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ABSTRACT: Bio-inspiration and advances in micro/nanomanufacturing Applications

processes have enabled the design and fabrication of micro/nanostruc-
tures on optoelectronic substrates and barrier layers to create a variety of
functionalities. In this review article, we summarize research progress in
multifunctional transparent substrates and barrier layers while discussing
future challenges and prospects. We discuss different optoelectronic
device configurations, sources of bio-inspiration, photon management
properties, wetting properties, multifunctionality, functionality durability,
and device durability, as well as choice of materials for optoelectronic
substrates and barrier layers. These engineered surfaces may be used for
various optoelectronic devices such as touch panels, solar modules,
displays, and mobile devices in traditional rigid forms as well as emerging flexible versions.

KEYWORDS: superomniphobicity, flexible substrates, antireflection, light scattering, pressure stability, optoelectronics, stain resistance,

condensation resistance, mechanical durability

INTRODUCTION

Over the past decade, there has been a proliferation in
optoelectronic devices such as solar panels, displays, tablets,
phones, touch panels, light-emitting diodes (LEDs), and
sensors. An essential component in these devices is the
substrate or barrier layer, which needs to provide high optical
performance, protect the device from the environment, as well
as provide for multifunctionality. The substrate or barrier layer
can be rigid, such as glass, or flexible, such as plastics and
papers.

Figure 1 shows various optolectronic substrates and barrier
layers as well as sources of bio-inspiration for achieving
different material properties and functionalities. This review
article summarizes sources of bio-inspiration and recent
advances in micro/nanomanufacturing. Future challenges and
possibilities for using optolectronic substrates and barrier
layers in modern optoelectronic devices are discussed.

This review article consists of four main sections. In the
Introduction, we provide a brief overview of optoelectronic
substrates and barrier layers. We briefly discuss optoelectronic
device configurations, source of bio-inspiration, photon
management properties, wetting properties and multifunction-
ality, durability considerations, as well as choice of materials. In
the second section, we discuss photon management properties,
which includes broadband and broad angle antireflection as
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well as haze management. In the third section, we discuss
wetting properties and various functionalities. Desirable
functionalities for optoelectronics include antisoiling, self-
cleaning, stain resistance, antifogging, and anti-icing. Finally, in
the last section, we discuss the durability of optoelectronic
devices with regard to device durability, stability in the
presence of different stressors, property and functionality
durability, and durability strategies.

Optoelectronic Device Configurations. Figure 2 shows
three different configurations of optoelectronic devices: (a)
superstrate, (b) substrate, and (c) bifacial. This classification is
based on which side the light passes through to reach the
device layer. In the superstrate configuration (Figure 2a), light
passes through the transparent substrate. Devices in the
superstrate configuration are deposited on a transparent
substrate, which acts as a supporting material. On the other
side of the device, there is an encapsulation layer, which may
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Figure 1. Glass, plastics, and papers are the most common optoelectronic substrates and barrier layers. Inspired by nature, many
functionalities such as self—cleaning,1 antifogging,2 as well as stain resistance® can be created for these substrates or barrier layers. Surfaces in
nature such as the moth eye,* wings of cicada,® and glasswing butterfly wing® provide bio-inspiration. Micro/nanostructures provide
controlled optical properties such as light scattering”® and tunable wetting properties.' Multifunctional optoelectronic substrates and barrier
layers can be used in many devices such as smart phones, e-paper, solar modules, and flexible devices. Cicada wing image reprinted from ref
5. Copyright 2015 American Chemical Society. Antifogging image reprinted from ref 9. Copyright 2012 American Chemical Society. Light
scattering image reprinted with permission from ref 8. Copyright 2017 The Optical Society.
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Figure 2. Schematic of the (a) superstrate, (b) substrate and (c) bifacial layer configurations for optoelectronic devices.

be opaque. In the substrate configuration (Figure 2b), light
passes into or out of the cell through the transparent barrier
film on the other side of the substrate. The optical properties
of the substrate are not important, and thus a wide variety of
substrates including opaque materials such as metal foils or
stainless steel may be used. In this configuration, the device
requires an encapsulant and transparent barrier layer on the
top of the device. In the bifacial configuration (Figure 2c), the
substrate layer and top barrier layer must both be transparent
for light to pass through to or from the device in both
directions. This review paper focuses on describing substrates
and barrier films where optical transparency is important. That
is, this paper discusses the substrate in the superstrate
configuration, the barrier layer in the substrate configuration,
as well as both the substrate and barrier layer in the bifacial
configuration.

Bio-Inspiration. Natural species have surfaces with specific
topography and functionalities that may help them survive in
their environment. Textures found in nature provide for
various optical properties such as transparency, antireflection,
light absorption, and antihazing, as well as various desired
functionalities from micro/nanoscale features that are related
to liquid repellency such as antisoiling, self-cleaning, stain
resistance, antifogging, and anti-icing. Biological surfaces have
inspired research to understand how the physical and chemical
properties of different surfaces provide for such functionalities
and guided the development of various synthetic surfaces.

Photon Management Properties. Optoelectronic sub-
strates and barrier layers must have high transparency to allow
photons to either pass into or out of the active layer in the
device with high efficiency. To increase transparency, reflection
from the surface—air interface needs to be minimized. The
antireflection may be desired across a wide range of
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wavelengths, which is referred to as broadband antireflection.
Additionally, the antireflection may be needed over a broad
range of incidence angles, which is referred to as broad angle
antireflection, or over all angles, which is referred to as
omnidirectional antireflection. Broadband and broad angle or
omnidirectional antireflection properties are essential for many
optoelectronic substrates and barrier layers.

Light scattering is also important for several optoelectronic
devices such as solar cells'” and light-emitting diodes
(LEDs),"" where the efficiency of these devices can be
enhanced by increasing light scattering. Haze is a parameter
for quantifying the light scattering and will be discussed in
detail in the haze management section. While many
applications such as displays, need low light scattering, to
achieve high clarity,'"””"> high haze can increase the power
conversion efficiency or extraction efficiency of solar cells and
LEDs, respectively.

Wetting Properties and Multifunctionality. Function-
alities such as antisoiling, self-cleaning, and antifogging provide
value to optolectronic devices as these functionalities help the
device perform with high efficiency in different environmental
conditions. A surface with liquid repellency results in droplets
balling up on the surface and easily rolling off as opposed to
droplets soaking, penetrating, or leaving behind a wet residual
on the surface that may interfere with optical performance.
Antisoiling surfaces reduce the adhesion of dust or other
airborne particulates onto the surface, which negatively affect
the optical performance of the device. Dust and dirt particles
can be removed from self-cleaning surfaces with the use of
water or solvent. Many applications require stain resistance
functionality. Various liquids leave behind a stain or change in
color after they dry, which can reduce transmission. Stain
resistance functionality helps to prevent this negative effect.
This functionality can also prevent fingerprint marks, for
example, from remaining on the surface (also referred to as
smudge resistance). Antifogging surfaces inhibit condensation
formation so that visibility is not hindered even in humid
environments. Anti-icing surfaces reduce the formation of ice,
which can also inhibit visibility. These functionalities can be
achieved by changing the micro/nanostructure and chemistry
of the surface and are often correlated with the wetting
behavior of the surface.

Durability of Optoelectronic Devices. Optoelectronic
substrates and barrier layers are important for the long-term
durability of the optoelectronic device. The substrate and
barrier film is part of the encapsulation, where it acts as a
protective layer between the device and the environment.
Oxygen and water vapor must be prevented from diffusing
through the substrate and interacting with and degrading the
optoelectronic device. In addition to this essential function, the
various properties and functionalities of the optoelectronic
device must be maintained in the presence of various stressors,
such as abrasion, elevated temperature, liquid droplet impact,
and particulate impact. Various strategies are being researched
to enhance the durability of optoelectronic substrates and
barrier layers.

Choice of Materials. The three materials that are typically
considered for optoelectronic substrates and barrier layers are
glass, plastics, and paper. The most common material is glass
due to its high transmission, reasonable cost, and excellent
barrier properties. Common types of glass include soda lime
and fused silica. Recent demands for lighter weight and
flexibility for flexible optoelectronic applications have led to

research into thinner glass. This not only helps reduce the
overall weight of the device but may also enable flexibility as
the bending stiffness is proportional to the thickness of the
material to the third power.

Plastics may also be integrated into flexible optoelectronics
due to their flexibility. Plastics have acceptable mechanical
durability, light weight, and low price in combination with
good optical performance and may be manufactured scalably
and with low cost by methods such as roll-to-roll
manufacturing. However, their low melting point provides
challenges in their incorporation into optoelectronic devices,
and their poor barrier properties result in challenges in long-
term durability. Also, issues with the recycling of plastics is a
major concern and a hindrance for their wide usage.

Transparent paper has attracted much attention from both
industry and researchers as a flexible substrate for optoelec-
tronics. Paper is an environmentally sustainable material that
can be made with scalable roll-to-roll manufacturing
processes.17 It is lightweight, low cost, and flexible and can
be engineered to be transparent. Paper is mainly made of
cellulose fibers up to S0 ym in diameter and several millimeters
in length where the microfibrils consist of nanofibrils with a
diameter of a few nanometers.'” Paper’s roughness and
microstructure are typically what makes it opaque. In recent
years, researchers have demonstrated transparent paper for
optoelectronics by reducing the presence of pores and surface
roughness."”™*° Transparent paper can be incorporated in
photovoltaics as a substrate®~*® or antireflection coating.*”*
Also, paper may be integrated with transparent conductive
electrodes®®*>* ™7 and used in optoelectronics such as
organic light-emitting diodes (OLEDs),”' ™' displays, and
touch screens.*”** However, major challenges exist for paper in
demonstrating scalability of manufacturing for transparency,
abrasion resistance, and barrier properties. Creating function-
alities related to liquid repellency also present a challenge.

PHOTON MANAGEMENT

Optoelectronic substrates and barrier films must allow light to
transmit through the material with high efficiency so that light
can either couple into or out of the active layers of the device.
Optical losses may occur due to reflection or absorption of
light. For non-absorbing materials, the transparency and
reflection must sum to 100%, and thus, maximizing trans-
parency is the same as minimizing reflection. Optoelectronic
substrates and barrier layers consist of two interfaces where
reflection may occur: between the substrate (or barrier layer)
and the air and between the substrate (or barrier layer) and the
device material. Antireflection is important for increasing
power conversion efficiencies in solar modules, extraction
efficiencies in displays or LEDs, and the sensitivity or
responsivity of sensors.

Substrates and barrier layers are typically used with a quarter
wavelength thickness antireflection layer coating that reduces
reflection losses at the interfaces using destructive interfer-
ence.”” This antireflection coating consists of an intermediate
thin film layer with an index of refraction that is the geometric
mean of the materials on both sides ny and n,, n, = /ngn,,
and thickness d = 4%1’
single layer antireflection coating can suppress reflection to 0%
at normal incidence at a particular wavelength by destructive
interference. However, antireflection is often desired over a
broad range of wavelengths. Multilayer antireflection coatings

where 4 is the wavelength of light. A
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Figure 3. Antireflection surfaces in nature. (a) Optical and (b) scanning electron microscope (SEM) images of a (i) moth eye,* (ii)
transparent cicada wing,®” and (iii) transparent glasswing butterfly. Moth eye images reprinted with permission from ref 4. Copyright 2011
The Royal Society of Chemistry. Cicada images reproduced with permission from ref 87. Copyright 2014 AIP Publishing.

may be used, but the destructive interference effects of each
layer in the system need to be considered to suppress reflection
to close to 0% across a wider spectral range.**

Also, broad angle antireflection over a wide range of
incidence angles or omnidirectional antireflection over all
possible incidence angles is often desirable. This is important
for displays where a wide viewing angle is desirable. In
addition, this is relevant for solar modules due to the
movement of the sun through the sky and the fixed nature
of most solar module installations. The property of reducing
reflection across a wide variety of wavelengths is referred to as
broadband antireflection. The property of reducing reflection
over a broad range of incidence angles is called broadband
antireflection and over all incidence angles is called omnidirec-
tional antireflection.

Another important optical property is optical haze. The
American Society for Testing and Materials (ASTM) standard
D1003*° defines the haze factor as the percentage of scattered
light as a function of wavelength (1):

H() = scattered transmission (1) % 100%

total transmission (1) (1)

The scattered transmission is the transmitted light that deviates
from the incident beam direction greater than 2.5°. The total
transmission is equal to all of the transmission that passes
through the material, which is the sum of the direct
transmission (light that deviates less than or equal to 2.5°
from the incident light direction) and the scattered trans-
mission (light that deviates greater than 2.5° from the incident
light direction).

Depending on the application, high or low optical haze is
desired. For photovoltaics, high transparency and high haze
substrates can increase absorption in the solar cell by
enhancing the light path length inside the active layer.’’
LEDs also benefit from increased haze as this leads to
increased extraction efficiency. On the other hand, low optical
haze is of high importance for displays and touch screens due

to the importance of higher clarity of images and text
viewed.>*

Many antireflecting surfaces can be found in nature. Figure 3
shows (a) optical and (b) scanning electron microscope
(SEM) images of a (i) moth eye,* (ii) cicada wing,”” and (iii)
glasswing butterfly wing. Moths eyes are well-known for their
antireflection properties.”*”"° Moth eye surfaces consist of
hexagonal close-packed nanostructures that are roughly 200
nm tall with 300 nm pitch. These structures act as an effective
continuous refractive index gradient between the air and the
surface to provide for better antireflection. This antireflection
enables insects to see better under low light conditions or at
night.91 In addition to moth eyes, various insect wings, such as
that of the glasswing butterﬂy,gz’93 hawk moth,” and
cicada,*”” exhibit antireflection properties. Nanopillars of
random size and high aspect ratio cover the transparent
sections of the wings. In the case of the glasswing butterfly, the
random distribution of height and width of the pillars provides
for omnidirectional antireflection.” The antireflection proper-
ties of insect wings make it more difficult for predators to spot
the insect.

The surfaces of these natural surfaces consist of nanostruc-
tures that are smaller than relevant optical wavelengths.
Modeling the interaction of light with these nanostructures
can involve methods such as rigorous coupled mode analysis
(Fourier modal method), finite element method, or finite-
difference time-domain method.”® Effective medium approx-
imations can also be used where the nanostructures are
modeled as layers of composite materials, where each layer has
an effective index of refraction based on averaging the indices
of refraction in that layer. This approximation allows one to
solve Maxwell’s equations analytically using the transfer matrix
method.”’

Researchers have pursued two main approaches for creating
subwavelength nanostructured antireflecting surfaces. The first
strategy consists of creating subwavelength porous and
patterned structures where the effective refractive index is
reduced by decreasing the volume fraction of the solid in the
layer. These structures function like a medium where the

https://dx.doi.org/10.1021/acsnano.0c06452
ACS Nano XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsnano.0c06452?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06452?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06452?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06452?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06452?ref=pdf

ACS Nano WWWw.acsnano.org
(a) () (b) 12 : ,
. I I I o~
~ 10 S T =) . -
\ 3\‘:: , gl § 8 E 3 -
b = 8 o6k @ -
= 5 s - o :
(ii) S \ * Bare glass g 4r s -
C\{m + SL film o = Bare glass
2 NW array
0 1 1 1 0 1 I |
0 1 2 3 4 0 1 2 3 4
. (0 . (9
Rsolar,O (%) Rsolar,o (%)
12— I T 12 —T T T
1o} iil) e 4 10 WV .
2 g 4 & gk
(iii) = 8 ’ g 8 - Bare glass
& &l 4 4 " el —SL film -
g 4 + Bare glass 5 al \\ NW array B
o° * NC array ? - —NCarray
2 4 2 -
0 1 L ol 1 1 I
Y L 2 3 4 0 1 2 3 4
. (O,
Rso\ar,o ( /u) Rsolar,[)) (%)

Figure 4. (a) Schematic and (b) scatter plots for (i) single thin film layer, (ii) nanowire array, and (iii) nanocone arrays. (b) (iv) Comparison
of Pareto frontier of three systems in a single plot. Reprinted with permission from ref 98. Copyright 2020 The Optical Society.

effective index of refraction can be tuned by adjusting the solid
fraction. These structures perform comparably to a single layer
film with the ideal index of refraction,”® but this approach is
often used because durable materials with an appropriately low
index of refraction may not exist.

The second strategy to reduce reflection, proposed by
Rayleigh” and seen in the natural surfaces described above, is
to gradually change the refractive index between the two
materials at the interface. Han et al. recently reviewed several
nanostructure arrays with these properties such as nanocones,
nanograss, nanowires, nanoholes, and nanopyramids.100 These
antireflection structures can be fabricated by a variety of
different methods such as dry etchin%, wet etching, multistep
etching, and colloidal lithography.'”' =" Nanostructures based
on the moth eye have been demonstrated, showing broadband
antireflectivity.'>*~'°® Random nanostructures inspired by
glasswing butterfly can also be utilized to reduce the reflection
of light at high incidence angles.”

Broadband and Broad Angle Antireflection. Both
nanowires'”” and nanocones'”® have been evaluated for solar
top glass sheets, which require broadband and broad angle
antireflection. For example, it has been shown that by
fabricating nanowire arrays on both sides of a glass substrate,
normal reflection can be reduced to 0.97% in the wavelength
range of 425—1000 nm.'”” Nanocone arrays have been
investigated by several research groups. Different fabrication
processes such as self-assembly, ” metal dewetting,''® and
lithography” have been used to fabricate nanocones in glass.

Recently, we used machine learning and optimization
together with optical simulations to study the broadband and
omnidirectional performance limits of three common antire-
flection structures including single layer films, nanowire arrays,
and nanocone arrays.”® In this work, we calculated the
integrated reflection over the solar spectrum by

Su(1)R(2)dt

solar — 7/@ (/1)(1/1 -

where R(4) is the reflection spectrum, by(4) is the photon flux
density of the AM1.5 global solar spectrum,''’ and 4 is the

wavelength. The reflection spectrum was assessed at normal
incidence angle (Ry,0-) and 65° incidence angle (Rqy;50)-
We searched for solutions to the optimization problem

min Rsolar,0°(x)1 Rsolar,éso(x)
xeX

()

where X is the space of all possible design parameters. We
used the finite-difference time-domain method for simula-
tions.' "

For a single antireflection layer, only one parameter can be
adjusted: the thickness of the antireflection layer ¢, as shown in
Figure 4a(i). In this work, we assumed that the material of the
single layer has the ideal wavelength-independent refraction
index of n; = 1.21, which is the geometric mean of refraction
indices of air, ny = 1, and fused silica glass, n, = 1.46. Figure
4a(ii) shows the NW array system, which can be defined by
three parameters: pitch (a), height (h), and diameter (d).
Figure 4a(iii) shows nanocone arrays as defined by the four
variables, pitch (a), height (h), top diameter (dtop), and
bottom diameter (d,,). The nanowires and nanocones are
made of the same glass as the underlying layer with the same
refraction index at each wavelength.

The results of the simulations of the systems based on
machine learning optimization are shown in Figure 4b. In these
plots, the x-axis is Ryyj,,0- and the y-axis is Ry, ¢50- As shown in
Figure 4b(i,ii), the performance of single layer thin films and
nanowire arrays is similar. However, nanocone arrays show
near perfect broadband and omnidirectional antireflection
(Figure 4b(iii)). The purple box in each plot shows the
performance of bare glass. Figure 4b(iv) compares the
performance of the three systems and shows the advantage
of nanocone arrays over nanowire arrays or single layer films.
Nanocone arrays exhibit R, oo = 0.15% with corresponding
Roolarsse = 1.25% or minimum R, 0 = 0.78% with
corresponding R, oo = 0.23%. Effective medium analysis of
near optimal nanocone arrays showed that nanocones that
grade the refraction index smoothly and minimize the
discontinuity between the bottom of the nanocone arrays
and the top surface of the glass result in the best antireflection
performance.
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optical and (iii) SEM images of high transparency, high haze (a) paper,’” (b) glass,® and (c) plastics.” Paper images reprinted from ref 37.
Copyright 2014 American Chemical Society. Glass images reprinted with permission from ref 8. Copyright 2017 The Optical Society. Plastic

images reprinted with permission from ref 7. Copyright 2018 IOP Publishing.

Haze Management. High transparency and low haze is
essential for high clarity in touch screens and display
applications. Antireflection coatings, as discussed in the
previous section, are a practical solution to increase the
transparency as well as the clarity. Surface roughness needs to
be controlled in order to avoid light scattering.” Examples of
high transparency, low haze optical substrates, and barrier
layers were provided in the previous section, such as optimized
nanocone arrays on glass substrates.

On the other hand, high haze has been shown to increase

light absorption in the active region of solar cells."'>""*

L . . 115
Transmission and haze tend to be inversely proportional,
where increasing haze tends to decrease transparency and vice

versa. Therefore, achieving high transparency, high haze

substrates or barrier layers with values more than 80% has
been challenging.

Figure S highlights recent work on high transparency, high
haze results for (a) optical paper, (b) glass, and (c) plastic
substrates and barrier layers. The total transmission and haze
(at 550 nm) is plotted in (i) in each of these subfigures. For
each material, the best performing data as defined by Pareto
optimality are plotted. A datapoint is considered Pareto
optimal or Pareto efficient if there are no other datapoints with
both higher transparency and haze. In each subfigure for (a)
paper, (b) glass, and (c) plastic, (ii) optical and (iii) SEM
images of high haze and high transparency materials are shown.

Until recently, there were no reports on optical substrates or
barrier layers with transparency over about 90% and haze more
than 209%.”"''>"' 41O 1 2014, Fang et al. reported a
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(a)

solid

liquid

vapor

Figure 6. (a) Schematic of the three phase system (solid, liquid, and vapor) showing a static contact angle along with the surface tension
interfaces at the contact line. (b) Optical and SEM images of surfaces from nature that demonstrate interesting wetting properties including
(i) Nelumbo nucifera (sacred lotus), (ii) Papilio ulysses (Ulysses butterfly), and (iii) Isotomorus palustris (springtail). (c) (i) Examples of re-
entrant structures (left to right) (top row) include microspheres, microspheres with nanospheres, microhoodoos, mushroom pillars (bottom
row) serif T or doubly re-entrant microposts, nanosphere re-entrant microposts, triply nano-re-entrant microposts, and triply hierarchical
nano-re-entrant microposts. (c) (ii) Schematic of a Cassie—Baxter wetting for triply nano-re-entrant microposts. Butterfly image reproduced
with permission from ref 144. Copyright 2006 Journal of Experimental Biology. Springtail image credited to Lucarelli under Creative

Commons license.

transparent paper based on wood fibers, with ultrahigh
transparency of X96% as well as high optical haze
(~60%).""* By integrating an organic solar cell with this
ultrahigh transparency, high haze substrate, the power
conversion efficiency (PCE) increased from $.34 to
5.88%."'® Afterward, they also reported the fabrication of
transparent paper with haze that could be tuned from 18 to
60% by vacuum filtration.”” In addition, in 2016, Yao et al.
reported high transparency (more than 85%) and high haze
(more than 90%) plastic—paper substrates by roll-to-roll
compatible fabrication methods.”" They showed that this
substrate increases the current efliciency of an OLED by 35—
40%, and the power conversion efficiency for thin film solar
cells can be increased by 15%.”' Zhu et al. demonstrated
wood/polymer composites and demonstrated the combination
of more than 90% transparency and 80% haze, which increased
the efficiency of a GaAs solar cell by 18%.""" Figure Sa(i)
compares a variety of high transparency, high haze papers
demonstrated, such as cellulose paper made of mesoporous
wood,'* nanofiber (and microfiber) paper,"'® wood compo-
sites,"”" nanostructured paper,”” and plastic—paper hybrids.”*
Figure Sa shows an (ii) optical and (iii) SEM image of high
transparency and high haze paper fabricated by nanostructured
wood microfibers.”” Most work on both high haze and high
transparency optoelectronic substrates or barrier films have
focused on paper and wood composites.

There have been few reports on high transparency and high
haze glass. This has included glass with aggregated alumina
nanowire arrays'’> and imprinted polydimethylsiloxane
(PDMS) on glass, which showed 94.6% transparency and
92.7% haze.'”” Recently, we reported the fabrication of
nanograss on glass,"”® which provides transparency and haze
both over 90%. We used maskless reactive ion etching for

fabrication of nanograss structures on fused silica glass. We
showed that the optical properties of the glass substrate can be
controlled by adjusting the height of the nanograss. Shorter
nanograss provides better antireflection, and longer height
nanograss increases the optical haze.

We also coated the nanograss structures with octadecyltri-
chlorosilane (OTS) to improve the hydrophobicity and show
self-cleaning functionality." The optical properties of nanograss
glass did not change significantly with OTS coating. Figure
Sb(i) shows the optical performance of nanograss glass with
green circles and OTS-coated nanograss glass with blue
squares. In order to compare the performance of our high
transparency, high haze glass substrates, we plotted the data for
optoelectronic glass substrates with the best optical properties
in literature with gray color. Aggregated alumina nanowire
arrays'** and imprinted PDMS on glass'** showed a significant
optical performance improvement compared to that of other
glass. As shown in Figure Sb(i), two of the green circles
(nanograss glass) and two of blue squares (OTS-coated
nanograss glass) are on the Pareto frontier, plotted with the
dashed line. The details of the fabrication process and the
dimensions of the nanograss glass and OTS-coated nanograss
glass are described elsewhere. " Figure Sb shows (ii) optical
and (iii) SEM images of our high transparency and high haze
nanograss glass.”

The nanograss structure can also be made on plastic.”
Similar to glass, the optical properties can be tuned by
controlling the height of the nanograss. We have reported the
fabrication of high transparency, high haze flexible plastics.”
Figure Sc(i) shows the optical performance of the best plastic
substrates reported in the literature (gray markers) as well as
the performance of our high transparency high haze plastic
substrates, plotted with green circles. The literature data
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plotted includes plastic—papers,”" poly(ethylene terephthalate)
(PET) coated with silica nanoparticles,””* and doped poly-
(methyl methacrylate) (PMMA)/PET without'*® and with
shear."*® As shown in Figure Sc(i), the Pareto line consists of
only nanograss PET substrates with different height of the
nanograss. Figure Sc shows (ii) optical and (iii) SEM images of
our high transparency and high haze plastic.”

WETTING PROPERTIES AND MULTIFUNCTIONAL
SURFACES

A variety of functionalities are desirable for optoelectronic
substrates and barrier films related to maintaining their optical
properties after exposure to various liquids or particulates.
These functionalities are often closely correlated to the wetting
properties of the surface and include antisoiling, self-cleaning,
stain resistance, antifogginﬁ, and anti-icing. Other function-
alities such as antibacterial >’ and antivirofouling'** may also
be of interest.

Surfaces may be engineered to promote various wetting
states such as Cassie—Baxter and Wenzel states, which may be
applied to water, oils, as well as a host of other liquids.
Superhydrophobic surfaces are defined as substrates that
strongly repel water with static contact angles more than 150°
and hysteresis less than 10°. This type of wetting may be
achieved from a metastable Cassie—Baxter wetting state.' "~ "'
These types of surfaces demonstrate their functionalities by
maintaining an air barrier to prevent liquids from infiltrating or
contaminants from adhering. Literature has also adapted the
nomenclature with the prefixes oleo-, amphi-, and omni- to
classify the wettability of oils, all Newtonian liquids, and all
types of liquids, respectively. For example, superoleophobic
surfaces demonstrate static contact angles more than 150° and
hysteresis less than 10° for oils.

In contrast, superhydrophilic and superoleophilic substrates
show low water and oil static contact angles, respectively, of
generally less than 10° and high hysteresis from a Wenzel
wetting state. Superhydrophilic/superoleophilic substrates may
be helpful for applications such as oil—water separation, self-
cleaning, and antifogging. These types of surfaces demonstrate
these functionalities by creating a high energy liquid barrier to
prevent infiltrating liquids or the adhesion of contaminants. In
comparison, superhydrophobic/superoleophobic surfaces
maintain an air barrier to minimize the potential contact area
between the substrate and infiltrating liquids or contaminants.
Most of the research in recent years has focused on the
development of superhydrophobic/superoleophobic substrates
due to the performance of these substrates. Surface wetting
properties will first be explained in order to fully discuss these
mechanisms.

Surface wettability is composed of a three phase system
between solid, liquid and vapor (gas), where all three meet at
the three-phase contact line. A static contact angle is formed
once the contact line is motionless from reaching an
equilibrium of tangential forces caused by the interfacial
surface tensions. Figure 6a(i) shows a schematic of a droplet at
equilibrium. Tangential surface tension forces acting along the
solid—vapor, solid—liquid, and liquid—vapor interfaces are
represented by ysy, vs, and ypy, respectively.

Young was credited for describing the wetting contact angle
of a completely smooth surface in contact with a liquid. The
intrinsic contact angle of the surface, 6y is described in terms of
the interfacial energies involved in the three phase (surface,
liquid, vapor) system such that'**

Ysv — ¥
Ny 4)

However, Young’s equation is unable to explain the
observation of naturally occurring superhydrophobic surfaces.
The force balance phenomenon that results in super-
hydrophobic repellency occurs when sufficient air is trapped
between a liquid and a surface that causes a spherical droplet to
form as the thermodynamic energy on the surface is
minimized.

Further surface analyses determined that wetting properties
were dependent on surface morphology, spawning the
development of Wenzel and Cassie—Baxter equations.>”"**
Wenzel noted that roughness increases the true surface area
and added a roughness factor coeficient, r, to Young’s
equation in order to describe the apparent contact angle of a
liquid 6y, on a rough surface by'*’

cos Oy =

cos Oy, = r cos by (5)

where r is the ratio of the actual rough surface area to the
projected area. In the Wenzel model, the liquid completely
wets the surface and fills all the voids in the rough surface. The
inherent wetting behavior of the surface can be hydrophobic or
hydrophilic and is based on the Young’s contact angle. Since r
is always larger than 1, roughness will further enhance the
inherent wetting behavior when a surface is in a Wenzel state.

Later on, Cassie and Baxter proposed a model to describe
the apparent contact angle when the surface morphology
induces air pockets that make parts of the surface energetically
unfavorable to be wet by liquid."** Ultimately, the equation is
derived from considering a composite interface between the
surface and the entrapped air, where the entrapped air is
considered to be a fully liquid repellent surface layer. The
apparent contact angle of a composite surface made partly of
entrapped air ¢y can be expressed as

cos Ocp = f, cos Oy + f, 0y (6)
=f1 cos€Y1+f1 -1 (7)
=f (cos Oy + 1) — 1 ()

where f, is the fraction of the surface area that is in contact
with the liquid. f; + f, = 1 and GYZ = 180° for air. Typically, a
Wenzel state shows higher surface to liquid adhesion, whereas
a Cassie—Baxter state shows lower adhesion at the solid—liquid
interface. The above-mentioned contact angles are determined
solely by the region at the contact line, independent of
pressure, gravity, drop size, defects, and other external
factors.'*

Wettability studies have further characterized the dynamic
wetting of fabricated surfaces with the advancing contact angle,
receding contact angle, contact angle hysteresis, and the
transition state between Wenzel and Cassie—Baxter
states."**7"%% The advancing contact angle is the angle
produced in the course of being wetted; the receding angle
is the contact angle where the surface has already been wetted
and is in the course of being dewetted. The advancing angle is
always larger than or equal to the receding angle and the
contact angle hysteresis is the advancing contact angle minus
the receding contact angle. The contact angle hysteresis
describes the tendency of a droplet to roll off the surface when
tilted and is a strong indication of the total solid—liquid
interfacial area. In a physical sense, the contact angle hysteresis
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is a measure of the energy dissipated while a liquid droplet
moves along a surface.'*”

The transition from a Cassie—Baxter to Wenzel state occurs
when water enters the air pockets of the surface and this
transition is described by the Gibbs surface free energy barrier.
Calculations of the global minimum Gibbs surface free energy
barrier of the interface system can predict which wetting state
is energetically favorable and are important for designing
stable, super-repellent surfaces.'**"**'*! Furthermore, the four
typical wetting states (Young, Cassie—Baxter, transition, and
Wenzel) have been reported for different surface tension
liquids (i, oil), as well as different surrounding media (i.e.,
underwater)."*>'*

Nature has inspired researchers to achieve different
wettability properties and desirable functionalities by fabricat-
ing micro- and nanostructures that mimic those found on
natural surfaces.'*™"* Nelumbo nucifera, or the lotus plant, is a
famous example of a natural superhydrophobic surface. The
lotus leaf utilizes simultaneous microscale convex cell papilla
and nanoscale texturing from low surface energy epicuticular
wax crystals that stabilize a Cassie—Baxter wetting state, even
under the impact of rainfall.'””'**">! The wax crystals are
derived from long hydrocarbon chains with 20—60 carbon
atoms that are inherently hydrophobic.">*">?

Butterflies offer not only a variety of interesting colors but
also waterproofing functionality in their wings."”"'>> Their
colors come from appropriately scaled nanostructures for
reflecting wildly diverse colors to intimidate predators,
camouflage, communicate between other butterflies, and
attract mates (Figure 6b(ii)).'** Butterfly wings also
demonstrate anisotropic liquid repellency from overlapping,
nanogrooved microscales for stability during flight and self-
cleaning in moist environments.'*® The Morpho aega butterfly
wings were shown to be capable of reversible pinning and
rolling droplet behavior due to the direction of flexible
nanotips on ridging nanogrooves in overlapping microscales."’

Smaller organisms offer an impressive spectrum of nanoscale
applications, including arguably some of the most repellent
exoskeleton structures found in nature. An organism that has
developed impressive surface technology is a subclass of tiny
soil arthropods called springtail (Collembola), as shown in
Figure 6b(iii). Different species of springtail grow highly
ordered, overhanging cuticular layers of complex geometries
that repel lower surface tension liquids to help them thrive in
harsher soil environments.">® Their surfaces are composed of a
lamellar chitin skeleton, structural proteins, and a topmost
envelope of lipids.">”">” The overhanging cuticles are grown at
a length scale and curvature that effectively stabilize a Cassie—
Baxter wetting state even while immersed under elevated
pressures.'*""">? Scientists have used these fascinating discov-
eries from nature to further influence and support the
development of functional, repellent surfaces.

Based on lessons from nature, common fabrication methods
for creating repellent surfaces include small length scale
roughening techniques and the use of lower surface energy
materials.'*°~'%* Sufficiently low surface tension materials are
needed in order to repel lower surface tension liquids.'*® The
free energy of a surface determines its wetting and is
determined by the constitution and configuration of the
atomic groups comprising the surface.'®* The surface energy of
atomic bonds decreases in the following order: —CH, > —CH;
> —CF, > —CF,H > —CF,.""'®® Surface tension is further
reduced in the presence of longer hydrocarbon or fluorocarbon

chains. Fabrication of super-repellent surfaces using perfluori-
nated compounds (PFCs) or long fluorine chain molecules
(=CF,, —CF,H) and rou hening techniques are in abundance
with impressive results.'®>'*°™'%® However, the use of PFCs
bring undesirable human and environmental toxicology
risks.'®~'73 Therefore, it is essential for future work to
consider techniques with nonfluorinated materials for practical
applications.'”*"”®

Surfaces that repel low surface tension liquids are feasible
with the use of complex, re-entrant geometries that enable
repellency without the need for fluorination. Techniques for
fabricating stable, superoleophobic surfaces use a low surface
energy layer, roughened micro/nanostructures, and re-entrant
surface curvature.'®>'”*'”” At appropriate angles and length
scales, the overhang of re-entrant surface geometry creates net
traction in the upward direction which drives the liquid—air
interface to recede to the top edge of the microstructures in a
three-phase system.'°>'””'”® Nosonovsky used Lagrangian
optimization to show that, given a surface with re-entrant
nanoroughness on top of micron asperities and a stable
advancing liquid at the solid—liquid interface, there exists a
local Gibbs surface free energy minima based on the liquid—air
interface surface tension component and its principal radii of
curvature.'”® The principal radii of curvature are the two radii,
R, and R,, that describe the curvature of the liquid—air
interface by 1/R, + 1/R,. Therefore, hiearchical roughness and
re-entrant curvature were shown to provide metastable
equilibrium states of liquid pinning and stabilize a Cassie—
Baxter composite interface.'””'”® The stability of a Cassie—
Baxter state on hieararchically rough, re-entrant surfaces has
further been demonstrated and modeled with different
structures, includin% woven fabrics,"”’ textured fabrics,'°
microsphere arrays,"”" roughened pillars,"*" microhoodoos,"”®
mushroom and serif T nanostructures,'*”'**> doubly nano-re-
entrant microposts,184 doubly nano-re-entrant microarrays,185
and triply nano-re-entrant microposts.'*® Figure 6¢(i) shows
examples of multiple re-entrant structure strategies for robust
Cassie—Baxter wetting.

Multireentrant, hieararchical structures such as doubly/triply
nano-re-entrant microposts/arrays maximize the liquid—air
interface and the principal radii of curvature, which achieves a
local energy minima for Cassie—Baxter repellency. Further-
more, increasing the number of re-entrant curvatures across
various length scales enhances Cassie—Baxter wetting
repellency and stability by extending the sites for local energy
minima to occur. Figure 6¢(ii) shows the shape of the liquid
and vapor phase of a Cassie—Baxter wetting state for triply
nano-re-entrant micro posts.

Theoretically, given the system is in a Cassie—Baxter state,
any surface may demonstrate superphobicity of an intrinsically
wetting liquid 8y = 0° if the fractional surface—liquid interface
area is below 6%.'®" Feasibility is difficult in practice because
re-entrant structures typically require precise instrumentation
and multiple fabrication steps; however, exceptional repellency
using intrinsically wetting materials has been achieved with
repeating nanoscale re-entrant micro posts and micro
arrays.'®" "% This work is important for utilizing surface
wetting properties for desirable functionalities without the use
of toxic or environmentally harmful materials, such as long
chain fluorocarbons.

Antisoiling and Self-Cleaning. Antisoiling and self-
cleaning functionalities are strongly related to each other as
well as wettability properties. Antisoiling refers to the ability of
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Figure 7. Stain resistance functionality of nanoenoki PET substrates. (a) Transparency at 550 nm wavelength for bare and nanoenoki PET,
before and after staining of (i) mustard and (ii) blood droplets before and after evaporation. (b) Optical images of (i) mustard and (ii) blood
on nanoenoki and bare PET. (c) Droplet flaking off the tilted nanoenoki PET for dried (i) mustard and (ii) blood. Reproduced with
permission from ref 195. Copyright 2019 The Royal Society of Chemistry.

a surface to resist adhesion from various particulates, which
may reduce transmission. Self-cleaning refers to the ability of a
surface to easily remove particulates on the surface with the
application of water, solvent, or some external stimuli. These
two functionalities are often studied hand-in-hand since better
antisoiling leads to easier self-cleaning.

Both antisoiling and self-cleaning functionalities may be
achieved by reducing the fraction of surface area in contact
with the particulate, which can be accomplished by roughening
the surface at length scales smaller than particulates such as the
nanoscale. These functionalities are thus often seen with
superhydrophilic or superhydrophobic surfaces depending on
whether high surface energy or low surface energy surfaces are
used, respectively."®’

Kirschner and Brennan'®® reviewed multiple bio-inspired
antisoiling strategies, including chemical-, physical-, and
stimuli-responsive ones. While chemical- and stimuli-respon-
sive strategies are more applicable for organisms or
biomaterials, nature inspired physical strategies, such as
mollusk shells, where the structure of the surface plays a
critical role on reducing the adhesion of particles on the
surface, are more useful for designing antisoiling systems. A
study on 36 mollusk species found that low fractal dimension,
high skewness of roughness and waviness, high isotropy, and
low mean surface roughness were correlated with lower
antisoiling,"*”

Bahattab et al. ~ reported nanoporous SiO, antireflection
films prepared by sol—gel process. The fabricated samples were
exposed to standard Arizona test dust as well as outdoor
exposure, and cleaned by an electrical fan, that demonstrated
antisoiling functionality. The relative transmission loss due to
outdoor exposure was reported to be 13% for the coated
sample, whereas for bare glass, this loss was reported to be
19%.

Several reports in the literature of self-cleaning behavior by
superhydrophilic and superhydrophobic surfaces can be

190

found."”" Superhydrophilic surfaces provide self-cleaning
when water forms a thin layer that carries away particulates.
In contrast, superhydrophobic surfaces depend on liquid
repellency, where a slightly tilted surface causes water droplets
to easily roll away while removing dust or dirt particles. This
type of self-cleaning ability has been recognized on the lotus
leaf, so it is known widely as the lotus effect.'”>'"* The rough
surface of the leaf reduces the adhesive force between particle
and the surface, and when the droplet rolls across the surface,
particles stick to the droplet instead of the surface, and thus
leave a clean area behind. In this way, superhydrophobic
surfaces can be cleaned from particulates.

The self-cleaning effect of removing particulates for both
superhydrophilic and superhydrophobic surfaces typically
require the presence of water. However, rain is not common
in dry environments where sunshine is available for most hours
of a day and is a great location for installing solar panels. There
is thus great interest in the use of dew droplets.”*

Stain Resistance. There are a limited number of research
reports on stain resistance for optoelectronic substrates and
barrier films. Antigraffiti technology has wide usage in large-
scale applications, where transparency and wetting behavior are
simultaneously important. Antigraffiti coatings have different
forms including transparent and self-adherent polymer films,
polymeric paints and self-cleaning ceramic coatings. Research
to find alternatives to traditional antigraffiti coatings are
currently in progress.'”® Stain-resistant materials must not only
be super-repellent toward a range of liquids but also be able to
repel the residue of liquids after dehydration and solidification.
Many liquids leave a residual stain after drying, which may
reduce or change the optical properties of the substrate or
barrier layer.

Recently, we reported on the fabrication of nanoenoki
mushroom-like structures on a flexible plastic substrate that
demonstrated stain resistance functionality and repelled
various liquids including mustard and blood in both liquid
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Figure 8. Condensation failure of superhydrophobic surfaces. (a) Transition of a water droplet on re-entrant structure from Cassie—Baxter
state to Wenzel state due to condensation. (b) SEM images of nucleation and growth of water droplet during condensation on the reentrant
structures. (c) Schematic of transition from a Cassie—Baxter state to a Wenzel state during condensation. (d) Optical images of water
droplets on reentrant plllars before and after condensation on a wicking substrate. (e) Schematic of nonwicking structures that block the
growth of water nucleates.'*® Reprinted from ref 146. Copyright 2018 American Chemical Society.

100 um

Figure 9. (a) Image of mosquito eyes, which are antifogging. (b) SEM images of (i) mosquito eye, (ii) hcp microhemispheres (ommatidia)
on the surface of the eye, (iii) ommatidia, and (iv) microstructure that covers the ommatidial surface.””® Reproduced with permission from
ref 203. Copyright 2007 John Wiley and Sons.

and solid states, as shown in Figure 7."> The transparency of respectively. Stains on bare PET are also shown in this figure
the nanoenoki PET did not change after staining as the for comparison. The adhesion forces of the dried liquids are
nanoenoki structure repels the dried liquid and keeps the small so that the liquid rolls away easily with slight tilting and
surface clean (Figure 7a). Optical images of wet and dried the dried liquid easily flakes off the surface, as shown in Figure
stains of mustard and blood are shown in Figure 7b(ijii), 7c.
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Figure 10. (a) (i) Optical images of water jet with various temperatures hitting antifogging glass. AT is the difference in temperature
between the water and the surface. (a) (ii) Microscopic images of water droplets on the antifogging glass surface with different AT. (b)
Optical microscope images of condensation on (i) bare and (ii) antifogging glass over time period of 45 min. The optical images after
condensation are shown in (c) for (i) bare and (ii) antifogging glass. (d) (i) Plot of the percent of droplets that jump away from the substrate
over time for both bare and antifogging glass. (d) (ii) Plot of the percent of jumping water droplets versus radius of the coalescent droplets.
Reproduced with permission from ref 2. Copyright 2019 The Royal Society of Chemistry.

Antifogging. Condensation-resistant substrates are impor-
tant for antifogging applications.z’145’146 Re-entrant structures
can repel different liquids, but tiny droplets may penetrate
inside the structure. During condensation, droplets can
nucleate in the microstructures and propagate, pushing out
the trapped air, which results in a transition from a Cassie—
Baxter to a Wenzel wetting state."*"'”’7*°" Hot liquids may
also cause failure when in contact with re-entrant structured
surfaces by nucleation and growth of droplets on the cooler
substrate,' >?

Figure 8 shows how repellency can be lost due to
condensation. Condensed droplets may lead to a transition
from a Cassie—Baxter state to a Wenzel state (Figure 8a).
Figure 8b shows environmental scanning electron microscope
(ESEM) images of the condensation of droplets between
pillars. Figure 8c shows the transition of a droplet from a
Cassie—Baxter state to a Wenzel state when the substrate is
wicking. After droplets nucleate, the droplets grow because of
the wicking substrate and fill all the empty spaces between the
pillars and repellency is lost. Figure 8d shows optical images of
the same substrate where repellency has been lost due to this
process. Nonwicking re-entrant cavities prevent growing of the
water nucleates as shown in Figure 8e.'*® The nanoscale
structures are smaller than nucleation droplets and therefore
prevent nucleation. However, the silicon used in this work is
nontransparent at wavelengths smaller than the mid-infrared. It
remains to be seen if these principles may be adapted for
transparent optical materials without affecting the optical
properties.

Surfaces found in nature such as mosilulto compound
eyes,” "’ superhydrophoblc cicada wings,”  and glasswing
butterfly wings” offer practical ways to avoid condensation
and retain repellency even in humid environments through
feature sizes smaller than mist droplets. Figure 9a shows an
optical image of mosquito eyes resisting condensing water
droplets. Figure 9b(i—iv) shows SEM images at different

length scale features of a single mosquito eye. The eye consists
of packed microhemispheres about 30 ym in diameter. The
microhemispheres are textured with nanoscale nipples
approximately 100 nm in diameter that are hexagonally packed
20 nm apart. The antifogging properties are influenced by the
multilength scale structuring of the moth eyes.

There are two main approaches to achieve antifogging: (a)
wet-style and (b) dry-style. The wet-style approach relies on
superhydrophilicity. Photocatalytic TiO, nanoparticle coatings
have been demonstrated to become superhydrophilic under
UV irradiation."*”** 2% In this approach, micrometer-sized
water droplets spread easily and quickly and make a thin film
that covers the surface and helps to reduce reflection and light
scattering from tiny water islands. Dry-style is preferred to wet-
style particularly in optoelectronic applications such as displays
or applications like glasses and sunglasses where wetting the
screen, TV, or glass is not an option. Gao et al. reported a
superhydrophobic approach®” and used soft lithography
technique to fabricate nanoscale closed-packed nipples similar
to those in mosquito eyes (Figure 9a). Although there are
some reports on superhydrophobic, antifogging nontranspar-
ent substrates,”'’ the number of reported articles on
transparent, superhydrophobic antifogging substrates are
limited.

Recently, we reported on high transparency glass based on
the glasswing butterfly structure with more than 90%
antifogging efficiency.” We measured the antifogging behavior
of the fabricated nanostructures by dispensing water droplets
with a significant difference in temperature with the glass
substrate on the surface as well as exposing the glass substrate
to a humid environment with controlled humidity over a
specific time period. As shown in Figure 10a, when hotter
water jets touch the cold substrate, larger wetting areas are
formed caused by the significant nucleation of small droplets
(Figure 10a(ii)). However, the antifogging glass shows
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incredible hot water repellency. The small water nuclei move
quickly and roll away off the substrate.

The glass samples were placed in a high humidity
environment (about 80% humidity) to facilitate the formation
of condenstaion on the surface. Figure 10b shows the
nucleation and growth of water droplets on (i) bare and (ii)
normal glass over time. For the normal glass, the small water
nuclei grow and merge together and ultimately cover the whole
surface. As a result, the transparency of the glass reduced
significantly after 45 min, as shown in Figure 10c(i). However,
on the antifogging glass, water nuclei roll away from the surface
when they reach a specific size and after 45 min, the surface
remains transparent and clean, as shown in Figure 10c(ii). We
also quantified the antifogging efficiency as defined by the
number of droplets that roll away and jump off the glass
substrate over the total droplets formed on the glass (N),'*
over time, as shown in Figure 10d(i) for both bare and
antifogging glass. More than 90% of the droplets that form on
the antifogging glass jump off shortly after formation; however,
nearly no droplets jump off the normal glass. In addition,
Figure 10d(ii) shows the size dependency of the jumping
droplets. The droplets start to jump off the glass when their
size reaches around 2 ym and almost all (N ~ 99%) of the
droplets with size of 12 ym and above jump oft the antifogging
glass substrate.

Anti-icing. Icing may cause damage to optoelectronics such
as solar panels, displays, sensors, or other outdoor applications.
Currently, antifreeze fluids and heating the substrates are the
most common strategies employed to combat icing. Surface
engineering has recently been used to reduce ice formation and
the adhesion of ice to the surface. Anti-icing depends on
superhydrophobicity as well as the length scales of the features
of the surface.”'' Classical heterogeneous nucleation theory
suggests that smaller features increase the energy barrier for ice
formation.”'> The lack of commercially viable fabrication
processes might be an obstacle for spreading anti-icing
technologies based on superhydrophobic surfaces with small
feature sizes.”"”

Recently, various lubricants have been infused into porous
superhydrophobic surfaces to make the substrate slippery.”'*
On these slippery substrates, cold water droplets rolled away
off the surfaces. Also, phase change liquids (PCL) have been
shown to delay frost formation by releasing latent heat as water
droplets condense on the substrate. PCL have a melting point
higher than the freezing point of water and remain in a liquid
state under ambient conditions.”'® Solidified PCL surfaces
display varying degrees of optical transparency and can repel
various types of liquids.215 However, using a lubricating
technique, such as porous surfaces or PCL, may not be a viable
option for optoelectronics due to the requirement of a top
liquid layer, which is not preferable for substrates that are
adjacent to electronic circuits.

The fabrication of superhydrophobic substrates with ultra-
low hysteresis, high condensation resistance, and good
mechanical durability are needed for optoelectronic substrates.
Stainless steel surfaces have been fabricated with super-
hydrophobicity, anti-icing properties, and mechanical durabil-
ity. However, these surfaces are not optically transparent.216
There is a need to research this functionality more with regard
to transparent materials.

DURABILITY OF OPTOELECTRONIC DEVICES

Optoelectronic substrates and barrier layers are important
protective layers in the encapsulation of optoelectronic devices
where they play an effective role in determining the long-term
durability of the optoelectronic device. The substrate/barrier
layer must restrict the diffusion of oxygen and water vapor
which may interact with and degrade various optoelectronic
components. The substrate also acts as an important protective
layer for the optoelectronic device, which may degrade under
the influence of many external stressors, such as high
temperatures or moisture. Different approaches can be used
to enhance the durability and stability of multifunctional
optolectronic substrates.

Glass offers the best barrier properties; therefore, most
device applications utilize glass as a substrate or top sheet.
Glass cover sheets sealed with epoxy resin”'’~*'” are used in
solar modules, displays, and sensors. Desiccants included
within an air gap are utilized for OLED technology.”** Glass is
a thicker, crystalline solid compared to thinner, semicrystalline
polymers or paper, which have cavities that promote vapor
species permeation. Different optical properties have been
investigated for glass and various PET substrates as barrier
films.”*' Polymers and paper offer higher film flexibility;
however, their barrier properties need improvement for
optoelectronic devices. There is great interest in a variety of
different barrier/encapsulation strategies to improve the
lifetime of devices including atomic layer deposition on
glass®®* and polymers,”*® polymer nanocomposite films,***
and fibrillar cellulose films."”>""*¢

In addition to barrier properties, the various properties and
functionalities of the optoelectronic device must be maintained
in the presence of various stressors. For example, while a
variety of photon management properties and functionalities
have been demonstrated in optoelectronic substrates and
barrier layers, mechanical durability of many of these surfaces
are still an important issue. Even with finger touching or
cleaning with soft tissues, many of these functionalities on
optoelectronic substrates can be damaged.”**~>*" Failure may
occur in the structure itself (topography) or in the chemical
coating or in both. The most common durability character-
ization techniques have been extensively reviewed be-
fore."”®*****® In particular, Bayer recently reviewed challenges
and advances in the durability of transparent water repellent
coatings and future research directions and considerations for
transparent superhydrophobic coatings that resist wear.'”®

Methods to characterize the mechanical durability of these
substrates include linear/rotary wear abrasion, tape peeling,
pencil tests, macro/micro scratching, liquid impalement, and
powder/spray exposure. ASTM standards from the paint
industry provides standard mechanical durability testing
methods. Different types of abradant and downward pressure
may be applied in these different tests. Resistance to standard
wear abrasion is the primary indicator of mechanical durability;
however, secondary testing such as resistance to tape peeling,
blade scratching, powder/spray exposure, elevated temper-
atures, UV light exposure, and solvent resistance may be
conducted and reported.

In this section, we will review the most successful and recent
durable transparent substrates and barrier layers by focusing on
(1) optoelectronic device stability to vapor species, environ-
mental stressors, and liquid droplets, (2) substrate or barrier
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layer property and functionality durability, and (3) durability
strategies.

Device Stability. Optoelectronic devices require barrier/
encapsulation properties, or specifically water and oxygen
vapor hermeticity. OLEDs and organic devices are sensitive to
degradation by diffusion of vapor species. Vapor permeation is
also a major issue for perovskites, which are among the most
moisture-sensitive optoelectronics applications.231 Organic
layers will react with molecular oxygen and water to cause
degradation. In general, vapor species such as water and
oxygen pass through sub-nanometer pinholes and diffuse into
the cathode, producing hydrogen gas by reacting with the
cathode. The performance and lifetime of the device degrades
as vapor species permeate. Therefore, optoelectronic devices
require encapsulation strategies with extremely low water
vapor and oxygen permeability to ensure adequate lifetime.

A common device requirement for optoelectronics is a low
water vapor transmission rate (WVTR).232 WVTR is a
measure of the passage of water vapor through a substance.
Standard methods such as ASTM or ISO are utilized when
measuring WVTR levels where temperature and humidity
must be controlled and reported. Commercially available films
used to protect OLEDs have a WVTR of about 107°~107° g
m™? per day at 25 °C and 90% relative humidity. Recent
research focuses on reducing the WVTR of the substrate
without altering the substrate optical properties for optoelec-
tronic device stability.

Glass substrates are widely used for encapsulations and
considered the norm for evaluating alternative encapsulation
methods.”””**? The reduction of glass thickness and
fabrication of flexible glass preserves the barrier properties of
the glass since the fabrication process of normal and flexible
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glass is similar and both of them are made of molten glass that
prevents the formation of pinhole defects.'® Although
adhesives and glass frit bonding can be used for sealing the
glass in the encapsulation process, there are still limitations in
hermetically encapsulating devices using normal and flexible
glass, such as edge sealing.

Multiple layers of barrier films can be deposited to enhance
the barrier properties of polymer films. The chance of existing
pinhole defects in these types of structures is high.
Encapsulation techniques by thin film layering using atomic
layer deposition (ALD) have been reported to reduce pinhole
defects for improved barrier properties. Single Al,O; ALD
films on polymers showed WVTR as low as 107> g m™ per
day, whereas two bilayers of Al,O; and SiO, reduced the
effective WVTR to ~5 X 107> g m™2 per day.”>* Additionally,
alternating thin film layers of Al,O; by ALD and parylene by
chemical vapor deposition showed enhanced barrier properties
for OLEDs.””> The multilayer ceramic—polymer thin film
obtained a WVTR value lower than 107 g m™ per dazf.
Polymer nanocomposites such as polyimide/graphene oxide***
have also been used to enhance barrier properties from vapor
species.

Paper substrates typically perform poorly when it comes to
moisture protection. This is one of the main challenges that
limits the application of paper substrates in optoelectronics.
Strategies to improve moisture protection for paper substrates
include oxidized cellulose,” carboxymethylated microfibril
cellulose,''® nanostructured wood fibers,>’ and nanofibril
cellulose."” Future improvements in barrier properties for
optical device stability are highly desirable.

Stability to Stressors. There are a range of external
stressors that can hinder the performance of optoelectronic
substrates or barrier films such as exposure to high temper-
ature, salt water, and UV. The multifunctionality of the
optoelectronic substrate must be durable enough to withstand
different environments. There are protocols for assessing the
durability of superhydrophobic surfaces after exposure to
various stressors; however, there are no standards or
protocols to test the durability of multifunctional optoelec-
tronic substrates or barrier films. Typically, the multi-
functionality is tested after exposure to stressors such as
heat, light, various solvents, and liquid impalement.

Numerous coating strategies have been tested for improving
the durability of multifunctional surfaces against external
stressors. A transparent superhydrophobic gel showed super-
hydrophobicity up to 6 h at 150 °C and self-healing up to eight
cycles after being damaged by 1 M HCL*’ A transparent
superhydrophobic surface from porous silica capsules main-
tained properties at 400 °C for 10 h.**® A durable, sprayable
polyurethane—acrylic colloidal suspension was shown to
preserve 70% transparency at 400 nm and superhydrophobic
performance after 50 h exposure to strong UVC light (254 nm,
3.3 mW/cm?), 24 h of oil contamination, and 24 h of highly
acidic conditions (1 M HCI).”* Long-term durability of
transparent, superhydrophobic silicone nanofilament coatings
has been shown by outdoor weathering for 12 months, acid
dew and fog tests, and 240 h of UV-lamp exposure.”*’ Mesh
structure enhanced superhydrophobic surfaces maintained
superhydrophobicity and transparency of about 80% after
240 min of exposure to liquids with a pH range of 2—14.”*'
Armored PDMS films by laser ablation have maintained
superhydrophobicity and transparency of about 90% after 8
times the density of sunlight exposure or at elevated

temperatures of 325 °C.”** Future work should improve on

the performance of optoelectronic substrates against various
external stressors and work toward standardized testing
protocols.

Stability to Liquid Droplets. In this section, we focus on
one method to characterize durability using the pressure
stability of liquid droplets. Cassie—Baxter state stability has
been investigated in several works, 672725 yhere the
thermodynamic stability of the droplet and structure was
thoroughly studied.

Various research groups have used pressure tests to examine
the thermodynamic stability of the observed Cassie—Baxter
state.”**™**® For instance, surface topography effects on
Cassie—Baxter state stability were studied on superhydropho-
bic glass.”*® Glass substrates were coated with different
combinations of micro/nanoporous layers, and the pressurized
droplet test was used to study Cassie—Baxter state stability.
Figure 1la shows the comparison test of a water droplet
between a nanoporous hydrophobic coating plate at the
bottom and a microporous superhydrophobic coating at top.
For the microporous structure, after compression and in
relaxation mode, water droplets stick to the surface which
indicates a transition to a Wenzel state; however, for micro/
nanoporous structure in relaxation mode, water droplets do
not stick to plates and stay in a Cassie—Baxter state. To
quantify the stability of the Cassie state, in situ contact angle
and pressure as a function of distance between plates
measurements have been reported, as shown in Figure 11b,c,
respectively. The transition to Wenzel state happened at 80 Pa
for the microporous structure, whereas micro/nanoporous
structures could tolerate high pressure of 260 Pa.

In addition to pressurized water droplets, slow evaporation
of sitting droplets on the surface while monitoring changes in
contact angle, is another common method to evaluate the
stability of Cassie—Baxter state.'*”'”>** Figure 11d shows the
relationship between evaporating ethanol droplet radius
dispensed on mushroom-like pillars and Laplace pressure
calculated from

P(t) = 2y, /R(t) ©)

where 71y is ethanol surface energy.'®® By evaporating the
droplet, its radius becomes smaller, which increases the
Laplace pressure inside the droplet. When the radius of the
droplet was about 195 um, the contact angle dropped
suddenly, which indicates that the droplet transitioned to a
Wenzel state from a Cassie—Baxter state. The equivalent
Laplace pressure corresponding to this radius is 230 Pa, which
is considered its breakthrough pressure. The breakthrough
pressure is defined as the pressure at the sudden drop in
contact angle point where the droplet penetrates inside the
structure and a transition from Cassie—Baxter to Wenzel state
happens.***

We also used evaporating droplet experiments to measure
the stability of the Cassie—Baxter on nanoenoki mushroom-
like structures on PET.'” Figure lle shows the change in
contact angle of a single water droplet sitting on the nanoenoki
PET with different pillar heights over time. A sudden drop in
contact angle is an indication of the droplet breaking through
into the nanostructure and transitioning to a Wenzel state. As
can be seen in Figure 11e, a sudden drop in contact angle was
observed in 4 pm tall nanonenoki. This experiment shows that
taller nanoenoki mushroom structures prevent the droplet
from breaking through and touching the substrate.”*’
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PDMS surface with superhydrophobicity,”** and (c) self-assembly hierarchical interpenetrated polymer networks.”*” (a) Reprinted from ref
241. Copyright 2015 American Chemical Society. (b) Reprinted from ref 242. Copyright 2016 American Chemical Society. (c) Reprinted

from ref 239. Copyright 2016 American Chemical Society.

We observed a droplet with radius of about 160 ym without
any breakthrough. This radius corresponds to more than 900
Pa in Laplace pressure. Most research on re-entrant structures
such as micropillar mushroom-like arrays'®’ or hierarchical
structures'®’ exhibit lower breakthrough pressures. The pitch
size, or the distance between adjacent pillars, in those studies is
more than 20 ym. However, nanoenoki PET are approximately
S um apart, which provides a significant energy barrier for
infiltration. Fabrication of re-entrant structures with smaller
pitch size can significantly enhance the breakthrough pressure
and needs to be studied more in the future.

Substrate Property and Functionality Durability. This
section focuses on current fabrication and characterization
strategies for mechanical abrasion durability for optoelectronic
substrates. While there have been multiple efforts to produce
mechanically durable transparent superhydro/oleophobic coat-
ings,' *%237/2382507262 the number of successful research reports
with very high transparency (>90%) and mechanical robust-
ness is very limited. Adhesion or welding of transparent
primers or nanoparticles on top of transparent flexible plastic
surfaces by methods such as thermal annealin§ as well as self-
similar layering have been recently reported.”°® A variety of
abrasion resistance testing against wear, scratching, peeling,
and/or powder/spray exposure is a very important aspect that
is missing in much research. Some works have used the tape
peel test or sand grain test as an alternative to an abrasion
test.”>® However, durability against mechanical abrasion

determines the capabilities of the coating to be used in real
life applications.

Figure 12a(i) shows an optical image of a mechanically
durable polyester mesh that demonstrated both super-
hydrophobicty as well as high transparency.”*" This structure
was fabricated using low surface tension coated fibers, coated
with low surface energy SiO, nanoparticles. An SEM image of
this mesh-like structure is shown in Figure 12a(ii). After 100
abrasion cycles at a pressure of 10 kPa (with cotton textile),
this structure showed water contact angle of more than 150°
with sliding angle less than 25°, as well as transmission of 79%.
However, a transparency of less than 80% after abrasion tends
to be lower than what is needed for optoelectronics.

Figure 12b(i) shows transparent PDMS with super-
hydrophobicity.”** The microstructure on the PDMS is
shown in Figure 12b(i). These structures consisted of
microgrooves and microhole arrays duplicated by using a
laser-ablated template. The water contact angle and sliding
angles were reported as 154.5 + 1.7 and 6 + 1.7°, respectively,
initially, and that there were only slight changes after 100 cycle
of abrasion under 300 gr load with sand paper, as shown in
Figure 12b(i).

Figure 12c shows (i) optical and (ii) SEM images of a
transparent polymer made of self-assembled hierarchical
interpenetrated polymer networks.”>” This structure showed
abrasion resistance by maintaining superhydrophobicity after
120 abrasion cycles under a 250 g load based on ASTM D4060
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abrasion standards (Figure 12c(iii)). However, the trans-
parency of the coated substrate is about 70% at 400 nm
wavelength, which may not be high enough for optoelectronic
applications, where over 90% is generally desired.

Durability Strategies. Several strategies can be used to
fabricate a mechanically durable functional coating: (a)
constraining material elimination to keep performance under
abrasion, (b) designing self-similar materials, and (c)
introducing self-healing properties where the surface can retain
its initial characteristics after healing. Verho et al.*** reviewed
several methods for mechanically durable superhydrophobic
surfaces including self-similar layering and self-healing. In self-
similar layers, as the coating wears away, the newly exposed
layers are self-similar and thus, maintain the properties of the
previously exposed top layer. In self-healing surfaces, the
coating regenerates its original texture with hydrophobic
chemistry by the aid of external stimulus. However, durable
transparent substrates have not been reviewed. There exist
some reports on nontransparent, durable, nonwetting coatings
based on polymer nanocomposites;'****° however, these
strategies are not viable for optoelectronic substrates or barrier
films. There are few reports of mechanically durable,
nonwetting coatings for optoelectronic applications.

Self-similar layers of low surface energy material is a strategy
to maintain durable, nonwetting performance.'”® Glass slides
have been coated by silicone nanofilaments with antireflective,
transparent properties to test the long-term environmental
durability.”*" Static and sliding water contact angles were
characterized for over 30 days; the transmittance was up to
93% after 12 months of outdoor exposure to UV light and
rainfall. Aytug et al. fabricated nanoscale pores surrounded by
silica nanostructure on glass which showed antireflective
properties as well as abrasion resistance.”** Nanoindentation

and drop tests of 50 g of Al,O; were used to demonstrate the
antiscratch properties of the films by self-similar layering;
however, the abrasion resistance by mechanical abrasion of the
film was not reported. These abrasion resistant transparent
coatings can be a good candidate to be used for antigraffiti
applications.

Another strategy for the fabrication of robust coatings is the
use of self-healing materials. This class of materials have the
capability of repairing damage that might have been created
with external forces such as dust, heat, and friction. Polymeric
self-healing materials have been investigated broadly.”*>™>"
Similarly, self-healing fabric materials have been reported in
several works.'°®*”! However, these substrates have not been
suitable for optoelectronics because they are not sufficiently
transparent. There is a lack of research in durability strategies
(such as self-similarity or self-healing) that are specifically for
optoelectronic substrates or barrier films that maintain
functionality and optical properties.

Recently, we reported the fabrication of self-healing,
superomniphobic transparent glass.” The random nanostruc-
ture of our superomniphobic glass, provides for self-similarity
as well as self-healing ability. We used a Scotch-Brite abrasive
pad with a pressure of 1225 N/m? for abrading the
nanostructure. The water and oil contact angle after 400
cycles of abrasion reduced significantly as shown in Figure
13a(i). However, after heating the glass substrate at 95 °C for
15 min, the water and oil contact angle increased to near initial
values, as shown in Figure 13a(ii). The main reason for this
self-healing behavior comes from two characteristics of the
surfaces: the abraded structures are very similar to the
nonabraded structures, and flourine molecules are mobile, so
with heating they find their path to the surface and help to
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reduce the surface energy, similar to epicuticular wax in plant
cuticles.”””

The nanostructure of our superomniphobic glass is shown in
Figure 13b(i—iv), before and after abrasion, respectively, with
different magnifications. After the abrasion for 500 cycles, the
height of the pillars decreased; however, the re-entrant shape
of the structure did not change significantly in comparison with
nonabraded samples.

Self-similar structures as well as low surface tension
molecules trapped in the structure are keys to retaining the
superomniphobic properties. However, there are still several
limitations in this approach as, ultimately after several
thousand of abrasion cycles or much higher load, all the
surface structures would be destroyed. This field needs much
more research particularly for glass and paper substrates. For
future research, the fabrication of a self-healing structure that
does not use low surface tension materials or are able to self-
roughen without sacrificing optical properties could lead to a
revolution in optoelectronic substrates.

CONCLUSION

Research on optoelectronic substrates will promote the
development of various applications in industries from energy
to electronics. Advancements in optoelectronic substrates and
barrier layers have been inspired by nature and offer a wide
variety of functionalities that improve technological perform-
ance. These functionalities include antireflection, light
absorption, haze control, liquid repellency, antisoiling, self-
cleaning, stain resistance, antifogging, and anti-icing. A range of
advances and future prospects in optoelectronic substrate
research have been summarized and discussed. Techniques to
characterize and compare liquid droplet stability were
introduced. Functionality durability strategies such as reducing
wear removal, self-similar layering and self-healing were
compared. Efficiency, protection from the ambient environ-
ment, and durability remain key challenges for optotoelec-
tronic substrates and barrier layers. Future research will impact
the development of solar module technology, lighting, displays,
wearables, sensors, and more.
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VOCABULARY

Optoelectronic, electronic devices that use light, such as
light emitting diodes(LED’s) and solar cells

Bio-inspired, inspired by biological structures, features and
models

Superhydrophobic, surfaces that demonstrate static contact
angles more than 150° and hysteresis less than 10° for water
Superomniphobic, surfaces that demonstrate static contact
angles more than 150° and hysteresis less than 10° for all
types of liquids

Antireflection coating, type of an optical coating used in
industry to reduce reflection of an optical device
Broadband antireflection, property of a surface with
reduced reflection across a broad range of wavelengths
Omnidirectional antireflection, property of surface with
reduce reflection across all possible incidence angles
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