency of optical devices due to reduction of energy loss,
minimized parasitic glare, and improved quality of the picture. Many efforts have been made to
combine AR properties with additional functional properties, such as scratch-resistance, self-

cleaning, anti-fog, antimicrobial, to name a few.

There are two common concepts to design AR coatings. The first approach is based on one-layer
or multilayer structures with adjusted thicknesses and refractive indices that result in destructive
interference of the reflected light. A traditional quarter-wave layer coating is a low-cost approach
to achieve total transmittance for a particular wavelength. However, for a broadband-light, such a
one-layer technique is less efficient. Multilayer AR coatings are much more efficient in a wide
range of wavelengths.® The multilayer-coating technology is commonly used for small size optical
devices, for example, optical lenses. Physical vapor deposition is typically used to form layers with
controlled thicknesses and refractive indices. It remains challenging to extend this technology for
broader applications because of a relatively high cost and substrate size limitations of the vapor
deposition technique. A potential alternative to the conventional fabrication of multilayer coatings
by physical vapor deposition is the sol-gel method.”!* However, a number of problems remain

unsolved, including material selection to match optical and thermal expansion characteristics.

The second concept is to design an AR coating made of subwavelength structures that provide a
gradual change of a refractive index at the interface between the glass substrate and air. Thin
porous or textured structures with a normal to the glass surface gradient of the refractive index is
a promising realization of this concept." '* This design was inspired by the texture of a night moth
cornea that is comprised of nanosized conical omnidirectional broadband high-transmission
structures.'* The concept of transparent subwavelength coatings that mimic a moth cornea has

been extensively explored using various deposition methods including reactive ion etching!>8,

19-21

soft and nanoimprint lithography "~', arraying polymer and silica nanostructures (by self-



22-25

assembly 27-29

and spin-coating®®), and deposition of porous structures (using dip-coating,

30-32

spraying,®*-32 and sputter-coating>?).

Consequently, nanostructured coatings combine advantages of one-layer AR coatings, including
no need to optimize optical properties and match thermal expansion coefficients for two or more
layers on the substrate and advantages of multilayer coatings, including broadband and wide-angle
AR properties. The disadvantages of nanostructured monolayer coatings are associated with often
quite complex fabrication methods and their binding to glass substrates and challenges in

achieving durability.

Here, we introduce a facile and scalable approach to fabricate robust, transparent nanostructured
AR coatings on glass substrates without using additional materials to strongly bind nanostructures
to the glass surface. In this approach, a monolayer of silica nanoparticles is deposited on the glass
surface via self-assembly and spray-coating techniques (Figure 1). Such a deposition procedure
can be easily automated and adjusted to various dimensions and curvature of glass substrates.
Afterward, silica particles are fused with the substrate to achieve a highly durable and chemically
resistant nanostructured silica surface, which contains no organic materials. In this work, we
developed novel methods to fabricate silica particle monolayers with a high surface coverage on
the glass substrate which prevent 3D-aggregation of these particles and enable their binding to the
glass surface using the hydrothermal fusion. The combination of these two methods results in the
formation of densely packed monolayers of hemispherical nanostructures with AR properties and
no inclusion of soft materials. The resulting glass surface with hemispherical nanoparticles mimics
the moth-eye texture and provides broadband transparency. Compared to other reported methods,
this approach is primarily focused on maintaining high AR properties, as well as mechanical
stability, scratch resistance, and self-cleaning properties, while using a cost-efficient and scalable

fabrication technique.

Experimental

Modeling of the optical properties

The modeling of optical properties in a wavelength range of 380-2250 nm was conducted using
the Essential Macleod software package. The coatings were represented as a stack of sublayers
with the corresponding porosity and chromatic dispersion, see Supporting Information (SI),

Figure S1.

Materials and Chemicals



Alkali aluminosilicate glass (common for mobile devices due to its chemically-reinforced shatter-
resistant  properties) slides. a  perfluoropolyether (PFPE) silane solution for
hydrophobic/oleophobic surface treatment, and a potassium salt bath were supplied by Corning
Incorporated (Corning, NY, U.S.). Monodispersed silica nanospheres AngstromSphere (200 nm
in diameter with a standard deviation of <10%) were obtained from Fiber Optic Center Inc (New
Bedford, MA, U.S.). Silica nanoparticles (SiO2, 25 nm in diameter) were purchased from
nanoComposix (San Diego, CA, U.S.). Poly(diallyldimethylammonium chloride) (PDDA, 20%
wt. % in H20, My = 150,000 g/mol), poly(sodium 4-styrenesulfonate) (PSS, My, = 70,000,
powder), 1-octanol (99%), cetyl trimethylammonium bromide (CTAB, 98%), sodium hydroxide
(pellets) were purchased from Sigma-Aldrich. 3-aminopropyltriethoxysilane (APTS, 99%) was
obtained from  ACROS  Organics (Thermo  Fisher  Scientific). 1,1'2,2" -
perfluorooctyltriethoxysilane (PFOTS) was obtained from Gelest Inc (Morrisville, PA, US).

Preparation of the antireflective coatings

In order to deposit a single monolayer of silica nanoparticles onto a glass substrate, a layer-by-
layer (LbL) assembly technique was used. The LbL process was realized by two methods: dip-
rinse and spray coating. Herein, the dip-rinse term is used to emphasize the importance of rinsing
and drying the coating after each deposition of silica particles. The fabrication technique is
schematically illustrated in Figure 1. Alkali aluminosilicate glass slides were used as substrates
for the coatings. Before any treatment, the slides were cleaned in a chromic mixture overnight and
then rinsed in deionized (DI) water and dried with nitrogen. The cleaned glass slides were coated
with alternating layers of positively and negatively charged polyelectrolytes by dipping them in 1
wt. % aqueous PDDA and PSS solutions. Redundant polyelectrolytes were removed by rinsing in
DI water. The dipping process was repeated 6-8 times with PDDA as the surface layer of the LbL.
film (SI). The (PDDA-PSS);PDDA multilayer system provides a uniform positive charge on the
glass surface for subsequent deposition of silica nanoparticles. The silica nanospheres were
dispersed in sodium hydroxide aqueous solution (30 wt % silica particles). The dispersion was
sonicated for 2-3 hours, while every 5-10 minutes, sodium hydroxide was dropwise added to
maintain the pH at 9.5. In preliminary experiments, silica particle samples of different diameters
in a range of 70-300 nm were tested for the surface coverage and a fusion process taking into
account that the latter results in a decrease of the height, 4, of the resulting structural features. The
best optical properties of the coated glass substrates were achieved for the fusion of 200 nm
spherical particles as predicted by optical modeling. This work discusses the experiments with 200

nm particles only.



For the dip-rinse method, the LbL modified substrates were dipped in 30% wt dispersion of silica
nanoparticles for 5 min, followed by rinsing with NaOH/H>O (pH 9) solution and then with DI
water, and completed by drying with a nitrogen flow. This process was repeated 1-4 times to
increase the surface coverage by silica particles. In order to partially screen the negative charge of
the deposited silica particles, the substrate was also immersed in an aqueous mixture of 1% octanol
and 0.01% CTAB for 5 min with the subsequent rinsing with DI water, ethanol, DI water, and then
dried with an N> flow. The mechanism behind the CTAB-octanol effect on the surface coverage

is discussed in the Results and Discussion section.
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Figure 1. Schematic of the fabrication process of antireflective coatings: (a) LbL deposition of a
polyelectrolyte anchoring layer, LbL silica particle deposition either by (b) dip-rinse or (c) spray
method, and (d) hydrothermal annealing of the coating.

For the spray-coating method, the same solutions were deposited using an Airbrush kit instead. A
typical spraying time was about 1 min with a liquid flow rate of 0.5-2 ml/min, an air pressure of
0.5 bar, and a distance of 50 mm (SI). Relative humidity in the deposition chamber was maintained
at 15% at room temperature. Rinsing and drying were also performed with an Airbrush for 2 min
for both washing and drying steps. The critical part of the spray-coating approach is to rinse the
substrate immediately after the deposition solution is consumed to avoid drying of the redundant

dispersion.

The deposited silica particles were fused with the alkali aluminosilicate glass substrate via
hydrothermal annealing. For this purpose, the samples were treated in a furnace with a controlled

steam flow. The time of treatment, temperature, and steam content were varied to achieve optimal



optical characteristics. The typical annealing temperature was 600 °C, the annealing time was 1 h,
and about 100% water vapor atmosphere inside the furnace. At this temperature, all the organic
components of the LbL anchoring layer were pyrolyzed and removed from the coating. A thorough
analysis was performed to investigate the influence of annealing parameters on the coating
structure and their effect on its optical characteristics. Details of this analysis are the subject of a
separate study, and the results will be published elsewhere. After the annealing, the resulting glass
substrates were additionally modified via an anion-exchange process by immersing the substrate
in a molten potassium salt bath at 400 °C to secure mechanical characteristics of the glass (standard

procedure for chemically strengthened glass production).
Preparation of self-cleaning antireflective coatings

For achieving self-cleaning properties, 0.01% wt. silica particles in aqueous dispersion (25 nm
SiO2; pH 10.5) were amino-functionalized with APTS (3 mM solution in water). This step was
used to bind cationic functional groups to the surface of 25 nm silica particles, which provide
electrostatic interaction and hydrogen bonding with the surface of silica particles in the
antireflective coating. The amino-functionalized particles were sprayed on top of the 200 nm
particle coating. The substrates were then cleaned by plasma treatment for 2 min to degrade all the
organic materials on the surface of the coating. Finally, the samples were functionalized using a
1% toluene solution of PFOTS overnight. Afterward, the treated substrates were rinsed with

toluene and ethanol and then dried with nitrogen.
Characterization of the antireflective coatings

The morphology of the obtained self-assembled monolayers of silica nanoparticles was
characterized by a JEOL 7400 high-resolution field-emission scanning electron microscope (FE-
SEM) using pristine samples without gold coating. A surface coverage with nanoparticles was
estimated as a ratio of the projected area of silica particles to the total area of the underlying
substrate (Figure S2a-c). FE-SEM imaging was adjusted to avoid glowing effects due to surface
charging. The particle size correlates with that measured by SEM and AFM (Figure S2d). The

image processing was performed using the Gwyddion software (Figure S3).

A Zeta-potential for the functionalized glass surfaces was estimated with a ZetaSpin system
(Carnegie Mellon University) using 2.5 cm disk-shaped samples in 0.2 M NaCl aqueous solutions

(Figure S4).

Transparency and haze were measured with a HazeGard instrument and a UV-2401PC

spectrophotometer. Reflection measurements were performed using a Filmetrics F40 microscope



attachment to a Nikon optical microscope in a spectral range from 300 to 800 nm. The

transmittance was measured in several locations to ensure the optical homogeneity of the samples.

The mechanical stability of the samples was characterized by the standard pencil scratch test with
pencil hardnesses up to 6H. The test method is fully described in ASTM D3363-92a. Additionally,

the samples were tested by a steel wool scratch test with controlled pressure.

Results and Discussion

Structural design

According to a simple model', for glass substrates with a refractive index of 1.5, the ideal refractive
index of a single-layer quarter-wave coating is no = (nang)"? = (1-1.5)"?=1.229 and the optimal
layer thickness is do= A/(4n,)=550 nm/(4-1.229) = 112 nm, where n, and ng are the refractive
indices of air and the glass at the source wavelength of 550 nm. No solid materials are available
with such a refractive index. A possible solution is to prepare a porous structure, for example, by
deposition of a monolayer of solid particles (Figure 2), when the refractive index could be tuned
by a change in surface coverage and shape of nanostructures. For spherical particles, the optimal
refractive index n, = 1.229 is approached at a surface coverage of about 76.5% (51% volume
porosity). However, such a surface coverage is not possible by a random particle deposition
process. For the hexagonally packed spherical particles in a monolayer configuration (Figure 2c¢),
the surface coverage reaches 90%, while for random deposition (Figure 2f), it is not greater than
60%. Another important aspect is the particle adhesion to the substrate, which is greater for

hemispherical particles (Figure 2 a,b) and minimal for spheres.

In addition to the effective refractive index and adhesion, the shape of submicron particles is very
important to approach a low average reflectivity for a wide spectral range and a wide range of
angles of incidence. It was shown with simulations and experiments**~° that a semi-conical profile
that mimics the moth-eye cornea structure (Figure 2e) is the most efficient AR microstructure for
minimized broadband and wide-angle reflectance. Approaching such a profile requires a complex
lithographic manufacturing technology. Among various proposed types of AR subwavelength
structures,®> a monolayer of hemispheres (Figure 2 a,b) on a plane substrate (glass) is selected for
this work because of the gradual change of effective refractive index across the coating and the
largest particle-substrate contact area to improve the mechanical stability of the coating. The
profile of a gradual decrease of a refractive index from glass to air depends on the packing of
hemispheres. The refractive index profile becomes less steep as the packing density is increased

(Figure 2a,b), which is in stark contrast to the case of spherical particles when, even for a densely
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packed monolayer, a sharp spike of the refractive index at the interface between the particles and

substrate could result in an increased reflectance of the coating (Figure 2c¢).

Consequently, the structure of densely packed hemispheres is a preferential structure. Such a
structure could be obtained using lithography. In this work, we found that a hydrothermal fusion
of spherical silica particles with the glass substrate led to structures that resembled both an array
of hemispherical particles and an array of semi-conical structures (Figure 2¢,d and Figure 2 f,g).
It is apparent that the optimal packing density is somewhere in between the close hexagonal

packing and sparse random packing arrangements.
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Figure 2. Schematic representation of feature arrangments and the corresponding average

refractive index profiles of (a) array of tightly packed hemispheres; (b) array of sparsely packed
hemispheres; (c) array of tightly packed spherical particles; (d) array of tightly packed spherical
particles fused to the substrate when the layer structure resembles the hemispherical structure as
shown in (a); (e) submicron structures mimicking moth’s eye; and (f) and (g) microstructures
generated in experiments (g) via random deposition of spherical particles (f) followed by

hydrothermal fusion to the substrate.

We performed numerical modeling of optical properties of the silica nanoparticle coatings of
different morphologies on the glass surface by varying the coating characteristics that could be
reproduced in our experiments (Figure 3). These types of structures were simulated previously .+
35 However, we tailored this analysis to target characteristic dimensions and optical properties of
materials used in our experiments. The spectral shape of the reflectance in the wavelength range
of 350-2250 nm and average reflectance in the visible range (Rvis) were estimated using the
Essential Macleod software package (Figure S1). This model does not account for scattering
effects. Therefore, our calculations were applied for the particle diameter or the height of silica

features (h) on the glass surface no greater than 200 nm. First, we found the optimal surface
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coverage for minimal Rvis of a monolayer of hemispherical particles by analyzing the reflectance
in a range of surface coverages from 60% - a random sequential addition (RSA), to 90% - a densely
packed hexagonal 2D-lattice. The results proved that the optimal surface coverage of hemispheres
lies between these two values (Figure 3a 1-3). Here, we demonstrate here the results for the 70%
surface coverage because it is the greatest coverage achieved in our experiments, as discussed
below. The 70% coverage is more efficient in minimizing the reflectance for larger structures and
makes the reflectance less sensitive to the variation of size 4. The latter result is practically
important because nanoparticles are characterized by some polydispersity. Hydrothermal fusion
may lead to further broadening of particle polydispersity due to the nonuniform thermal field and
mass transport in the heterogeneous process as well as the dependence of the fusion rate on a

particle size.

The results were compared with a uniform single layer coating of 51% porosity and a monolayer
of spherical particles. The graphs in Figure 3a and Figure 3b demonstrate the advantages of
hemispherical structures in terms of a better performance in a broad range of wavelengths and
angles of incidence. From the results, an optimal height /# is 107 nm for single layer uniform
coating, 105 nm for spheres, and 150 nm for hemispheres. This result is important for the proper
selection of silica particle size. We note that 150 nm feature height is also preferred from a process

point of view, because of the tendency of nanoparticles to aggregate for sizes below 100 nm.

For the optimal h and the 70 % surface coverage, we compare the coatings consisting of
hemispherical and spherical particles vs. the uniform single layer coating of the 51% porosity
(Figure 3c). The results clearly demonstrate the advantage of hemispherical particles for the
spectral width of the low reflectance region. The angular dependence of the reflectance for the best
experimentally realized structure (A=150 nm, coverage 70%) of the hemispherical particle coating

is shown in Figure 3d.

It has to be noted that the effect of particle polydispersity on AR properties of the coatings was not
studied in this work in either experiment or numerical simulations. It seems clear that further
broadening of polydispersity will change both the surface coverage and dimensions of the surface
structures. Based on the results presented in Figure 3a, we may speculate that the broadening of
polydispersity beyond 10% will increase the surface coverage but may not necessarily improve

AR properties because the 70% coverage is close to the optimal coverage for #=150 nm.
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Figure 3. Numerical modeling results for the reflectance of silica coatings on glass for different
structures and characteristic dimensions: (a) reflection vs. feature height 4, comprising: 1-
hemispheres at 70% surface coverage, 2- hemispheres at 60% surface coverage, 3- hemispheres at
90% surface coverage, 4- single layer coating with 51% porosity, and 5- spheres at 70% surface
coverage; (b) angular dependence of Rvis for: 1- hemispheres at 60% surface coverage, /=150
nm, 2- hemispheres at 70% surface coverage, /=150 nm, 3- hemispheres at 90% surface coverage,
h=200 nm, and 4- sinle layer coating with 51% porosity; (c) reflectance at the optimal /4 for: 1-
uniform porous (51%) 107 nm thick single layer coating, 2- monolayer of 105 nm in diameter
spherical particles at 70% coverage, 3 - 150 nm thick monolayer of hemispherical particles at 70%
coverage, and 4- experimental results; (d) angular dependence of Rvis for the 150 nm thick
monolayer of hemispherical particles at 70% coverage, 1, 2, 3, and 4 — for the angle of incidence

of 0, 15,30 and 45 degree, respectively, and 5- experimental results for the zero angle of incidence.

Fabrication of the AR-coating.

Based on the models and analysis, 200 nm silica particles were used to deposit a monolayer coating
for hydrothermal annealing. This size was selected with the understanding that hydrothermal

fusion will result in a decrease in the height of the structures generated on the glass to h< 200 nm.
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The major challenge for the fabrication of a monolayer of nanoparticles is to generate a defectless,
densely packed coating with 70% surface coverage. Possible defects are multilayers (particles
deposited on top of already adsorbed particles), particle aggregates, and large gaps between
adsorbed particles. Particle aggregates and larger gaps cause light scattering, decreasing the quality

of the optical coating.

One of the commonly used approaches to describe the process of depositing a monolayer of
spherical hard particles on the glass surface is a model of a random sequential addition (RSA). In
this model, hard spheres sequentially, randomly, and irreversibly adsorb on the surface without
overlap. At saturation, no space is available for other spheres. Numerical simulations for the RSA
model predict the value of 0.547 for surface coverage by a monolayer of monodisperse particles.*®
The surface coverage can be progressively larger for polydisperse particles. For example, for a
Gaussian distribution of particles by size with a standard deviation o, the surface coverage € can
be approximated by the relationship: 8 = 0.547 + 0.53 ¢.>” For a 10% standard deviation, the
surface coverage could reach 0.60. However, particle-particle interactions in a colloidal dispersion
are made repulsive to avoid particle aggregation. For a typical colloidal system with repulsively
interacting particles, the RSA model predicts an even lower surface coverage. Therefore, the
closely packed particle monolayer could be deposited at increased particle polydispersity and
minimal interparticle repulsion. However, for the case of AR-coatings, the use of particles with a
broad size distribution will causre a deviation from optimal layer characteristics and impair AR

performance (Figure 3a).

In contrast with the RSA process, the highest theoretical density 8 = 0.9069 for monodisperse
spherical particles in a 2D-lattice could be approached for the hexagonal packing arrangement.
However, it is an extremely difficult task to fabricate highly ordered particle structures on large-
area surfaces using existing scalable deposition methods. Furthermore, as the modeling results
suggest (see Figures 3a and b), the closely packed hexagonal arrangement leads to significant
degradation of the AR properties. On the other hand, the saturation limit for the RSA value of
0.547 is too low to approach the optimal optical properties and avoid the formation of light
scattering gaps in the coating. For solving this challenge, the strategy in this work is to look for
approaches that combine balancing particle-particle electrostatic interactions and exploring
attractive capillary forces to form more closely packed 2D structures.*® The process is realized on
a pretreated glass substrate, providing a uniform electrostatic surface charge distribution. These

mechanisms are used to overcome the RSA-process limitation for particle packing density.

An LbL assembly method was used to prepare an anchoring layer on the glass surface for the

deposition of silica nanoparticles. This anchoring layer consists of 7 alternating layers of
11



oppositely charged polyelectrolytes PDDA and PSS and a top PDDA layer. This number of layers
was found to be optimal based on the experiments. Such a combination provides a uniform
positively charged anchoring surface of the glass, as discussed below. Negatively charged silica
nanoparticles are attracted to the topmost positively charged PDDA polycation layer. The adsorbed
particles exhibit a repulsive interaction with the particles in solution, thus preventing the formation
of multilayers. However, these repulsive interactions limit the adsorption of particles in close
proximity to each other. The higher the density of deposited particles, the stronger is a barrier for
the deposition of another particle into the gap between the neighboring particles on the surface.
Adsorption kinetics slows down substantially as the surface coverage increases, and the resulting
coating is formed by sparsely deposited particles in good agreement with the RSA model and the
experiments®®. Since an optimal packing of deposited particles is a crucial factor in achieving
improved optical characteristics, it is essential to address the factors that affect the adsorption

kinetics, surface charge density, and its uniform distribution over the glass surface.
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Figure 4. Zeta-potential after each deposition step: 7 layers of PDDA/PSS, 8 layer of PDDA, and
5 dip-rinse cycles of SiO> nanoparticles. After the deposition steps of silica particles, the surface

was treated with a CTAB-octanol solution (shown with an arrow in the graph).

Measurements of the Zeta-potential of the glass surface in the sodium chloride electrolyte solution
were used to monitor surface charge after each step of LbL polyelectrolyte deposition (Figure 4).
The clean alkali aluminosilicate glass is negatively charged ({ = —105 mV). Each time after the
deposition of PDDA or PSS, the Zeta-potential is switched from a positive to a negative value.
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Strong oscillations of Zeta-potential values for the initial five layers is likely due to a nonuniform
charge distribution on the surface. After six depositions of PSS and PDDA polyelectrolytes, the

Zeta-potential stabilizes with minimal variations.

Spherical silica particles were deposited following the deposition of PSS-PDDA in several
consecutive steps. The deposition of silica particles on the LbL anchoring layer with less than 6
PSS-PDDA sublayers yields coatings with a low surface coverage (Figure 5a). A much greater
coverage was approached for the particle deposition on the anchoring layers consisting of 7
polyelectrolyte layers plus PDDA on top. The first deposition of silica particles results in the
surface coverage of 0.58+0.05 (Figure 5b), in a good agreement with the RSA model. Each step
of the deposition of silica particles leads to a more negative value of the Zeta-potential (Figure 4).
The built-up of a negative charge delays the adsorption of particles preserving a large fraction of
uncovered areas. It was demonstrated elsewhere that an increase of the ionic strength could be

used to screen interparticle electrostatic repulsion to increase the surface coverage.*

However,
any attempt to increase the ionic strength of the silica nanoparticle solutions resulted in some
particle aggregation and deposition of 3D-aggregates. These aggregates, being present on the

surface even in a small fraction, cause an unacceptable level of light scattering.

A selective cancelation of electrostatic repulsion between the deposited particles and the particles
in dispersion was achieved by the treatment of the coating with a CTAB-n-octanol (CTAB-O)
mixture. The mechanism of the CTAB-O effect is schematically explained in Figure 6. CTAB is
a cationic surfactant that binds to acidic silanol groups on the silica surface. n-Octanol is a co-
surfactant minimizing hydrophobization of silica particles by forming a hydrophobic complex
(Figure 6a). The CTAB-O treatment is applied to the particles in the coating, while particles in
the dispersions remain electrostatically stabilized. Thus, the CTAB-O complex is only formed on
the surface of silica particles residing on the glass substrate. This treatment results in a decrease of
the negative charge on the coated surface, as concluded from the Zeta-potential measurements
(Figure 4). In the following deposition step, the surface charge of silica particles in the colloidal
dispersion remains unchanged, while the particles in the coating are less charged. Consequently,
the repulsive barrier for adsorption of newly arriving silica particles from the solution becomes
lower (Figure 6b). Following this step, the Zeta-potential becomes more negative, indicating an
additional deposition of silica particles after CTAB-O treatment of the coating (Figure 4). The

analysis of SEM images provides evidence of higher surface coverage (Figure 5 c¢,d).
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Figure 5. SEM images of silica particles deposited on the alkali aluminosilicate glass substrate by
spray deposition: (a) A typical coverage for deposited silica particles at a low concentration of
particles in the dispersion (<30% coverage); (b) (PDDA-PSS);PDDA (1 cycle of SiO2) - the
substrate modified with 7PDDA/PSS +1 PDDA layers and with 1 cycle of silica particles
deposition prepared (53% coverage); (c) (PDDA-PSS);PDDA (2 cycles of Si0»/Octanol-CTAB/2
cycles of Si02), 63% coverage; (d) (PDDA-PSS);PDDA (3 cycles of SiO2/Octanol-CTAB/2 cycles
of Si07), 67% coverage; (e) 150 nm silica particles coatings and (f) 200 nm particles after
hydrothermal fusion. The insets show larger of 50x50 pm? areas. The surface coverage values are

calculated from collections of in-plane SEM images for each sample.
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A close examination reveals a tendency of deposited particles to form closely packed 2D-
aggregates on the surface. It is likely that silica particles are not strongly bound to the
polyelectrolyte anchoring layer and can be transported on the surface by attractive capillary forces
in the coating while drying. The capillary forces overcome electrostatic repulsion and form closely
packed domains with the hexagonal arrangement of the particles (Figure 5d) in agreement with
the well-known mechanism of the two-dimensional ordering of fine particles due to the menisci
formed around the particles.*® The fraction of these ordered domains increases with each cycle of
particle adsorption, followed by drying for both the dip-rinse (Figure S5) and spray deposition
(Figure 5 and Figure S6) methods.

The spray-deposition method demonstrated a 4% lower surface coverage as compared with dip-
rinse. The detailed study of the coatings revealed areas of closely packed particles with defects in
between. The number of defects decreases with a number of deposition cycles and optimization of
spray-deposition conditions: nozzle size, air pressure, working distance, etc. (Table S1, Figure

S7).

1 Si0o, )
HO S H-,c\-\:;m;:
“eHy
HO™ TN d b

Figure 6. Schematic for the mechanism of an increased surface coverage due to the application of
CTAB-O (see the discussion in the text): (a) formation of an electrolyte and hydrophobic complex
that results in a decrease of the surface charge of silica particles residing on the glass surface; (b)
adsorption of silica particles from a solution on the vacant sites with lower repulsive interactions

exerted by neighboring adsorbed particles.

A combination of both methods, the surface treatment with CTAB-O solutions and the repetition
of deposition-drying cycles synergistically improve the surface coverage up to 0.7+0.03 for the
dip-coating method and up to 0.66+0.03 for the spray-coating that exceeds the RSA limit of 0.6
for spherical particles with the 10% standard deviation by size (Figure 7).
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Figure 7. The average coverage was calculated from SEM images for dip-rinse (square) and spray-
coating (circle) methods versus a number of SiO> deposition cycles. Solid symbols correspond to
substrates that were treated with a CTAB-O after 2-3 cycles of silica particle deposition. The open

symbols correspond to spray-coated samples without a CTAB-O treatment.

The prepared samples with a closely packed monolayer of silica particles were annealed in a steam
furnace. Figure Se,f demonstrate representative SEM images of silica particle monolayers on the
glass substrates before and after fusion. Since the modeling suggests the 150 nm optimal height of
the structure, we compare the SEM images of a monolayer of 150 nm diameter spherical particle
(Figure 5e) and a monolayer of 200 nm particles partially fused to the glass substrate (Figure 5f).
From the comparison, the difference between the two structures is apparent: due to the fusion 200
nm particles increase their contact area with the substrate to almost the full diameter and become

shorter in the vertical direction (about 150 nm remaining height).

During the hydrothermal annealing, the deposited silica particles fuse with the glass substrate
underneath. The mechanism of this process is a combination of materials’ diffusions and Ostwald
ripening when nanoparticles residing on the glass surfaces in high-temperature humid conditions
change their shape through the dissolution-condensation mechanism and form covalent bonds that
bind the particle and glass substrate. The particle shape is changing via the formation of a bridging
“neck”. This process is driven by a decrease in the free surface energy. It was shown

experimentally that the adhesion force between the particle and the substrate is equivalent to the
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yield stress of glass.*® The mechanism of dissolution and condensation is described by the chemical

reaction
OH
(Si0,),+2H.0 (SiOz)y+Si(OH)4
OH

with the highest rates in both directions at a pH range close to the neutral pH.*! The rate of fusion
increases at neutral pH in the presence of polyamines* and with an increase of temperature. In our
case, PDDA might have catalyzed the dissolution-precipitation process of the silica particles
fusion to the glass substrate for 1 h at 100% humidity at 600 °C in the initial stages of the fusion
process prior to pyrolysis of the polyelectrolytes. The coating is transformed from a monolayer of
closely packed spherical particles into a monolayer of closely packed nearly hemispherical

particles (Figure 2g) that resemble a moth-eye structure.
Characterization of the coatings

Transmission spectra for the coatings before and after the fusion of silica nanoparticles are shown
in Figure 8. Before fusion, the spectra of the coated glass show better transparency than the
reference uncoated glass sample only for longer wavelength (Figure 8a,b). The observed
reduction of transparency for the violet-blue part of the spectrum is primarily due to a non-gradual
change of refractive index at the substrate-particle interface (Figure 2c¢,f). Since the presented
samples were fabricated by deposition of 200 nm SiO» particles, the light scattering is also

observed primarily at a shorter wavelength.

The analysis of the samples prior to the hydrothermal treatment after each cycle of the particle
deposition reveals that each additional SiO> deposition step improves optical properties and shifts
the spectra towards higher values of transparency (Figure 8a). These results are in agreement with

the surface coverage data (Figure 7).

Similar tendencies are observed for transmission spectra of the samples prepared using both dip-
rinse and spray-coating methods. Since spray-deposited coatings demonstrated a lower surface
coverage, the transparency of these samples is inferior to the dip-rinse coated glasses. However,
an interesting effect was found for a combination of a spray-coating (4 cycles of SiO> deposition)
with one dip-rinse cycle. The achieved transparency is better than that for a sample with five cycles
of dip-rinse deposited particles, although the estimated coverage for both samples was similar. It

is possible that a combination of both dip-rinse and spray methods can be used for optimization to
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target better optical performance due to the minimized number of light scattering defects in the

structures.

The spectra for the hydrothermally treated samples were measured for substrates modified on one
side only. After the hydrothermal annealing, the thickness of the coating becomes lower, and the
change of the refractive index from air to glass is closure to a graded index case. This results in
improved optical transparency, and a decreased reflectance with a reflectance minimum shifted to
a shorter wavelength for samples with a higher degree of particle fusion (Figure 8c¢). The measured
values of reflectance are 0.8, 0.1, and 0.7% + 0.05% at 450, 550, and 650 nm wavelength,

respectively. The results are in good agreement with modeling (Figure 3d).
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Figure 8. (a) Transmission spectra of spray-coated substrates after each step of the modification.
The numbers correspond to the numbers of SiO> deposition cycles. (b) Transmission spectra of
dip-rinse and spray-coated substrates before the fusion of silica particles. (dip-rinse) five cycles of
dip-rinse deposition; (spray) four cycles of spray deposition; (spray-dip-rinse) four cycles of spray
deposition and one cycle of dip-rinse deposition. (¢) Reflectance spectra of dip-rinse and spray-
coated substrates after fusion of silica particles. Two series of dip-rinse and spray-coated samples

are presented with different degree of particle fusion to the substrate (for curves 2 and 4 a degree
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of fusion is greater than for 1 and 3, controlled by annealing time 30 min and 1 h) and reflection
minima at about 550 and 510 nm, respectively. (d) Reflectance spectra of the fused sprayed sample
before and after the ion-exchange process and hydrophobic/oleophobic functionalization by a

PFPE silane solution.

Some deviation of the model from the experimental result at longer wavelengths can be explained
by at least two structural differences. First, the model was developed for the hemispherical
structures, while the fusion process results in more complex geometry (Figure 5f). Second, the
model considers a laterally uniform optical layer. In the experiments, we observe a combination
of domains with hexagonal packing and sparse areas of particle deposition (Figure 5d), leading to

some light scattering.

The measured haze values for dip-rinse and spray-coated substrates are 2.4 and 2.5% =+ 0.1%,
respectively.  After additional modification by the ion-exchange process and
hydrophobic/oleophobic surface treatment (deposition of fluorosilanes), the optical properties
were measured again (Figure 8d). The reflectance spectrum after the ion-exchange process
demonstrates no substantial changes; the haze is decreased to the value of 1.8+0.1%. After

functionalization with fluorosilane, the resulting optical characteristics were not changed.

Table 1. Mechanical and chemical resistance of the AR-coatings

Treatment Characteristics after the treatment
Average Visual defects
reflectance,%
+0.2%
550 °C, 100% humidity, 1 h 0.5 No
400 °C molten potassium salt bath, 1h 0.5 No
15% HCI, room temperature, 1 h 0.5 No
Tissue wiping with a surfactant solution 0.5 No
Organic solvents (ethanol, acetone, toluene) 0.5 No
Pencil scratch test H-6H 0.5 No
Steel wool scratch test NA* Appearance of scratches

*Increased scattering

Mechanical testing was conducted using pencils of various hardness (up to 6H). The tests revealed
no damage to the coating. The surface structure was analyzed by SEM and optical microscopy. No
scratches were detected, and no visual defects were observed after testing with 4H-6H pencils. The

softer pencils occasionally left traces of graphite particles, but no structural damage to the coating
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was observed (Figure S9b). The steel wool tests show that the coating structure is damaged and
scratches become visible with an optical microscope (Figure S9c¢). The results of mechanical and
chemical tests show very good mechanical stability and scratch resistance sufficient for many

applications when no hard abrasives are involved (Table 1).
Self-cleaning antireflective coatings

A number of applications, such as touch screens, windows, and solar panels, can benefit from
additional self-cleaning properties at atmospheric conditions. A common approach to create
superhydrophobic/oleophobic coatings which secure stain-resistant and self-cleaning properties is
to engineer re-entrant structures with a low surface energy®. A 2D-monolayer of spherical
particles is one of the examples of the re-entrant surface, which becomes non-wettable if the
particle surface is modified with low-surface energy materials. However, the breakthrough
pressure for such structures is low**. After hydrothermal annealing, the shape of particles changes

to hemispherical with the loss of the re-entrant geometry.

Figure 9. AFM image of the superhydrophobic coating obtained by additional spray coating with
20-30 nm silica particles with subsequent fluorosilane hydrophobization. The inset presents an

optical image of a water drop on the coating.

The non-wetting property of spherical particle coatings is typically improved by the generation of
raspberry-type structures when the particles in the coating are coated with nanoparticles smaller
by size, which adds re-entrant structures at a smaller scale. In this work, 25 nm silica particles
were deposited using a spray deposition method. After that, the coating was functionalized with
fluorosilane to minimize the surface energy. The morphology of the coating is shown in Figure 9.

The coating is non-wettable, with a water contact angle of 150° + 5 °. This additional layer of
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smaller nanoparticles has a minimal effect on the transparency of the sample with the average

transparency reduced by less than 1% for 2-side coatings (Figure S10).

Summary

Transparent and robust all-nanoparticle antireflective coatings made of closely packed monolayers
of hemispherical silica particles were formed on glass substrates. The coatings were assembled by
multiple depositions of 200 nm spherical silica particles on the LbL polyelectrolyte anchoring
layers, which modified the glass surface with uniformly distributed positive surface charges by
dip-rinse or spray-coating methods. Multiple depositions (3-4) of silica particles yielded a surface
coverage of about 0.6. This was followed by the application of cationic and nonionic surfactants
CTAB and n-octanol to further modify the surface of the coating and reduce electrostatic
repulsions between silica nanoparticles while securing the colloidal stability of the particle
dispersions. The resulting surface coverage approached 0.7, which is substantially greater than that
observed for the random sequential addition process in simulations and experiments (0.547 and
0.6 for monodisperse particles and polydisperse particles with a standard deviation by size of 10%,

respectively).

The coating was annealed in a superheated steam atmosphere to induce a hydrothermal annealing
process similar to Ostwald ripening. The particles were transformed from spherical to
hemispherical shape and fused to the glass substrate. The 2D-hemispherical densely packed
nanoparticle layer provided a gradual change of a refractive index at the glass-air interface. The
spectroscopic analysis revealed the minimum and average reflectance of 0.1% and 0.5%,
respectively, in the visible wavelength range, in good agreement with numerical models. The
hydrothermal annealing improved the mechanical integrity of the coating and its scratch resistance

up to the 6H pencil hardness level.

The coatings were fabricated using two scalable deposition methods: dip-rinse and spray-rinse, by
alternating deposition of particles by immersing the glass in the particle dispersion or spraying it
on the glass surface, respectively, and followed up by rinsing and drying of the coated glass. The
optical characteristics of the coatings prepared by these two methods were quite similar, while the
spray-coated samples were a little lower in transparency as compared with the dip-rinse coated
ones. However, the best result was demonstrated for a combination of these two methods (spray-

coating first and dip-rinse as the last deposition step).
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The improved transparency of the particle coatings correlated directly with the surface coverage.
The experiments performed to develop the coating method demonstrated that multiple deposition-
rinsing steps followed by sample drying are critical to employ attractive capillary forces and
generate closely packed nanoparticle domains in the coatings. The latter, if combined with
suppressing electrostatic repulsion between particles in the coating and particles in suspension,
resulted in densely packed particle layers with a surface coverage of 0.7 and no 3D-aggregates.
This mechanism can be realized if the particle-glass interaction is strong but reversible when

particles can be transported on the surface under the action of capillary forces.

Additional deposition of smaller particles (25 nm) functionalized with fluorosilane on the surface
of the antireflective coating was used to fabricate superhydrophobic surfaces characterized with a
water contact angle of 150° + 5°, while optical properties were not significantly affected by this
modification. Such a method is a scalable approach to the fabrication of durable transparent

antireflective coatings for various applications.

ASSOCIATED CONTENT
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